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Dear colleagues,  
 
GTPS and IPS welcome you in Reims (France) for EUROPYRO 2011, the 10th GTPS 
International 
Conference is sanctioned as the 37th IPS International Pyrotechnic Seminar.  
On behalf of the GTPS Board, it is a great pleasure to introduce the Europyro 2011 Conference 
Proceedings.  
The large number of submissions has enabled the Scientific Committee chaired by Hervé 
Graindorge and assisted by Frédérique Meyer- Lassalle to prepare a high quality scientific 
program. So, this CD-ROM contains the papers and posters gathered due to the contribution of 
the leading specialists in the field of energetic materials, explosive devices and safety 
requirements from all around the world. 
This event is a unique opportunity to give a vision of the future outlets in the field of 
pyrotechnics and explosives thanks to the organisation of  the round tables with top- ranking 
representatives of Ministry of defence, Ministry of sustainable development, European 
Community,  space agencies, defence and space prime contractors and of the explosive industries 
and bodies.  
I wish to thank each member of the Scientific Committee, the session Chairs, the International 
Steering Committee and IPS.  
I would like extend my thanks to the sponsors and exhibitors for their helpful investments.  
I am also grateful to the Organising Committee and overall the AFP (the French Pyrotechnic 
Association) chaired by Joseph Refouvelet for its financial plus logistic support and for the 
preparation of your pleasant work environment. 
 
I wish the scientific exchanges during this Conference would promote Pyrotechnics and 
Explosives for the future. 
 
 
Denis DILHAN 
Space Pyrotechnics Senior Expert at CNES Toulouse Space Centre 
 
Chairman of EUROPYRO 2011 
 
Chairman of GTPS 
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ABSTRACT: 
 
Strobes are pyrotechnic compositions that produce flashes of light in an oscillatory manner. 
They have fascinated many scientists since their discovery at the beginning of the 20th 
century. However, the chemical and physical processes involved in this curious combustion 
phenomenon remain unknown. Several theories have been proposed, in particular by 
Shimizu1 who claims that two kinds of reactions occur during the combustion: a dark or 
smolder reaction and a flash reaction. This alternation is ascribed to heat variations. 
According to this theory, a strobe should be a mixture of a dark composition and a flash 
composition. However, also compositions that do not satisfy this criterion have been shown to 
produce a strobe effect. 
 
In this study, a strobe composition is analyzed: a ternary composition ammonium perchlorate 
/ magnalium / barium sulfate. The role of barium sulfate is studied by replacing it by other 
metal sulfates (strontium, calcium, potassium and sodium sulfates) that have different 
physical properties such as melting point and temperature of decomposition. Experimental 
results show noticeable differences in the physical and chemical processes involved in the 
strobe reactions. 
 

I. INTRODUCTION 
 
A strobe is a pyrotechnic composition which, when ignited, exhibits an oscillatory 
combustion. It produces flashes of white or colored light while burning. The flashes of a  
“good strobe” must be separated by sufficiently long and reproducible time intervals such that 
each flash can be individually observed. That implies that the flash frequency must be low 
enough, i.e. below 25 Hz, and the transition between the phase before the flash, called dark 
phase, and the flash phase must be sharp. 
 
The strobe effect has applications in various fields, most notably in the fireworks industry and 
in the military area. In the latter case, it can be used for signaling when the frequency is well 
adjusted2-5. The first reference to this kind of composition is found, under the heading “Orion 
Flashing Guns” in an old mixing book of the firm Brocks Fireworks Ltd, published in 18986. 
It was a mixture of sulfur, barium nitrate, magnesium powder and aluminum pyroflake. Later 
on, other examples are mentioned in the literature 7-16. The discovery of new strobe mixtures 
is and has been the result of trial and error experimentation and is not based on understanding 
of strobing mechanisms. The first studies aimed at understanding the strobe mechanisms were 
carried out by Krone2,18 and Wasmann19-21 in 1975. Krone experimented with compositions 
based on an alloy of aluminum and magnesium called magnalium while Wasmann studied 
strobe compositions containing organic material and no magnalium. They both hypothesized 
that two different processes (physical or chemical) may occur during combustion: one during 
the dark phase and another during the flash phase. An important study about strobes was 
undertaken by Shimizu1. Based on the work of Krone and Wasmann, he formulated the 
hypothesis that two reactions occurs during the combustion of a strobe composition: a 
reaction that occurs during the dark phase, the dark reaction, and a reaction that occurs during 
the flash phase, the flash reaction, which alternated periodically. Shimizu suggested that this 
alternation is caused by heat variations. Consequently, a strobe composition should be a 
mixture of a dark composition and a flash composition. However, several compositions were 
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found, which do not satisfy this hypothesis, and still produce a strobe effect17. At present, the 
understanding of the physical and chemical mechanisms governing a strobe reaction remains 
incomplete. 
 
This paper aims to observe and analyze the role of some of the reactant of a classical strobe 
composition. The ternary strobe composition ammonium perchlorate/ magnalium/ barium 
sulfate is mentioned several times in the literature and has shown good strobing 
performance1,13,17. Magnalium is used as fuel for both dark and flash reactions; ammonium 
perchlorate is the dark oxidizer and barium sulfate, the flash oxidizer. Therefore, this 
composition was chosen to act as the base composition for the experiments described in this 
paper. Moreover, other compounds can be added in small amounts to improve the strobe 
performances (color of the flashes, frequency). For instance, potassium dichromate is known 
to be a frequency modulator. In this study, the role of the metal sulfate is analyzed. Indeed, it 
has been claimed that a flash occurs when the metal sulfate reaches its melting point22. Is the 
melting point of the metal sulfate the triggering factor for the occurrence of a flash? In this 
experiment, barium sulfate was replaced by other metal sulfates (strontium, calcium, 
potassium and sodium) that have a different melting point. The results were recorded with a 
CCD camera coupled with a spectrometer and a high-speed camera.  
 

II. STROBE MECHANISM 
 
Currently the common hypothesis to explain strobes mechanisms has been developed by 
Shimizu. After testing many strobe compositions1, he argues that two reactions occur: a Dark 
(or Smolder) reaction and a Flash (or Light) reaction that alternate periodically. The trigger 
factor for the occurrence of a flash is the temperature of reaction. 
 
The mechanism is schematically shown in Figure 1. First the composition is ignited on the 
surface (ab) and the dark reaction starts. The temperature in the dark zone is not uniform and 
hot spots appear on the surface and they magnify as the temperature increases (as the heat 
accumulates). After a while, the maximum temperature of the dark zone reaches the ignition 
temperature of the flash composition and the flash reaction starts. Then, a small layer of dark 
zone (afcdbf) remains on the burning surface because its temperature was too low to have 
been raised to the ignition temperature. This zone starts the next dark reaction leading up to 
the next flash reaction. In this manner the dark and flash reactions alternate and periodically 
repeat. 
 

 
Figure 1: Scheme illustrating the hypothesis of Shimizu about strobe mechanisms (adapted from Ref.1). 
The evaluation of the temperature is shown as a function of time, T0 is the temperature at the beginning 
of the dark reaction. When the temperature reaches Tf the flash reaction is initiated. After the flash the 
temperature drops and the dark reaction starts in the next layer. 
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Based on those observations, Shimizu claims a few necessary conditions for the production of 
the strobe light effect1: - The dark composition must produce a smoldering temperature which is lower than 

the ignition temperature of the flash composition, - The dark reaction produces a minimal amount of visible light, - The dark composition must produce a heat accumulation during the reaction to ignite 
the flash composition. The faster the heat accumulates, the higher the frequency of 
the light flashes, - A catalyst may help the accumulation of heat, - The dark zone must be uniform, because heterogeneities disturb the heat 
accumulation and prevents ignition of the flash composition. 
 

This theory implies that strobe compositions contain two mixtures: one that gives rise to the 
dark reaction (the dark composition) and the other that gives rise to the flash reaction (the 
flash composition). However, Jennings-White17 pointed out that several strobe compositions 
do not satisfy this criterion. Recently, a thermokinetic model has been developed by Davies6 

to explain strobe behavior for a simple binary strobe composition (ammonium perchlorate and 
magnesium). It assumes that two reactions occur. The first one is a slow reaction that 
produces intermediate species (dark reaction). Then, those intermediate species react in a fast 
reaction (flash reaction). The mass conservation equation is applied to this model and a 
system of two equations is obtained with two variables mentioned: - The temperature of the mixture - The concentration of the intermediate species 
 
And four parameters: - The ambient temperature - The initial concentration of reactants - The ratio of activation energies - The heat transfer coefficient 
 
By varying the last parameter (the heat transfer coefficient), an oscillating system is obtained. 
The left hand graph of the Figure 2 shows the evolution of the temperature and the 
concentration of intermediate species with time while the right hand graph shows the 
correlation between the two variables. Points A, B, C and D are characteristic states of the 
system during one cycle. 
 
Consequently, the flash occurs only if the heat generated is sufficient and if the concentration 
of “flash” species has reached a critical level to start the flash reaction. This implies that the 
dark and the flash reactions cannot be studied separately since the first one gives rise to the 
second one.  
 

 
Figure 2: (left) Evolution of the temperature and the concentration of intermediate species with time 
during a strobe reaction. (right) Correlation between the temperature and the concentration of 
intermediate species (reproduced from Ref. 6).   
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The present understanding of strobe chemistry is not sufficient to corroborate any theory. The 
experiments described in this paper aim at providing new insights which can help explain the 
mechanisms governing strobe reactions. 
 

III. EXPERIMENT 
 
Making of the strobe pellets 
 
10 g of each composition was prepared, including a binder solution composed of 10% 
nitrocellulose and 90% of acetone.  After mixing, the compositions were pressed (100 bars) 
into pellets of 1.5 g (including acetone) and then dried into a vacuum oven during two hours 
giving a final weight of the pellet of about 1.26 g. The diameter is 0.99 cm and the average 
height of the pellets is 0.917 cm so the average density is 0.446 g/cm3. The pellet was placed 
on a metal plate and then ignited with a burner. All tests were conducted in duplo.  
 
Equipment 
 
To follow the light emission of strobe and to visualize the processes during the dark and the 
light reaction, movies were recorded with a High-Speed camera (Redlake digital imaging 
system, 5000 frames per second, resolution: 160×160 pixels). The emission spectra were 
recorded with a CCD (Charge-Coupled Device) camera (PIXIS System from Princeton 
Instrument, 1340 pixels by 100 pixels) coupled with a spectrometer (Princeton Instrument – 
Acton advanced SP2750A, 0.750 m focal length, imaging triple grating monochromator). 
 
Compositions 
 
The composition studied is a mixture of ammonium perchlorate, magnalium and a metal 
sulfate (see Table 1). Potassium dichromate is added as a frequency modulator and a solution 
of 10% nitrocellulose in acetone is added as the binder.  
 

Composition (percentage by weight) 
Ammonium perchlorate 60 57.1 47.6
Metal sulfate 17 16.2 13.5
Magnalium 23 21.9 18.2
Potassium dichromate 5 (additional) 4.8 4
Binder Nitrocellulose 

20 (additional) 20 (additional) 
16.7 1.7 

Acetone 15 
Table 1: Basis composition used for the experiment. 

Metal sulfates have been chosen because the metals themselves are in various forms 
commonly used in pyrotechnics. The metal sulfates used differ in melting point and 
decomposition temperature. The metal sulfates with their decomposition temperatures and 
melting temperatures (between brackets) used were: - Strontium sulfate SrSO4: 1879 K (1606 °C) - Barium sulfate BaSO4: 1853 K (1580 °C) - Calcium sulfate CaSO4: 1733 K (1460 °C) - Potassium sulfate K2SO4: 1342 K (1069 °C) - Sodium sulfate Na2SO4: 1157 K (884 °C) 
 

IV. OBSERVATIONS AND DISCUSSION 
 
It has been claimed that a flash occurs when the metal sulfate reaches its melting point or 
temperature of decomposition22. The present experiments are aimed at investigating this 
effect systematically. The influence of the melting point of the sulfates used on the 
performance of the strobe (appearance of the surface combustion, sharpness and regularity of 
the flashes) was studied using the movies recorded with the high-speed camera. Also, 
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comparisons between the combustion products present in the flash were made based the 
emission spectra recorded. 
 
Analysis of the spectra: 
 
Emission spectra were recorded for all the compositions in the visible range 370 - 810 nm  
(see spectra 1 in Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7). Then, a zoom was 
applied to the relevant zone of all the spectra (See spectra 2 and 3). They were analyzed with 
the help of the database of emission spectra of a variety of atomic and molecular gaseous 
species 23, 24. 
 
The sodium line emission at 589 nm is present in all the spectra as an unresolved doublet, 
which is particularly visible in the spectrum of the sodium sulfate composition. Except for 
this composition, this spectral line is the result from a contamination present in the 
ingredients used. The potassium doublet centered at 767 nm also appears in most of the 
spectra. Furthermore, a small spectral line appears in some spectra at 405 nm which may be 
the result of potassium emission. Note that the line is most clearly visible for the sample with 
potassium sulfate. A source for potassium is potassium dichromate which is added in small 
amounts to all the compositions and the decomposition of potassium dichromate may provide 
the potassium atoms responsible for those emission lines. Potassium is also present in almost 
all the ingredient as contamination. Further analysis of the spectrum 2 of all the figures shows 
molecular bands that can be assigned to vibronic emission lines of magnesium oxide and 
magnesium hydroxide from 370 to 390 nm and from 495 to 500 nm (maxima at 497.3 nm, 
498.3 nm, 499.5 nm and 500.6 nm). Those bands appear in all the spectra with higher or 
lower intensity. They may be quenched by other spectral line such as in Figure 7 where the 
sodium lines are so intense, that the other lines and bands are barely noticeable.  
 
The spectrum of the strontium sulfate composition (see Figure 3) shows spectral lines that 
arise from the excitation of the atoms of strontium at 461.7 nm and molecular bands due to 
the vibration of strontium chloride and strontium hydroxide (peaking at 623.9, 635.9 and 
673.9 nm). Other bands appear at 606.3, 616.1 and 684.6 nm. They have not been fully 
identified but they are not present in the other spectra. Consequently, they may be due to the 
vibration of a molecule containing strontium. 
 

 
Figure 3: Emission spectra recorded for the strontium sulfate composition. 

For the barium sulfate composition (see Figure 4), two molecular bands have been identified 
and they are assigned to vibronic transitions of barium chloride at 513.7 and 524.5 nm. The 
spectral line present at 553.5 nm is consistent with emission from a barium atom. Other 
molecular vibronic bands are present (peaking at 506.3, 516.8, 520.4, 531.6 nm), they may be 
the result of the vibronic transitions for barium chloride, barium oxide or barium hydroxide. 
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Figure 4: Emission spectra recorded for the barium sulfate composition. 

The emission spectra of the calcium sulfate composition (see Figure 5) reveal also the 
presence of calcium chloride and calcium oxide in the flame (molecular bands at 593.7, 618.7 
and 621.2 nm for calcium chloride and maxima at 605.7 and 607.3 nm for calcium oxide). In 
contrast, the spectra of the compositions containing potassium and sodium sulfate are 
dominated by atomic emission lines from sodium and potassium (see Figure 6 and Figure 7). 
Clearly, the emission from sodium and potassium is more efficient than that of the molecular 
species, which also leads to the observation of strong sodium for compositions in which 
sodium is present as an unintentional contamination. 
 

 
Figure 5: Emission spectra recorded for the calcium sulfate composition. 

 
Figure 6: Emission spectra recorded for the potassium sulfate composition. 

 
Figure 7: Emission spectra recorded for the sodium sulfate composition. 

All the spectra show the presence of magnesium oxide and magnesium hydroxide in the 
combustion products. The presence of those bands could imply the melting of magnalium 
(Melting Point: 460°C 25) and the oxidation of magnesium. Then, the burning of the barium, 
strontium and calcium compositions gives rise to metal chloride and oxide. It suggests that 
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those metal sulfates decompose during the process. On the other hand, only atomic lines 
appear in the spectra for the sodium and the potassium compositions. It could mean that 
sodium chloride and oxide are not produced by the reaction, or maybe they are produced but 
not efficiently excited during the flash process. However, the mechanisms involved in those 
two kinds of compositions seem different from the other compositions. This feature can also 
be observed with analysis of the high-speed camera movies. 
 
In addition, the CCD camera records the temporal evolution of the emission spectra. Thus, the 
variation of the intensity of any relevant spectral line can be used to record the frequency of 
flashes and also evaluate the sharpness of the flashes for all types of composition. The 
resulting graphs are displayed in Figure 8.  
 

 
              Strontium sulfate composition                 Barium sulfate composition                Calcium sulfate composition 
              (Average Frequency: 13.5 Hz)                 (Average Frequency: 5.14 Hz)              (Average Frequency: 11.12 Hz) 

 
                                              Potassium sulfate composition               Sodium sulfate composition 
                                               (Average Frequency: 11.93 Hz)              (Average Frequency: 2.75 Hz) 

Figure 8: Intensity evolution versus time for all compositions tested. 

The barium and strontium sulfate compositions have regular and sharp flashes in comparison 
to the other compositions. The strontium sulfate composition has a higher frequency than the 
barium sulfate composition. The sodium and calcium sulfate compositions also have sharp 
flashes but less regular and with a lower frequency for the sodium composition. On the other 
hand, the potassium sulfate composition produces very irregular and indistinguishable flashes. 
The barium and the strontium sulfate compositions show the best strobe behavior and their 
sulfate ingredients also have the higher melting points.  So the conclusion might be drawn 
that a high melting point is crucial for a regular strobe effect. The different behavior observed 
in this figure (sharpness and regularity of flashes) is investigated further using the high-speed 
camera movies. Indeed, the observation of the surface combustion processes provides 
information on why some compositions produce a better strobe effect. 
 
Analysis of the high-speed camera movies: 
 
In Figure 9 and Figure 10 show typical images recorded during a flash for the strontium and 
barium compositions. Similar phenomena are observed. The cycle starts when the pellet is 
ignited and a hot layer appears on the top of the pellet. This phenomenon was also observed 
by Krone and Shimizu who called this layer respectively the "semi-slag" and the "semi-
reacted zone"1,18. Then, the layer propagates on the surface of the pellet and becomes thicker. 
The surface is heated up by a reaction and it becomes red. Sometimes small parts of this layer 
are ejected from the pellet (see picture 4 in Figure 9). Then, a short flash completely 
consumes the dark layer and initiates the next dark reaction. The pellet is consumed linearly, 
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layer-by-layer. In contrast, the layers produced on the top of potassium and sodium sulfate 
compositions (see Figure 12 and Figure 13) are composed of different zones. It seems to 
contain molten material in certain areas and sometimes foam appears at the surface (Figure 
13). The color of the layers is not uniform and their shapes are irregular; the top of the pellet 
is not consumed linearly but small holes are created on the surface each time a flash occurs. 
For the sodium sulfate composition, the dark periods are longer, more materials are used to 
create one dark layer so less flashes are produced from one pellet but they are more intense. 
The layer produced in the calcium sulfate composition is different than the other two groups 
of compositions (see Figure 11). It has a very irregular shape and the pellet is not consumed 
linearly as for the strontium and barium sulfate compositions and many small flying particles 
are observed. However, the layer produced is more solid than for the sodium and potassium 
sulfate compositions. This composition constitutes an intermediate state between the barium / 
strontium sulfate compositions and the sodium / potassium sulfate composition. 
 

 
Figure 9: Collection of picture showing one flash phase of the strontium sulfate composition. 

 
Figure 10: Collection of picture showing one flash phase of the barium sulfate composition. 

Moreover, during the dark phase points of light, also called hot spots, can be observed on the 
surface of the dark layer (see picture 4 on Figure 9). They occur and grow while the dark 
reaction proceeds. Shimizu26 also observed this phenomenon. Especially for the potassium 
sulfate composition many hot spots are observed. Those hot spots are the result of local heat 
accumulation in the dark layer and they can evolve to small local flashes. Grose27 
hypothesizes that hot spots occur on the molten part of the dark layer consuming those zones 
by a small flash. It indicates that the layer is partly molten in all compositions and the flashes 
are probably initiated from those molten areas. 
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Figure 11: Collection of picture showing one flash phase of the calcium sulfate composition. 

In addition, two other phenomena have been observed: the occurrence of foam on the layer 
(see Figure 13) and particles that fly away from the surface of the pellet (see the picture 4 on 
Figure 9 and Figure 11). Gaseous species may form under the surface during the dark reaction. 
When the layer melts, the gas escapes forming a foam. On the other hand, when the surface 
remains solid, pressure builds up under the surface and the gas escapes by ejecting parts of 
the layer or the entire layer. 
 

 
Figure 12: Collection of picture showing one flash phase of the potassium sulfate composition. 

 
Figure 13: Collection of pictures showing one flash phase of the sodium sulfate composition 

A general observation in the movies is that the barium and the strontium sulfate compositions 
give rise to a good strobe behavior while the other compositions produce very irregular and/or 
longer lasting flashes. It suggests that processes during the formation of the dark layer are 
important for strobe reactions. It must be uniform and cover the entire surface. Then, the layer 
is heated up homogeneously until it reaches a triggering point for the flash reaction. 
Subsequently, the flash occurs and the next cycle starts. The presence of molten materials is 
important since the flashes and hot spots seems to be initiated from molten areas. However, if 
the compounds melt at too low temperatures, several flashes are initiated from the same layer, 
degrading the strobe effect while too many hot spots occur inhibiting a full flash. The layer 
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formed is irregular and “moving” (formation of a foam) when the gaseous species formed 
under the layer escapes before the occurrence of a flash. The heat produced by the dark 
reaction is dissipated too quickly to ignite the flash reaction and more materials are necessary 
to accumulate enough heat for a full flash, resulting in a low flash frequency for the sodium 
sulfate composition. On the other hand, the heat produced can also be distributed irregularly 
producing many hot spots and small flash successive flashes as observed for the potassium 
sulfate composition. 
 
Consequently, the barium and the strontium compositions produce a better strobe effect 
which is attributed to the higher melting points of strontium and barium sulfate. It is 
important to maintain a solid dark layer favoring a homogeneous accumulation of heat and 
also of gaseous species that form under the surface. These two phenomena may be necessary 
for the occurrence of a flash. The temperature must be high enough to ignite the flash but a 
specific concentration of gaseous species may also essential to the manifestation of sharp 
flashes.  

V. CONCLUSION 
 
The influence of sulfates on a classical strobe composition has been studied; five metal 
sulfates (barium sulfate, strontium sulfate, calcium sulfate, potassium sulfate and sodium 
sulfate) have been tested in combination with ammonium perchlorate and magnalium. The 
sulfates all have different melting points. The results of time resolved emission spectra (CCD 
/spectrometer) and movies (high speed camera) of the ignited strobe compositions reveal that 
the compositions containing sulfates with higher melting point (strontium / barium sulfate 
compositions) give the best strobe effect.  
 
Three groups of compositions are identified from the results: - Strontium and barium sulfate compositions (higher melting point) 
The spectra reveal in both cases the presence of metal chloride, oxide and hydroxide in the 
gas excited during the flash phase. It implies that the sulfates decompose during the process 
and then the metal is oxidized or forms a chloride. In addition, the movies show the formation 
of a uniform and partly solid layer on top of the pellet. This layer is heated up almost 
uniformly and flashes seem to be initiated from the molten areas present on the surface. The 
resulting strobe effect is characterized by sharp flashes at regular time intervals. - Sodium and potassium sulfate compositions (lower melting point) 
Only atomic peaks are observed in the emission spectra during the flash phase. This may 
imply that the sulfate does not decompose during the heating process. Alternatively, the 
sulfate may decompose but the metal does not react with oxygen and chloride.  Also the 
temperature may not be high enough to excite those molecular species efficiently and the 
emission intensity is too low to observe the vibronic emission lines next to the very efficient 
sodium or potassium emission lines. The movies show the formation of an irregular layer that 
is almost liquid and that leads to irregular and longer lasting flashes.  - Calcium sulfate composition (intermediate melting point) 
The spectra show the presence of metal chloride, oxide and hydroxide during the flash phase 
as observed for the strontium and the barium sulfate composition. Consequently, the sulfate 
also decomposes during the process. However, the layer formed during the dark phase shows 
hot spots and irregular flashes, just as for the sodium and potassium sulfate composition, 
except that the top layer seems more solid. The strobe effect is more efficient. This 
composition is an intermediary state between the good strobe produced by the strontium / 
barium sulfate compositions and the erratic strobe effect of the sodium / potassium 
composition. 
 
The results show that metal sulfates participate in the dark reaction and that their melting 
points and temperatures of decomposition are important in the formation of a homogeneous 
dark layer. Compositions that contain metal sulfate with a high melting point produce a better 
strobe effect. Metal sulfates with low melting points seem to prevent strobe reactions with 
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regular intervals and sharp flashes due to melting of the sulfate in the surface layer before a 
flash over the full surface layer can be ignited.   Still, the mechanism and processes 
responsible for strobe reaction remain largely unknown. Several questions have been raised in 
this work:  What triggers the flashes: the temperature, the concentration of gaseous species or 
both or even something completely different? What determines the time interval between 
flashes? What are the chemical reactions during the various phases in the strobe reaction? 
Further studies are necessary to provide a better understanding and to elucidate the 
mechanism behind the fascinating strobe reactions. 
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ABSTRACT 
 

Over the last few decades, water-based explosives and their precursors, despite their apparent 
insensitivity, have been involved in a number of accidents around the world. A large proportion of these 
accidents occurred when these emulsions were pumped either for their manufacture, transport, or handling. In 
Canada, this has led to the development of “Guidelines for the Pumping of Water-Based Explosive”, which state 
that “using pumping pressures well below the laboratory measured minimum burning pressure (MBP) of the 
corresponding emulsions or watergels is a good safety practice”. However, in the above document, there is no 
description or prescription on how the MBP should be measured.  In the last few years, a research program at the 
Canadian Explosives Research Laboratory (CERL) has been focused on the development of a validated 
measurement protocol for realistic MBP measurements.  
 

In the present work, the resulting protocol has been used to study the effect of common formulation 
changes on the MBP. This was done by performing measurements for a set of 34 representative emulsion 
formulae for which the amount of various ingredients were adjusted systematically. Experimental results will be 
presented showing how changes to ammonium-nitrate-and-water-based emulsions (ANWE) formulations such as 
its water content, oxidizer and oil phase constituents, the presence or absence of chemical sensitizers, and the 
presence or absence of density modifiers, can affect its MBP. Based on the outcome of the present study, routine 
MBP measurements have been included as a requirement in draft government standards for the classification and 
authorization of high explosives in Canada. 
  
Keywords: measured minimum burning pressure (MBP), emulsions, formulation, sensitizers, additives, density 
modifiers 
 
1. INTRODUCTION 
 

Over the last few decades, water-based explosives and their precursors, despite their apparent 
insensitivity, have been involved in a number of pumping accidents around the world. Some of these accidents 
have resulted in fatalities. In Canada, this has led to the development of pumping guidelines that were endorsed 
by both the commercial explosives industry and the Canadian government. These guidelines stated that “using 
pumping pressures well below the laboratory measured minimum burning pressure (MBP) of the corresponding 
emulsions or watergels is a good safety practice” [1]. However, in that document, there was no description or 
prescription on how the MBP should be measured. 
 

While a few studies have reported on the use of various pressurized vessel tests to measure the MBP of 
ammonium-nitrate-and-water-based emulsions (ANWE), significant uncertainties about the applicability of these 
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data were evidenced, especially for ANWE [2, 3, 4].  In the last few years, a research program at the Canadian 
Explosives Research Laboratory (CERL) has been focused on the development of a validated measurement 
protocol for realistic MBP measurements. This has required an experimental program to study the many effects 
that can complicate the interpretation of the test results. In the present work, the resulting protocol has been used 
to study the effect of common formulation changes on the MBP of ANWEs. This was done by performing 
measurements for a set of 34 representative emulsion formulae for which the amount of various ingredients were 
adjusted systematically. Experimental results are presented showing how changes to ANWE formulations such 
as its water content, oxidizer and oil phase constituents, the presence or absence of chemical sensitizers, and the 
presence or absence of density modifiers, can affect its MBP.   Recent changes to the testing geometry will be 
discussed. 
 
2. EXPERIMENTAL 
 

All emulsions investigated in this study were prepared in-house over a two-year period using procedures 
already described elsewhere [5, 6, 7]. The ingredients in the emulsion formulations were systematically adjusted 
and five major emulsion systems were tested. To closely replicate manufacturing and handling conditions of 
emulsion products, MBP testing was performed on freshly manufactured product.  
 

The MBP for all the emulsions investigated was determined using methodologies already described in 
detail elsewhere [5, 6, 7]. MBP determinations were performed in either a 4-L or 19-L pressure vessel depending 
on whether the emulsion contained aluminum; the 19-L vessel is equipped with a larger vent which is less easily 
clogged by aluminum residue upon depressurization. The test vessel was not vented during testing. Extensive 
research conducted at CERL on the mechanisms of ignition, propagation and combustion in ANWEs has shown 
that vessel size, rate of pressurization and over pressure after ignition does not play a significant role in 
determining the MBP values for ANWEs [5].  
 

Some modifications to the original test cell design and testing methodology described in [5, 6] have been 
made over the duration of the research at CERL: the currently adopted MBP test protocol [7] uses a test cell with 
cylindrical geometry positioned horizontally in the pressure vessel as illustrated in Figure 1.  Sample test cells 
are fashioned from commercially available steel nipples 7.6 cm in length with an inside diameter of 1.6 cm. Each 
test cell has a 3-mm wide slit machined along the axis to allow combustion gases to escape during testing. 
Although the ends of the nipples are threaded to accommodate caps, the cell ends are plugged with a No. 0 
neoprene stopper which has been reamed out to accommodate the copper conductor and splice connector of the 
hot wire ignition assembly. By using neoprene plugs, the hotwire ignition assembly is only in direct contact with 
emulsion available to participate in ignition and combustion.  
 

Upon successful ignition, the combustion front propagates radially outwards from the axis of the hotwire 
as if it were in an infinite mass of the sample, quenching only when it reaches the walls of the cell and when no 
sample remains.  It should be noted the differences between the testing methodologies reported in [5, 6, 7] do not 
significantly affect the final MBP result of the test; instead, using the current MBP methodology as reported in 
[7] and here, the interpretation of the type of combustion event is easier with this new configuration and 
parameters such as burn time can be more easily quantified. 

 
For the purpose of illustrating the effect of common formulation changes on the MBP, the 34 emulsions 

have been separated into five major classes, as summarized in Table 1. Because of the proprietary nature of 
emulsion formulations, the formulation table is generic and indicates only the presence or absence of chemical 
constituents or additives and only water content and sodium nitrate content is quantified. A variety of surfactant 
and oil mixtures (SURF 1- 4) in combination with wax 



 

 
Figure 1:  New horizontal testing geometry with PVC end-caps replaced by thick neoprene plugs 

 
 
(WAX) and diesel fuel oil (DFO) were used as oil phase constituents. Various oxidizer solutions were prepared 
and combinations included ammonium nitrate (AN), sodium nitrate (SN), sodium perchlorate (SP) and urea 
(UREA) with water (WATER). Other emulsion additives included ammonium nitrate prill (AN Prill) and 
Aluminum (AL) as well as the inclusion of void sensitizers/density modifiers such as thick-walled and thin-
walled, glass microspheres (GLASS), plastic microspheres (PLASTIC), and polystyrene beads (POLY). 
 

The A, B and C-series of emulsions are lower-water-content packaged products having a stiffer 
rheology. All emulsions in these series contained approximately 10% sodium nitrate by mass with the exception 
of B3.  Emulsions B1-B3 also contained sodium perchlorate as a chemical sensitizer. The oil phase was identical 
in all the A, B and C formulations and was composed of a two surfactant/oil blends (SURF2 and SURF3) and 
included wax.   
 

The D and E-series of emulsions are typical bulk products characterized by higher water content and 
lower viscosities.  The D-series used an oil phase based on a blend of two separate surfactant/oil blends (SURF 3 
and SURF 4) with diesel fuel oil (DFO) while the E-series of emulsions used a different mixture of surfactant 
and oil (SURF 1).  The D-series emulsions and E4 – E8 series were additive-free and the oxidizer solution was 
solely based on AN.  In contrast, emulsions E1-E3 and E13-E18 contained approximately 9-11% and 15-20% 
sodium nitrate (SN) by mass, respectively, in the oxidizer solution. Of the remaining E-series, E9, E10 and E11 
were void sensitized/density modified with thin-walled, glass microspheres, plastic microspheres and 
polystyrene beads, respectively, while E13-E15, E17-E18 were void sensitized/density modified with thick-
walled glass microspheres. E12 was the only formulation that contained urea. See Table 1. 
 
3. RESULTS AND DISCUSSION 
 

The MBP data for the A-series of emulsions is illustrated in Figure 2. This figure shows how the 
uncertainties in the MBP values quoted in Table 1 were obtained.  Below the quoted uncertainty range, no 
positive events were observed.  Above the quoted range, all events were positive.  Between the range of 
uncertainties, a mixture of positive and negative events were observed.  Typically, each sample is subjected to 10 
– 12 experiments to determine its MBP. 
 
3.1  EFFECT OF WATER CONTENT 
 
A linear regression line illustrating the relationship between the water content and the MBP for straight 
emulsions (i.e., those without aluminum, void sensitizers, or SP) is shown in Figure 3.   From this Figure, it 
appears that the MBP of all-AN emulsions increases linearly with water content over the water content range 
studied (11 – 25%).  
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Table 1:  Emulsion matrix indicating general formulations with measured MBP and water content 
 

 

A1 3040 ± 160 + + 11.2 + + +
A2 2640 ± 120 + + 8.1 + + + +
A3 1940 ± 50 + + 11.3 + + + +
A4 1675 ± 125 + + 10.1 + + + +
A5 1395 ± 80 + + 7.1 + + + + + +
A6 2000 ± 170 + + 7.5 + + + + + +
B1 940 ± 35 + + + 6.7 + + + + + +
B2 1585 ± 180 + + + 7.8 + + + + + +
B3 935 ± 40 + + 8.1 + + + + + +
C1 4160 ± 90 + + 14.7 + + +
C2 2685 ± 170 + + 10.5 + + + + + +
D1 8685 ± 140 + 16.6 + + +
D2 5880 ± 440 + 13.8 + + + +
D3 6820 ± 175 + 14.6 + + +
E1a 3290 ± 10 + + 9.0 +
E1b 3715 ± 25 + + 11.3 +
E2 4680 ± 270 + + 17.8 +
E3 5722 ± 38 + + 17.1 + +
E4 4490 ± 780 + 11.7 +
E5 5850 ± 620 + 14.2 +
E6 8160 ± 240 + 17.4 +
E7 11390 ± 96 + 20.8 +
E8 14240 ± 50 + 24.8 +
E9 3220 ± 100 + 16.6 + +
E10 9845 ± 600 + 17.8 + +
E11 >18000 + 15.3 + +
E12 6050 ± 90 + + 10.2 +
E13 8540 ± 170 + + 18.6 + +
E14 >3540 + + 15.8 + +
E15 8035 ± 1025 + + 19.8 + +
E16 7965 ± 285 + + 20.6 +
E17 >5620 + + 15.4 + +
E18 9425 ± 360 + + 17.8 + +
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3.2 EFFECT OF 9 – 11% SN IN THE OXIDIZER SOLUTIONS 
 

For emulsions with both AN and 9 – 11% SN by mass in the oxidizer solutions, Figure 3 illustrates that 
the MBP also increases approximately linearly with water content over the water content range studied (7 – 
18%), but the slope of the regression line is much less steep than for all-AN emulsions.  As a consequence, the 
resulting emulsions with more than about 12% water have a much reduced MBP compared to the all-AN 
versions.  

This observed behaviour is consistent with results from small-scale closed-bomb cook-off tests on AN 
itself and AN/SN mixtures [8]. These results demonstrated that, under confined condition (no venting), even 
trace amounts of SN lowers the onset temperature for thermal runaway of AN. This is consistent with the 
lowering effect of SN on the MBP of some ANWE, as observed in the present work.  
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Figure 2: Summary of results for the MBP measurement of A-series emulsions 

 
 
3.3  EFFECT OF 15-20% SN IN THE OXIDIZER SOLUTIONS 
 

The E13-18 emulsions contained both AN and 15 - 20% SN by mass in the oxidizer solutions. For these 
emulsions having both high SN and high water content (Table 1), the overall effect of high SN content on the 
MBP is not as obvious as described above for the 9-11% SN formulations. Their MBP values remain relatively 
high (Figure 8), but lower than their all-AN counterparts (D1, E6, E7; see Figure 3), despite the high SN content. 
Presumably, the effect of SN content on the MBP may be masked by the very high water content of these 
emulsions. 
 
3.4 EFFECT OF OIL PHASE 
 

From Figure 3 above, plotting the MBP vs. water content for the AN only emulsions, namely D1-D3 and 
E4-E8, it is evident that the MBPs of the two series of emulsions display very similar trends, despite having very 
different oil phases. In this case, it is clear that the MBP is essentially controlled by the water content and the 
type of oil phase used had a negligible influence on the MBP. 

 
3.5 EFFECT OF SUBSTITUTING AN IN THE OXIDIZER WITH AN PRILLS 
 

The formulations of emulsions A2 and D2 were derived by altering the formulations of A1 and D3, 
respectively, so that 20% AN prill was substituted for 20% AN in the oxidizer solution. Small variations in the 
water content were observed as a result of water losses during mixing.  In Figure 3, we observed that the MBP of 
A2 and D3 falls on the trend lines for all-AN or AN/SN emulsions, where the AN is in solution.  Therefore, it 
appears that effect on the MBP of substituting 20% AN prill for 20% AN in the oxidizer solution is negligible. 



 

Figure 3: Comparison of the MBP vs. water content of unsensitized all AN formulae with that of unsensitized 
formulae containing AN and SN 

 
 
3.6 EFFECT OF REFINEMENT 
 

Emulsion E1a and E1b contain AN/SN oxidizer solutions and are identical formulations with the 
exception that, during emulsion refinement, some emulsion was removed mid way through the mixing procedure 
so that the role of product refinement on MBP could be assessed. The remaining base product was further 
refined. Inherently, as the emulsion is refined in an open container, water losses are encountered and can be 
significant. For the less refined product emulsion, E1b, the water content was 11.3 % while the more refined 
product, E1a, had 9.0 % water. From Figure 3 above, the MBP of emulsions E1a and E1b fall on the trend line 
for MBP vs. water content for emulsions with AN/SN oxidizer solutions. Thus, increasing refinement for 
emulsions E1a and E1b did not significantly affect the MBP.  
 
 3.7 EFFECT OF ALUMINUM 
 

The MBP reported for A1 is 3040 ± 160 kPa. For emulsion A3, an equal mass percentage of the AN/SN 
in the oxidizer solution was substituted with aluminum. As illustrated in Figure 4, A3 and A1 had identical water 
content and the presence of a few percent of aluminum in A3 lowers its MBP by a factor of 1.6. Therefore, it can 
be stated that addition of atomized aluminum lowers the MBP. 
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Figure 4: Graph illustrating the reduction in MBP in emulsion A3 due to its aluminum content 

 
3.8 EFFECT OF VOID SENSITIZERS/DENSITY MODIFIERS 
 
3.8.1 PLASTIC MICROSPHERES 
 

The effect of plastic and thin-walled glass microspheres on the MBP is illustrated in Figure 5.  Emulsion 
A5 and A6 are nearly identical in composition with the exception that the void sensitizer/density modifier used 
in A5 was thin-walled, glass microspheres while, in emulsion A6, plastic microspheres were utilized. Both 
formulae also contained aluminum and AN prill in equal quantity. For emulsion A5, containing the thin-walled, 
glass microspheres, the MBP was 1395 ± 80 kPa while that of emulsion A6 containing the plastic microspheres 
was significantly higher (MBP = 2000 ± 170 kPa).  Although the effect is shown in Figure 5, the magnitude of 
the effect may not be obvious at first glance due to the scale of the graph. 
 

For emulsions B1 and B2, the emulsion with plastic microspheres (B2) has the higher MBP at 1585 ± 
180 kPa. As illustrated in Figure 5, Emulsion B1, containing thin-walled, glass microspheres, has a much lower 
MBP.  The differences in their MBP may be due to the fact that emulsion B2 had approximately 1% more water 
than that of emulsion B1. The effect of substituting plastic for glass microspheres cannot be determined precisely 
because there is no trend line for AN/SN/SP emulsions without microspheres available for comparison. 
 

The presence of plastic microspheres in emulsion E10, increased its MBP relative to the trend line for 
all-AN emulsions.  As well, a similar observation was made for emulsion E3, with its MBP being higher than 
that expected by the trend line for AN/SN emulsions.  Although the effect is not much greater than the 
uncertainty of the linear regressions, it is believed to be a real effect since it is seen for both E10 (all-AN) and E3 
(AN/SN), which both appear shifted upward from their respective trend lines by about the same amount. 
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Figure 5: Graph illustrating the effect plastic and thin-walled glass microspheres on the MBP 

 
3.8.2 THIN-WALLED GLASS MICROSPHERES 
 

In Figure 6, we see that the addition of thin-walled glass microspheres to emulsion A4 reduces the MBP 
significantly compared to the expected value of the trend line of MBP vs. water content for AN/SN emulsions. 
The presence of thin-walled glass microspheres in E9 also appears to very significantly decrease its MBP 
relative to the expected trend for all-AN emulsions. 

 
Figure 6: Graph illustrating the effect of thin-walled glass microspheres on the MBP 
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Whether the emulsion is AN/SN based, as in the case of A4, or all-AN based, as in E9, the MBP is 
lowered very significantly. The reason that thin-walled glass void sensitizer/density modifiers reduce the MBP is 
not yet well understood. The effect will be more systematically investigated in future work. 
 
3.8.3 POLYSTYRENE BEADS 
 

One emulsion containing polystyrene beads as void sensitizer/density modifier, E11, was tested.  
Without the beads, the MBP would be expected to fall between that of emulsions E5 and E6 (Figure 3), around 6 
– 8 MPa. Repeated attempts to ignite the sample at initial test pressures from 10 to 18 MPa were unsuccessful 
and sustained combustion could not be achieved. Only two tests performed at 14 and 16 MPa produced a clear 
ignition followed by partial combustion of the sample (20-50%). Thus, adding polystyrene beads appears to 
either dramatically increase the MBP of this formulation or affect its ignitability using the hot-wire technique. 

 

 
Figure 7: DSC thermal curve for polystyrene in closed system (see text for details) 

 
 
In order to further investigate these observations, the thermal behaviour of these polystyrene beads was 

studied by differential scanning calorimetry (DSC, TA Model Q2000). A sample of polystyrene, identical in 
grade and purity to that used in the manufacture of Emulsion E11 was sealed in a glass micro-ampoule (10 - 15 
µL internal volume) which was then wrapped in a silver foil to improve thermal contact with the DSC platform. 
A sample mass of 2 mg and a heating rate of 5°C min-1 from ambient to 550°C were used. The DSC cell was 
purged with dry nitrogen (50 mL min-1). The results of the measurement are shown in Figure 7. In such a closed 
system where the sample can self-pressurize, a very energetic endotherm was observed, presumably due to 
melting, with an onset temperature of approximately 340°C. This energetic endotherm may explain the 
behaviour of formula E11 in the MBP tests. 
 
3.8.4 THICK-WALLED GLASS MICROSPHERES 
 

It has been previously reported that, when measuring the MBP for emulsion products containing glass 
microspheres, a vertical test geometry can induce slow decomposition combustion events which can lead to 
difficulty in the interpretation of the MBP data [6, 7]. Adoption of the horizontal geometry using test cell plugs, 
as described earlier, eliminates the slow thermal decomposition phenomena noted when using the vertical test 
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cell geometry. MBP results for emulsions E13-E18, containing high SN and thick-walled glass microspheres, 
tested using the older vertical test geometry, has been re-interpreted and are reported in Table 1.  

 
Figure 8: Graph illustrating the effect of thick-walled glass microspheres on the MBP 

 
The effect of the thick-walled glass microspheres on the MBP is illustrated in Figure 8. The MBP for 

formulae E13, E15, and E18, which all contained thick-walled glass microspheres, is either similar or higher 
than that of the unsensitized E16 formula, even though they contained less water. Therefore, the thick-walled 
glass microspheres may slightly increase the MBP for these formulations. This effect is contrary to that observed 
for thin-walled glass microspheres in lower water content formulations (3.8.2, above), which lowered the MBP 
significantly. More research is planned to better understand these observations. 

 
3.9 EFFECT OF SP 
 

The B-series of emulsions are similar in formulation to the A-series except that sodium perchlorate is 
added in the oxidizer solution. Both B1 and B2 contain approximately 5% SN in solution whereas B3 did not 
contain any SN. All B-series emulsions contained the same proportions of AN prills and aluminum and were 
void sensitized/density modified with either thin-walled, glass microspheres or plastic microspheres.  

 
From Table 1, it can be observed that this series of emulsions had the lowest MBP values, which is due 

to the presence of SP. This observation is consistent with previous MBP experiments that showed that the 
presence of SP has a lowering effect on the MBP [5].  
 
3.10 EFFECT OF UREA 

Urea has been reported previously to significantly raise the MBP [5], and this observation was 
reaffirmed in the present series of tests. This can be evidenced by comparing the MBP of E12 (6050 ± 90 kPa), 
which has some urea substituted for a portion of the AN in its oxidizer solution, with that of the unsensitized 
version, E4 (4490 ± 780 kPa). The MBP of the product containing urea is significantly higher, despite having 
1.5% lower water content. As for polystyrene above (3.8.3), urea has been shown to also display a fairly 
energetic endothermic behaviour in DSC experiments [5]. This may explain its very significant effect in 
increasing the MBP.   
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4. CONCLUSIONS 
 

A validated MBP measurement protocol has been developed. The methodology has been shown to 
produce reliable and repeatable MBP values that are consistent with each other for a wide range of ANWE 
formulations. Such routine measurements have now been accepted in standards for the classification and 
authorization for high explosives in Canada [9]. 
 

Clearly, the experimental data obtained from the present work strongly indicates that water content is the 
major ingredient controlling the MBP of ANWEs. Substitution of AN in solution for solid AN in prill form in 
emulsions does not seem to have a significant effect on the MBP.  
 

The presence of sodium nitrate in solution lowers the MBP, at least over some range of water content as 
evidenced by emulsions A1, A2, E1a, E1b, E2 and C1.  The relationship between MBP and SN content needs to 
be further investigated particularly for those emulsions with high SN and very high-water-contents.  This 
observed behaviour is consistent with results from small-scale closed-bomb cook-off tests on AN itself and 
AN/SN mixtures, which showed that even trace amounts of SN lowers the onset temperature for thermal 
runaway of AN [8].  
 

Chemical additives and sensitizers added during emulsion production have varied effects on the MBP. 
The addition of urea in the oxidizer solution is found to significantly increase the MBP while the addition of SP 
tends to dramatically lower the MBP. Emulsions with added aluminum are also observed to have lower MBP’s. 
 

When void sensitizers/density modifiers are added to formulations, a variety of effects on the MBP are 
noted. In the presence of polystyrene beads, either the MBP is increased dramatically or the ignitability of the 
resulting formulation with the present hot-wire technique is compromised. The MBP seems to slightly increase 
with the addition of plastic microspheres and thick-walled glass microspheres. In contrast, the MBP is  
significantly reduced by the presence of thin-walled glass microspheres in lower water content emulsions. The 
reason that thin-walled glass void sensitizer/density modifiers reduce the MBP is not yet understood. It appears 
to be related to the entrainment of melted glass in the gas flow during combustion. This is consistent with the 
observation that, for both E4 and E9, the walls of the cylindrical test cells were found to be uniformly coated 
with glass after each positive experiment. In contrast, for formulae E13, E15, and E18, which contained thick-
wall glass microspheres, all the melted glass was found to be re-solidified as a slag at the bottom of the test cell. 
More experiments are planned in the future to better understand this effect.   
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ABSTRACT 
 
Binary pyrolants made from Mg, MgH2, MgB2, Mg3N2, Mg2Si and polytetrafluoroethylene display 
a wide range of burn rates at ambient pressure. The burn rates do not coincide with the theoretical 
maximum adiabatic combustion temperatures. The UV-VIS (λ = 250 – 700 nm) emission spectra of 
the combustion flames taken at ambient pressure under air show distinct differences thus pointing to 
dissimilar combustion mechanisms. The aerobic combustion temperatures for a number of 
stoichiometries have been calculated with a proprietary software code (BAM) by fitting the curve 
shape in the NIR range (λ = 1.2 – 1.7 µm). According to the intensity calibrated Infrared spectra (λ 
= 1.5 – 5 µm) the pyrolants yield intense blackbody radiation and in some cases offer superior 
spectral efficiency compared to Mg/PTFE.  
 
INTRODUCTION 
 
Metal Fluorocarbon Pyrolants represent a class of powerful energetic materials [1] used mainly for 
decoy flares [2-6] and igniters [5,7-9]. There is an ongoing interest to increase the performance, 
P,[W] of these materials with respect to both specific energy content, E [J g-1]and combustion rate, 
m& [g s-1].  
 mEP &⋅=  
Recently it has been reported that modification of fuel rich magnesium/Teflon/Viton (MTV) 
formulation with zirconium [10], graphite [11,12] or silicon based thermites [13] affects both 
combustion rate and radiant energy content, Eλ, [J g-1 sr-1]. Other concepts to increase the 
combustion rate of metal/fluorocarbon pyrolants are based on the use of highly conductive carbon 
nanofibres [14] and nanoscale fuels [15]. 
The use of Mg3Al4 fuel enables both high burn rate and high radiant intensity [16]. Apart from this 
the no use of any other magnesium compounds as fuel in metal fluorocarbon pyrolants has been 
reported so far.  
However the use of certain magnesium compounds could proof beneficial if the partnering element 
would allow for exothermic reaction with either fluorine or atmospheric oxygen or provide gaseous 
reaction products that would serve inflation of the flame envelope. Thus the following elements 
were considered useful: boron and silicon, hydrogen, nitrogen. The following Mg-compounds with 
these elements were considered in the present investigation MgH2, MgB2, Mg3N2, and Mg2Si.   
Because of its very low thermal conductivity, κ,  MgH2 has been proposed as fuel in slow burning 
pyrotechnics such as tracer compositions and has been evaluated as fuel in solid fueled ramjet 
engines [17, 18]. Recently MgH2 has gained some renewed interest as energetic additive in gelled 
propellants [19].  
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Magnesium boride, MgB2, has been investigated as fuel for solid fuelled ramjet [18,20] and 
proposed in explosive and propellant formulations [21].The burn rate law for AP/MgB2 propellant 
modified with PTFE has been investigated recently [22].   
No reports on combustion of magnesium nitride can be found in the literature besides that Mg3N2 
typically forms inside burning piles from magnesium turnings or granules in air [23]. Magnesium 
silicide has been considered as fuel in blast enhanced explosives and solid fueled ramjet [18, 24].  
 
DISCUSSION 
The properties of the constituents are given in table 1.  
 
Table 1 Physical [28] and thermochemical [26] properties of pyrolant constituents 
Unit 
 

Mg MgH2 MgB2 Mg3N2 Mg2Si PTFE 

CAS-No 7439-95-4 7693-27-8 12007-25-9 12057-71-5 22831-39-6 9002-84-0 
mr / g mol-1 24.305 26.320 45.925 100.950 76.710 100.016 
ρ / g cm-3 1.738 1.450 2.570  2.712 1.950 2.150 
ΔfH°/ kJ mol-1 0 -76.2 ± 9.2 -60.7 -461.5 -77.8 -809.6 
mp / °C 649 -- -- -- 1085 324 
dp / °C -- 280 830 788 --  
  
 
For each fuel a stoichiometric mixture was made that would exclusively take into account 
fluoridation of magnesium and afterburn of both carbon and the combining element with oxygen 
(except for nitrogen).  Experiments with magnesium were included for reference. 
 
n Mg + ½ (C2F4)n ⎯→⎯air n MgF2(s) + n CO2      (1) 
n MgH2 + ½ (C2F4)n ⎯→⎯air n MgF2(s) + n H2O(l) + n CO2     (2) 
n MgB2 + ½ (C2F4)n ⎯→⎯air n MgF2(s) + n B2O3(s) + n CO2     (3) 
n Mg3N2 + 1.5 (C2F4)n ⎯→⎯air  3n MgF2(s) + n N2 + 3n CO2    (4) 
n Mg2Si + (C2F4)n ⎯→⎯air 2n MgF2(s) + n SiO2(s) + 2n CO2     (5) 
 
The volumetric and gravimetric combustion enthalpy for these systems are given in table 2 together 
with the adiabatic combustion temperature calculated with NASA CEA code [27]   
 
Table 2 Combustion properties of stoichiometric binary pyrolants 
Unit 
 

Mg/PTFE MgH2/PTFE MgB2/PTFE Mg3N2/PTFE Mg2Si/PTFE 

Stoichiometry 
wt-% 

32.7/67.3 34.5/65.5 47.9/52.1 40.2/59.8 43.4/56.6 

TMD / g cm-3 1.996 1.843 2.333 2.346 2.058 
ΔcH / kJ mol-1 -1112 -1322 -2292 -2877 -3055 
kJ g-1 -15.0 -17.3 -23.9 -11.5 -17.3 
kJ cm-3 * -29.9 -31.9 -55.7 -26.9 -35.6 
Tc / K# 2689 2591 2754 2349 2743 
* at TMD, # aerobic combustion calculated with NASA CEA [27],  
 
As combustion does not proceed smoothly with all the pyrolants at balanced stoichiometry in 
consolidated strands, loose heaps of pyrolants, ~ 1 cm3 each, were ignited in the open.   The 
combustion flames are depicted in Fig. 1a-d 
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Figure 1 a)Mg/PTFE, b)MgH2/PTFE, c)MgB2/PTFE, d)Mg3N2/PTFE, e)Mg2Si/PTFE 

     
The combustion temperature for the loose powder burns derived from the corresponding NIR 
spectra are depicted in Figure 2a - e for the above pyrolants respectively. The determined 
temperatures are on average about 750 K lower than expected on basis of the above calculations. 
This is believed to be due to incompleteness of chemical reaction and strong heat loss given the 
small sample size. However the relative temperatures do correlate with the trend given above. 
 
Theory  2743 K  2754 K  2689K  2591 K   2349 K 

Mg2Si/PTFE  ≈  MgB2/PTFE  >  Mg/PTFE > MgH2/PTFE  >  Mg3N2/PTFE 
Experiment 2052 K  1926 K  2023 K  1730 K   1718 K 
 
The UV-VIS emission spectra of ternary Mg/PTFE/Viton have been discussed in detail earlier 
[30,31].  They display a strong continuum background superimposed from Mg singlet at 285 nm, 
Mg signals at 517 nm, MgF signals at both 260 nm and 360 nm range and MgO signals at 380 and 
499 nm. Figure 2 shows the UV-VIS spectrum of Mg/PTFE without intensity calibration, thus the    
peak at λ ~ 800 nm has no physical meaning. 
 
Figure 2 Mg/PTFE (32.7/67.3) UV-VIS spectrum taken from Ref. [30] 

300 400 500 600 700 800 900

Mg-Triplett Range C2

Na

MgO

K

R
ad

ia
nt

 In
te

ns
ity

, I
λ [

a.
u.

]

Wavelength, λ [nm]   
The UV/VIS emission spectra (200 – 600 nm) of both the MgH2/PTFE combustion flame is 
dominated by a strong continuum superimposed from weak signal of sodium. No other signals for 
Mg or its combustion products are seen. This indicates almost full reaction of Mg and C2F4 in the 
primary combustion zone to give Csoot and MgF2(g,l,s) the latter of which does not exhibit any 
transition in the UV-VIS. On top of it H2 or HF do not have any intense UV-VIS transitions either. 
General low emission intensity of the flame accounts for the strong noise of the signal below λ = 
400 nm. The MgB2/PTFE pyrolant combustion flame displays a continuum superimposed from both 
MgF - triplett centered at 359 nm and a weak BO2 - multiplett between 450-550 indicative of boron 
afterburning in air. However no signals for either free Mg or afterburn reaction products are seen 
either. Thus a likely reaction sequence reads: 
2 MgB2(s) + CF2 = 2 MgF(g) + B4C(s) 
B4C + air = 2 BO2 + CO2 
Boron carbide has recently been demonstrated to be fairly reactive under these conditions [35].   
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At the temperature of the pyrolant surface (700 – 800 K) MgB2 has a distinct lower Mg partial 
pressure than pure Mg (10-3 mbar versus 1.5 mbar) [34] explaining for lack of free Mg signals in the 
combustion flame spectrum. The combustion flame of Mg3N2/PTFE pyrolant shows a continuum 
superimposed from a weak signal for MgF and sodium. No signals are seen for either Mg or MgO 
pointing out again that there is no Mg excess of it in the flame and that full consumption took place 
in the primary combustion zone according to: 
Mg3N2(s) + 1.5 CF2 = 3 MgF(g) + 1.5C(s) + N2 
1.5 C + air = 1.5 CO2 
The combustion flame of Mg2Si/PTFE exhibits the MgF triplett, the Mg singlet and triplett at both 
282 and 380 nm, the signals due to MgO at 380 nm and the MgO multiplett at λ = 499 nm. Based 
on the balanced Mg/F ratio combustion of Si with F must have been taken place in the primary 
reaction zone enabling vaporization of excess Mg and facilitating afterburn of Mg.   
 Mg2Si (s) +  CF2 = 2 MgF(g) + SiC(s) 
SiC + air = 2 SiO2 + CO2 
 
Figure 3 MgH2/PTFE (34.5/65.5) UV-VIS spectrum 
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Figure 4 MgB2/PTFE (47.9/52.1) UV-VIS spectrum 
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The circular variable filter infrared spectra of the loose pyrolant combustion flames are depicted in 
Fig. 7. The Mg2Si/PTFE pyrolant yields the most intense spectrum followed by Mg/PTFE, 
MgB2/PTFE, Mg3N2/PTFE and MgH2/PTFE. The normalised integrated radiant intensity over the 
wavelength range is given in tab. 3. Although the combustion temperature of Mg3N2/PTFE is 
lowest among the pyrolants considered it offers a higher radiant intensity in the 2.5  – 5 µm range 
than MgH2/PTFE . A similar effect noted with high nitrogen based fluorocarbons as oxidizers 
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recently points out to the important function of inert N2 as a flame envelope expander to improve 
the optical density of the flare plume [25, 32, 33]. 
 
Figure 5 Mg3N2/PTFE (40.2/59.8) UV-VIS spectrum 
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Figure 6 Mg2Si/PTFE (43.4/56.6) UV-VIS spectrum 
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Figure 7 CVR-IR Spectra of pyrolants 
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Table 3 Normalised radiant integrated intensity for 2.5 – 5 µm band pass range 
Unit 
 

Mg/PTFE MgH2/PTFE MgB2/PTFE Mg3N2/PTFE Mg2Si/PTFE 

a.u. [%] 100  75.6 96.5 83.6 118 
 
Fig. 8 depicts the ambient pressure burn rate of Mg/PTFE determined in an earlier study [3]. 
Mg/PTFE covers a broad range of stable combustion and peaks at around 65 wt-% Mg. Below 35 
wt-% Mg the pyrolant undergoes erratic and partially oscillatory combustion as is typical for fuel 
lean systems. The burn rate is assumed to correlate with condensed phase thermal conductivity and 
does not show functional relationship to combustion temperature (Fig. 9)[5]. MgH2/PTFE pyrolant 
is easily ignited with a propane torch and shows a broad range of stable combustion (ξ(MgH2)28 – 
68 wt-%). The burn rate is lowest for all investigated binary pyrolants but still exceeds the numbers 
reported for binary Mg/PTFE which are 2 mm/s [16] at 54 % fuel (Fig. 10) . As is the case with 
many metal fluorocarbon based pyrolants the burn rate does not correlate with the anaerobic 
combustion temperature (Fig. 11) which should describe the primary reaction zone adjacent to the 
pyrolant strand [29].  
 
Figure 8 Burn rate of Mg/PTFE pyrolant at ambient pressure from Ref. [3] with 10 % error 
bars. 
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Figure 9 Combustion temperature of Mg/PTFE pyrolant 
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Figure 10 Burn rate of MgH2/PTFE pyrolant at ambient pressure 

20 30 40 50 60 70
1

10

MgH2/PTFE

B
ur

n 
ra

te
, u

 [m
m

 s
-1
]

ξ (Magnesiumhydride) [wt-%]  
Figure 11 Equilibrium temperature of MgH2/PTFE pyrolant at ambient pressure 
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A similar situation is encountered with Mg2Si/PTFE. This pyrolant exhibits unstable and rather 
oscillatory combustion over a range from 55 wt-% down to 35 wt-% Mg2Si. However beyond 55 
wt-% Mg2Si it exceeds by far the burn rate obtained with MgH2 and reaches its maximum at 74 wt-
% Mg2Si at 58.5 mm/s. A large range of stable combustion stoichiometries is obtained with 
MgB2/PTFE (40 – 95 wt-%). The burn rate is qualitatively a little lower than with Mg2Si and 
likewise does not correlate with the calculated flame temperature of the primary combustion zone.  
 
Figure 12 Burn rate of Mg2Si/PTFE pyrolant at ambient pressure 
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Figure 13 Equilibrium temperature of Mg2Si/PTFE pyrolant at ambient pressure 
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Figure 14 Burn rate of MgB2/PTFE pyrolant at ambient pressure 
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Figure 15 Equilibrium temperature of MgB2/PTFE pyrolant at ambient pressure 
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Mg3N2 was too reactive with moisture to obtain a sufficient number of pellets for precise burn rate 
investigation. However poorly consolidated samples showed a large flame envelope pointing out to 
the particular effect of nitrogen as a flame expander.  
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Figure 16 Equilibrium temperature of Mg3N2/PTFE pyrolant at ambient pressure 

0 20 40 60 80 100
1400

1600

1800

2000

2200

2400

2600

C
om

bu
st

io
n 

Te
m

pe
ra

tu
re

, T
c [

K
]

Mass Fraction, ξ(Mg3N2) [wt-%]
 

CONCLUSION 
 
Binary pyrolants based on magnesium compounds Mg, MgH2,MgB2, Mg3N2, Mg2Si and PTFE 
offer a wide range of stable combustion stoichiometries and high radiant intensity. The combustion 
temperature of the stoichiometrric mixtures has been determined by fitting the blackbody spectra in 
the 1.2 – 1.7 µm range with a proprietary program. The radiant intensity for Mg2Si/PTFE is ~ 18 % 
above baseline Mg/PTFE 56 % above MgH2/PTFE and still 41 and 22 % above both Mg3N2/PTFE 
and MgB2/PTFE. 
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“A blast from the past” – 50yrs of Blackpowder and Safety Fuse Manufacture in South Africa. For 
over 50yrs Blackpowder produced at Modderfontein in South African was converted into Safety 
Fuse as the mainstay of the local mining industry. At Peak production rates 6 tonnes of 
Blackpowder was produced on a daily basis and this was converted daily into 1.3 million metres of 
safety fuse.  

The presentation covers:  

• The traditional Blackpowder and Safety Fuse manufacturing processes solely used until around 
1984.  

• The development and commercialisation of a unique wet Blackpowder paste spinning process 
used to augment manufacturing volumes from 1994 onwards.  

• The tests conducted to classify the Blackpowder paste and the improved safety offered by a wet 
spinning process.  

• The effects that surfactants and rheology modifiers have on burn rates.  

• The production of two safety fuse types, Durafuse with a burn rate of 99 -121s/m and Stopefuse 
with a burn rate of 240 – 300s/m.  

• Improvements to the Blackpowder paste manufacturing process which reduced preparation time 
from 9hr/batch to 45min/batch by utilizing high shear mixing of raw materials.  

• Proportional blending of the two pastes to make a safety fuse with a burn rate of 150s/m. 
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ABSTRACT 
 

The reaction of metal particles with the decomposition products of energetic materials like water, nitrous 
gases and carbon oxides plays an important role in many pyrotechnics. Often air is entrained into the fumes 
which can also burn the metal particles or other reaction products in rival. This may lead to additional heat 
release, radiation or other useful effects in applications like aluminized rocket propellants, ducted rockets, 
blast enhanced explosives (SIBEX), incendiaries or countermeasure flares. To investigate such reactions 
commercial RDX including 5% paraffin was mixed with particles of various metals: aluminium (Alcan, 
Alex), boron, magnesium, coarse and fine silicon, titanium and zirconium. RDX with paraffin was 
investigated as reference material. The mixtures pressed as strands were burned in a window bomb under air 
and under pure nitrogen at 0.3 MPa. The combustion was investigated using a colour high-speed camera 
equipped with a macro lens and fast scanning emission spectrometers in a wavelength range from 300 nm to 
14 µm to characterise different reaction zones, to identify intermediate metal oxides and final reaction 
products and for non-intrusive measurement of combustion temperatures of condensed particles and gaseous 
species (like water, and di-atomic fuel oxides) during the transient combustion process as function of time 
and position. The different temperatures of reacting surfaces, particles and reaction gas were considered as 
main parameter to characterise the reaction of fuel particles with RDX and additional air. The results are 
discussed in comparison to qualitative reaction kinetic and to thermodynamic equilibrium calculations with 
EKVI- and ICT-Thermodynamic Code. The study results in a kind of ranking according to different 
applications and the influence of air. In some cases the additional air resulted in a temperature increase of 
several hundred kelvin. But this effect is not only influenced by the chemistry of the filler but also by other 
effects like the particle size that are also discussed within the paper. 

 

INDRODUCTION 
 

The combustion of metal or other fuel particles with the decomposition products of energetic materials like 
water and carbon oxides plays an important role in many pyrotechnic applications like composite rocket 
propellants, metalized explosives and pyrotechnics (e.g. /1/-/3/). In most of this applications the fumes are 
able to react with entrained air to provide additional heat release (ducted rockets, blast enhanced explosives, 
flares, incendiaries) /4/-/11/ but may also cause objectionable effects like missile plume signature or 
polluting influences like ozone decomposition by aluminium oxide released from air-to-orbit launchers 
directly to the stratosphere /12//13/.  
Generally there are two possible modes of operation: 

1) The fillers are not or only partially oxidized by the decomposing organic energetic material but 
highly activated by heating so that they directly react with atmospheric oxygen or nitrogen. 

2) The particles directly react with decomposition products of the energetic material like water or 
carbon oxide producing hydrogen or highly carbonized compounds, which get “re-oxidized” with 
oxygen from air. 

Of course in some applications both modes will work in parallel depending on the type of filler particles and 
their properties. 
The scope of this reported study is a screening of some selected metal (Al, Mg, Ti, Zr) and other fuel 
particles (B, Si) to assess the reactivity with an organic energetic material or better within its decomposition 



products and/or additional air at ambient or moderate pressure (<0.5 MPa). Simultaneously it aims for new 
insights and for improved understanding of the physico-chemical reaction process. 
RDX (cyclotrimethylenetrinitramine) was chosen as exemplary energetic substance which is a safely-to-
handle explosive with a nearly neutral oxygen balance and a high potential for exothermic reaction. 
 

THERMODYNAMIC AND KINETIC CONSIDERATIONS 
 
Under thermodynamic equilibrium conditions RDX largely decomposes to 33-38% N2, 23-25% CO, 19-24% 
H2O, 9-8% H2 and 7-9% CO2 (calculated with ICT-code /14/) in the pressure range 0.1 to 100 MPa (see Fig. 
1). The corresponding adiabatic temperatures increase from 2927 K at 0.1 MPa to 3380 K at 100 MPa. The 
exothermic decomposition is mainly driven by oxidation of carbon and hydrogen by the nitro groups. So at 
least in chemical equilibrium only traces of NO remains for the oxidation of metal and other fuel particles. 
But also carbon oxides and water have a high potential for exothermic oxidation of metal particles. ICT-code 
calculations performed for the reaction of  RDX with various metal contents of Al, B, Mg, Si, Ti and Zr 
result in reduction of water and CO2 with increasing metal content (less about 40%) but about constant CO 
concentration. Fig. 2a depicts the resulting temperatures. For all investigated metals there is a temperature 
maximum between 20 and 40% metal content. The second maximum of RDX/Zr at 73% Zr can be explained 
by the additional reaction with nitrogen to ZrN. Other fuel particles (B, Si) react in total more endothermic. 
Fig. 2b+c show the corresponding concentrations of the main reaction products for mixtures with Mg and Si. 
Close to the temperature maximum in all RDX/metal mixtures the concentration of H2O and CO2 tends to 
zero. At the same mixture ratio molecular and atomic hydrogen and CO show their concentration maxima 
which indicate that water is reduced to hydrogen but CO2 only to CO by reacting with the metal. At this 
mixture ratio metals are widely oxidized and no concentration of elemental metal is in the equilibrium 
composition. Also no other significant amounts of other carbon compounds are present at this mixture ratio. 
The mixtures with B and Si at mixture ratios above 10% fuel also show compositions without water and CO2 
with an increasing amount of hydrogen and CO. But the oxidizing potential at these ratios only suffices to 
form sub-oxides and hydroxides of the fuels. So there remains enough fuel for secondary reaction with air. 
 

 
Fig. 1 Main reaction products of RDX decomposition at 0.1 to 100 MPa. Corresponding adiabatic 

temperatures are 0.1 MPa: 2927; 1 MPa: 3140 K; 10 MPa 3313 K; 100 MPa: 3380 K 
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Fig. 2 ICT-code calculations for various RDX/fuel ratios a) adiabatic temperature, concentration 

profile b) RDX/Mg, c) RDX/Si 

 
Kinetic calculations using the reaction mechanism of Prasad et al. /15/ are performed to get an impression for 
the kind of decomposition fragments of RDX and for the corresponding time scales of their formation. Fig. 3 
depicts the development of RDX decomposition products calculated with CHEMKIN 2 /16/ at 2000 K; this 
is a conservative estimation of the medium reaction temperature of this substance under the regarded 
circumstances and according to the time scale. The same calculations for 2500 K result in an acceleration of 
all reactions of about one order of magnitude. The calculation at 2000 K shows that after about 1 ns RDX is 
nearly totally consumed. Its major fragments are decomposed after 10 to 100 ns by consuming NO2 and other 
NO2 containing fragments forming smaller C-H-O-N fragments, NO and water. Already after 10 ns about 20 
mol% of NO and water are formed and available for further oxidation processes of e.g. the metallic fillers. 
Also minor amounts of oxygen are formed at about this time scale. CO and CO2 were produced 3 to 4 
magnitudes slower. An oxidation of fuel particles by nitrogen oxide is implausible because this reaction will 
mainly lead to metal oxides and elementary nitrogen and consumes most molecules which have the chemical 
potential to oxidise the remaining fragments of RDX (which mainly consists in hydrocarbons) and to form 
carbon oxide. So it seems reasonable to suppose that mainly water will contribute to the metal oxidation 
accompanied by production of hydrogen. 
 
Chemical kinetic reaction mechanisms for the oxidation of metal or other fuel particles are rare in literature. 
Especially they are only valid for gas phase reactions or reactions at low temperature or slow heating rates of 



less than 50 K/s /17/. They should be combined with a modelling of particle heating and diffusion processes. 
But in general it can be expected that the exothermic decomposition of the RDX molecule is much faster 
than the oxidation process of fuel particles by RDX decomposition fragments because the oxidizing 
fragments have to reach the surface of the particles by diffusive transport and on the other hand the particles 
have first to be heated and melted to be activated for reaction or to produce significant vapour pressure.  
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Fig. 3 Decomposition of RDX at 2000 K, calculated with CHEMKIN 2 using the reaction mechanism 

of Prasad et al /15/. 

 
Not for each metal the oxidation with RDX decomposition fragments does lead to an increase of the 
exothermicity what can be learned from Fig. 2a. But in any case products will be formed that are able to 
further react with atmospheric oxygen and nitrogen. 
Fig. 4a presents equilibrium calculations for the reaction of RDX/wax/metal with air for a technical relevant 
concentration of 25% metal demonstrating the heat release of co-combustion with air. 5% of paraffin (wax) 
in RDX was added for compatibility reasons with the experiments described below. This explains also an 
incompatibility to Fig. 2a.  Fig. 4b compares the reaction of the same mixtures in nitrogen that is used as 
pressurizing gas in the experiments. In both graphs pure RDX is used as reference. All calculations were 
performed using ICT-thermodynamic code /14//11/. 
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Fig. 4 ICT-Code calculations for RDX/wax/fuel reaction in a) air, b) nitrogen 

RDX/wax (black line) is an incompletely balanced energetic fuel that also wins some additional oxidiser 
from air so its adiabatic temperature increases slightly from 2700 K without air to about 2770 K at 40% air. 
In nitrogen this gas mainly acts as thermal sink that decreases the temperature nearly linear with its content. 
Due to the additional wax, the mixture with Al but without air reacts at the same temperature as RDX. With 
increasing air content, the temperature increases for 650 K with a maximum of 3350 K at 40% air (red line). 
In nitrogen the temperature of the Al mixtures decreases till about 30% N2 then the temperature stagnates up 
to 60% N2 and so the temperature get significantly higher than that of RDX. In this range Al2O3 solidifies 



and AlN is formed from Al and Al2O. The adiabatic temperature (2600 K) of the boron mixture without air is 
slightly lower than that of RDX (light green line). It more or less stagnates with increasing air content up to 
60% air then it increases up to 2900 K at 75% air. The stagnation correlates with the formation of boron 
oxides and decomposition of BN. Up to 60% air no hydrogen is oxidised. From 60 to 80% air hydrogen is 
converted to water and explains the temperature maximum. Also in nitrogen temperature stagnation up to 
50% N2 is predicted. This correlates with formation of BN from B2O and other boron oxides. At higher 
concentrations of nitrogen the temperature decreases caused by thermal dilution. The RDX/wax/Mg mixture 
without air (blue line) is calculated for about 2800 K slightly higher than pure RDX/wax. Up to 50% air the 
temperature increases to 3050 K driven by oxidation of Mg to MgO and hydrogen to water with oxygen of 
air. For RDX/wax/Mg in nitrogen the temperature decrease with progressing dilution by nitrogen is slower 
than that of pure RDX/wax due to Mg oxidation with water and CO. The mixture of RDX/wax reacts with Si 
at the relatively low temperature of 2100 K (dark green line). Above 15% air the temperature increases 
driven by oxidation of hydrogen to water and SiO to SiO2 up to 2850 K between 60 and 70% air. In nitrogen 
the cooling is decelerated by solidification of SiO2 and formation of Si3N4 and SiC. The mixture with 
titanium without air (light blue line) reacts at an adiabatic temperature of about 3000 K and increases for 
about 100 K at 30% air corresponding to oxidation of hydrogen to water and TiO to TiO2. In nitrogen the 
temperature decreases constantly with dilution without significant changes in product composition. 
Especially this mixture with 25% Ti in RDX/wax completely converts Ti to TiO, so no Ti is available for the 
exothermic reaction to TiN. The thermodynamic equilibrium calculations with RDX/wax predict the most 
exothermic reaction for the combination with zirconium at 3050 K (yellow-green line) that is about 400 K 
higher than the pure RDX/wax mixture. That is the maximum value for the calculations with the different 
fuels. At the used mixture ratio also no elementary Zr remains for oxidation with air. With increasing air 
content the temperature monotone decreases but slowly decelerated by the oxidation of hydrogen to water 
and the heat of solidification of ZrO2. In nitrogen the temperature decreases by thermal dilution with 
nitrogen. 
 

EXPERIMENTALS 
 
To investigate these reactions, RDX including 5% paraffin was mixed with particles of various metals in a 
mortar mill: aluminium (Alcan, Alex), boron, magnesium, silicon (particle size 4 and 40 µm), titanium and 
zirconium. The mass fraction of the fillers was 25%. The pure RDX/paraffin mixture was investigated as 
reference material. RDX was bought from DYNO INDUSTRIER ASA with product number SS R 8150 
containing 5% paraffin. The paraffin is necessary as a type of binder to guarantee enough mechanical 
stability after pressing. The nominal particle sizes of the fuels are summarized in Tab. 1. 
 
Tab. 1 Particle sizes of used fuels 

Metal filler Alcan Alex B (amorph) Mg Si-40 Si-4 Ti Zr 
Particle size in µm 5 0.2 2 8 40 4 5 5 
 
 
The mixtures pressed as strands (1.2 to 2 g, 4 x 4 x 40 mm3) were burnt in a window bomb in nitrogen and in 
air at a moderate pressure of 0.3 MPa. The light over-pressure was necessary to guarantee enough air supply 
in the reaction chamber and result in a more reproducible ignition. The strands were not coated to investigate 
the influence of nitrogen and air atmosphere on surface flame spread but accepting to measure inaccurate 
burning rates. Ignition was performed by a melting wire equipped with about 0.1 g of a booster paste /18/. 
 
The combustion was observed using a colour high-speed camera (Motion Pro X-3, Redlake) with active-
pixel-CMOS sensor with a resolution of 1280 x 1024 pixels. The camera was equipped with a macro lens of 
105 mm focal length to characterise different reaction zones. Depending on the reaction speed a frame rate of 
100 to 2000 fps was used. The high speed modus enables additional information for example to observe 
flickering Schlieren, flame spread, change of surface structure (e.g. melting), particle motion and shape 
alteration. This e.g. allows indicating if a particle is liquid. 
A fast scanning spectrometer combining two spectral modules (ZEISS MCS 621 Vis 2 and MCS 611 NIR 
2.2) with a wavelength range from 300 nm to 1.1 µm and 950 nm to 2.15 µm was applied to record emission 
spectra in order to identify intermediate oxides and final reaction products and especially for non-intrusive 
determination of burning temperatures of condensed particles and gaseous species (like water and metallic 



oxides) during the total transient combustion process with scan rates up to 70 spectra per second. The spectra 
were calibrated for intensity per wavelength using standard emitters adapted to the corresponding 
wavelength like a deuterium lamp (UV), a tungsten strip lamp (VIS) and a technical black body radiator 
(NIR). 
Spectral details like the emission of the di-atomic molecules AlO, MgO and TiO was additionally measured 
using a fast scanning emission spectrograph (Shamrock A-SR-500i-B2 with Andor DU920P-UV-BR-DD 
detector) with a focal length of 498 mm. Different gratings were applied with 1200 and 3600 lines/mm and 
blaze angles between 300 and 800 nm adapted to the spectral positions of emitting molecules to receive 
spectra in rotational resolution that could be analysed to determine temperature using ICT-BaM /25/.  
 
ICT-BaM: 
The radiation of flames and of hot surfaces of condensed matter is a valuable source of information. The 
emitted radiation depends strongly on the temperature and the chemical composition of the hot gases, 
whereas the radiation of hot surfaces of condensed matter often emits as a grey body radiator. In principle, 
three types of spectra appear: 

1. Continuous radiation from particles or other hot surfaces 
2. Molecular bands from hot gases 
3. Atomic lines from vaporized metals 

The purpose of ICT-BaM program is fitting calculated spectra to calibrated spectra measured with different 
spectrometers in infrared (IR), near infrared (NIR), visible (VIS) and ultraviolet (UV) spectral range. 
According to the different types of spectra, different models are applied. Continuous radiation is calculated 
using either Planck’s law of black body radiation with wavelength-independent emissivity or a model for 
radiation of soot from Ref. /19/. Main bands of water and carbon dioxide can be calculated using the 
Random Band Model from Ref. /19/. Emission of diatomic molecules can be modelled solving the 
Schrödinger-equation in Born-Oppenheimer-approximation /20/. This model can be applied to carbon 
monoxide, nitrogen monoxide and hydrogen chloride using data from /19/. The same model can be used for 
many metal monoxides with data from e.g. /20/. Single spectral lines from elements in gas phase can be 
calculated by Einstein coefficients of spontaneous emission /22/ using data from Ref. /23/. Once the spectra 
are calculated they have to be fitted to the measured spectra. A chi-square function is setup and minimized 
using a procedure described in Ref. /24/. Fit parameters are the temperature and the concentration of the 
expected species. More information can be found in Ref. /25/ and /26/. 
In the recent applications, the simultaneous evaluation of continuum emission and emission of water bands 
in NIR region with independent temperatures was most effective. The continuum was emitted by the hot 
surface of the burning strand or by dragged particles which are at different positions than the flame gases 
(water) and need not to be in thermal equilibrium to each other. In NIR (1 to 2 µm) especially the 
distribution of black body continuum emission is extremely sensitive to a broad range of expected 
temperatures. This is demonstrated in Fig. 5 that depicts the slope of black body emission between 1.1 to 
2.1 µm normalized to the emission at 1.55 µm for temperatures from 500 K to 4000 K.  
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Fig. 5 Slope of black body emission between 1.1 to 2.1 µm normalized to the emission at 1.55 µm for 

temperatures from 500 K to 4000 K. 



RESULTS 

RDX/Wax 
 
Directly after ignition the flame spread over the total surface of the non-coated strand independent 
of the surrounding atmosphere. No significant influence on the combustion behaviour by nitrogen 
or air pressure gas could be observed (Fig. 6). The gaseous flame zone of about 5 to 10 mm width 
glowed with light yellow to orange colour. No particle traces could be identified. During the 
propagation of the flame front a fusion of the surface could be observed from the high-speed 
movies. Behind the flame front, dark dots and burning hot spots were detected potentially deriving 
from pyrolysing wax particles (in former investigations of the authors with wax free RDX these was 
never found /27/). The emission spectra of RDX/wax strands from 0.3 to 2.1 µm in air and N2 do 
not differ significantly (Fig. 7 first row). Fig. 7 compares emission spectra of all samples taken in 
nitrogen (thin line) and air (thick line) received with the ZEISS spectrometer. The spectra are 
dominated by water bands. In UV/Vis additional di-atomic systems attached to OH (285 nm, 
306 nm), CN (358 nm, 387 nm, 423 nm) and NH (336 nm) were identified. These systems derived 
from intermediary RDX decomposition products are discussed in /27/ and could only be detected in 
pure RDX/wax samples but not within the samples including fillers. But in the emission spectra of 
all kind of specimen intensive lines of Na (389 nm),  K (766 nm, 770 nm) and Ca-systems (423 nm) 
were observed pointing to impurities imported from RDX synthesis. From pure RDX/wax samples 
only a weak continuum emission could be detected but analysed by ICT-BaM in NIR observable 
between the water bands of 1.4 µm and 1.9 µm. The continuum could be evaluated to a temperature 
of 500 to 800 K at the lower part of the burning strand close to the front of the spreading flame 
increasing up to 1300 to 1700 K at the upper part where the most intensive glowing hot spots were 
found. Presumably the continuum is emitted from the strand and these data describe the 
decomposition of the molten strand’s surface. The temperatures of the water bands were analysed as 
2200 to 2400 K when burning took place in nitrogen and 2400 to 2500 K in air. In both cases the 
temperature of emitting water was found to be constant along the total flame zone. 
 

a)   b)  
 

Fig. 6 Combustion of RDX/wax strands at 0.3 MPa in nitrogen (a) and air (b). 
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Fig. 7 Characteristic emission spectra from sample combustion in nitrogen (light line) and air (fat 

line) 



RDX/Wax/Aluminium 
 
In nitrogen the RDX strands filled with coarse aluminium (ALCAN) burn with a dark surface that 
does not appear molten (Fig. 8a). It is illuminated from bright glowing spots of reacting aluminium 
with rough edged shape that appears solid or at least highly viscous. These hot spots rise up 
suddenly on a certain location at or below the surface releasing a “laminar” vapour plume flowing 
off downstream. The hot spots move along the surface while enlarging in volume. It seems that 
these reacting particles ignite and absorb other aluminium particles from the condensed surface. 
When the agglomerations win a certain size they fall down and extinguish. In air the bulk surface 
looks identical but the hot spots appear more frequently (Fig. 8b). Many of them keep small enough 
to get dragged from pyrolysis gases flowing upward. Here they get spherical and keep glowing in 
the atmosphere. In nitrogen there is no extended tendency to spread the reaction zone along the 
strand’s surface and also in air this tendency is much less than with the pure RDX. 
The visible burning behaviour of RDX filled with nano-sized ALEX is similar to that including 
ALCAN micro-particles but the reacting aluminium particles appear somewhat different (Fig. 
8c+d). They grow up to large spherical particles of about 1 to 2 mm in diameter including large 
holes at the surface. The spheres seem to be hollow or at least like foam. 
The emission spectra are dominated by continuum emission that could be described in good 
agreement using the model of grey body radiation. Especially in air the NIR spectra are overlapped 
by distinct water bands. In nitrogen the water emission is only weak and the resulting temperatures 
of water received by ICT-BaM evaluation are questionable. In blue to green spectral range 
numerous di-atomic AlO-systems were detected.  
For RDX including ALCAN the measured combustion temperatures in nitrogen kept constant along 
the total reaction zone but vary with each sample from 2100 to 2600 K. Presumably influenced by 
the velocity of the nitrogen flow and absolute pressure that may vary slightly from test to test. But 
in each case the temperatures received from the continuum agree well with these of the water bands. 
In air the most frequent temperatures are similar to those received in nitrogen. But at the zone where 
the particles are formed the temperatures evaluated from the continuum are higher with peak 
maxima of 2500 to 3150 K. For the samples filled with ALEX such high peak temperatures could 
not be detected close to the burning surface. So for the samples with ALEX the temperatures in 
nitrogen were similar to those of ALCAN and increased slightly of about 100 to 200 K in air. In all 
cases the temperatures of the water bands where in the same range than these of pure RDX. 
 

a)  b)  c)  d)  
 
Fig. 8 Screanshots from highspeed makro movies of RDX/wax/Al samples at 0.3 MPa a) ALCAN in 

nitrogen, b) ALCAN in air, c) ALEX in nitrogen, d) ALEX in air. 

The analysis of di-atomic AlO-system (∆ν=0) result in temperatures of 2400 to 2500 K along a 
distance above the surface of about 25 mm in nitrogen. In air the temperature of AlO emission starts 



at 2500 K close to the surface and increase to 2900 K within a distance of about 35 mm from the 
surface. The evaluation of these data as well as other systems described below is discussed in more 
details in /28/. 
 

RDX/Wax/Boron 
 
RDX strands filled with boron burn consequently top-down in nitrogen (Fig. 9a). Even the non-
coated strands burn only at the ignited surface – no flame propagation along the outer walls could 
be observed. The videos do not show any green-coloured gas release. When the reaction front 
moved downward, the strand behind the front starts glowing. After about 1 mm a glowing slice of 
the strand separates from the strand’s body and falls downward while getting darker. The fracture 
surface shows that the reaction in the centre of the strand is more intensive. In air the movement of 
the reaction front is similar, but there is no separation of slices (Fig. 9b). So the total body of the 
strand keeps intact as a residue but seems to be porous. Behind the reaction front green gas is 
intensively released in radial direction to the strand. This characteristic boron oxide emission can 
clearly be identified in the spectra (Fig. 7 third row). Fig. 7 also proves that none of this emission 
can be detected in nitrogen. Water bands can be detected only in air. 
The temperature evaluation of the spectral continuum results in temperatures alternating between 
1550 and 2000 K apparently correlated to the periodically separating residue slices. In air the most 
frequent temperature of the continuum is constant at 1850 to 1900 K. Only close to the reaction 
front the temperature is higher with 2000 to 2100 K. In air the temperature of the water bands was 
evaluated to 2600 K close to the reaction front, decreasing to 2300 K at the top end of the residual 
strand. 
 

a)  b)  
 
Fig. 9 Reaction of RDX/wax filled with boron a) separating residue in nitrogen; b) in air. 

 

RDX/Wax/Magnesium 
 
RDX strands including magnesium burn similar to these including aluminium, with a rough 
concave surface and suddenly appearing hot spots (Fig. 10). But these hot spots only grow to 
double the diameter and do not move along the surface. They are edged shaped, obviously in solid 
state and get dragged with the formed pyrolysis gases. Both in nitrogen and air a bluish-green 
corona that is characteristic for gaseous, di-atomic MgO can be observed. In air the reaction is more 
intense and the flame spread along the strand’s surface. Especially at the front of this spreading 
flame also liquid particles get ignited and dragged that are spherical and form a plume of 
evaporating metal or metal oxide vapour.  
The emissions spectra received from the combustion in nitrogen and air confirm intensively 
emitting MgO-systems. In both cases a distinct continuum can be found. The maximum of the 



spectral distribution in air is at shorter wavelength indicating higher temperatures. Water bands are 
visible in both atmospheres but stronger in air. 
In nitrogen both the continuum temperature and the temperature of water bands are strictly constant 
during the total reaction time and of about the same magnitude of 2000 to 2300 K. In nitrogen the 
water temperature tends to be slightly higher than that of the continuum. In air the continuum 
temperature was considerably higher with values from 2700 to 3100 K but also constant during the 
total test. The temperature of the water band was lower but slightly hotter than in nitrogen. The 
evaluation of the MgO-systems in nitrogen result in 2200 K close to the burning surface decreasing 
to 2000 K in a distance of about 10 mm. In air MgO shows temperatures of 2200 to 2300 K. This 
MgO corona is much larger than in nitrogen and ranks far beyond the strand’s surface. 
 

a)  b)  
 
Fig. 10 Combustion of RDX/wax strands filled with magnesium burning in a) nitrogen and b) air 

 

RDX/Wax/Silicon 
 
When the combustion front runs through the RDX/wax/silicon strand the shape of the strand keeps 
intact (Fig. 11). Only a part of the particles is dragged into the surrounding atmosphere. Especially 
in nitrogen very view glowing particles leaving the strand’s body could be observed both in the 
sample with 40 and 4 µm particles. About 2 mm behind the reaction front the strand keeps glowing 
then it darkens. But flickering Schlieren indicate that hot gases leave this part of the strand. In air 
much more bright glowing particles are dragged out of the composite especially close to the 
combustion front. The total strand behind the combustion front keeps glowing and does not cool 
down for several seconds. The residual strand is highly porous and fragile. This clearly indicates an 
exothermic reaction apparently driven by diffusive infiltration of air. Burning strands containing 
4 µm silicon additionally show extremely bright burning and expanding hot spots in nitrogen and 
air. In nitrogen this was only observed ones but in air these hot reaction zone were more often in 
nearly every test. This is the main difference which was observed between samples with 40 and 
4 µm Si particles. 
The spectra in Fig. 7 fifth row are dominated by continuum emission of the glowing strand 
overlapped by water bands that are much more distinct in air. Lines from silicon or SiO mainly emit 
below 300 nm /29/. This range is not covered by the used ZEISS spectrometer. But also directed 
hunting using the ANDOR spectrograph did not result in any SiO systems to detect gaseous SiO. 
Temperatures from NIR-spectral analysis indicate maximum temperatures in nitrogen of 1700 K 
(40 µm Si particles) and 1800 K (4 µm Si particles) of the continuum close to the reaction zone of 
samples and about 1200 to 1300 K behind the reaction zone that does not cool fast. These 
measurements indicate that even when no glowing could be observed from the video signal 
exothermic reactions take place in this part of the strand. At the reaction front the temperature of the 



water bands reach up to 2400 K above it stagnates at about 2000 K. The hot spots developing in 
samples containing 4 µm Si-particles react with a temperature of 2700 K and more. 
In air the temperatures close to the moving reaction front are much higher with maximum 
temperatures of the continuum of 2700 K and more. These might be allocated to the emitted hot 
particles from this part of the strand. On the rear side of the reaction front the strand glows with 
alternating temperatures of 1350 to 1600 K. In air the water band temperature is 2200 to 2500 K 
and does not show a significant maximum at the combustion front. 
 

a)     b)   c)   d)   e)  
 
Fig. 11 Combustion of RDX/wax/Si containing 40 µm particles in a) nitrogren and b), c) in air. b) 

shows the moving reaction zone and c) the after burning of the strand. d) combustion of sample 
containing 4 µm particles in nitrogen. e) combustion in air producing a brig 

 

RDX/Wax/Titanium 
 
The visible impression of the RDX/wax/titanium strands does not differ significantly in its 
combustion behaviour comparing both atmospheres (comp. Fig. 12). The combustion wave runs top 
down without an obvious tendency of surface flame spread in front of the burning surface. Close to 
the combustion front the strand split to a depth of 1 to 5 mm. Obviously there is an intensive gas 
release in-depth. Simultaneously large, glowing particles grow up with inhomogeneous, branched 
shape. They seem to be viscous like molten glass or slag. Also a large amount of smaller glowing 
particles is dragged out. Above a white smoke plume is visible. 
The NIR-spectra are dominated by strong continuum emission. In nitrogen and air, systems of di-
atomic TiO can be identified in emission with similar intensity independent of the atmosphere. 
Water bands can be detected in air along the total combustion zone. In nitrogen weak water bands 
could only be analysed close to the reaction front. 
The temperature of these water bands range from 2100 to 2600 K. The temperature of TiO in this 
zone ranks from 2600 to 2700 K. Here are also the maximum temperatures of continuum emission 
in nitrogen with 2400 to 2700 K. In the white smoke zone a lower temperature of 2000 to 2200 K 
was evaluated. In this zone TiO-spectra were evaluated with 2300 to 2400 K. In air the water and 
TiO temperatures of the combustion front are at about the same level as in nitrogen but above they 
increase up to 2700 to 2900 K indicating a reaction with air. The continuum temperature close to 
the combustion front rise up to 2700 to 2900 K. Above it decreases for about 400 K. 
 
 



a)    b)  
 
Fig. 12 Combustion of RDX/wax/Ti in a) nitrogren and b) in air. 

 

RDX/Wax/Zirconium 
 
The combustion movies of RDX/wax/zirconium look very similar to those of RDX/wax/titanium. 
Only the glowing slag particles are extremely larger with a length up to 1 mm and more. The total 
combustion looks more intensive. In oxygen behind the reaction front an opaque smoke was 
observed. 
The spectra are nearly grey-body continua. In air there are weak water bands in NIR. In nitrogen 
water bands only can be detected close to the reaction front. ZrO emission lines are stronger in 
nitrogen. In air only rudimentary ZrO lines could be detected. 
The continuum temperatures in nitrogen are maximal close to the reaction front with 2600 to 
2900 K. Above they decrease to 2000 K. The water bands of the reaction front are at 2200 to 
2700 K. In air the continuum temperature of the reaction front is about 100 K higher than in 
nitrogen and reaches maximum values of 3000 K and more. Here the water emission is in the same 
range than in nitrogen but increase above also up to 3000 K. In this afterburning zone the 
continuum temperature stagnates at about 2500 K. 
 

a)  b)  
 
Fig. 13 Combustion of RDX/wax/Zr in a) nitrogren and b) in air. 

 



DISCUSSION 
 
The reactivity of the mixtures shall be discussed by comparing the reaction in nitrogen and air, but 
also in reference to the measured temperature of the pure RDX/wax mixture and in comparison of 
the measured NIR-temperature to the predicted adiabatic value. Fig. 14 summarizes the 
temperatures of all the tests with the different samples. In each case the maximum temperature of 
continuum and water band evaluation is plotted. Full symbols correlate with reaction in nitrogen 
and light symbols with combustion in air. 
The authors have 20 years of experience with this kind of pyrometric temperature measurements on 
the combustion of energetic materials /25/, /27/, /30/, /31/ especially in pressurized window bombs. 
In this time a rule of thumb proved valid that says: when an energetic material reacts according to 
its thermodynamic calculation the measured burning temperature is about 300 to 500 K cooler than 
its adiabatic prediction. In the case of strong continuum emission from hot surfaces and heavy 
particle loads the temperature maybe even 200 K lower. This is reasonable due to heat loss by 
radiation itself and convective cooling from the pressurizing gas inside the window bomb. 
The pure RDX/wax mixture burns in nitrogen with maximum temperatures of 2200 to 2400 K 
(water bands) this is 300 K less than the adiabatic prediction in Fig. 4. So the measured RDX/wax 
temperatures fit very well to the thermodynamic calculations and indicate in comparison to Fig. 4b 
that cooling by nitrogen has only a minor influence. In air the measured temperature is 50 to 100 K 
hotter. This also fits very well with Fig. 4. 
The mixture with coarse and fine aluminium burns in nitrogen with 2200 to 2600 K. That is about 
the same temperature than that of the RDX/wax reference and is in accordance to the 
thermodynamic calculations in Fig. 4b. The temperature of water bands is equal to that of RDX in 
nitrogen. In air it is slightly higher. This indicates oxidation of hydrogen that is formed in the 
reaction of Al with water. But in air the continuum temperature of the sample with coarse 
aluminium increases up to 3150 K. This indicates intensive reaction of aluminium particles with 
entrained air and is in accordance to the adiabatic temperature at 40% air in Fig. 4. This effect is not 
observed with fine aluminium. Maybe these particles are completely oxidised during RDX 
decomposition. 
The mixtures including boron react in nitrogen with 1900 to 2100 K. This temperature is 
significantly below that of pure RDX and much more below thermodynamic predictions (Fig. 4). So 
it is doubtful if boron really reacts or only works as a heat sink. According to the thermodynamic 
results the main exothermic reaction would be the formation of BN. In air water bands appear with 
temperatures of 2300 to 2600 K that is in the same range as for pure RDX but does not contradict to 
thermodynamic calculations with boron in Fig. 4a. So it seems that boron also is able to react with 
air. 
The measured temperatures of magnesium samples are slightly higher than those of pure RDX/wax 
mixtures. This is in good agreement to thermodynamics. At this temperature (2000 to 2500 K) 
magnesium is totally vaporized so the continuum will be emitted from MgO particles. This 
additionally indicates that magnesium reacts with the RDX decomposition fragments. In air the 
particle temperature is significantly higher and with values up to 3100 K close to the maximum of 
adiabatic temperature at 50% air in Fig. 4a. So it seems that the potential of magnesium reaction 
with air is maxed. The measured water band temperature is also higher than in nitrogen. This might 
be caused by heat transfer from hot magnesium particles but more supposable from hydrogen 
oxidation with air. 
In nitrogen the temperatures of samples including coarse silicon particles do not differ from pure 
RDX. For the samples including silicon the continuum temperature is related to the temperature of 
the residue strand behind the flame front. The values are only by trend higher than the maximum 
values of pure RDX continuum. But the absolute values of 1600 to 1750 K are still in fairly 
agreement with the adiabatic temperature in Fig. 4. Therefore also the water band temperatures are 
in the same range as for RDX. It could not be rated if silicon significantly reacts in nitrogen or is 
only heated by RDX decomposition. But both are in a fairly agreement with the thermodynamic 
calculations, that predict endothermic reactions of Si for the pure RDX/wax/Si-mixture. In air the 



continuum temperature increases drastically up to values of 2200 to 2800 K which correlates with 
the maximum of adiabatic temperature in air (Fig. 4). So a total combustion of silicon is supposed.  
The sample including fine silicon particles reacts differently. Both the continuum and the water 
band temperature are somewhat higher as that of pure RDX/wax and the sample with coarse silicon 
with maximum values of 2300 K and 2750 K. This indicates a more intensive reaction with RDX 
decomposition products than with coarse particles. But in air the temperatures do not increase. 
Especially the continuum temperatures are 700 K lower than the values of the samples with coarse 
silicon. It seems that the fine silicon particles more react with RDX decomposition fragments. But 
the silicon products of the fine particles maybe different to those of the coarse particles and do not 
show any further reactivity with air (maybe e.g. Si3N4). So in air mainly hydrogen is oxidised.  
The RDX/wax/titanium mixtures react in nitrogen with up to 2900 K. Both continuum and water 
band temperature are in the same range. This is in good agreement with the adiabatic temperature 
for the pure mixture and indicates an intensive reaction of titanium particles with the decomposition 
fragments of RDX/wax. The dilution with nitrogen has no significant influence that indicates that 
this reaction maybe fast and runs close to the reaction front, where no nitrogen is entrained. In air 
especially the temperatures of the water bands are about 200 K hotter. Also this agrees well with the 
thermodynamic predictions in Fig. 4a and indicates the oxidation of hydrogen. 
Also the mixtures containing zirconium react very hot with nearly the same temperatures than the 
titanium mixtures. In nitrogen continuum temperature ranks up to 2800 K that is in good agreement 
to the adiabatic temperature of the pure mixture and extremely higher than the maximum 
temperature of the pure RDX/wax mixture. This indicates that zirconium intensively reacts with the 
RDX decomposition fragments. The temperatures of the water bands are less with values up to 
2500 K. In air these increase for about 500 K apparently by hydrogen oxidation. But also the 
continuum temperature of the particles is about 200 K higher. This indicates that also partially 
oxidised zirconium particles reacts further in air.  
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CONCLUSIONS 
 
The combustion of various (semi-)metal particles with RDX was investigated in nitrogen and air at 
low pressure of 0.3 MPa. Criteria were: - Visual observation 
 - UV/Vis spectra 
 - Time history of reaction 
 - Temperature (compared to adiabatic temperature) 
In most cases investigations of pure RDX/wax mixtures filled with various fuel particles reacts 
according to the thermodynamic predictions. Especially the pyrometric measurements of 
temperatures agree well with the adiabatic temperatures when the above mentioned “rule of 
thumbs” is regarded to be valid. These experiments were performed in 0.3 MPa nitrogen, that only 
featured a minor influence to the reaction by thermal dilution. The presence of additional air 
resulted in a temperature increase of 100 to 500 K and more also in good agreement with adiabatic 
equilibrium calculations. Sometime these temperatures were only measured for the reacting 
particles (continuum) or the gas phase (water bands). This indicates that both contributes to 
additional heat release of the filled samples. On one hand the oxidation of particles or their primary 
reaction products (e.g. sub-oxides) react with the oxygen of air and on the other hand the oxidation 
of hydrogen that is formed by oxidation of the metallic fillers with water.  
Further the investigations show that all effects are not only influenced by the chemistry of the fillers 
but also by the particle size that are also discussed within the paper. 
Tab. 2 summarises the exothermic reaction of the investigated fuel particles with pure RDX and the 
influence of additional air in reference to the pure RDX/wax mixture. 
 
Tab. 2 Rating of heat release by various fuel fillers in reference to RDX for the reaction with RDX 

and additional air. 

 RDX Al (coarse) Al (fine) B Mg Si (coarse) Si (fine) Ti Zr 
fume gases  0 - + - + - + ++ ++ 
air (add.)  0 ++ + + ++ ++ + + ++ 
++ intensive heat release, + minor heat release, -  no heat release 
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1 INTRODUCTION 

The purpose of this paper is to present a new explosive composition, XF®11585, developed to extend Nexter 
Munitions’ range of insensitive ammunition. Today, the explosive composition – XF®13333 - used in the 
155 LU211-IM is well known for large calibre ammunition to procure a high level of safety for the user. In 
order to fulfil the requirements of today’s market, Nexter Munitions is developing new explosive 
compositions based on melt-cast processes to offer to the customers different IM capability adapted to their 
specific needs. Here we will outline the development and the characterisation of this new low vulnerability 
explosive composition. 
The first step of the study was to find the best trade-off between vulnerability, detonics performance and 
cost. Nexter Munitions R&T department developed several formulations based on TNT to fulfil these 
requirements. Firstly, we determined the theoretical lowest acceptable limits of vulnerability and detonics 
performance and the highest for cost in order to delimit an experimental domain. Secondly, we characterised 
different formulations within this domain to select the compromise. Finally, we compared the properties of 
XF®13333 with the first results based on the new XF®11585. These results are very promising. They allow 
us to foresee its future applications. 
 
 
2 EXPLOSIVE FORMULATIONS BASED ON RDX AND NTO 

A study, with French MoD, was initiated in 2006 [ 3 ]. The aim of this study is to find the better compromise 
between the vulnerability and the cost. The research of optimal conditions required a compromise between 
NTO percentages (vulnerability properties) and RDX percentages (detonics performances and cost / 
vulnerability ratio) to be able to offer an IM response to specific customer need in terms of insensitivity / 
cost performances. This objective is illustrated by the following picture. 
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Figure 1: New explosive composition objectives  
 
(1) The composition XF®13333 do not contain RDX. 
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The baseline represents the RDX/NTO ratio. The explosive composition cost decreases when you add RDX, 
whereas explosive vulnerability increases. The goal was to find the better compromise between these 2 
requirements in order to develop the range of explosive composition portfolio. Thanks to the large range, 
Nexter Munitions is able to propose an adapted explosive composition to the customer's requirements. 
 
To fulfil these requirements, the Nexter Munitions R&T department works with the methodology of 
experimental design. The formulation of explosive compositions is performed with a mixing plan, which 
allows us to mix various components in a way that they provided a final explosive composition with 
satisfactory properties. 
 
The following table presents the LU211IM explosive, XF®13333, properties. This composition is considered  
as reference for the detonics properties. Moreover the aim is to develop an explosive composition with less 
vulnerability performance and with a reduced cost in comparison with XF®13333.  
 

Table 1: LU211IM® explosive properties  

 
Gap test                    

mm of PMMA barrier 
Confined 

critical diameter 
Detonation velocity (3" 
Gurney cylinder value) 

Cost        
(base 100) 

XF®13333 
Nogo results:  70 mm 

Go: results:  60 mm 
< 73 mm 6961 m.s-1 100 

 
 
3 METHODOLOGY 

3.1 Experimental design 

Nexter Munitions is used to performing experimental designs, like mix plan to quickly find the formulation 
which satisfied the targeted requirements. During the formulation step, the use of calculation tools allowed 
us to define the most relevant compositions.  
 

3.2 Calculation tools 

The detonation properties and theoretical densities were obtained with QUERCY calculation code. The 
vulnerability was assessed with the help of a calculation tool, called CS (Criterion of Sensitivity), developed 
by Nexter Munitions on the basis of CHETAH code [ 1 ].   
 
The Criterion of sensitivity "CS" is a decision-making tool based on the C4 criterion of the thermodynamical 
CHETAH code. According to the Nexter Munitions experience [ 4 ], in the use of this calculation tool, the 
nearby CS of 100 (kcal²/mol) allow us to classify the compositions among the low vulnerability 
compositions. The explosive compositions, which have a CS close to 120/125, present the explosive low 
vulnerability threshold. These predictive calculations allow us to realise a first choice of the formulations to 
be tested. But this predictive calculation tool requires nevertheless performing detonics trials. 
 
To evaluate the thermal threat responses of several compositions to know the influence of adding of RDX, 
Nexter Munitions developed kinetic models allowing to estimate the answer to the SCO test and FCO test. 
These predictive values were realized with a multiphysical code (COMSOL Multiphysics) [ 3 ], [ 2 ]. This 
code allows to take into account at once mechanical, thermal and chemical phenomena in the models. 
Helping by experimental designs, different ratios of RDX/NTO were evaluated by simulation to find the 
better compromise. 
 
The following figure presents example results of calculation for 4 formulations in comparison with the 
LU211IM XF®13333 explosive calculation. 
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Résultats simulation des compositions RDX/ONTA
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Figure 2: Thermal threat calculation results, left FCO, right SCO 3,3°C/min 

 
These graphs present the evolution of the temperature of the XF®13333 and 4 different ratios of NTO/RDX 
during FCO et SCO in GEMO 3L mock-up. Table 2 and Table 3 give the calculated value of the temperature 
at which the ignition occurs for each formulation. 
 

Table 2: Slow Cook Off results in GEMO mock-up 

  
Kinetic thermal reaction    

(calculated time) 
Kinetic thermal reaction 

(experimental value) 

LU211IM XF®13333 50,4 h 55,3 h 

NTO/RDX ~2.33 51,3 h  

NTO/RDX ~1.5 50,8 h  

NTO/RDX ~1 50,2 h  

NTO/RDX ~0,6 51,0 h  

 

Table 3: Fast Cook Off results GEMO mock-up  

 
Kinetic thermal reaction    

(calculated time) 
Kinetic thermal reaction 

(experimental value) 

LU211IM XF®13333 85 s 94 s 

NTO/RDX ~2.33 89,0 s  

NTO/RDX ~1.5 90,7 s  

NTO/RDX ~1 89,2 s  

NTO/RDX ~0,6 90,5 s  

 
The RDX addition has only slightly changed thermal kinetic reaction for the evaluated NTO/RDX ratios. 
The ratio NTO/RDX ~0,6 has been chosen for the study. This value allowed us to propose the compromise 
between detonics performance, cost efficiency and thermal threats.  
 
 

3.3 Selected explosive composition 

The explosive composition, with the NTO/RDX ration ~0.6, was called "XF®11585". The global properties 
of the explosive composition can be expressed as following: 
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Table 4: XF®11585 properties and explosive composit ion properties comparison  
 Properties 

Composition Density ρ 
CS  

(base 100) 
Velocity of 
Detonation 

Detonation pressure Cost 

LU211IM explosive 
composition 

1.75 g.cm-3 100  6976 m.s-1 (*) 210 kbar 100 

XF®11585 1.73 g.cm-3 115  7215 m.s-1 (*) 225 kbar 76 
*: calculated value 

 
The XF®11585 presents better detonics properties, whereas the criteria of sensitivity decreases due to the 
addition of RDX. Nevertheless, this explosive composition is the compromise between the cost of the raw 
components of this XF®11585 explosive composition is 24% less expensive than the qualified LU211 IM 
explosive XF®13333. 
 
 
4 XF11585 EXPLOSIVE COMPOSITION EVALUATION 

At the end of the formulation step, the composition XF®11585 was characterised. The following paragraphs 
give the properties which has been performed and those which are expected to do. 
 

4.1 Sensitivity evaluation, mechanical properties 

The pyrotechnic properties and mechanical properties were performed. The results are given in the following 
tables. 
 

Table 5: Pyrotechnic sensitivity XF®11585  
 50% Go results AFNOR standard 

Friction sensitivity  0% at 353 N NF T 70 503 

Electrostatic Discharge > 736 mJ NF T 70 539 

Impact Sensitivity 30 % at 50 J NF T 70 500 

 
The XF®11585 explosive composition presents, like XF®13333 explosive composition, a low sensitivity to 
basic stimuli. 
 
Mechanical properties have been performed according to the NFT 70-314 AFNOR standard, the results are 
presented in the following table. 

Table 6: Mechanical properties – Explosive composit ions XF®11585 and XF®13333 at room 
temperature 

Composition 
Sample 

Density  
(g.cm-3) 

Stress, max 
(MPa) 

Young Modulus 
(MPa) 

Deformation, max 
(%) 

Sample porosity 
(%) 

XF®11585 1,73 20,8 1986 1,18 < 0,8 

XF®13333 1,75 23,1 1853 1,35 < 1,2 
 
Mechanical properties were very similar than those of XF®13333. 
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4.2 Detonation energy evaluation 

In order to evaluate the detonation energy, we performed a 3" cylinder test, using the Gurney method.  
 

  
Figure 3: ballistic performances - 3" cylinder test  

 
The following table presents the result of the cylinder test and an estimation of the Gurney detonation 
energy. 
 

Table 7: 3" cylinder test results  

  XF®11585 
LU211IM explosive 

XF®13333 

VoD confined 7468 m.s-1 6961 m.s-1 

Detonation pressure 241 kbar 210 kbar 

Cylinder expansion   
v/v0 = 2.10 1896 m.s-1 1992 m.s-1 
v/v0 = 2.36 1962 m.s-1 2072 m.s-1 
v/v0 = 6.83 2289 m.s-1 2484 m.s-1 

Cylinder test 
maximum velocity 

v/v0 = 12.25 2362 m.s-1 2651 m.s-1 
 
Based on these detonics results, the new composition XF®11585 was slightly better than those of LU211IM 
XF®13333 explosive in terms of velocity of detonation. 
 
 

4.3 Expected performances: Critical diameter unconfined and gap test 

The first part of the study, with French MoD, initiated in 2006 [ 3 ] should be completed. The following 
contract with French MoD is expected in the middle of 2011. The critical diameter and the Gap test will be 
performed according to the respectively NF T 70-701 AFNOR standard and STANAG 4488 during this 
second part of the XF®11585 study. 
 
Thanks to the addition of RDX, the expected result in terms of critical diameter with this kind of explosive 
composition should be lower than those of XF®13333.  
 
 

4.4 XF®11585 Extremely Insensitive Detonating Substance (EIDS) evaluation 

In order to status on the EIDS label for this explosive composition, a series of test was performed. This paper 
present the most significant results for the tests available today.  
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4.4.1 GEMO 3 L mock-up 

In order to complete the EIDS (Extremely Insensitive Detonating Substance) label, a series of tests were 
performed on GEMO 3L mock-up loaded with XF11585 explosive.  
This mock-up, called GEMO 3 L mock-up with 10 mm thickness casing and a capacity of 3 liters, represents 
a steel shell body and is used to estimate explosives and explosive compositions at the vulnerability tests 
described in the series of the NT T 70-500 AFNOR standard. This series of standards constitute the base for 
the STANAG 4170. This mock-up is presented by the following picture. 
 

  
Figure 4:  GEMO 3L mock-up 

 
 
4.4.2 Bullet Impact (BI) 

For the 12,7 mm bullet impact assessment, the test was conducted in accordance with the STANAG 4241. 
The expected velocity of 850 m.s-1 specified by the STANAG 4241 was performed and 3 others shoots, with 
different bullet velocities, were performed to complete the assessment of this explosive composition. The 
results are presented in the following  table. 
 

Table 8: Bullet impact results 

Expected bullet 
velocity  

Velocity 
measured 

Results Remarks 

1000 m/s 925 

 

It can be observed that the 12.7 mm bullet has fully 
perforated the ammunition the witness plate was not 
damaged. XF®11585 loading explosive have burned 

without ejection. It was concluded a Type V  reaction has 
occurred. 

850 m/s 871 

 

It can be observed that the 12.7 mm bullet has fully 
perforated the ammunition. XF®11585 loading explosive 
have not reacted. It was concluded a Type NR  reaction 

has occurred. 

600 m/s 575 

 

It can be observed that the 12.7 mm bullet has partially 
perforated the ammunition. The bullet is in the 

XF®11585 loading. The explosive have not reacted. It 
was concluded a Type NR  reaction has occurred, in 

spite of the hot spot created by the bullet. 

400 m/s 405 

 

The mock-up has been emptied before assessment for 
safety reason. It can be observed that the 12.7 mm 

bullet has not perforated the ammunition. The bullet had 
shocked the XF®11585 loading. The explosive have not 

reacted. It was concluded a Type NR  reaction has 
occurred.  

 

Screwed over 

Shell Body 

Welded bottom 
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Nexter Munitions wanted to perform 3 impact velocities in order to assess the reaction level in the most 
constrained cases : bullet in the main charge to create a hot spot, bullet at low velocity to shock the mock-up 
casing and bullet with high kinetic energy. Type NR reaction were occurred for impact velocity of 400 m.s-1, 
650 m.s-1 and 850 m.s-1. For velocity of 1000 m.s-1, the reaction occurred was type V. 
 
4.4.3 Fast cook off 

Fast cook off test was conducted in accordance with the STANAG 4240. The mock-up loaded with 
XF®11585 was placed in the kerosene fire. The result can be observed on the Figure 5. 

 

 

Figure 5: Fast cook off result 
 

The reaction time was recorded and the result in comparison with LU211IM – XF®13333 was presented in 
the following table. 
 

Table 9: Fast cook off result comparison 

XF®11585 LU211IM XF®13333 

Reaction time Type of reaction Reaction time Type of reaction 

118 min Type IV 129 min Type IV 

 
The XF®11585 explosive composition has the same reaction level, type IV, than the LU211IM XF®13333 
explosive composition. 
 
 

4.5 Slow Cook Off 

Regarding SCO, the test was performed in agreement with STANAG 4382. The XF11585 composition filled 
in the GEMO 3 L mock-up was introduced into a conditioning cell regulated in temperature in order to 
respect the expected 3.3°C/h warming slope. The opening of the shell was observed due to the pressure 
inside. The shell and the cover were recovered with no damages. The SCO response was a type IV reaction 
level. 

 

   
Figure 6: GEMO 3 L mock-up before and after the SCO  test 
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Table 10: SCO results 

 XF®11585 XF®13333 

Slow Cook Off 3,3°C/h Type V Type V 

 
The performance of XF11585 is nearly equivalent to the performance of XF13333. 
 
 

4.6 EIDS characterisation according to the STANAG 4170 

The previous paragraphs present the first tests performed on the XF®11585 explosive composition according 
to the STANAG 4170.  
 
This first evaluation led to a good thermal behaviour of the charge (FCO : Type IV reaction, SCO: Type V 
reaction; BI: Type IV reaction). These results constituted the first step of EIDS assessments with the new 
comer in the family XF compositions.  
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Figure 7: EIDS characterisation according to STANAG  4170 

 
It can be observed that the XF®11585 explosive composition behaviour is very similar to the XF®13333 
explosive composition. Adding RDX has not decreased dramatically the vulnerability performances. These 
results are very promising. Moreover, the percentage of added RDX should allow to expect a smaller 
unconfined critical diameter in comparison of XF®13333. These results allow us to foresee its future 
applications for tank ammunition and mortar bombs (large calibres corresponds to 60 mm up to 120 mm). 
 
 
5 CONCLUSION 

Nexter Munitions has developed a melt-cast explosive called XF®13333 at the beginning of 90's. XF®13333 
is fully compliant with the STANAG 4170. Today, this explosive composition is in mass production  for the 
155 mm LU211 IM. To enlarge the range of applications from mortar bombs up to tank ammunition, Nexter 
Munitions masters the Research and Development of a new XF®, called "XF 11585" based on RDX/NTO 
and TNT binder with the help of French MoD funding.  
At this step of this study, the detonics performance are very similar to the XF®13333. Moreover, the first 
EIDS test , according to the STANAG 4170, are fully compliant with an EIDS label. 
We will expected to confirm with the following study that the explosive composition XF®11585 is a serious 
candidate to propose IM ammunition from 60 mm to 120 mm ammunition. Moreover, explosive composition 
based on TNT, allow to propose a simple way of demilitarisation. For future and to have a positive impact on 
the environment, this aspect of demilitarisation leaves a small level of environmental impact during the life 
cycle of ammunition.  
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1. Introduction 
 
Nexter Munitions is the heir to a long tradition of ammunition and pyrotechnics manufacturer. Up to 
the 90’s, the development of ammunition and therefore of explosive compositions was piloted by 
detonic performances, readiness and cost.  

But the evolution of the armed forces’ needs this last two decades goes on the way of insensitive 
munitions (IM) and requires the minimisation of the violence of munitions’ reaction and collateral 
damage when subjected to unplanned stimuli. That is why Nexter Munitions had developed a method 
for designing munitions to meet the IM requirements as well as performance requirement. This 
method is based on two main points: the vulnerability decrease of the energetic materials and the 
optimisation of munitions’ design to minimise the effect of fortuitous reaction.  

European leader in the field of melt-cast explosives, Nexter Munitions had developed specific melt-
castable explosive formulations: the XF® family. In order to offer a wide range of munitions, from 20 
to 155 mm, pressable low vulnerability compositions had been developed too: the XP® family. Nexter 
Munitions XF®13333 and XP®3264 are two examples of very insensitive explosive compositions.  

To be always at the cutting edge of the technology, Nexter Munitions has been working on different 
new explosive formulations. After a presentation of the Nexter Munitions’ EIDS formulation 
methodology, this paper presents the main trends to develop the energetic material portfolio, with the 
adequacy between the formulation and processes aspects and the different EIDS compositions 
developed by Nexter Munitions. 

 

2. Low vulnerability explosive composition formulation methodology 
 
To develop a new insensitive explosive composition, the first step is to determine the theoretical 
lowest acceptable limits of detonic performances and the highest for vulnerability and cost in order to 
delimit a studying domain. Then, it is possible to define general formulations to study and to work on 
the optimal percentage of each component.  
 

2.1. Theoretical definition of the experimental domain 
 
Nexter Munitions uses the melt-cast filling process which is the conventional way of HE shells filling 
and thus is compliant with the existing worldwide industrial facilities of ammunition producers. The 
re-melting possibility of melt-cast compositions is a huge advantage in term of demilitarisation and 
recycling. To be able to propose new EIDS solutions, new melt-cast compositions are developed. The 
first component of such a composition is the feasible explosive used as binder. Even if the more used 
one is TNT, several others solutions exist such as TNAZ [1], TNMA [2], ADN, DNAN [3], N-methyl 
TNET [4] or DNMT [5] which offer insensitive and/or performance interests. The choice will be based 
on availability, price and on process parameters (viscosity, melting point). 
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For both melt-cast and pressable compositions, the research of optimal conditions requires finding the 
best compromise between nature and percentage of high performance explosives and insensitive ones.  

The main explosives that allow reaching high detonic performances are HMX, RDX and HNIW. The 
choice is quite limited all the more the price and the availability of HNIW is not actually compatible to 
an industrial application.  

The insensitivity of the compositions depends on the use of less sensitive explosives than 
conventional. The choice can be made between NTO, TATB, FOX-7, FOX-12 or LLM105. It is also 
possible to call in desensitised conventional explosives such as RS-RDX or VI-RDX [6]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: definition of the studying domain 

 

In order to quantify performances and insensitivity, it is necessary to define a representative parameter 
and to give a threshold value for each one.  

For the performance, the representative parameter chosen is the detonation velocity. Indeed, 
detonation velocity of the explosive composition and fragmentation effect of a munition are strongly 
linked. The performance threshold is the TNT detonation velocity, that is to say 6900 m.s-1.  

For the insensitivity, Nexter Munitions had developed a specific decision making tool called the 
criterion of sensitivity (CS) based on the C4 criterion of CHETAH (Chemical thermodynamic and 
energy hazard evaluation), a thermodynamical code developed by the ASTM (American Society for 
Testing of Materials) [7] [8]. The insensitivity is represented by the inverse of the CS: the highest the 
CS is, the more sensitive the composition is. The CS threshold value is closed to 140 kcal2.mol-1. The 
targeted compositions have a CS lower than the CS threshold. 

The cost threshold depends on the properties of the composition so it is more difficult to give a value. 
In general, the more insensitive the composition is, the more expensive it is. The threshold for this 
parameter is fixed by the explosive market. What can easily be done is to define the cost threshold as a 
percentage of the cost of a reference composition.  
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2.2.  Experimental design 
 

Nexter Munitions is used to performing experimental designs in order to reduce the number of tests 
and achieve the best final formulation. In order to define the percentage of each component of the 
formulation which satisfied the targeted requirements, a Scheffé Mix plan has been used [9].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: experimental domain definition 

 
The threshold for each component percentage is represented by a parallel plan of the opposite side of 
the apex tetrahedron. Figure 2 shows the design of this type of mix plan with the example of limits on 
both percentages of binder and of insensitive explosive. The specific shape drawn by the intersection 
of the limits on all components forms the experimental domain. Once the experimental domain is 
defined, the Scheffé theory fixes the different points, i.e. formulations to test. 

In order to test different nature of component, for example NTO, TATB, FOX-7 or RS-RDX as 
insensitive explosive, a Doelhert network can be added on each Scheffé point [10]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 3: formulations to tests 
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It is also possible to reduce the number of Doelhert experimental point by using a specific optimisation 
tool (Fedorov exchange algorithm). 
Two types of response are taken into account to evaluate the formulations: 

- Calculated responses: detonation velocity, density, CJ pressure, sensitivity criterion 
(defined in the next paragraph) and thermal behaviour (slow and fast cook-off), 

- Experimental responses: processes behaviour (rheological behaviour for melt-cast 
compositions and compression curves for pressable composition), initiation tests and 
detonation velocity. 

The treatment of the results gives empirical models that allow the representation of each response as a 
polynomial function of each component percentage (one model for each considered responses both 
calculated and experimental ones).   

3. Application of the methodology: the XF® and XP® compositions 
 
Since the 90’s, Nexter Munitions has developed a range of IM explosive compositions to fulfil the 
requirements of the explosives and munitions’ market. For example, the performances and the 
versatility of the XF® explosives allow a wide range of applications like bombs, depth charges, field 
artillery ammunition, main battle tank HE munitions and mortars. Furthermore, the XF® explosives 
allow Nexter Munitions to propose transfer of technology based on these explosives filling and on a 
“ready to melt” concept. The main advantages for customers are the low investment for the process 
access compared to PBX one and easy to fill XF PREMIX® explosive solution. The XP® explosives 
complete the range of applications of the XF® explosives to the medium calibre in term of IM 
solutions.  
 

3.1.  Optimised compositions identification 
 
As already mentioned, it is possible to increase detonic performances by adding high explosives like 
HMX or RDX. Lot of studies had already shown that a threshold of such explosives exists, upper 
which the detonic behaviour of the composition is directed by the high explosive. The detonation 
velocity is enhanced whereas the insensitivity level is decreased. The goal of the formulation study is 
to define the best trade-off to obtain the maximal detonic performances increase while keeping the 
insensitivity properties.  

 
Figure 4: Mix plan responses 
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Figure 4 shows a representation of the calculated results of the mix plan. The most interesting 
compositions are represented by big negative blue peak or both blue and pink negative peaks (in the 
red circle). The screening of a huge number of formulations with this type of methodology makes it 
easier the determination of the most interesting compositions. The validity of the methodology can be 
verified by comparing the compositions identified by the mix plan to the most common explosive 
compositions in the market (Figure 5). 

 

 
Figure 5: sensitivity criterion versus detonation velocity of different explosive compositions 

 
XF®13153 and XF®23192 are the best in term of vulnerability and it had been verified by 
experimental IM tests. But the detonation velocity of these two compositions is under 6900 m/s: it is 
enough to produce a good fragmentation of a mortar shell but a bit too soft for a tank or an artillery 
shell. The best trade-off in term of insensitivity and detonation velocity is the XF®13333. The 
composition is in mass production. Used in the well known 155mm LU211-IM, XF®13333 procures a 
very high level of user safety. XF®11585 and XF®12366 are respectively based on RDX and HMX, 
that is why their detonic performances are better than XF®13333. However, the insensitivity level of 
these two compositions is lower than the XF®13333 one. XP®3264 is a pressable composition with a 
detonation velocity around 8000 m/s, like HBU-88A but with a vulnerability level similar to 
XF®11585 and PBXN-109. It cannot be used for large calibre filling because of the process but it is 
very well adapted for medium calibre. 
 
 

3.2. Nexter Munitions EIDS compositions properties 
 
XF®13153, XF®23192 and XF®13333 had been developed to drastically reduce the vulnerability 
level of explosive compositions whereas XF®11585 and XF®12366 represent an optimised 
compromise between detonic performances, insensitivity and cost. With these five melt-cast 
compositions, Nexter Munitions is able to propose a large range of properties and prices for the filling 
of a wide range of ammunition. Furthermore, with XP®3264, Nexter Munitions disposes of a low 
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vulnerability pressable composition for medium calibre. In the next paragraphs, the properties of the 
six compositions will be briefly presented (specific presentations are available in literature). 
 
 

3.2.1.  XF®13153 and XF® 23192 
 
In the 90’s, NTO was the only insensitive molecule available for an industrial application. XF®13153 
was the first EIDS composition developed by Nexter Munitions. XF®13153 is made of 30% of TNT, 
40% of NTO, 20% of aluminium and 10% of wax. 

To optimise this composition in term of vulnerability and detonic performances, a feasible explosive 
with a higher density of TNT was searched out. After the evaluation of different feasible explosives 
possible solutions, TNMA (2,4,6-trinitro-N-Methylaniline) was chosen [11]. The following table 
presents the TNMA properties compared to the TNT ones. 

Table 1: TNMA and TNT properties 

 TNMA TNT 

Density (g/cm3) 1,67 1,654 

Velocity of detonation (m/s) 6770 (ρ =1,58 g/cm3) 6880 (ρ =1,63 g/cm3) 

Impact sensitivity (BAM) 1,4 J 50% go at 5 J 

Friction sensitivity (BAM) 0% at 356 N 0% at 356 N 

Electrostatic discharge sensitivity (mJ) 600 600 

Bullet Impact No reaction at 900 m/s No reaction at 130 m/s 
 
The detonic performances of TNMA are increased by the addition of other component that help to 
reach a higher density than TNMA alone. That is why, by only replacing TNT by TNMA, the level of 
detonation velocity is slightly increased. Table 2 presents properties of XF®13153 and XF®23192. 
 

Table 2: XF®13153 and XF®23192 properties 

 Properties 

 Density 
(g/cm3) VoD (m/s) Pcj (kbar) Critical unconfined 

diameter (mm) CS (kcal2/mol) 

XF®13153 1.705 6715 202 < 60 76 

XF®23192 1.756 6830 204 60 73 
 
Several IM tests (into a steel cylindrical mock-up with a capacity of 3 litres called GEMO 3L mock-
up) were performed on the two compositions in order to evaluate their IM level: bullet impact (ONU 
7d)i) standard), fast cook-off (NF T 70-513 AFNOR standard) and slow cook-off (NF T 70-515 
AFNOR standard). The results obtained on the two compositions were the same and the availability 
and price of TNMA are not compatible to an industrial application. However the TNMA allows 
enhancing the thermal stability in comparison with the TNT based composition. This kind of 
composition allows us to propose another way to formulate explosive composition and Nexter 
Munitions works on the substitution of TNT. 
 
 

3.2.2. XF®13333 
 
To improve the detonic performances of XF®13153, the optimisation of the percentage of each 
component has been made. XF®13333 corresponds to the following formulation: 31% of TNT, 48 % 
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of NTO, 13.5% of aluminium and 7.5% of wax. Table 3 shows the properties of XF®13333 compared 
to the XF®13153 ones. 

Table 3: XF®13153 and XF®13333 properties 

 Properties 

 Density 
(g/cm3) VoD (m/s) Pcj (kbar) Critical diameter 

(mm) CS (kcal2/mol) 

XF®13153 1.705 6715 202 < 60 76 

XF®13333 1.754 6976 210 < 73* 94 
* confined critical diameter 
 
In order to evaluate the detonation energy, a 3” cylinder test, using Gurney method has been made. 
The following table presents the result of the cylinder test with the Gurney velocities for the different 
cylinder expansion values. 

Table 4: XF®13153 and XF®13333 3” cylinder test results 

 Gurney velocities (√2E in m/s) 

 v/v0 = 2.36 v/v0 = 6.83 v/v0 = 12.25 

XF®13153 1766 1940 1969 

XF®13333 2072 2484 2651 
 
The optimisation of the component percentage of the XF®13153 had given very good results in term 
of detonic performances enhancement. 
 
 

3.2.3. XF®11585 and XF®12366 
 
Two different ways exist in order to improve the detonic performances of the XF®13153: 

- To keep the same composition and to optimise the formulation. That is what has been 
done with the development of XF®13333 and allows maintaining the insensitivity level of 
the composition. 

- To accept to decrease the insensitivity level and to add high performance molecules. That 
is what has been done with the development of XF®1185 and XF®12366 which 
respectively are based on RDX and HMX. 

XF®11585 [12] and XF®12366 are based on the XF®13333 formulation and about 56% of the NTO 
has been replaced by respectively RDX and HMX. Table 5 presents the two compositions properties 
compared to XF®13333 ones. 
 

Table 5: XF®11585 and XF®12366 properties 

 Properties 

 Density 
(g/cm3) VoD (m/s) 

Self ignition 
temperature at 5s 

(°C) 

Critical diameter 
(mm) CS (kcal2/mol) 

XF®13333 1.754 6976 322 < 73* 94 

XF®11585 1.728 7468 300 < 30** 115 

XF®12366 1.752 7588 307 < 20 118 
* confined critical diameter 
**XF®11585 is still under study so the values done are estimations. 
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The use of HMX is very interesting in term of detonic performances but increases the vulnerability 
and is still more expensive than NTO and RDX. The best compromise is the XF®11585 which offers 
a high level of performance and is (for the realised EIDS tests nowadays) fully compliant with an 
EIDS label, according to STANAG 4170. 
 

3.2.4. XP®3264 
 
Usually, for the medium calibre ammunition from 20 to 35 calibres, the pressed filling process is the 
preferred solution. The main reasons are the lower cost of this process than melt-cast or cast-cured 
processes and the high production capability reaches with pressing process. The existing compositions 
for medium calibre ammunition applications (PBXN-5, HBU-88A or Rowanex 1100) do not meet 
EIDS label and require using hot or isostatic pressing that induces an increase in the process cost. The 
XP®3264 is a response to these different disadvantages of existing compositions. The following table 
presents the properties of the XP®3264 [13] compared to the compositions that were used for the 
same applications. 

Table 6: XP®3264 properties 

 Properties 

 Density 
(g/cm3) VoD (m/s) Pcj (kbar) Gap Test LSGT CS (kcal2/mol) 

XP®3264 1.82 7921 285 126* 119 

HBU-88A 1.63 8106 240 150 181 

PBXN-5 1.86 8860 350 204 183 
*Calculated value 

 
All the tests required to know the IM signature of XP®3264 have been performed [13]. The explosive 
composition XP®3264 is homologated according to STANAG 4170 and has been ratified by the 
French Authorities. 
 

4. Conclusion 
 
European leader in the field of melt-cast explosives, Nexter Munitions masters the two main explosive 
processes, melt-cast and compression, and offers a wide range of munitions, from 20 to 155 mm. The 
evolution of the armed forces needs this last two decades goes on the way of insensitive compositions 
(EIDS). To fulfil these new needs in term of vulnerability, weapon systems performance and costs, 
Nexter Munitions has developed specific explosive formulations and munitions designs. Nexter 
munitions XF® family and XP® family are the results of formulation and process optimisation and are 
fully compliant with STANAG 4170 requirements. XF®13333 combined with the new design of 155 
mm LU211 artillery shell succeeded in all requirements defined in the STANAG 4439. And the new 
comer, XF®11585 (still in evaluation) will enlarge the range of applications of XF® compositions. 
Moreover, current works, in the frame of IM compositions, are in progress concerning new molecules.  
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ABSTRACT 

During last years, great efforts have focused on the development of new kinds of weapons able to 
generate high blast and temperature effects. These weapons are commonly called Thermobaric 
weapons. Thus, a lot of research studies have focused on the comprehension of thermobaric effects, in 
order to enhance or prevent it. 

The blast effect is mainly due to the ability of the detonation products to react with the oxygen of air. 
This phenomenon called afterburning strongly contributes to generate high pressure impulses, 
especially in confined spaces. This is why metallic particles, mainly aluminum particles, are 
commonly used in thermobaric explosive compositions (TBX). 

In the frame of recent studies, SME Centre de Recherche du Bouchet has been developing a novel 
Enhanced Blast Plastic Bonded eXplosive (EB-PBX) able to generate enhanced blast effects. This new 
composition has been called B2514A. 

The development of such a composition was performed through different phases, from small scale 
trials to large scale ones. We have used a specific methodology to examine and classify a large number 
of candidates. The most promising composition has been tested at large scale to characterize its ability 
to generate blast effects in comparison with PBX references known for their blast effects. 

A great effort has been made in parallel in numerical simulations. We developed a specific model able 
to reproduce the experimental blast effects. This model can reproduce the expansion of the detonation 
products in a room, the shock wave reflections and the interaction between detonation products and air 
leading to the formation of afterburning products. This model has been called DECO (DEtonation 
COmbustion). In order to be able to simulate large scale trials, we associated DECO with an Adaptive 
Mesh Refinement (AMR) technique. This coupling enables us to simulate the behavior of detonation 
products generated by 1 kg of explosive in 8 x 8 x 8 m3 room with a reasonable number of nodes 
(4.106). 

 

INTRODUCTION 

During last years, great efforts have focused on the development of new kinds of weapons able to 
generate high blast and temperature effects. These weapons are commonly called Thermobaric 
weapons. Thus, a lot of research studies have focused on the comprehension of thermobaric effects, in 
order to enhance or prevent it. 

Blast effect can be significantly increased by the ability of the detonation products to react with the 
oxygen of air. This phenomenon called afterburning strongly contributes to generate high pressure 
impulses, especially in confined spaces. This is why metallic particles, mainly aluminum particles, are 
commonly used in thermobaric explosive compositions (TBX). 

SME Centre de Recherche du Bouchet has been studying this new family of explosives in the frame of 
advanced researches funded by the French MoD. The objective of these studies is to develop a new 
kind of high explosive able to generate enhanced blast effects. This development has started with the 
evaluation of different candidates at very small scale (30 grams) in a confined vessel. 

As afterburning phenomena are strongly affected by reflections on obstacles surrounding the high 
explosive, the effects observed at small scale may not be the same at a larger scale and in another 
experimental configuration. In other words, the hierarchy found at small scale may not be the same at 



larger scales. This is why we developed in parallel a numerical model for DEtonation and 
COmbustion, called DECO. The ambition for this model is to predict the behavior of the detonation 
products and their afterburning with air. This model helps us understanding the phenomena observed 
in our experiments and contributes to design new experiments at larger scales. 

This combined study is associated to advanced formulation works which led to a promising enhanced 
blast composition named B2514A. The following paragraphs describe the small scale experiments, the 
characteristics of DECO and finally, large scale experiments and simulations leading to the choice of 
the best candidate B2514A. 

 

SMALL SCALE WORKS 

 

Description of the Possible Candidates for Enhanced Blast Effects 

 

SNPE is worldwide known for its competence in developing and manufacturing energetic materials 
for propulsion, artillery guns and warheads. SNPE Research Centre is the location where all the new 
French Plastic Bonded energetic materials are developed, and especially Plastic Bonded eXplosives, 
so called PBX’s. 

For enhanced blast explosives, the choice of a PBX is motivated by two reasons. First of all, PBX’s 
are known for their low sensitivity to high pressure solicitations but also to improvised threats. 
Another interest of PBX’s is their good mechanical behavior, especially for munitions such as 
penetrators. Indeed, it could be interesting to use enhanced blast explosives in such munitions in order 
to neutralize hidden threats. This is why it has been chosen to develop an Enhanced Blast Plastic 
Bonded eXplosive, so called EB-PBX. 

The good recipe for an EB-PBX composition must contain the following ingredients: 

- Energetic charges such as Hexogen (RDX), Octogene (HMX) or CL-20 (HNIW) in order to 
transform the initial solid product in detonation products with a great amount of available 
energy. 

- A high content of metallic particles (up to 80 wt. %), such as Aluminum (Al), Boron (B) or 
Magnesium (Mg), able to react with the oxygen of air because the heat of combustion of such 
particles with air is usually greatly higher than the heat of detonation of high explosives. As an 
example, the heat of combustion of Al is three times greater than the heat of detonation of 
TNT. We obviously evaluated Al particles for practical reasons: lots of particle size 
distributions available and cost effective. We also evaluated an alloy of Al and Mg, a mix with 
Al and boron, and finally, titanium (Ti) particles. 

- Oxidizing charges such as Ammonium Perchlorate (AP) in order to react inside the 
detonation products and then, to produce a sufficient temperature to ignite the reaction of 
metallic particles with air. We chose AP as the only type of evaluated oxidizing particles but 
we varied the PSD of AP: coarse or fine AP. 

- A polymeric binder, inert or energetic, able to properly embed a high weight fraction of 
particles up to 88-90 %. We mostly evaluated inert HTPB binder, but also a polymeric binder 
containing Fluor for its ability to catalyze the Al reaction with O2. 

 

Following this recipe, a wide range of compositions has been formulated with more or less success, 
mainly due to specific particle size distributions of uncommon ingredients which have sometimes been 
incompatible with a high mass content. Also, some of the compositions have been early put aside due 
to their high sensitivity at small scale safety tests. 

 



We chose to explore very high mass contents for metallic particles (up to 80%). As a matter of fact, 
when the mass content of energetic charges is estimated too low to produce a detonation reaction in 
the high explosive, we tested it in dual composition arrangement. That is to say we used a standard 
high explosive core surrounded by the highly aluminized composition to evaluate. The HE core was 
always the same for all the experiments in dual arrangement configurations; it was composed of 86% 
of HMX and 14% of polymeric binder. 

At the end of this formulation study, 14 candidates have been selected for small scale 
characterizations, in a “monocomposition” arrangement (named MonoX) or in a dual arrangement 
(named BiX). The main constituents of these concepts are gathered in Table 1 along with two 
reference compositions known for their ability to produce enhanced blast effects: Ref #1 and Ref #2. 

 

Table 1: Type and mass contents of constituents for EB-PBX’s evaluated at small scale  

Main Constituents Composition 
name Energetic charges Metallic 

particles 
Oxidizing 
charges 

Polymeric 
Binder 

Ref #1 20% RDX 25% Al 43% AP 12% inert binder 
Ref #2 50% RDX 12% Al 24% AP 14% inert binder 
Mono1 22% RDX 40% Al 24% coarse AP 14% inert binder 
Mono2 22% RDX 40% Al 24% fine AP 14% inert binder 
Mono3 22% RDX 40% Al/Mg 24% fine AP 14% inert binder 
Mono4 11% RDX 20% Al + 20% B 12% AP 37% inert binder 
Mono5 22% RDX 40% Ti 24% fine AP 14% inert binder 
Mono6 11% RDX 40% Al 12% AP 37% Fluorated 

binder 
Mono7 22% CL-20 40% fine Al 24% AP 14% inert binder 
Mono8 22% HMX 40% fine Al 24% AP 14% inert binder 
Bi1 No energetic charge 80% Al No AP 20% inert binder 
Bi2 No energetic charge 60% Al 20% coarse AP 20% inert binder 
Bi3 No energetic charge 80% fine Al No AP 20% inert binder 
Bi4 No energetic charge 53% Al 27% fine AP 20% inert binder 
Bi5 No energetic charge 27% Al 53% fine AP 20% inert binder 
Bi6 No energetic charge 60% fine Al 20% fine AP 20% inert binder 
 

Each one of these 16 concepts has been evaluated at small scale in the same geometry: a cylinder of 30 
mm in diameter, 30 mm long. For dual compositions, the core is 15 mm in diameter, 30 mm long, and 
it is surrounded by the composition to be tested (BiX) so that the total cylinder is 30 mm in diameter 
and 30 mm long, same as for “monocompositions”. Depending on the concept density, this 
configuration represents 25 to 30 grams of EB-PBX. 

The small scale experimental set up is a confined vessel especially designed to favor the mixing 
between detonation products and the atmosphere inside the vessel. This atmosphere can be either air, 
or Nitrogen or Oxygen, respectively to prevent or to favor afterburning phenomena. The atmosphere 
variation is particularly interesting for understanding the critical conditions of afterburning, especially 
to define the hypothesis in phenomenological models. 

The vessel is a steel cylinder which inner diameter is 280 mm. Its length is 1700 mm and the walls are 
10 mm thick. The inner volume is then around 100 liters, which leads to a maximum mass to volume 
ratio of 300 g/m3. 

The vessel is instrumented by 3 pressure gauges, 3 thermocouples and a Silicon Photodiode. A picture 
of the vessel showing the different sensors is available in Figure 1. 



 

3 thermocouples 
and 3 pressure 
gauges 
 
 
 
 
 
 
 

  Initiation  

 

 
 
 
 

1 photodiode 

Figure 1: Picture of the vessel used for small scale evaluations, and the associated instrumentation 

 

Figure 1 also shows the specific initiation part of the vessel which diameter is smaller than the 
diameter of the rest of the vessel. This sudden expansion strongly contributes to mix detonation 
products with the atmosphere. 

Each shot in the vessel leads to 7 experimental signals which are full of information and a choice has 
been made to select the more pertinent parameters for the effects we were looking for. These signals 
have been analyzed in the following way: 

- Pressure histories (x 3): we picked out the maximum overpressure values, the extrapolated 
duration, and the quasi static pressure with the method proposed by Kim et al from ADD [1]. 
Then, we integrate the signals to obtain 3 positive impulse histories per shot. 

- Positive Impulse histories (x 3): we picked out the impulse values at 2 arbitrary durations: 20 
and 60 ms. 

- Temperature histories (x 3): first of all, it is noticeable to tell that the temporal resolution of 
thermocouples is not adapted to the duration of phenomena in the vessel: afterburning 
processes begin a few milliseconds after the detonation, whereas the resolution of the 
thermocouples we used was not less than 1.5 ms for the thinner ones (but also the more fragile 
ones). That is to say it is not pertinent to examine the absolute values from the thermocouples, 
but the relative comparison between shots is still pertinent. We chose to pick the maximum 
temperature value from each one of these signals. 

- Photodiode (x 1): we extracted the peak value and the stationary phase value from the signals 

 

An example of the typical signals obtained after one shot and the parameters extracted from them are 
showed in Figure 2. 
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Figure 2: Typical signals from one shot in the confined vessel and the parameters extracted from them 

 

This post processing leads to 12 parameters per shot, to be analyzed and compared from one 
composition to another. To do so, we used a method inspired by a “DA (Decision Analysis) method” 
which allows classifying different options likely to meet an objective (the best enhanced blast effects, 
in our case) by affecting them a grid of choice criteria. This method has only been applied for the 
evaluations in air. 

First of all, we affected a coefficient to each parameter, related to the subjective importance we gave 
to the considered parameter. For example, we affected a high coefficient for quasi static pressure and 
impulse values because these parameters are supposed to be increased by afterburning process. On the 
contrary, the temperature values are interesting but not immediately for the final effects we are looking 
for, that is why we affected a low coefficient to the temperature parameters, as well as for the 
photodiode values. 

Then, a final score has been calculated for each composition on the basis of the different parameters 
affected by their coefficient. As a matter of fact, some concepts which appeared very good in 
generating temperature can have a low score, whereas the higher scores are given to the concepts able 
to afterburn with air, and then to generate high levels of overpressures and pressure impulses. 

The score of each concept is exposed in Table 2, along with the reminder of the ingredients and a few 
comments if necessary. 



Table 2: Scores of the concepts evaluated at small scale in the confined vessel 

Composition name – Main ingredients Final Score Comments 
Ref #1 58.9  
Ref #2 39.6  
Mono1 - 40% Al 58.5  
Mono2 – 40% Al, fine AP 78.6 +30% in quasi static 

pressure and pressure 
duration, +50% in 
impulse @ 60 ms, high 
T° levels 

Mono3 – 40% Al/Mg alloy 51.0  
Mono4 – 20% Al + 20% B 0.0 No reaction (x2) 
Mono5 – 40% Ti 24.8  
Mono6 – Fluorated binder 35.8 High T° levels 
Mono7 – CL-20 67.6 High T° levels 
Mono8 - HMX 37.1 High T° levels 
Bi1 – 80 % Al 19.7  
Bi2 – 60% Al, 20% AP 77.5 +50% in quasi static 

pressure and in 
impulse @ 60 ms 

Bi3 – 80% fine Al 35.2  
Bi4 - 53% Al, 27% fine AP 60.4  
Bi5 – 27% Al, 27% fine AP 51.5  
Bi6– 60% fine Al, 20% fine AP 64.5 High T° levels 
 

These scores show that chosen reference compositions are already good candidates for high blast 
effects, the enhancement of such composition is then hardened by these high reference results. 
Nevertheless, we can identify two very promising concepts, with very high scores: Mono2 and Bi2. 
They both exhibit scores higher than 75, that is to say more than 25% better than the best reference in 
this configuration: Ref #1. 

Indeed, some compositions among those which have been tested in this configuration exhibit high 
temperature results: Mono6, Mono7, Mono8 and Bi6, but this is not the first criterion we are looking 
for blast effects evaluation. On the contrary, Mono2 and Bi2 exhibit very high gains in impulse and in 
quasi static pressure, compared to Ref #1. And these are the parameters we try to increase for 
enhanced blast effects. 

Table 2 also shows some tendencies concerning the use of ingredients in Enhanced Blast eXplosives 
or EBX: 

- Fine AP seems interesting for blast effects, and more particularly for generating high 
temperatures (see Mono2 vs Mono1). The use of fluorated binder is also interesting for high 
temperatures 

- The use of Boron or Titanium is not interesting for blast effects in this configuration. The 
composition based on Al and Boron had not even reacted in the two tests we performed with 
Mono4 

- The size of Al particles seems not of first order for enhancing blast effects, although fine Al 
gives better results when associated to fine AP, especially in generating high temperature 
levels (see Bi6) 



- CL-20 and HMX lead to high peak pressures due to their high energy of detonation, but the 
use of a less energetic charge such as RDX can be easily compensated with appropriate mass 
contents and particle sizes for AP and Al 

 

As a matter of fact, we selected Mono2 and Bi2 for further characterizations, but mainly for practical 
industrial reasons, we chose to develop especially the monocomposition concept Mono2. Since then, it 
has been named B2514A, and all the following results concern B2514A, in association with reference 
results obtained with Ref #2. 

 

Description of DEtonation & COmbustion Model DECO 

 

This model has been developed for a better understanding of the phenomena which occur between 
detonation products and air, at different scales, and in different configurations. As we have already 
said, the afterburning processes could be strongly affected by the test configuration, and it is not 
possible to test every possible configuration. As a matter of fact, the model DECO completes 
experimental results which are quantitative but punctual, by simulated results offering a more global 
vision. 

DECO is a simple model based on a multiphase flow involving three phases considered as perfect 
gases: (1) fuel rich detonation products, (2) ambient gas and (3) afterburning products which are the 
resulting products of the reaction between (1) and (2): 

..)1()(..)1( prodngAfterburniSAirSprodDet +→+     (Eq. 1) 

 

This model involves a volume fraction and an equation of state for each phase (no mixture equation of 
state). All phases share the same velocity and the same pressure (but temperatures are different).  

Reynolds number being very high, the viscous effects are neglected (Euler equations). Doing so, 
numerical results contain numerous eddies which are first stages of a turbulent flow. Large eddies are 
numerically resolved while smaller ones are only modeled using MILES approach (Monotone 
Integrated Large Eddies Simulation). To get converged results, the mesh must be very fine, as 
demonstrated by Kuhl et al [2]. 

This model has been applied to the confined vessel configuration. Results concern the 
detonation/afterburning of TNT (15 g) in the test chamber (104 l). Figure 3 (with air) gives pictures of 
the volume fraction of afterburning products. One can observe how the interface evolves and how the 
afterburning products appear in this interfacial area.  

Overpressure histories (transducer n°1 placed in the first part of the vessel) obtained in air and in 
nitrogen for RDX/wax simulations are compared to experimental ones in Figure 4. With air, 
overpressure rises until 7 bars in average (quasi static pressure), which is nearly two times the value 
obtained with nitrogen (4 bars). 

 



     

t = 1 ms t = 3 ms t = 5 ms t = 10 ms Vol. Fraction 
scale 

Figure 3: Volume fraction of afterburning products at different instants (TNT/air) 
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Figure 4: Experimental (black curves) and numerical overpressure histories of RDX/wax in the 
confined vessel in air (green curve) and Nitrogen (blue curve) 

 

These numerical results are in qualitative agreement with experimental ones, although one can notice a 
better quantitative agreement in nitrogen than in air, where the pressure levels are well reproduced, but 
not the chronometry of the peaks. Work is still in progress to improve the kinetic law and to adapt the 
model to the intrinsic heterogeneity of the detonation products containing Al solid particles in motion 
in a gas flow. 

 

SMALL SCALE TO LARGE SCALE EVALUATIONS 

After the good results obtained at small scale in the confined vessel, we were also expecting good 
results at larger scale for B2514A. However, we are aware that the blast effects, and afterburning 
phenomena, are highly dependant on the test configuration: the presence of obstacles is a factor which 
strongly favors the shock waves reflections and the afterburning process.  

These considerations are still extremely difficult to simulate by numerical calculations, especially at 
large scale. Indeed, we need to be accurate enough around the initial explosive at the beginning in 
order to better simulate the rest of the story. Then, we need to accurately solve the propagation of the 
aerial shockwave, and also the interface between the detonation products and the surrounding air, 
where the afterburning products are created. As this interface is highly disturbed by shock waves 
reflections and natural turbulence, it is a real challenge to solve such a problem at large scale with a 
reasonable size of mesh. 



 

Adaptative Mesh Refinement in DECO 

 

The challenge is then to be able to solve as accurately as at small scale all the phenomena previously 
described. To do so, we have chosen to associate an Adaptive Mesh Refinement (AMR) routine to 
DECO which was developed so far only for a fixed size of grid. The AMR technique is able to refine 
the size of the grid precisely where a more accurate resolution is needed, and it is also able to undo it 
at the places where there is no need for accuracy anymore.  

The mesh is managed by arborescence as shown in Figure 5. Each parent cell can be divided in four 
children cells, and so on until a sublevel chosen by the user.  

 

Figure 5: Illustration of the arborescence used by the AMR technique to manage the mesh 
(de)refinement process 

 

The user also attributes one or more criteria for refinement and derefinement processes. In our case, it 
is based on the pressure gradients and the volume fraction of afterburning products. These two criteria 
lead to a good accuracy for the propagation of shock waves and for the interface between detonation 
products and air, respectively. 

Another great advantage of this technique is that the calculations can be operated on multiple 
processors.  

An illustration of the mesh refinement management is displayed in Figure 6 for a 2D plane simulation, 
showing the detonation of TNT in a 8 x 8 m2 chamber, with an initial mesh size of 30 mm. The color 
legend is associated to the volume fraction of detonation products: red color corresponds to 100% and 
blue color corresponds to 0%. 



 

t = 0 ms t = 2.5 ms t = 5 ms 

   

   

t = 7.5 ms t = 10 ms t = 10.5 ms 

Figure 6: Simulation of the detonation of TNT in a square chamber with DECO 

 

Figure 6 shows the expansion of the aerial shock wave generating by the detonation, as well as the 
development of the fireball. It is interesting to notice the mesh size which is well refined along the 
shock wave and at the edge of the fireball, corresponding to both criteria we imposed for 
(de)refinement process: pressure gradients and volume fraction of afterburning products created at the 
interface between detonation products and air. 

DECO has been applied to simulate B2514A in large scale experiments, as shown in the last part of 
this paper. 

 

Large Scale Experiments 

Large scale experiments were performed in two different configurations: 

1. Closed Configuration: A cylindrical explosive charge, 90 mm in diameter, 100 mm in length 
(~1.1 kg), placed vertically in a corner of a closed detonation chamber (500 m3) at 1.5 m from 
the walls and 2 m from the ground. Three pressure gauges record the incident overpressure 
signals in the diagonal of the chamber at 3, 4 and 5 m from the charge axis, at 2 m from the 
ground (see Fig. 7a). 

2. Open configuration: A cylindrical explosive charge, 200 mm in diameter and length (~11 
kg), placed vertically on the ground in an open air field. 10 pressure gauges placed on the soil 
surface record the incident overpressure signals from 2 to 15 m from the charge axis. In this 
configuration, a high speed video camera (2000 fr/s) was used to visualize the phenomena (see 
Fig. 7b). 
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Fig. 7a: Top view of the detonation 
chamber in Closed Configuration 

Fig. 7b: Top and side views of Open 
Configuration 

Figure 7: Schematic views of both configurations (closed and open configurations) 

 

For each configuration, we performed at least 2 shots for each composition: B2514A and the reference 
Ref #2, chosen for its better performances in large scale in comparison with Ref #1. The explosive 
charges were initiated by a High Explosive booster (86% HMX, 14% inert binder), integrated inside 
the charge and the whole assembly was ignited from the bottom. 

Both configurations have been meshed and simulated twice with DECO in closed configuration, to 
take into account two different hypotheses: 

- the “reactive case”: detonation products and air are able to react according to Eq. 1 

- the “inert case”: there is no reaction possible between detonation products and air 

 

In closed configuration, the experimental and calculated pressure histories at 4 m have been compared 
for Ref #2 and B2514A, they are shown in Figure 8. 
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B 2514A in Closed Configuration
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Figure 8: Comparison between experimental and calculated pressure histories at 4 m from the charge 
in closed configuration 



 

One can note a better agreement in the case of Ref #2 but it is difficult to conclude which hypothesis is 
the most realistic one. For B2514A, whatever the hypothesis, the first pressure peak is too high and 
arrives too early in numerical simulations compared to the experiment. This could be explained by the 
fact that the hypothesis taken for aluminum is a total reaction within the detonation products, whereas 
in the case of highly aluminized compositions such as B2514A, we suppose it is not true: Al may 
mostly react with air during afterburning process. 

In closed configurations, B2514A offers a strong enhanced blast effect, as expected. 

For open configurations, we slightly changed the hypotheses made for calculations: 

- the “ultra reactive case”: Al reacts totally within the detonation products ; resulting detonation 
products and air are able to react according to Eq. 1 

- the “ultra inert case”: there is no reaction possible for Al in detonation products and between 
resulting detonation products and air 

 

Some pictures from high speed visualizations and comparisons between experimental and calculated 
pressure histories are given in Figure 9 for Ref #2 and B2514A. 
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B2514A in Open Configuration
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Figure 9: Comparison of visualizations and pressure histories in open air configurations 

 

Once again, we observe a good agreement between experimental and calculated signals for Ref #2 in 
the reactive case. It means that the hypothesis made for the total reaction of aluminum in the 
detonation products, and also the reaction between detonation products and air is adapted for this 
composition. On the contrary, none of the hypotheses, inert or reactive, is correct for B2514A: the 
reactive case gives a too high pressure peak, arriving too early and in the inert case, it is the contrary: 
the pressure peak is too low and arrives too late compared to the experimental signal.  



In the case of B2514A, we can assume that the high aluminum content does not react immediately 
after the detonation, and that it takes a longer duration than in the case of Ref #2. This assumption is 
confirmed by the pictures from high speed cameras which show a much longer duration of luminosity, 
due to afterburning. 

As a consequence, more work has to be done to enhance the model implemented in DECO and 
especially concerning the ignition and combustion of aluminum.  

Nevertheless, it confirms that blast effects of such formulations are enhanced in closed configurations, 
whereas the mixing and afterburning with air is less efficient in open configurations. 

 

CONCLUSION 

Based on small scale confined experiments, a novel EBX named B2514A has been defined. Enhanced 
blast effects compared to conventional aluminized PBX has been proven in confined configurations.  

A specific numerical model (DECO) has been developed to evaluate the afterburning of detonation 
products in air. It gives good agreements with confined experiments (small scale or large scale, 
different formulations). For open air experiments, the ignition and combustion of aluminum needs to 
be modeled in more details.  
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ABSTRACT  
 
The main goal of the investigation was the achievement of detonation in thermite mixtures of solid fuel and 
oxidizer. The main attention was paid to the systems with a maximal heat effect of component interaction. In 
such mixtures the reaction rate are defined by an effective contact surface of reagents. Previously, it was 
shown that preliminary mechanical activation made it possible to increase the reaction rate of thermite 
mixtures. The present paper is devoted to the investigation of influence of mechanochemical activation on 
detonation and burning properties of energetic materials containing fuels (Fu = Al, Mg, Si) and solid oxidizer 
(Ox = MoO3, KClO4, NH4ClO4, Teflon, etc.). We analyzed the regularities of Fu/Ox nano-sized composite 
formation under mechanical treatment, it’s structure and reactivity. The optimal doses of mechanical 
treatment were determined for obtaining different mixtures with specified properties. The microstructure of 
composites was investigated by XRD, SEM, TEM, BET and other methods. The reactivity of MAEC was 
checked under “slow” heating in the DSC device and in the burning and detonation experiments. The most 
important results we obtained in this line are: 1) the increase of burning rate up to three orders of magnitude 
for loose packed samples and ability of deflagration to detonation transition; 2) the possibility of reaching the 
steady-state detonation regime in thermite mixtures. The velocity of self-sustaining detonation-like process 
depends mainly on a degree of homogeneity of mixtures and porosity of charges. The maximum of 
detonation velocity was achieved for loose-packed samples of Fu/Ox MAEC at a mass ratio of components 
close to stoichiometric ratio. 
 
 
INTRODUCTION 
 
The reaction rate in solid fuel-oxidizer mixtures is defined, first of all, by an effective contact surface of 
reagents which can be increased at use of various ways. One of the effective methods to obtain nano-sized 
energetic composites with high contact surface of fuel and oxidizer is mechanical activation of mixtures of 
micron-sized powders in high-energy intensity ball mills. As result of mechanical treatment the energetic 
nanocomposites are formed due to the destruction and cold welding of components; they contain defects 
arising during the treatment and are characterized by the high reactivity. 
The technique of mechanochemical activation (MA) of materials is known enough for a long time, however 
for manufacturing of energetic mixtures it has started to be used only recently due to ability of explosion in 
result of intensive treatment of high-capacity energetic compositions in ball mills. As a result of last 
researches it was possible to find modes of the processing, allowing to receive power-intensive products 
without chemical reaction in the activator. MA is used for the pretreatment of reactive mixtures for self-
propagating high-temperature synthesis [1] and thermite compositions [2]. At the Semenov Institute of 
Chemical Physics of the Russian Academy of Sciences, the method of preliminary mechanoactivation of 
oxidizer–metal fuel mixtures has been in operation since 2002 [3]; materials thus synthesized become known 
as mechanoactivated energetic composites (MAECs). In earlier papers we reported the first results on the 
detonation-like processes in low-dense mixtures of Teflon with Al and Mg [4, 5].  
The present paper is devoted to the investigation of influence of MA on detonation and burning properties of 
energetic mixtures containing solid fuel (Fu = Al, Mg, Si.) and solid oxidizer (Ox = molybdenum oxide 
(MO) MoO3, potassium perchlorate (PP) KClO4, ammonium perchlorate (AP) NH4ClO4, Teflon (–C2F4–)n, 
and potassium nitrate (PN) KNO3). This composition was chosen due to its high specific heat effect of 
component interaction. Using X-ray diffraction analysis, scanning electron microscopy (SEM), atomic force 
microscopy (AFM), and chemical analysis, we studied the structure of Fu/Ox MAECs, revealed the effect of 
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the nature of initial components and their concentrations in the mixture on the rate and depth of reaction in 
combustion and detonation regimes, and studied the composition of final products. 
 
EXPERIMENTAL 
 
MAECs may be obtained by two ways: 1) mechanical destruction of each of components individually to 
submicron- or nano-sized powder and, then, preparation of a nanocomposite from nano-sized particles of 
these components, or 2) joint mechanical activation of the mixture of components. Optimum conditions of 
MAECs preparation depend both on the size of initial particles of materials, and on their physical properties.  
The initial particle sizes of Al, Mg, Si, MO, AP, PP, PN and Teflon powders are presented in Table 1.  
Four types of Al powder and three types of MO powder were used as initial components. The ASD-6 Al 
powder had a spherical shape with the average particle size of 3.6 µm, whereas the rest Al samples were flat 
with different average size and thickness. The smallest size was characteristic of Al(N4) in which the sheet 
thickness was on the order of 0.5 µm and the average size 21 µm. Different specimens of initial MO sharply 
differed by particle size. MO (N1) is a chemically pure reagent, and its particles are stretched-edged crystals 
with the mean size of 30 µm. In some experiments a less pure, technical MO (N2) was used. Its particles 
were of 3–8 µm. The nano-dimensional nMO (N3), prepared as a rule, by preliminary mechanical activation 
with the dose of 0.72 kJ/g (4 min), was widely used. In all three MO samples no contaminants were found by 
XRD analysis. The initial Mg powder of MPF-3 brand looks like curved particles with maximal size of 150–
200*2-10 µm and equivalent diameter of 35 µm. Initial Teflon powder F4-PN have particle size of 10–300 
µm. The initial AP, PP and PN powders have mean particles size from 20 up to 200 µm. 

 
Table 1. The initial sizes of particles. 

 
Fuels Oxidizers 

Al MoO3 
ASD-6 Spherical <d> =3.6 µm N1-Chem. pure <d> =30.4 μm 
PP-2 Flake <L> ~ 30 * 1-2 μm N2-Technical <d> =3-8 μm 

PAP-2 Flake <L> ~ 100 * 1-3 μm nMO - Activ. <d>=50-60 nm 
Al N4 Flake <L> 21,3 * ~0.5μm NH4ClO4 

Mg PA1 <d> ~ 200 μm 
MPF-3 Flakes <L> ~ 150 * 2-10 μm PA2 <d> ~ 20 μm 

Si KClO4 
kSi Crystal <L> ~ 2 * 3 mm PP <d> ~ 100 μm 
mSi Micron-sized <d> ~ 64 μm KNO3 

nSi (28) Nano <d> ~ 92 nm PN <d> ~ 150 μm 

nSi (44) Nano <d1> ~ 65 nm 
<d2> ~ 1-2 μm 

Teflon 
F-4PN <d>  10 - 300 μm 
Forum <d> ~ 0.6 μm 

 
Four types of silicone powders were used: coarse crystal kSi, micron sized particles mSi and two nanosized 
nSi. nSi powders were produced in FSUE SSC RF "GNIIChTEOS" (Sh.L. Guseinov, P.A. Storozhenko) by 
technique of plasma re-condensation. Two types of nSi (nSi(44) and nSi(28)) have been used (with the initial 
size of particles 65 and 92 nm). According to "GNIIChTEOS" data the content of active Si in powders was 
more than 90 %. The additional analysis was spent by means of detailed XRD, IR spectroscopy and the local 
element analysis (Energy Dispersive X-ray Spectroscopy - JSM-7401F - Shubnikiv Institute of 
Crystallography RAS). As a whole data have shown, that the initial nSi powders consist of fine and coarse 
fractions (separated nano-Si particles (~ 50 nm) and large agglomerates with sizes about 1-2 μm). The 
agglomerates consist of nanoparticles (~ 50 nm). Also the data have shown high enough heterogeneity of the 
contents of pure silicon in particles, especially in fine fraction. 
The concrete devices for mechanical activation of solid mixes Fu/Ox have been chosen from reasons of a 
combination high energy intensity and good productivity. On the basis of these reasons we have decided on 
two various types of mills: vibrating mill of Aronov design (ICP RAS) and planetary mill «Activator-2sl» 
(Joint-Stock Company «Activator ", Novosibirsk). Mixtures of initial powders were treated with steel milling 
vials and balls. The weighed portion of material was 8–10 g; the ratio of ball loading to the weighed portion 
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of material was equal to 30:1. The MA conditions were chosen so that the maximum homogenization of the 
mixture was ensured in the absence of the reaction between components in the course of treatment. Some 
details of specimen preparation procedure are described in the previous paper [6]. The mechanical treatment 
of energetic systems Fu/Ox is affected by a danger of explosion directly during ball milling. That is why ball 
milling was performed in the presence of the hexane, which was subsequently removed by drying the 
mixture. To prevent overheating of the mixture and initiation of the reaction in the activator, the treatment 
was carried out in 30 - 60-s cycles followed by cooling for 2 - 5 min. The ratio of components and the dose 
of activation were varied. The total activation dose was changed in the range from 1.6 to 11 kJ/g (time of 
activation - from 4 to 60 min).  
The structure of mechanoactivated specimens was investigated with by X-ray diffraction (XRD) and 
microscopy (optical, scanning and transmitting electron (SEM, TEM) and atom-force (AFM)), differential 
scanning calorimetry (DSC), as well as the value of the BET specific surface. XRD patterns were recorded 
on a DRON-3 instrument (copper anode) in a step-by-step regime. Measurements by scanning electron 
microscopy were performed with a Leo 14-XX and CAMEBAX MBX-1M instruments with images recorded 
in scattered or secondary electrons, as well as during the recording of the characteristic radiation of elements. 
The latter regime makes it possible to detect the distribution of the chosen element over the studied surface 
and to perform a local X-ray spectral analysis.  
The measurements of burning rate were carried out to analyze influence of mechanoactivation on reactivity 
of Fu/Ox mixtures in combustion regime. The powders of mixtures were charged in portions into the casing 
(plastic or metal tube of internal diameter of 6 - 8 mm) and slightly compressed. Ignition was effected by 
electric heating of Ni-Cr wire. Burning rate was measured by registration of burning product radiation. 
Optical light fibers made of quartz-polymer with the core of 0.5 mm were mounted into holes along the tube 
2-3 mm deep inside the mixture. The charge length from the ignition point to the first optical fiber was 20-
200 mm. Radiation of burning products was transmitted to the photodiodes through optic fibers, and 
analogue-digital converter recorded it. Also for a number of MAECs the experiments on DDT (Deflagration 
to Detonation transition) process were carried out in long duralumin and stainless steel tubes with an inner 
diameter of 10 mm and length of 200-220 mm. In some shots the “closed end” of a tube with the screwed 
bolt was used. In this case Ni-Cr wire was entered through an aperture in a bolt. In other shots the “open 
end” of a tube was used, Ni-Cr wire was fixed by plasticine. 
Optical pyrometry was used to obtain information on temperature of burning products. Loose packed 
samples of Fu/Ox in duralumin tube were ignited by Ni-Cr wire, heated by electric current. PMMA plates, 
about 5 mm of thick, were used as window material. Radiation emitted from the sample-window interface 
was converted by dual-channel optical pyrometer with effective wavelengths 420 and 627 nm into electric 
signals, which were recorded by analogue-digital converters. Electric signals were recalculated to brightness 
temperatures with using of usual pyrometric procedure. 
The research of an opportunity of detonation-like propagation of chemical reaction has been executed for 
mixtures with the greatest speeds of burning. The experiments were carried out in metal tubes (10-30 mm in 
diameter with a height of 150-300 mm). The mixture was charged in portions into the tube and slightly 
compressed.  The explosive mixture of ammonium perchlorate (AP) and acrylic plastic (PMMA) (95/5) was 
used as initiation charge. AP/PMMA charge was ignited with an ED-8 electric detonator with a small (~1g) 
RDX layer placed in between. The velocity was measured by electric contact gauges and quartz optical fibers 
inserted into the mixture to half the diameter. At the end of the charge, a witness (indicator) plate or a 
compound plate with an embedded piezoelectric film pressure transducer was placed 
 
RESULTS AND DISCUSSION 
 
Structure of MAECs 
 
The structure of MAECs depends on the type of initial powder particles and dose of activation. Maximum 
homogenization of the mixtures was obtained for Me+Teflon systems (see Fig. 1a and 1b). In this case we 
obtain MAECs, consisting of oxidizer and metal fragments of the submicron- and nano-size in a Teflon 
matrix. The particles of composite have the shape of flakes. 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 
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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. 
 

a) 

 

b) 

 
c) 

 

d) 

 
e) f) 

Fig. 1. SEM images of MAECs: a) Al (ASD-6) + Teflon; b) Mg (MPF-3) + Teflon; c) Al (PAP-2)+ 
nMO;  d) - Mg (MPF-3)+ nMO; e) nSi + PP ; f) nSi + AP 

 
The results for Me+MO demonstrate strong dependence on the type of initial powder particles. MO (more 
rigid in comparison with Teflon) interferes with crushing of particles of metal. The most homogeneous 
composite can be received at use of the finest initial components. For this purpose initial MO was exposed to 
preliminary machining with crushing up to nano dimensional sizes of 50-60 nanometers. For composites 
with spherical Al particles (ASD-6) the micron sized Al particles are preserved and they are covered by MO 
particles. In the case of “flat” Al the “inverse” structure is observed: particles of micron-sized MO are 
covered with a layer of Al. For MAEC with “flat” Al of PAP-2 type and nanosized activated MO the micron 
sized fragments of flake Al are covered by nanoparticles of MO (see Fig. 1c). From the viewpoint of 
maximal homogenizing of mixture, the use of flake-like metal powder with minimal particle dimensions and 
preliminary activated nanosized MO is the most promising way. In this case it is possible to prepare MAEC, 
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in which the components are mixed at the nano-level (tens nm). The joint analysis of SEM, XRD and DSC 
data has shown shows that the dose of mechanical treatment of about 5–6 kJ/g (18-22 min) creates optimal 
conditions for mechanical treatment when the mixture Al+MO is already well activated and mixed, but 
mechanochemical transformation did not practically happen. 
In the case of Mg+MO rather rapid disintegration of Mg particles with linear dimensions above 100 µm to 
the size of hundreds nm and homogenization of the component mixture happen during mechanical activation 
already at doses of processing about 2.3 kJ/g (8 min) (see Fig. 1d). At the same time there is no molecular-
dense aggregation of individual components in the composite. Simultaneously, defectiveness, revealed as 
additional broadening of X-ray diffraction lines, is accumulated within components. Diffraction 
confirmations of the beginning of mechanochemical oxidation of Mg were obtained for the specimen with D 
= 3.5 kJ/g. The depth of transformation in this case made up about 20%. However, it follows from SEM 
measurements that traces of MgO were also found for the specimen with the dose of 2.3 kJ/g. Thus, the 
optimal MA dose of Mg+MO mixture is 2.5-3 kJ/g. In this case minimal particle dimensions, maximal 
defectiveness of components, and mixture homogenization are provided, but processes of mechanochemical 
transformation still did not become dominant. 
In contrast to metals micron sized Si does not give good results at mechanical treatments. The milling of 
rigid Si particles demands very long time (up to 60 min) and is accompanied by occurrence in products of a 
plenty of Fe impurities. The best results have been received at use of initial silicon nanoparticles nSi. SEM 
images of MAECs nSi + PP and nSi + AP are shown on Fig. 1e, 1f. The analysis of distribution of elements 
Si, Cl, K and O in a composite along the central line of the image of the sample shows enough homogeneous 
distribution of components at a submicron level. The optimal dose of nSi/Ox mechanical treatment is about 
8–10 kJ/g (30-40 min).  
 
Burning and Detonation 
 
The mechanical activation provides an opportunity of the fullest use of the energy reserved in Fu/Ox 
mixtures at initiation of processes of burning and a detonation. 
The burning rate of MAECs Me+MO changes from several meters to several hundred meters depending on 
activation dose, type of metal and density. For Al+MO the highest velocities were obtained MAEC based on 
flake Al and preliminary activated MO. The burning rate grows as the dose of activation increases up to 7 
kJ/g, and the density of sample decreases. In the case of loose-packed MAECs Al+MO and Mg+MO at the 
relative density of 0.3 TMD the process of burning proceeds in explosive regime with high velocities (up to 
400 m/s). For pressed samples with the density of 0.7-0.8 TMD the burning rate is varied through the range: 
1.5 - 20 cm/s. The measured brightness temperature lies in the range between 2200 and 4100 K in 
dependence on type of initial particles, activation dose and component ratio. Maximum temperature is 
registered for MAEC based on the Mg and nanosized preliminary activated MO. 
Mg has shown high activity during mechanical treatment. Mg possess low strength under mechanical 
treatment and are well crushed in a mix with MO already at small doses of activation. At excess of some 
doze of Mg+MO activation the reaction between components can begin already during treatment. For 
Mg+MO the maximum reactivity and the highest parameters of burning were obtained for the dose of 
activation 2.7-3 kJ/g (see Fig. 2 and 3). For loose-packed MAEC Mg/MO 34/66 at the relative density of 0.3 
TMD the process of burning proceeds in explosive regime with velocities at the level 280 m/s with 
maximum brightness temperatures of about 4000 K. The further increase of activation dose (more 3 kJ/g) 
results in partial reaction of components during ball milling as well as in essential decrease of parameters of 
burning.  
The results of investigations have demonstrated the possibility of initiation of steady-state detonation-like 
process in Me+Teflon MAECs. Velocity of self-sustaining detonation-like process depends on a degree of 
homogeneity of mixtures (or an effective surface of contact of reagents), on composition of the mixture and 
loading density. The dependence of the velocity of detonation on the Al mass content at close values of 
density is shown in Fig. 3. The curve has a maximum at an Al content of 25–27 wt %, which is close to the 
stoichiometric component ratio (26.5/73.5) in reaction. It is known that the rate of combustion of Al+Teflon 
thermite mixtures is maximal with an excess of fuel [18]. However, for MAHECs with a rather large contact 
area of reagents, the rate maximum shifts toward the stoichiometric composition. Upon the approach to a 
stoichiometric composition, the length of the part that corresponds to the achievement of a stationary regime 
decreases along with the rise in the velocity of detonation. This result testifies to the fact that the mechanical 
activation ensures a high degree of interactions between Me and Teflon in the detonation wave. 
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The second significant parameter is the loading density. We only succeeded in implementing high velocities 
of detonation for low-density loading. The rate of reaction propagation decreases with an increase in the 
loading density and a steadystate rate of reaction propagation cannot be achieved. At a density close to the 
maximal value, the stationary regime was only achieved upon the addition of 10–15% HE (HMX).  
Chemical interaction of Mg + Teflon has higher thermal effect than for Al + Teflon, but velocity of 
detonation for MAECs Mg+Teflon has appeared lower, that can be connected with the big size of initial Mg 
particles and, as consequence, with decrease in reaction rate at the expense of reduction of a contact surface 
of reagents. Also for mixes Mg+ Teflon strong dependence on an activation dose is observed. The optimum 
doze of activation for Mg+Teflon for maximum velocity is equal 7-8 kJ/g (see Fig. 5). 
 
 

 
Fig. 2. Burning rate in loose-packed samples 

Mg/MoO3  34/66 vs. dose of activation. 
Fig. 3. Brightness temperature in loose-packed 
samples Mg/MoO3  34/66 vs. dose of activation 

 
Fig. 4. Detonation velocity vs. Al mass content for 

MAEC Al/Teflon. 
Fig. 5. Detonation velocity vs. dose of activation for 

MAEC Mg/Teflon  35/65 
 
Results of burning rate measurements for MAECs Si+MO have shown, that usual mixes on the basis of 
micron-sized Si burning velocity less than 10 mm/s. Using of nano-Si and mechanochemical treatment of 
mixes allows to increase essentially burning velocity up to 1 m/s, however it is necessary to note, that unlike 
to Me+MO MAECs Si+MO burn essentially more slowly, introduction of metal additives (Al and, 
especially, Mg) increases burning velocity up to several meters per second. MAECs based on nanosized 
silicon (nSi) particles showed burning velocities which were extremely high for silicon-based compositions. 
Thus, burning velocities were equal to 140 – 640 m/s for the MAEC of 0.5 – 0.6 g/cc in density, placed in 
plastic tubes with internal diameter of 6 mm.  
The experiments on DDT were carried out in thin-walled (1 mm) duralumin and stainless steel tubes with an 
inner diameter of 10 mm and length of 200-220 mm (see Fig.6). DDT with final velocities 1200 – 2000 m/s 
(depending on the initial density and component ratio) was observed in nSi+AP and nSi+PP composites, 
ignited in duralumin or steel tubes. For MAEC’s prepared on the base of Si and PN the high-speed explosive 
burning (300-400 m/s) without transition to detonation was observed only. nSi+PP MAEC’s have shown 
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intermediate result. For experiments with “open” end tube it is observed only deflagration with velocities of 
300-600 m/s. DDT process is observed in steel tubes with “closed” end. DDT length decreases (from 7 cm 
and more), and velocity increases with increase in the sizes of nSi/PP agglomerates. MAEC prepared on the 
base of nSi and AP demonstrates very fast DDT with steady-state detonation velocities about 2000 m/s with 
DDT distance less than 2 cm.  

a) 

b) 

c)  

d) 

Fig. 6. Experimental set-up (a) and photos of metal tubes after experiments on DDT for MAECs 
nSi+Ox. 30 min MA. b) nSi/PN 25.8/74.2, duralumin tube - deflagration u = 300-400 m/s;  

c) nSi/PP 29/71, steel tube – low velocity detonation D=1200 m/s, DDT L = 7 cm;  
d) nSi/AP 29/71, steel tube - detonation D = 1900 m/s, DDT L = 2 cm. 

Fig. 7. Photos of duralumin 
tube after experiments with  

MAEC nSi/AP 29/71 (30 min 
MA).  

Initiation at the left. 

Fig. 8. Brightness temperature of 
nSi/AP 29/71 products at the end of 
charges of different length (L) with 

PMMA windows.  
L=15 mm, time of signal build-up 

t=150 µs - Tmax = 3300 K;  
L=45 mm, t=7 µs - Tmax = 3750 K;  
L=91 mm t=0.1 µs - Tmax = 4250 K  
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In some experiments with duralumin tube the interesting process of a “retonation” was observed (see Fig.7). 
During development of DDT in an initial part of a charge there is enough of non-reacted mix, and after 
formation of a detonation in a direct direction, the retonation wave propagates in the opposite direction, with 
increasing pressure due to afterburning of non-reacted material that leads to destruction of a duralumin tube 
in areas of not burned down material. The highest burning rates and detonation velocities were observed for 
MAEC’s prepared on the base of finest nSi (60 nm).  
The process of detonation front formation was investigated with application of registration of product light 
emission at the end of charges. Intensity of emission was registered by optical pyrometer. The charges of 
different length with PMMA or LiF windows were used. For nSi/AP time of signal build-up had reduction 
from 7 μs up to 0.1 μs with increase in the charge length from 45 mm up to 90 mm, and maximum brightness 
temperature increased from 3700 up to 4200 K (see Fig. 8).  
High reactionary ability of nSi/AP and nSi/PP also has been received in experiments on mechanical 
sensitivity. The sensitivity to friction of this MAEC’s is on the level of initiating explosives. 
 
CONCLUSIONS 
 
The obtained results have shown that fuel-oxidizer nanocomposites prepared by the mechanochemical 
method have increased reactivity of their components in various processes. MA of solid Fu/Ox mixtures 
leads to the abrupt acceleration of the mixture combustion and to the possibility of the reaction occurring in 
the detonation regime. The acceleration of the chemical interaction between the components of the mixture 
due to MA can be associated with several processes. First of all, upon MA, the sizes of particles of 
components became smaller and the mixture is homogenized. The uniformity of the distribution of the 
components in a scale on order of microns is confirmed by the data of electron microscopy and AFM. The 
second MA manifestation is the creation of defects in each of the components. It is well known that the 
emergence of dislocations on the surface and free radicals are the sites of enhanced chemical activity resulted 
in a decrease in the activation energy of chemical transformations. It is quite possible that the presences of 
dislocations on the surface of metal and oxidizer particles (or ruptured bonds in Teflon) are the initiation 
sites of local reactions. Thus, MA leads to the formation of a developed surface of molecularly dense contact 
between active reagents, the formation of fresh unoxidized metal surface, and the appearance of linear and 
point defects in components. To reveal the contributions of each channel of the acceleration of chemical 
transformations, it is necessary to conduct further studies. 
The high reactivity of MAECs allowed the detonation regime of the propagation of chemical reaction to be 
put into effect. Apparently, the mechanism of detonation propagation has “heterogeneous” type (according to 
Khariton’s definition [9]) and is developed by the relay mechanism due to the reaction transfer by high-rate 
flows of explosion products from one area to another. In some cases the final products are solids; however, at 
the intermediate stages, gaseous and liquid produces can be formed. As the density of the samples increases, 
conditions of micro jet propagation deteriorate and the rate of the process decreases.  
Thus, MA ensures opportunities for the most complete consumption of energy stored in a system upon the 
initiation of the processes of combustion and detonation. MAECs may be used for the development of 
various energetic materials, materials for hydrogen power systems, cermets, etc. Formation of 
nanocomposites is the intermediate stage of the mechanochemical synthesis, and, depending on the 
formulated problem, one can prepare the specimens with different properties. 
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ABSTRACT 

Zirconium-potassium perchlorate composition (ZPP) is widely used in electrically activated initiators. It is 
one of the most sensitive composition to electrostatic discharges. The increasing interest in Insensitive 
Munitions (IM) raises the need for pyrotechnic compositions with reduced sensitivities. The purpose of the 
study was to prepare a ZPP composition less sensitive than RDX CH 0/100 C. ZPP compositions have been 
prepared with different raw materials and zirconium-to-potassium perchlorate ratios. The sensitivities to 
electrical, mechanical and thermal stimuli were tested. One of the compositions, coated with 5 % of Viton® A 
as binding agent met the sensitivity requirements. 

1 – INTRODUCTION 

ZPP, a mixture of zirconium and potassium perchlorate is one of the most widely used pyrotechnic 
compositions. Its high sensitivity, in some way not so different than that of some primary explosives, makes 
it of great interest in producing electro-pyrotechnic initiators including 1A/1W-5 min ones. However, as this 
composition is highly sensitive to electrostatic discharges, the utmost skill and care is required to prepare and 
handle it. 

For that reason studies were carried out at Nexter Munitions in the early 1990's to decrease the sensitivity of 
ZPP compositions [1-3]. It was shown that the addition of more than 2,5% of a binder like Rhodopas® B 
(polyvinyl acetate) or Viton® A (copolymer of hexafluoropropylene and vinylidene chloride) dramatically 
reduces the sensitivity to electrostatic discharges but not so much to friction. 

Since then the need for Insensitive Munitions (IM) has emerged. In a first step the studies focused on low-
vulnerability loading explosives. The interest in low sensitivity ignition compositions and propellants is 
becoming increasingly apparent. 

This paper will describe the study undertaken by Nexter Munitions in order to develop a ZPP composition 
with reduced sensitivities to both electrical, mechanical and thermal stimuli. 

2 – STATE OF THE ART 

ZPP compositions are usually made of zirconium and potassium perchlorate in a 60/40 ratio. A binder can be 
added to improve the flowability and thus the loading ability of the substance. The binder can be 
nitrocellulose or a plastic material and is present in a mass fraction in the range 1-5% of the total 
composition mass. 

The sensitivities of one of Nexter's ZPP compositions are shown in table 1. 
 

 

Electrostatic 
discharge 

(NF T 70-539) 
50% Go results 

[4] 

Friction 
(NF T 70-503) 

[5] 
50% Go results 

Slow cook-off 
(NF T 70-504) 

(20°C/min) 
[6] 

 

 55,9 mJ 43,1 N > 500°C  

Table 1. Sensitivities of "CP-02-4" ZPP composition 

The sensitivities were determined according to AFNOR procedures ("Association Française de 
NORmalisation" or French Standardization Association). 

This composition is used in a range of electro-pyrotechnic igniters. As it can be seen, it is very sensitive to 
electrostatic discharges and quite sensitive to friction. 
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3 – EXPERIMENTAL 

3.1 – PREPARATION OF ZPP COMPOSITIONS 

To produce the binder-coated ZPP compositions, the so-called “emulsion method” was used [7]. This 
method uses three fluids for blending: silicon oil, a solvent for the binder and a countersolvent fluid to make 
the binder drop from solution. 

Blending operations are carried out in a glass beaker so that grain sizes can be observed. Silicon oil is added 
to the beaker fitted with a stirrer. After the stirrer is started, zirconium and potassium perchlorate are added 
to silicon oil. After some minutes, a solution of binder in methyl ethyl ketone is also added. 

At that stage of the process, droplets of solvent containing the fuel and the oxidizer are visible. After the 
countersolvent is poured into the beaker, the binder precipitates and coats the particles. Agitation is then 
stopped and the mixture allowed to settle and washed twice by decantation with the countersolvent; this 
hardens the binder surface. The product is filtered off and air dried. 

The main interest of this process is that it avoids any hazardous sieving operation. The grain size can be 
monitored through the silicon oil/solvent ratio. 

3.2 – TESTING APPARATUS 

The pictures hereafter show the apparatus used for the study. 

 

Europulse 
Electrostatic sensitivity apparatus 

Julius Peters 
Friction sensitivity apparatus 

Reichel & Partner 
DT500-3 Heating block 

3.3 – FORMULATION TRIALS 

The aim of this study was to develop a ZPP composition with a lower sensitivity than RDX CH 0/100 C. 
So, the targeted performances can be summarized as follows: 
 

Electrostatic discharge 
(NF T 70-539) 
50% Go results 

Friction 
(NF T 70-503) 
50% Go results 

Slow cook-off 
(20°C/min) 

(NF T 70-504) 
 

Impact 
(NF T 70-500) 

[8] 
50% Go results 

> 293 mJ > 149,3 N > 238°C > 17 J 

Table 2: Sensitivities of RDX CH 0/100 C 

At first, the parameters chosen for the formulation trials were zirconium type, nature of the binder and 
percentage of binder. 

- Zirconium type: 
Two zirconium powders were tested namely A and B. B has higher Zr (+Hf) and hydrogen contents than A. 
Moreover, its combustion rate is lower and its average particle size is higher than that of A. These data 
suggest that the two types of zirconium have very different reactivities. Therefore, the compositions prepared 
with this raw materials should have different sensitivities. 
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- Nature of the binder: 
The effect of two binders – available at the beginning of the study – were examined on the compositions: 

• Nitrocellulose; 
• Viton® A. 

- Binder percentage: 
The influence of the binder quantity was examined in the range 2-15%. 

4 – RESULTS AND DISCUSSIONS 

The first tests were conducted with a 60/40 zirconium/potassium perchlorate ratio. Some of the results are 
listed in table 3. 
 

Tests # Zirconium 
(Type) 

Binder 
(Type) 

Binder 
(wt %) 

Electrostatic 
discharge 

(NF T 70-539) 
50% Go results 

Friction 
(NF T 70-503)
50% Go results 

E4ATS08 A Viton® A 5 203 mJ 94 N 
E15ATS09 A Viton® A 5 287 mJ 119.1 N 

E10-2ATS10 B Viton® A 5 1517 mJ 66.2 N 
E12ATS10 A Viton® A 8 > 7800 mJ 93.8 N 
E13ATS10 B Nitrocellulose 5 1442 mJ 62.9 N 

E106ATS10 A Nitrocellulose 10 - 44.3 N 
E108ATS10 A Nitrocellulose 15 - 35.9 N 
E116ATS10 Zr hydride Nitrocellulose 5 - 112.8 N 

Table 3. Sensitivities of 60/40 zirconium/potassium perchlorate compositions 

It can be observed that some compositions meet the requirements regarding the electrostatic sensitivity 
(> 293 mJ). However, the friction sensitivities are too high (ie < 149.3 N). The same result is obtained with 
zirconium hydride instead of zirconium. 

In order to decrease the friction sensitivity, different compositions were prepared with other zirconium-to-
potassium perchlorate ratios. The quantity of binder was set at 5% (table 4). 
 

Tests # Zirconium 
(Type) 

Binder 
(Type) 

Electrostatic 
discharge 

(NF T 70-539) 
50% Go results 

Friction 
(NF T 70-503) 
50% Go results 

E107ATS10 A Nitrocellulose - 100 N 
E112ATS10 A Nitrocellulose - 116 N 
E114ATS11 B Nitrocellulose - 136.9 N 
E120ATS11 B Viton® A 498 mJ 235.4 N 

Table 4. Sensitivities of zirconium/potassium perchlorate compositions with different Zr-to-KClO4 
ratios 

E120ATS11 meets the requirements for both electrostatic and friction sensitivities. The thermal and impact 
sensitivity tests were then carried out on this composition. Table 5 lists all the values obtained on RDX CH 
0/100 C and E120ATS11 ZPP composition. 

 

 

Electrostatic 
discharge 

(NF T 70-539) 
50% Go results 

Friction 
(NF T 70-503) 
50% Go results 

Slow cook-off 
(20°C/min) 

(NF T 70-504) 

Impact 
(NF T 70-500) 
50% Go results 

RDX CH 0/100 C > 293 mJ > 149.3 N > 238°C > 17 J 
E120ATS11 498 mJ 235.4 N 460°C 50 J 

Table 5. Comparison of the sensitivities of RDX CH 0/100 C and E120ATS11 composition 

The characteristics of E120ATS11 are fully compliant with the sensitivity requirements. 
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5 – CONCLUSION 

Results show that it is possible to obtain a ZPP composition with a lower sensitivity than RDX CH 0/100 C. 
This composition may find an application in pyrotechnic trains without safety barrier, particulary in the field 
of opto-initiators. 
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An Examination of the Performance and Mechanism of Boron Carbide Combustion in Green 
Light-Emitting Pyrotechnic Formulations 
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Abstract 
 
Amorphous boron- and boron carbide-based pyrotechnics emitted brilliant green light, and had similar 
visible and infrared emission spectra.  The emissive properties of these systems were examined by using 
the NASA CEA combustion modeling code and the predicted combustion products were validated with 
the observed experimental results.  The high temperature oxidation properties of boron carbide are 
discussed, and a mechanism outlining its role as a colorant in green light emitting pyrotechnics is 
provided. 
 
Keywords: Energetic Materials, Boron Carbide, Green Light Emission, Pyrotechnics 
 
1  Introduction 

 
The US Army is in the process of reformulating military pyrotechnics to remove environmentally 
unacceptable materials.  Recent research at the Pyrotechnics Technology and Prototyping Division at 
ARDEC has focused on the development of environmentally acceptable green light-emitting 
formulations.  For example, the US Army in-service M125A1 green star cluster formulation combines 
barium nitrate, polyvinyl chloride, magnesium, and Laminac 4116/Lupersol binder to produce a green 
flame.  In this pyrotechnic mixture, barium combines with chlorine during the combustion process to 
form metastable barium(I) chloride (BaCl) [1]. The presence of chlorine in the flame also enhances green 
color purity by converting incandescent magnesium oxide to the more volatile magnesium(I) chloride 
(MgCl) [2].  The emitted green light of barium-based pyrotechnics has a dominant wavelength of 
approximately 560 nm and a spectral purity of roughly 60%.  While the current formulation is effective in 
achieving the desired burn time, luminous intensity, dominant wavelength and spectral purity, barium 
nitrate and polyvinyl chloride are environmentally questionable.  Exposure to barium compounds and 
their combustion products is known to cause health problems [3].  Steinhauser and co-workers described 
how barium-based combustion products become soluble and available for bioabsorption [4], and also 
raised concerns regarding whether or not barium ores contain radium [5].  Polyvinyl chloride is known to 
produce highly toxic polychlorinated biphenyls (PCBs) at high temperatures [6]. 

 
Previous work at ARDEC demonstrated that amorphous boron-based pyrotechnics, free of barium and 
chlorinated organics, generated green light with a dominant wavelength and spectral purity close to that of 
barium-based compositions [7].  However, two major issues with amorphous boron-based compositions 
are their high burn rate and cost. To reduce the burn rate, ARDEC examined compositions containing 
mixtures of crystalline and amorphous boron [8].  It was shown that substituting crystalline boron for 
amorphous boron decreased the burn rate without significant changes to dominant wavelength or spectral 
purity, although luminous intensity, as expected, decreased steadily as the burn time increased. 
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In a preliminary communication, ARDEC disclosed a novel way to produce green light without barium 
compounds, chlorinated organics, or amorphous boron fuels [9].  Boron carbide served as an energetic 
fuel and colorant in green light-emitting pyrotechnics, as a boron carbide/potassium nitrate/epoxy binder 
mixture produced a brilliant green flame of high luminous intensity with acceptable spectral purity, 
dominant wavelength, and burn time. In this more detailed study, the emissive properties of boron carbide 
formulations are explained using combustion analysis, visible and infrared emission spectroscopy, and the 
known high-temperature oxidation behavior of boron carbide. 
 
2  Experimental 

2.1  Materials 
 
Magnesium 30/50 was purchased from Reade.  Ba(NO3)2, PVC, and KNO3 were purchased from Hummel 
Croton.  Boron carbide was purchased from Sigma Aldrich. Amorphous boron was purchased from Alfa 
Aesar.  Laminac 4116 was purchased from Ashland Chemical Company.  Lupersol was purchased from 
Norac.  Epon 828 and Epikure 3140 were purchased from Hexion Specialty Chemicals.  Non-coated Kraft 
fibreboard tubes were purchased from Security Signals, Inc. 

 
2.2  Preparation and testing of M125A1 formulations 
 
Twenty gram formulations were prepared by weighing out the chemicals according to their respective 
weight percentages.  After drying the chemicals overnight, they were introduced to a binder system (95% 
Laminac 4116/5% Lupersol or 80% Epon 828/20% Epikure 3140), and the mixture was hand-blended for 
20 minutes.  After hand-blending, Laminac 4116/Lupersol-based formulations were dried in the oven 
overnight at 60°C, and Epon 828/Epikure 3140-based formulations were dried in air for 2-3 hours at 
ambient temperature before pressing.  

 
Formulations were weighed out in two 2-gram increments, and with a tooling die and manual press, were 
pressed into pellets (diameter of 1.27 cm and height of 2.50 cm) at a consolidation dead load of 893 kg 
with a dwell time of 10 seconds.  Between 3.99-4.02 g of energetic material was used per pellet, and 5 
pellets were prepared per formulation.  After consolidation, each pellet was coated with a thin layer of 
A1A igniter slurry, and was dried in the oven overnight at 60 °C.  Pellets were ignited in a light tunnel 
using an electric match with a 2 volt energy source.  The burn time, burn rate and visible optical 
emissions of each formulation are reported as an average value of five measurements. 

 
For the purposes of obtaining reliable infrared (IR) data for formulations A and G, M125A1 full-up 
formulations were prepared using the following procedure.  With the aid of a manual hand press and a 
tooling die, 14.18 g of loose mix was pressed into pellets (diameter of 3.33 cm and height of 2.26 cm) 
encased in non-coated Kraft fiberboard tubes at a consolidation dead load of 2450 kg with a dwell time of 
10 seconds.  After consolidation, each pellet was coated with a thin layer of A1A igniter slurry, and was 
dried in the oven overnight at 60 °C.  Pellets were ignited in a light tunnel using an electric match with a 2 
volt energy source.   
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2.3  Photometric measurements 
 
The photopic light detector used was manufactured by International Light and was composed of an SED 
033 silicon detector (33 mm² area silicon detector with quartz window) coupled to a photopic filter (Y-
filter) and a field of view limited hood (H-hood).  The current output of the detector was converted to 
voltage using a DL Instruments 1211 transimpediance amplifier and the voltage output from the amplifier 
was collected using a NI-6115 national instruments datacard and in-house developed Labview™ based 
data acquisition and analysis software.   

2.4  Visible spectroradiometric measurements 
 
The optical emissive spectrum of each sample was measured using a 2048-element Ocean Optics HR2000 
spectrometer coupled to a 400 micron core optical fiber.  The dominant wavelength and spectral purity 
was measured based on the 1931 CIE method using illuminant C as the white reference point.  The 
spectrometer was calibrated using an Hg-Ar light source (Ocean Optics HG-1 wavelength standard) and a 
calibrated tungsten light source (Ocean Optics LS-1-Cal).  The average dominant wavelength and average 
spectral purity was calculated for each sample on the full burn of the sample. 

 
2.5  Infrared spectroradiometric measurements 
 
The infrared emissive spectra of formulations A and G were measured with an ABB MR304SC dual 
channel (InSb and MCT detectors) FTIR emission spectrometer.  In these measurements, the signal from 
the InSb detector was presented.  The inteferogram was converted to a radiant intensity spectrum using 
ABB’s analysis software.  To remove the effect of instrument artifacts on the converted radiant intensity 
spectrum, the FTIR was calibrated with a 22.2 mm diameter cavity blackbody at temperatures of 850 °C 
and 1150 ºC.  Hamming apodization was used to reduce the oscillation of the instrument line function.  
The resolution of these measurements was 4 cm-1 and the scan rate was 34 scans/second.  

 
As is well known in infrared spectroscopy, there are many H2O and CO2 absorption lines that can distort 
the infrared emission spectrum.  To minimize these effects on the infrared emissive outputs of 
formulations A and G,  PcModWin™ (based on MODTRAN) atmospheric modeling software was used 
to minimize the effect of the CO2 and H2O absorption lines on the calibrated spectra.  The atmospheric 
transmission curve of the laboratory was calculated for the wavenumber range of the InSb detector.  If the 
atmospheric transmission value was less than 5%, the radiant intensity for that particular wavenumber 
was set to zero.  This removed extraneous peaks from the calibrated emission spectra that were created 
due to the FTIR analysis software trying to process a very low spectrometer signal. 

 
3  Results and Discussion 
 
The composition of the US Army in-service M125A1 baseline formulation is provided in Table 1, and the 
compositions of formulations A-G, evaluated throughout the course of the investigation, are provided in 
Table 2.  For formulations A-G, the weight percentages of potassium nitrate and Epon 828/Epikure 3140 
binder system remained constant, while the amorphous boron/boron carbide fuel ratio was altered. 
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Table 1.  US Army in-service M125A1 baseline formulation. 

Component Weight % 
Barium Nitrate 46 

Magnesium 30/50 33 
Polyvinyl Chloride 16 

Laminac 4116/Lupersol 5 
 

Table 2.  Weight percentages of formulations A-G. 
 Formulation and Weight % 

Components A B C D E F G 
Potassium Nitrate 83 83 83 83 83 83 83 
Amorphous Boron 10 5 4 3 2 1 0 

Boron Carbide 0 5 6 7 8 9 10 
Epon 828/Epikure 3140 7 7 7 7 7 7 7 

 
The performance of formulations A-G against the M125A1 baseline formulation is summarized in Table 
3 [9].  In general, addition of boron carbide to the pyrotechnic mixture had definitive influences on the 
burn time and luminous intensity.  Although formulations A-G had lower spectral purity values than the 
barium-containing M125A1 baseline formulation, these formulations were still above the 50% minimum 
spectral purity value outlined in the military specification requirements.  To better understand the 
observed trends and to understand the decomposition mechanism of boron carbide in pyrotechnics, 
formulations A-G were plotted against several performance parameters. 

 
Table 3.  Effect of using boron carbide in pyrotechnics. 

 

Formulation 
Burn Time 

(sec) 
Luminous Intensity 

(cd) 
Dominant 

Wavelength (nm) 
Spectral 

Purity (%) 
Baseline 8.15 1,357.40 562.29 61.50 

A 2.29 1,706.50 559.30 55.00 
B 5.89 2,545.30 562.96 53.75 
C 6.45 2,168.60 562.57 53.54 
D 8.67 1,914.10 562.42 52.69 
E 8.10 1,818.50 562.53 53.07 
F 8.92 1,458.20 561.66 51.99 
G 9.69 1,403.30 561.85 51.96 

 
The burn times and burn rates of formulations B-G as a function of the percentage of boron carbide 
present is provided in Figure 1.  It can be inferred that burn rate decreased and burn time increased with 
larger percentages of boron carbide present in a formulation.   

 



5 
 

 

Figure 1.  Plot of burn rate and burn time vs percentage of boron carbide. 

 

Figure 2.  Plot of luminous intensity vs percentage of boron carbide. 

The observed luminous intensity and burn rate were plotted against the percentage of boron carbide 
present in formulations B-G (Figure 2).  Increasing the percentage of boron carbide led to decreases in 
both the burn rate luminous intensity.  To better understand how the combustion behavior of boron 
carbide formulations changed with the boron carbide level, the NASA-CEA code [10] was used to 
calculate the theoretical flame temperature and amount of combustion products generated.   
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The results of NASA-CEA code analysis are provided in Table 4.  The theoretical model predicted the 
formation of several gas phase boron species such as BO2, HBO2, and KBO2.  The mass fraction of these 
gas species was predicted to decrease with increasing levels of boron carbide.  As described previously 
[7], BO2 serves as the green light emitter in boron-based pyrotechnics.   
 

Table 4.  Combustion products and flame temperature for formulations A-G as predicted by the NASA 
CEA code. 

A B C D E F G
Flame temperature (K) 2756 2642 2613 2581 2545 2505 2461

Combustion Product

BO2 1.11E-02 3.36E-03 2.36E-03 1.58E-03 1.02E-03 6.23E-04 3.67E-04

B2O3 4.82E-03 7.56E-04 4.45E-04 2.48E-04 1.31E-04

CO 8.02E-02 8.67E-02 8.75E-02 8.81E-02 8.86E-02 8.91E-02 8.95E-02

CO2 4.98E-02 7.94E-02 8.61E-02 9.31E-02 1.00E-01 1.08E-01 1.15E-01

H 2.47E-04 1.51E-04 1.33E-04 1.15E-04
HBO 4.30E-04 1.16E-04

HBO2 4.15E-02 1.91E-02 1.51E-02 1.15E-02 8.61E-03 6.31E-03 4.56E-03

H2 1.23E-03 1.07E-03 1.04E-03 1.00E-03 9.70E-04 9.38E-04 9.06E-04

H2O 2.98E-02 3.65E-02 3.77E-02 3.87E-02 3.94E-02 4.00E-02 4.03E-02

K 1.03E-02 1.44E-02 1.61E-02 1.84E-02 2.10E-02 2.40E-02 2.73E-02

KBO2 6.45E-01 6.31E-01 6.25E-01 6.17E-01 6.07E-01 5.96E-01 5.84E-01

KO 1.57E-04 2.01E-04 2.14E-04 2.27E-04 2.36E-04 2.38E-04 2.32E-04
KOH 3.69E-03 7.62E-03 9.26E-03 1.14E-02 1.41E-02 1.74E-02 2.14E-02
NO 1.15E-03 8.58E-04 7.68E-04 6.69E-04 5.64E-04 4.59E-04 3.58E-04

N2 1.14E-01 1.15E-01 1.15E-01 1.15E-01 1.15E-01 1.15E-01 1.15E-01

O 7.28E-04 4.01E-04 3.31E-04 2.63E-04 1.99E-04 1.43E-04 1.35E-04
OH 3.33E-03 2.58E-03 2.34E-03 2.08E-03 1.79E-03 1.49E-03 1.20E-03

O2 1.59E-03 1.25E-03 1.10E-03 9.23E-04 7.40E-04 5.60E-04 3.99E-04

Mass fraction

Formulation

 

Figure 3 summarizes the theoretical flame temperature and BO2 mass fraction plotted against boron 
carbide percentage for formulations B-G.  Increasing boron carbide from 5% to 10% (while keeping the 
total amorphous boron/boron carbide percentage fixed at 10%) decreased the flame temperature 
approximately 200 K.  As expected, lower flame temperatures were associated with longer observed burn 
times.  A direct linear relationship between the BO2 level and luminous intensity for formulations B-G 
was also observed when the BO2 level was plotted against the luminous intensity as determined by the 
plot in Figure 4.   
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Figure 3.  Plot of BO2 mass fraction and theoretical flame temperature vs boron carbide percentage. 

 

Figure 4.  Plot of luminous intensity vs. predicted BO2 mass fraction for formulations B-G. 

It is evident that boron carbide reacted with potassium nitrate to form the gaseous metastable boron oxide 
species.  Figure 5 summarizes the dominant wavelength and spectral purity of formulations A-G plotted 
against the percentage of boron carbide.  There was only a 2 nm difference in dominant wavelength 
between formulation A (10% boron) and formulation G (10% boron carbide).   If there were a significant 
change in the emitted spectrum, such as different emitting species or formation of incandescent particles, 
this would have manifested itself in a significant change in the dominant wavelength.  This was not the 
case for these formulations.  
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Figure 5.  Plot of dominant wavelength and spectral purity vs. percentage of boron carbide. 

Further evidence for the formation of BO2 is shown in figure 6.  As described previously, the 
characteristic BO2 lines are seen at 471 nm, 492 nm, 518 nm, 546 nm, and 579 nm [7].  In Figure 6 the 
visible light emission spectra of formulation A and formulation G in mid-burn are superimposed on top of 
each other.  It is interesting to note that the visible light emission spectra of f1ormulation A (0% B4C) and 
formulation G (10% B4C) were nearly identical.   

 

Figure 6.  Spectral irradiance vs. dominant wavelength for formulations A and G. 

The infrared emission spectra of formulations A and G are shown in Figure 7a.   For comparison, the 
emission spectrum for the M125A1 baseline formulation is shown in Figure 7b.  As expected, the 
measured infrared emission lines of formulations A and G were nearly identical as was also observed in 
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the visible light emission spectra.  The well known CO2 emission and absorption lines (~2350 cm-1) are 
seen in Figures 7a and 7b. The main region of interest for these formulations is the emission lines from 
1800-2100 cm-1.  Smit et. al. characterized the infrared emission spectra of boron/sodium nitrate and 
boron/lithium nitrate formulations, and found that borate gas species emit from about 1800-2100 cm-1 
[11].  Gas species such as BO, B2O2, and B2O3 have emission lines in this region, and they all overlap 
each other. Other lines such as NaBO2 (due to sodium contamination) and KBO2 may be emitting in this 
range as well, thus making single line identification very difficult.  Interestingly, the green light emitter 
BO2 has no vibrational modes in this range [12].  Nevertheless, the shape of the infrared emission spectra 
validated the formation of the borate gas species in both formulations A and G.   
 

 
            (a) 

 

(b) 

Figure 7.  Infrared spectra of (a) formulations A and G and (b) the US Army in-service M125A1 barium-
based green light emitting formulation. 

Boron carbide, with a melting point of 2450 °C and a boiling point of 3500 °C, is a hard ceramic material 
with applications in tank armor, blasting nozzles, and in the control rods of nuclear reactors.  An 
interesting property of boron carbide powder is its susceptibility to oxidation at relatively low 
temperatures. Oxidation has been observed at temperatures as low as 550 °C, and the observed low 
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temperature oxidation products are B2O3, HBO2, and H3BO3 [13].  When boron carbide is heated in an 
oxidizing environment, boron(III) oxide (B2O3) forms around the boron carbide particles.  At 
temperatures exceeding 1200 ºC however, the rate of B2O3 vaporization exceeds the rate of boron carbide 
oxidization [13].  Because boron carbide readily loses its oxide coating at these elevated temperatures, it 
is presumably able to react rapidly with additional oxygen from the potassium nitrate oxidizer, thus 
forming green light-emitting BO2 and other gaseous oxidized products.   

 
4  Conclusion 
 
In this study, the combustion behavior of amorphous boron-based and boron carbide-based pyrotechnics 
was compared.  Visible and infrared spectroscopic measurements showed that the combustion products of 
boron carbide-based pyrotechnics are very similar to amorphous boron-based pyrotechnics.  Both visible 
light emission and infrared emission spectra of formulations A and G were nearly identical.  The 
observed spectroscopic measurements were validated by theoretical combustion modeling and light 
intensity measurements.  Although boron carbide particles appear to be protected from oxidation by a 
B2O3 layer at lower temperatures, these particles are exposed to react with potassium nitrate oxidizer at 
elevated temperatures since the vaporization rate of B2O3 exceeds the oxidation rate of boron carbide.  
Metastable BO2 is therefore generated, leading to the brilliant green light emission observed.  This 
proposed mechanism is supported by analysis performed by the NASA-CEA code. 
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ABSTRACTS 
 
 
For solid propellants and explosives, the current objective of the synthesis studies of new energetic molecules is 

to increase the enthalpy of formation and density. This trend sees its outcome with the metastable molecules. They 
store energy as they consist of atoms that are linked by weak bonds and break down into molecules that have much 
stronger bonds between atoms. The nitrogen-based compounds are good candidates because of the high energy in the 
nitrogen triple bond and weak energies of the double and mostly the single bond. Their study requires a particular 
process. The first step consists in imagining structures of nitrogen molecules and by calculating the energy of 
activation corresponding to their decomposition. The value of this energy must be sufficiently high so that the 
product is potentially usable. The enthalpy of formation and the density of the selected structures are calculated. 
They are far superior to those of the new molecules currently used in formulation studies of high-energy propellants. 
So, this kind of molecules offers an opportunity to increase dramatically the performances. Significant efforts are 
devoted to synthesis. This concept carries likely a long term breakthrough. 

 
 
 

I. INTRODUCTION 
 

The increase of energy delivered by the energetic materials is a constant request for uses both in propulsion and 
explosives. The increase of the payload of spatial rockets is a key factor for the commercial development of the 
space industry and the exploration of far planets with long duration missions. 

Energy/unit mass must be considerably higher than in currently available materials to satisfy the requirements. 
Research for a gap in the energy content of raw ingredient is a key factor. For more than 20 years, a new class of 

materials named HEDM has emerged with tremendous foresights. This paper will explain the concepts of design of 
the chemical family of HEDM and show the differences with the traditional research in energetic molecules. The 
current status is presented. 

 
 
 

II. CONCEPT OF HEDM 
 

Several ways to increase the power of energetic materials have emerged from the beginning of the eighties; some 
of them are issued from physical principles:  

- Antimatter: in this case annihilation of particles produces a lot of energy but it was considered difficult to 
manage and to generate useful amount of gases to deliver the thrust. 

- Thermal nuclear propulsion, based on heating a propellant (hydrogen) used as coolant inside a 
conventional solid-core nuclear reactor. On a per-mass basis, the energy released is about 106 times that of 
Lox/LH2.. However, radioactive dispersal and public acceptance of this concept in general prohibit ground 
launching. This type of propulsion is therefore restricted to space only. 

 



Another way to recover energy from chemicals also emerged at this time with the notion of compounds named 
“HEDM” (High energy density materials).  

In this context, the main guideline lies in the releasing of energy no longer by an oxidative process between 
an oxidizer and a reducer (inside the same molecule, as in nitrated esters and nitramines or in different ingredients, as 
in composite propellants and explosives). In HEDM, energy comes from the transformation of weak bonds linking 
atoms of the HEDM into stronger bonds between the same atoms in the decomposition products. 

The only light element able to such a transformation is nitrogen, because of the large difference between the heat 
of dissociation of the different linkages (table 1) 

 
bond Heat of 

dissociation 
(kJ/mol) 

N – N 159 
N = N 420 
N ≡ N 945 

 
Table 1: Heat of dissociation of nitrogen bonds 

 
 
As an example, octaazacubane, N8, may produce four dinitrogen molecules with an energy release of 2200 

kJ/mol: 
 
N8 4 N2   + 2200 kJ/mol 
 
No oxidizer is then required, which is a key factor as no strong oxidizer having positive heat of formation and 

high density are available. 
 
Two kings of chemicals may be envisaged: small molecules or ions with very high heat of formation and density 

and macromolecules based, for example, on polymeric nitrogen or metallic hydrogen.  
Polymeric materials have been already observed at very high pressure and with laboratory equipments handling 

pressures up to 104 bars and allowing only very small amount of materials. The metastable state is such that they 
decompose readily when returning back to lower pressure, making them unusable for the moment despite their 
promising performances(as for metallic hydrogen, calculations show a theoretical Isp close to 1700-1800 s) 

Here therefore, focus is on molecules much less critical to be manufactured, with lower Isp, but far more practical 
to handle in the future.  

 
High impulses and energy of detonation and have been calculated for such compounds [1,2]: explosive 

performances are predicted between 3 and 5 times the energy of HMX. 
 

 
 
 

 
III DESIGN OF HEDM COMPOUNDS 

 
Apart from the azide ion that has been used at the beginning for gas generators, no polynitrogen energetic 

molecules were known at the start of this research theme. 
In energetic molecules with high nitrogen content, nitrogen is always mixed with carbon or hydrogen, both 

undesirable species. This is the case with hydrazines, triazoles, tetrazoles, tetrazenes, ...A lot of interesting 
compounds that may have been viewed as model for HEDM have been synthesized mainly at Pr Klapoetke group in 
Munich. The calculations show that the performances remain in the domain of traditional CHON molecules with in 



some cases an increase in the sensitivity [3]. This research leads to very interesting molecules for replacement of 
usual nitramines and primary explosives and may solve problems related to toxicity. This illustrates the difference 
between the HEDM and HEM concepts, the former leading to a gap in energy. 

From the concept explained before, the challenge for the chemists is then to design structures linking nitrogen 
atoms by single bonds, arranged such as internal stress increases the heat of formation (ie searching for small cyclo-
compounds) while satisfying valence rules, and getting at the end of the process a compound which necessarily will 
be metastable but at the same time should be stable enough to be safely handled and processed into explosives and 
propellants. 

 
The knowledge in the synthetic chemistry of strained nitrogen compounds is very poor and the background of 

chemist in this domain is very limited. Fortunately, the development of quantum chemistry allows reasonably fast 
computing, without any experimental work, of the main characteristics of a molecule (heat of formation and density). 

 
The relevant methodology is that proposed by Sheehy [2]. 
Several additional tasks, as compared to the research and development of energetic CHNO compounds, are 

included: 
- process for design of structures 
- calculation of the expected stability 
- calculation of spectroscopic data 
- development of new synthetic methods 
- calculation of synthetic routes 

 
Due to the highly metastable character of HEDM, special attention must be addressed to the electronic 

configuration, requiring expensive computing methods like CCSD. Systematic use of methods used in quantum 
mechanics has led to the development of dedicated pieces of software like in ACESS [4]. 

 
The challenge of synthesising the HEDM is so high that primary work may be to get the proof of the existence of 

the specie that is expected, even with means that are not chemical synthesis: for instance, Swedish researchers looked 
for N4 by activating diatomic nitrogen with alpha particles in a spectrometer [5]. It has proved efficiency in the 
evidence of the existence of N5

- anion. In case of sufficient stability, ‘back ways’ to preparative chemistry can be 
used. 

 
 
 
 

IV STATUS 
 
The first part of the methodology to design new HEDM targets produced a lot of publications dealing with 

computation of energy and expected stability of Nx molecules and ions ranging from N5 to N20 and even N60. The 
first ones appear at the beginning of the 90s. 

A first exhaustive list of N4 to N10 has been published by Bartlett [6]. 
Recent work focuses on the introduction of oxygen atoms in order to improve the stability of the structures [7]. 

Oxygen atoms may be part of the nitrogenated cycle [8] or be added as nitroxide groups. 
 
Experimental work is limited to only few compounds: 
 

N4 
Carace [9] reported detection of neutral N4 produced by collision of N2 in a mass spectrometer. By studying the 

fragmentation, it was concluded that the N4 structure is linear and noted it is usually tetrahedral. The molecule has 
never been isolated, but its observed lifetime is longer than 1 microsecond, which is the time of flight in the 
spectrometer. 



 
N5

+ 
In 1999, Christe [10] first reported the synthesis of N5

+ cations isolated as hexafluoroarsenate salt with all relevant 
analytical data. 

Stabilization of this cation is achieved by the presence of large, non nucleophilic and inert anions; efforts to 
replace them by energetic anions like nitrate, perchlorate, dinitraminate, … produce unstable or too poorly stable 
salts that seems at the moment unusable for practical purposes in propellants or explosives . 

 
N5

- 
Christe [11] and Ostmark [12] described the pentazolate anion formation during the cleavage of substituted 

phenylpentazoles by collision induced decomposition in a mass spectrometer. 
Butler [13] first reported the dearylation of p-anisylpentazole by oxidation with CAN in solution and described the 

15N NMR spectrum of N5
-. To our knowledge, no further isolation trials of a salt of pentazolate have been attempted. 

 
Another promising way of preparation of pentazolate is the electrochemical reduction of the parent substituted 

phenylpentazole as suggested by Ostmark et al. [14]. However, no chemical evidence of the formation of the 
pentazolate anion has been produced yet. 

 
 

Research on increasing stability 
A way to increase the stability of HEDM molecule is to introduce oxygen in the structure. It can be part of the 

cycles [8] or be added as N-oxyde bonds. In that latter case, Ostmark [7] has computed an increase of the barrier of 
decomposition of the oxypentazolate anion as large as 10.8 kcal/mol with respect to the barrier of decomposition of 
the bare pentazolate anion. 

 
 

V CONCLUSIONS 
 

This paper has shown the large extension of performance that can be attained by the use of some solid HEDM in 
future propellants and other energetic materials. The practical synthesis of these compounds remains a challenge to 
chemists that can be only overcome by the combination of different modern tools in the analysis, development of 
new reactions and carrying on theoretical computation by using efficient supercomputing. 

Highlights in the preparation of some compounds have appeared in the recent past, but  progress may look slow 
to commercial manufacturer of propellants. 

Evaluation of the risks of such R&D should be weighed by looking at the evolution of the energy content of 
energetic materials, and observing the potential, dramatically increased gains. The expected success will produce a 
huge gap between present and future energetic materials, for which a continuous R&D effort for a long time is 
therefore required. 
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The decrease of agglomeration at burning of alumunium containing energetic condensed systems 
(ECS) can be achieved by a number of ways: by decrease of the part of metal fuel in the 
composition, by optimization of particle size distribution of ECS components, by application of 
nanosized powders, by formation of special protective coatings on the metal surface.  
The aim of the work is a study of the influence of nanodispersed aluminium surface modification on 
agglomeration of the combustion products of energetic condensed systems. 
The study of dispersity of  combustion products of ECS based on ammonium perchlorate and 
polydivinylisoprenurethanepoxide, containing 9% of aluminum particles coated with fluorine 
containing compounds and without coating. Fluorine containing coatings were applied onto the 
surface of aluminum particles, its content being 0.1% of aluminum content. 
Analysis of dispersity of the ECS combustion products was carried out using optical and atomic 
force microscopy.  
The studies of dispersity of condensed combustion products (C-phase) of the samples containing 
aluminum particles coated with aluminum carbide and oxide led to the following conclusions: 
- the increase of the content of nanosized aluminum coated with aluminum oxide and carbide 
from 3 to 9% leads to the increase of C-phase agglomerate size from 12 to 60 μ; 
- the most uniform distribution of C-phase particles is observed in the case of the sample 
containing 3% of aluminum coated with aluminum carbide, the size of combustion product particles 
being in the range 1-4 μ; 
- fluorine containing compounds in the quantity of 0,1% of aluminum content can be used as 
a coating intensifying aluminum combustion processes. 
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ABSTRACT  

 

Ammonium perchrolate (AP) is the most useful oxidizer for the solid rocket motors (SRMs) under the 

present situation, however it is also the source of the environmental pollution close to the launch site. It is 

well known that HCl is exhausted through the firing of SRMs and its concentration reaches approximately 10 

to 20 mole percent of the total exhaust. ‘Environmentally friendly’ and ‘High performance’ are required for 

the next-generation SRMs. In this study, ammonium dinitramide (ADN), which has recently attracted 

attentions as a halogen-free oxidizer was employed for a substitution of AP and the combustion properties of 

the composite propellants were investigated. Thermoplastic elastomer (TP) and hydroxyl-terminated 

butadiene polymer (HTPB) were used as a binder for this research. Pyrotechnic sensitivity analysis was 

conducted to estimate the safety of TP/ADN propellants. Strand burning tests were also carried out for all 

samples and the burning rate and temperature profile were obtained through these experiments. It was found 

that the burning rate characteristics of ADN-based propellants were influenced by the binders. 

 

1. INTRODUCTIONS 

 

The conventional AP based composite propellants have been widely used for a long time, however from an 

environmental perspective, HCl exhausts have been recently concerned, and the development of 

environmentally friendly propellants should be encouraged in addition to improvements of  the specific 

impulse.  

The ways for the reduction of the HCl mass ratio in exhaust gases have been reported. Scavengers, 

neutralized and nitramine method have been proposed. However, it is difficult to get rid of HCl completely 

from the exhausted gases by these ways, and moreover they lower the specific impulse. 

Nowadays ammonium nitrate (AN), 

cyclo-tetra-methylene tetra-nitramine 

(HMX), hexanitrohexaazaisowurtzitane 

(CL-20), ammonium dinitramide (ADN) 

and hydrazinium nitroformate (HNF) are 

main candidates of the halogen-free 

material for the solid propellants. 

Figure1 shows the properties of these 

substances with two indices. There are 

no materials having high values for both 

indices at present. HMX and CL-20 have 

high heat of formation and have been 

studied about the thermal decomposition 

and the burning properties. However, 

both substances are ineffective as the 

oxidizer due to the negative oxygen 

balance. On the other hand, AN, ADN 

and HNF have positive oxygen balances 
      Fig. 1  Properties of oxydizers 
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and they are effective for the propellant 

performance.  

The theoretical specific impulses (Isp) of 

the propellants containing these halogen-free 

materials were shown in Figure 2. The mass 

ratio of hydoroxyterminated poly-butadiene 

polymer (HTPB): aluminium (Al) was fixed 

at 3:4 and the oxidizer to fuel ratio was 

changed. HMX-based propellant has the low 

peak of the Isp value. ADN and HNF 

composite propellants show higher Isp value 

than AP.  

The availability and the cost of these 

materials should be considered for rocket 

motor applications. The way of ADN 

synthesis has been recently improved. The 

safe and simple method has been developed. 

In HNF synthesis, some explosive and toxic 

substances have to been treated and 

therefore it is thought that the mass production of HNF is more difficult than ADN. 

From above reasons, we have decided that ADN is the most promising material as a substitution of AP. In 

this report, ADN studies were shortly reviewed and combustion characteristics of ADN based composite 

propellants were discussed. 

 

2. ADN STUDIES 

 

 In 1970s ADN was synthesized at Russia for the first time and in 1980s’ it was also reported by Bottaro et 

al
[1]

 in the U.S. By the mid 1990s, these synthesis methods were developed independently and became 

similar and now they are known as ‘Urethane method’
[2]

. At the same time breakthrough was done by 

Langlet et al in Sweden
[3]

. The method requires only one nitration process, and the nitration reagent is low-

cost.  

Crystalization processes of ADN were also developed after the establishments of the synthesis method. 

ADN crystals just synthesized are needle shape, therefore ADN crystals have to be processed to spherical 

shape.  Prilling and recrystalization are well known for the process. There are two ways for prilling methods, 

and one of them is recrystalization in specific solvent
[5]

 and the other is spray melted ADN in a spray tower
[6]

. 

Recrysallization enables to lower the aspect ratio of crystals, and it have been reported that some salts of 

calcium are especially effective additives
[7]

. ADN is so hygroscopic that it should be coated with 

hydrophobic thin layer after the crystallization process. For example, silica layer coating
[6]

 in spray tower 

and coating method in super fluid turbulence
[8]

 are proposed. Standard method of these processes has not 

been established yet due to the low melting points and highly hygroscopic nature. 

An appropriate binder selection is a very important step for the developments of ADN-based solid 

propellants. Binders must have adequate mechanical properties and not react with the other ingradients. 

HTPB, which is a common binder for SRMs, shows a little reactivity with ADN, so it can not be applied 

without improvements
[9]

. In case glycidyl azide polymer (GAP), which is one of the high energy materials, 

was applied as a binder, the propellant can be cured by addition of N-methyl-p nitroanilin as a stabilizer 
[10]

. 

The adhesion between binder and ADN particles has not been reported, so the evaluation will be future 

studies. 

 Combustion characteristics of ADN pellets and ADN-based propellants have been widely investigated. As 

the binder, paraffin
[11]

, polybutadiene acrylic acid acrylonitrile (PBAN)
[12]

, HTPB
[13]

, poly-Caprolactone
[14]

 

and GAP 
[10]

 were studied and the burning rates and surface temperatures were reported. According to these 

reports, the burning rates and the pressure exponents tend to be higher than those of AP-based propellants. 

For example, improving the binders and addition of burning rate catalysts
[14]

 have been tried to decrease the 

pressure exponent. 

Understanding the combustion mechanisms by numerical modelings have been also reported 
[15]

, but 

experimental burning rates have not been accurately simulated. This is caused by inaccurate elementally 

reaction model and the bubbles or droplets model in the condensed phase. It is difficult to simulate the real 

Fig. 2  Dependence of Isp on oxydizer mass rate 
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phenomenon because ADN melts at low temperature and blown off from the burning surface as liquid 

droplets
[16]

.  

 Small rocket motor tests have been reported by only one group
[17]

 because the manufacture of grains with 

good mechanical properties and low pressure exponent is still difficult. For example, the group reported that 

GAP is compatible with ADN, but the other reported that GAP and isocyanates mixture generates a soft 

form
[10]

 without any improvements. Many tasks shown in above must be solved and reliable methods are 

necessity for an environmentally friendly and high performance propellant. 

 

3. EXPERIMENTAL 

 

3.1 Sample Preparation 

 

ADN used in this study was prepared in house. The needle-shape ADN 

crystals had a melting point 360−363K. UV-spectroscopic analysis 

indicated approximately 95% purity and the impurity was identified as 

ammonium nitrate by the TG-DTA thermal analysis. TP and HTPB were 

employed as the binder in this report. Rubber-like and low-melting TP 

shown in Fig. 3 was supplied for this study by Katazen Co., Ltd. It was 

specially prepared to show the lower melting point than ADN and the 

melting temperature was 343K. In the case that HTPB was applied as the 

binder, needle-shape ADN crystals must be prilled to suppress the viscosity 

of the slurry. Coarse and fine prilled ADN were prepared by the emulsion 

method
[9]

 with non-polar solvents and they are shown in Fig.4(a) and 4(b) 

respectively. The mean volume diameter of the course particles was 300µm and that of fine particles was 

99µm. The mixture ratio of the coarse and fine particles was determined to show the lowest viscosity and it 

was fixed at 3:1.  

  

 

 
 

 

 TP/ADN samples have been prepared by the following 

procedures, needle−shape ADN crystals were well 

mixed with the melted TP at 343K and the mixture was 

casted and pressed in a mould. The strand sample which 

is shown in Fig.5(a) was solidified after cool down to the 

room temperature. No reactions were observed while the 

propellant was stored at room condition for a month.  

HTPB pre-polymer and the prilled ADN were mixed 

well. The mixture was deformed and cured at room 

temperature because change in color was observed at 

330K. ‘PB/ADN’ sample shown in Fig.5 (b) was 

prepared. 

Table 1 shows the composition of samples for this 

study. 

 

Fig. 4(a)     Coarse prilled ADN Fig. 4(b)     Fine prilled ADN 

200μ200μ

Fig. 3 

Thermoplastic polymer (TP) 

  (a) ’TP/ADN-2’           (b) ’PB/ADN’ 

Fig.5    Propellant samples 

10mm10mm
8mm 
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3.2 Pyrotechnic Sensitivity Test 

 

Drop hammer, friction and electrostatic sensitivity of fine ADN crystals and ‘TP/ADN-2’ were evaluated. 

They are standardized in ‘JIS K 4810’. The drop hammer impact sensitivity was evaluated by the limiting 

height at which an explosion was obtained at least one out of 6 trials (1/6 explosive point). In this study, a 

5kg hammer was set. The friction sensitivity test corresponds to the BAM sensitivity one. In the electrostatic 

sensitivity test, up to 10 J was discharged.  

 

3.3 Strand Burning Test 

 

Burning rate was measured in a strand burner purged with nitrogen. 

TP/ADN and TP/AP strands, 10mm in diameter and over 25mm in length, 

were employed. PB/ADN strands were square pole shape; 8mm in width 

and over 20mm in height.  

Thermocouples are inserted from the bottom of the mould like Fig.6 

before the slurry is casted. W/Re(5%) −W/Re(25%) thermocouples whose 

diameter was 100µm were used for the flame temperature measurements 

of the TP/ADN and TP/AP samples. The final flame temperature of 

TP/ADN strand reached over the measurable limit of Pt-Pt/ Rh(13%) type, 

therefore W/Re(5%) −W/Re(25%) thermocouples were employed. For 

HTPB/ADN samples, Pt−Pt/Rh(13%), φ=25µm thermocouples were used.  

 
4. RESULTS and DISCUSSION 

 

4.1 Pyrotechnic Sensitivity Analysis 

 

The drop hammer impact, friction and electrostatic sensitivity data for the fine ADN crystals and ‘TP/ADN-

2’ are summarized in Table 2. According to the drop hammer sensitivity test, the crystals and ‘TP/ADN-2’ 

were sensitive to drop hammer impact since the height of ‘1/6 explosive point’ was 5−10cm and 15−20cm 

respectively. Both of the crystals and the propellant samples have ignition forces greater than 353N, and the 

electrostatic ignition energies greater than 10J. Therefore, their friction and electrostatic sensitivities are not 

high. From these results, it was indicated that fine ADN crystals and the ADN-based propellant are required 

to be handled with care, particularly for drop hammer impacts. 

 

 

Table 2   Pyrotechnic Sensitivity Results 

  fine ADN crystal 'TP/ADN-2' 

Drop Hammer Impact (cm) 5−10 15−20 

Friction (N) ＞353 ＞353 

Electrostatic (J) ＞10 ＞10 

 

 

 

 

Table 1.   Composition of each sample 

Sample Fuel (Binder) Oxydizer 
Fuel:Oxydizer 

(mass%) 

TP/ADN-1 TP ADN 30:70 

TP/ADN-2 TP ADN 20:80 

TP/ADN-3 TP ADN 10:90 

TP/AP TP AP 20:80 

PB/ADN HTPB ADN (prill) 30:70 

Fig. 6   Embedded thermo-  

couple image 
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4.2 Burning Rate Characteristics  

 

The flames of ‘TP/ADN’ and ‘TP/AP’ samples at approximately 5MPa were shown in Fig.7. All samples 

burned continuously with steady flames and melting layers. It is considered that the melting layers were 

caused by TP because conventional AP propellant does not form a melting layer. It was also observed that 

the droplets are blown off from the combustion surface. 

 

 

          
‘TP/AP’               ‘TP/ADN-1’           ‘TP/ADN-2’          ‘TP/ADN-3’ 

 

Fig. 7   The Flame of ‘TP/AP’ and ‘TP/ADN’ samples 

 

 

 

The linear burning rates were plotted in Fig.8. 

The pressure exponents of ‘TP/ADN-1, 2, 3’ and 

‘TP/AP’ were 2.7, 1.0, 0.7 and 0.3 respectively. 

It has been reported that a pure ADN shows an 

plateau burning at the pressure range of 2-

10MPa and the pressure exponent is very low 

(0.1-0.2)
[18]

. Therefore, it considered that the 

ADN mass ratio contributed to decreasing the 

value.  

Figure 9 shows the flames of ‘PB/ADN’ at 2, 5 

and 8MPa. At 2MPa, smoldering and unstable 

combustion involving the thick melting layer 

was observed. At 5 and 8MPa, stable 

combustion was kept and the melting layer was 

thicker at 5MPa than 8MPa.  

 

 

 

 

 
 

 

 

              
2MPa                            5MPa                           8MPa 

 

Fig. 9   The Flames of ‘PB/ADN’ samples 

 

 

Fig. 8     Linear burning rates of‘TP/AP’ and 

‘TP/ADN’ samples 

Pressure [MPa]

B
u
rn

in
g
 r
at

e 
[m

m
/s
]

TP/ADN-3

TP/ADN-2

TP/ADN-1

TP/AP

10

2
101

20

4

6

8

40

60

0.5 2 4 6 8 15

Pressure [MPa]

B
u
rn

in
g
 r
at

e 
[m

m
/s
]

TP/ADN-3

TP/ADN-2

TP/ADN-1

TP/AP

10

2
101

20

4

6

8

40

60

0.5 2 4 6 8 15



6/7 

 

The linear burning rate of ‘PB/ADN’ was 

plotted in Fig.10. ‘TP/ADN-1’, which has the 

same O/F value, was also plotted for the 

comparison. The burning rate of ‘PB/ADN’ is as 

high as that of ‘TP/ADN-1’ at approximately 

3MPa. The pressure exponent is 1.1 and it is 

lower than that of ‘TP/ADN-1’. The difference 

of thermal properties of binders affects the 

burning rates and pressure exponents. The 

melting layer may influence to the burning 

properties of ADN-based propellants. 

 

4.3 Flame Temperature  

 

The flame temperature profiles of TP/AP, 

TP/ADN, and ADN/HTPB samples are shown in 

Figs. 11, 12 and 13. The burning surface was 

assumed as the inflection point. At each test, the 

final flame temperature reaches near the 

adiabatic one which is shown by horizontal 

dashed line. Relatively large discrepancy 

between the flame temperature and the 

theoretical one is probably caused by the inaccuracy of the formation heat of TP. As for ‘TP/ADN-3’, the 

measured value was limited by the measurement limit temperature (2600K) of the thermocouple.  
 

 

 

5. SUMMERY  

 

Combustion characteristics of the ADN-based 

propellants were investigated. Thermoplastic polymer 

(TP) and HTPB were employed as the binder. 

Pyrotechnic sensitivity test was carried out and it was 

found that ADN should be handled with care 

particularly for drop impacts. The linear burning rate 

and the flame temperature were measured for TP/AP, 

TP/ADN and TP/ADN samples. The linear burning 

rates of TP/ADN samples were several times faster 

than that of TP/AP ones. ADN-based sample showed 

the high pressure exponent for SRMs use and the 

value was suppressed with increasing the mass ratio 

of ADN in the case of TP binder. The pressure 
Fig. 13   Flame temperature of ‘PB/ADN’ 

Fig. 11   Flame temperature of ‘TP/AP’  Fig 12   Flame temperature of ‘TP/ADN’ 

adiavatic temperature 

Fig. 10   Linear burning rate of ‘PB/ADN’ 

and ‘TP/ADN-1’ 
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exponent of ADN/HTPB propellant was lower than that of TP/ADN. The final flame temperature achieved to 

near the theoretical value in each sample. Further combustion work by more accurate way is needed to 

understand the burning surface behavior. From this investigation, it was found that the thermal properties of 

binder affect their combustion characteristics, so more appropriate ADN-based propellants may be developed 

by improving the binders. 
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ABSTRACT 
 

Economy energy is currently crystallizing people attention for a cleaner environment less 

dependent on fossil fuels and worldwide effort to decrease global dioxide carbon emissions. In 

this context, hydrogen is undeniably the best candidate to overcome key challenges associated 

to such a problematic. On the same time, demand of green electricity generation systems such 

as fuel cells (PEMFC) is continuously growing for large scale civil and military applications: 

future vehicles, batteries replacement and so on. However, the hydrogen storage thematic is 

not an easy way. Indeed, pressurized vessels (~200bar) present safety sizeable risks which 

reduce its utilization whereas cryogenic tanks (20K) present as for them risks of boil off. 

Optimizing both gravimetric and volumetric hydrogen densities require therefore using 

molecular storage at room temperature.  

 

In such context, SNPE Matériaux Energétiques has developed an innovating solid hydrogen 

storage solution in the field of gas generators [1]. Based on a self-sustaining solid-solid 

reaction without binders between a hydrogen-rich compound, the ammonia borane complex 

BH3NH3 (19.6wtH2) [2], and a pyrotechnic oxidizer, the strontium nitrate Sr(NO3)2, this 

technology generates gaseous hydrogen on demand. In addition, this one has several 

advantages: being safe, having a fair energetic density, and a long life time with no 

maintenance costs. 

 

So, this paper will be first focused on physico-chemical characterizations done on each 

material in the field of morphological, microstructural, thermoanalytical and hygroscopical 

aspects. In a second time, a combustion chamber specifically realized, in the one hand, to the 

“in-situ” study of this combustion reaction and, on the other hand, to evaluate the experimental 

hydrogen mass yield of the composition, will be presented. The “ex-situ” characterization of 

combustion products (solid residues, condensates and gas phase composition) in both 

qualitative and quantitative aspects will be also presented.  
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INTRODUCTION 

 

In order to develop new alternative solutions associated to energy economy in the field of 

hydrogen storage and generation, SNPE Matériaux Energétiques is currently developing 

innovative solid hydrogen storage systems able to deliver H2 on demand [1], completing to 

other existing technologies [3]. Several approaches have been identified for hydrogen storage 

and generation. The first one includes hydrogen pressure vessels, cryogenic storage, and 

hydrogen absorption in complex hydrides or hydrogen adsorption in porous materials. The 

second one includes electrolysis of water, hydrocarbon reforming or hydrogen generating 

through chemical reaction. In such a way, hydrides are a good basis to develop these solid 

hydrogen storage solutions. Indeed, they can be used by thermolysis to deliver pure hydrogen. 

The hydrogen yield of these components is one of the main advantages of these raw materials. 

For this reason, they must be considered with attention for this kind of technical solution as 

presented in Figure 1. 
 

 
Figure 1 : Volumetric and gravimetric hydrogen density of some selected hydrides (solid) and other forms 

of storing hydrogen (liquid and gas) [4]. 

 

SNPE Matériaux Energétiques has been working on these potential solutions, and has 

developed a technology based on the pyrolysis of two solid reactants. The first one is a 

specific hydrogen-rich hydride, the ammonia borane complex BH3NH3 (19.6%wtH) 

synthesized within house and still being developed, and the second one is a classic oxidizer, 

the strontium nitrate Sr(NO3)2, which is available and already used in industry.  

DOE Targets 
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In order to ensure the complete decomposition of the mixture during the combustion, the 

reactant proportion had to be scaled. Some agents are added in order to produce and to use the 

materials in good safety conditions. The mixture was shaped to obtain pellets by pressing the 

mix of hydrogen-rich hydride and the solid reactant together. The manufacturing process is 

well known from the automotive safety industry. This technology avoids binders which would 

introduce pollutants for fuel cell applications. The pellet dimension can be adjusted to the 

hydrogen mass flow need to feed the fuel cell. Once the mixture initiated, the pyrolysis 

releases pure gaseous hydrogen and generates solid residues which stay by mechanical 

filtration in the combustion chamber. The temperature of this hydrogen without any cooling 

system is about 1000 K. 

 

Thus, to be competitive in the field of hydrogen storage and generation systems for mobile 

applications such as fuel cells technology, SNPE Matériaux Energétiques has investigated and 

characterized in details a hydrogen rich compound, the ammonia borane complex and the 

selected oxidizer, the strontium nitrate Sr(NO3)2 strontium nitrate in the field of 

hygroscopicity, thermal stability, microstructures properties and safety tests behaviour. NfH2® 

compositions have been tested in a combustion chamber specifically realised for the “in-situ” 

study of the combustion reaction. Different parameters such as the hydrogen mass yield, the 

nature of solid residues or even phase gas composition have been investigated. 

 

 

PHYSICO-CHEMICAL CHARACTERIZATIONS OF REACTANTS 

 

Microstructal and morphological aspects 

 

Samples were characterized by X-Ray Diffraction, in a first time, in order to verify the 

presence of impurities in the both native materials, and then to determine their crystalline 

nature (λCuKα= 0.154 nm radiation). In a second time, the morphology and the elementary 

chemical analysis of powders were studied by Scanning Electron Microscopy (SEM) coupled 

with Energy Dispersive X-ray Spectrometry (EDXS). Results for strontium nitrate and 

ammonia borane complex are summarized respectively in Figure 2a and Figure 2b. For the 

oxidizer, all XRD peaks could be indexed to the Sr(NO3)2 cubic crystalline phase without 

impurities, and for the reducer, all XRD peaks could be indexed to the BH3NH3 tetragonal 
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phase. In addition, whatever the considered material, an excellent agreement between both 

experimental and theoretical XRD patterns is observed. 

 

 

 

 

Figure 2: SEM micrographs and XRD patterns of (a) strontium nitrate and (b) complex ammonia borane 

powders. 

 

According to SEM micrographs presented in Figure 2, two different morphologies depending 

on the nature of the material have been observed. On the one hand, strontium nitrate particles 

are composed of heterogeneous particles in shape and size distributed at the micrometric scale 

(~20µm) with a structure consisting of homogeneous aggregates in shape. On the other hand, 

the complex ammonia borane presents an atypical morphology composed of homogeneous 

polycrystalline structure in shape constituted by a random 3D spatial organization of stratums. 

Elementary analysis for both materials is consistent with stoechiometry structure. 
 

Particles size distribution has been then confirmed by laser granulometry with and without 

ultrasonic’s probes (Figure 3). The influence of ultrasonic’s probes application has been 

evaluated in order to determine the possible presence of agglomerates. According to Figure 3, 

a bimodal distribution is observed for the oxidizer (d(0.5)~20µm) and for the reducer 

(d(0.5)~387µm). These values are in good agreement with those determined previously by 

100 µm 

10 µm 

(a) 

(b) 
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SEM micrographs. According to BET analysis, a surface area of 0.49m²/g and 0.39 m²/g 

respectively for Sr(NO3)2 and BH3NH3 has been determined.  

 

 
Figure 3: Granulometric distribution in volume (blue curve: Sr(NO3)2, green curve: BH3NH3, red curve: 

1min of  ultrasonic’s probes). 
 

 

Thermoanalytical aspects 

 

The thermal decomposition of each material has been also investigated in the temperature 

range from room temperature up to higher temperature by thermogravimetric analysis and 

scanning differential calorimetry under inert atmosphere. According to Figure 4a, the thermal 

decomposition of strontium nitrate occurs into one main step between 550°C and 650°C with 

approximately 51% of weight loss. This value is in good agreement with the formation of 

strontium monoxide. Moreover, according to DSC curve, strontium nitrate decomposition is 

an endothermic process, and melting of the sample is observed near 615°C.  

 

Concerning the complex ammonia borane, according to the Figure 4b, an encouraging thermal 

stability is observed. Indeed, no thermal degradation of the sample is reported before 111°C. 

Upper this temperature, melting of BH3NH3 particles are observed (Tf~118°C) following by 

an exothermic decomposition leading to the dehydrogenation of the material until 300°C. 
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Figure 4a: TGA/DSC curve of commercial strontium nitrate powder at 5°C/min under inert atmosphere. 

 
Figure 4b: Differential scanning calorimetry of ammonia borane complex synthesized by SNPE Matériaux 

Energétiques (β=10°C/min under argon flow). 

 

 

Hygroscopic aspects 

 

The additional advantage of both materials is their respective non hygroscopic nature. In order 

to highlight such properties, reactivity with water was studied by Dynamic Vapour Sorption 

analysis. Results of experiments realized at T=20°C under variable relative humidity between 

0%HR and 80%HR via sorption and desorption cycles are shown in Figure 5a and Figure 5b 

respectively for the strontium nitrate and the ammonia borane complex. Whatever the 

considered material, adsorption of water on the material is a reversible process which means 

that adsorption is a physical one characterized by Van der Waals non specific bonds. In 

Intégrale 2480,17 mJ
  pondérée 1192,39 Jg^-1
Onset 120,43 °C
Pic 124,16 °C
Lim. gauche 120,43 °C
Lim. droite 240,75 °CmW 20 

min
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0 5 10 15 20 25 30 35 

Intégrale -314,94 mJ 
  pondérée -151,41 Jg^-1 
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Pic 118,38 °C 
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Lim. droite 120,41 °C 

-

Exo up
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addition, it is interesting to underscore that, for a relative humidity of 80%, Sr(NO3)2 and 

BH3NH3 particles adsorb respectively 0.14% and 2.47% in mass. For the reducer agent, it is 

really a very small value compared to others hygroscopic solid hydrogen storage compounds 

commonly used such as borohydrides (NaBH4, LiBH4 [6]…). 
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Figure 5: DVS sorption and desorption cycles of (a) strontium nitrate and (b) ammonia borane complex 

synthesized by SNPE Matériaux Energétiques. 

 

This previous study enabled us to select a specific hydride and an oxidizer which both fulfil 

the requirements. The compounds has been mixed together to form pellet, in order to be 

characterized in closed vessel and combustion chamber, after evaluating their sensitivity to 

safety tests. 

 

 

 MIXTURE INVESTIGATION 

  

Before characterizing the NfH2® formulations properties, these ones have to satisfy to safety 

tests (friction sensitivity, shock sensitivity and sensitivity to electrostatic discharge), in the 

process of classification of the product hazard division. According to results obtained within 

house, any sensitivity has been observed during experiments: thus this energetic composition 

can be handled safely.  

 

In-situ study of combustion reaction in gas generator 

 

The lab scale gas generator that has been used for testing the behaviour of NfH2® 

compositions is presented in Figure 6. Experiments have been made on one pill of 

(a) (b) 
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BH3NH3/Sr(NO3)2 mixture (m~7g, Φ=20mm and h=20mm) in a gas generator specifically 

realized for the real time study of the combustion reaction. In such a way, a PMMA tube as 

been used. Generally, gas generators consist of a combustion chamber equipped with an 

ignition system, generally a hot wire to avoid generating impure gas phase, and filled up with 

the loading. The initial gaseous volume is filled up with helium in order to allow reliable gas 

analysis on the combustion gases. After ignition, the solid-solid reaction occurs. The chamber 

is linked to a plenum (150mL) which stores the generated gases. Of course, the combustion 

chamber and the plenum are instrumented with pressure and temperature transducers in order 

to determine the hydrogen mass yield of the NfH2® composition. 

 

 

 
Figure 6: Experimental hydrogen gas (a) test bench and (b) gas generator design. 

 

During the combustion reaction between the oxidizer and reducer particles, the spatial and 

temporal propagation of the front wave has been study by digital camera. According to Figure 

7, three different steps can be reported: 
 

1. Before ignition (t<tig): the composition NfH2® is stable, any degradation of the 

pill is observed. 
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2. At ignition (t=tig): an intense light signal appeared and is characteristic of the 

flame formation at the surface of the sample. 
 

3. After ignition (t>tig): a self-sustaining combustion wave is observed all over the 

material through reactants to produce hydrogen and solid products. Obviously, it 

is also characterized by a propagation mode in parallel layers. 

 

 
t=0s t=tig tig+1s tig+3s 

 
tig+4s tig+5s tig+7s tig+9s 

Figure 7: Sequence of images acquired with digital camera (25 images per seconds). 
 

 

Ex-situ study of combustion residues and gas phase composition 

 

Gas analyses were performed after each combustion test by gas chromatography. The results 

show that the hydrogen purity is quite good and convenient with thermodynamic data. The 

volumetric concentration of hydrogen is about 92 %. The additional residual gases are 

composed of nitrogen (~7 %) and some traces of oxygen (~0.001 %), ammoniac (~0.003 %) 

and water (~0.3%). Helium is also detected because of its utilization before the combustion 

process as inert gas. 

 

The physical aspect and morphology of solid residues have been investigated by optical and 

SEM analysis, and are presented in Figure 8. According to images mentioned below, residues 

are white and well dispersed even if presence of crumbly heterogeneous agglomerates in shape 

and size (~10µm - ~400µm) are highlighted. In addition, in compliance with SEM micrograph 

in retrodiffused mode shown in Figure 8b (information about the chemical composition), two 



 
10/12 

different solid phases are observed: the first one (white colour) which corresponds to 

strontium oxide, and the second one, which corresponds to boron nitride and boron oxide 

(grey colour). 

 

 
Figure 8: Morphology of solid products for NfH2® formulation obtained after combustion process (a) 

Optical micrograph and (b) SEM micrograph in retrodiffused electrons mode. 
 
In addition, it can be underlined that solid residues are stable at ambient temperature. 
 

 

Experimental hydrogen mass yield for NfH2® formulations, given in the following Table 1, 

has been calculated from temperature and pressure values registered during experiments. By 

assuming that the generated gases is composed of ~92% of hydrogen, a hydrogen mass yield 

equal to 12wt%H was determined. This value is in line with American DOE goals of 10 wt% 

of hydrogen. 

 

Performance at 25°C NfH2® 

Theoretical  ~13.5wt% 

Experimental ~12wt% 

 

Table 1: Hydrogen mass yield for the NfH2® formulation tested at room temperature. 

 
 

  

 

1cm 100µm 
(a) (b) 
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CONCLUSIONS 

 

Generate hydrogen from molecular storage system is currently an exciting key challenge 

crystallizing people attention and scientist’s effort due to its attractive potential energy carrier. 

In such context, SNPE Matériaux Energétiques has developed a solid hydrogen storage 

technology able to deliver hydrogen on demand which is based on a self-sustaining 

combustion reaction between an oxidizer, the strontium nitrate Sr(NO3)2, and the complex 

ammoniac borane BH3NH3. 

Thus, in order to enhance comprehension on the composition NfH2®, it would be necessary, in 

a first time, to realize a complete physico-chemical characterization of each material by 

several complementary analytical techniques (SEM, XRD, EDXS…) in the field of 

morphological, crystallographic, microstructural and hygroscopic aspects. The whole results 

allow us to create an “identity card” the most accurate as possible. In a second time, lab scale 

gas generation experiments conducted in a gas generator especially designed for the “in-situ” 

study of the combustion reaction have exhibited the following results: the propagation mode 

of the combustion wave during the oxydo-reduction mechanism is characterized by a parallel 

layers reaction, the NfH2® formulation generates hydrogen on-demand, it presents a fair 

energetic density (13.6%wtH) and the experimental hydrogen mass yield is very attractive 

(~12%wtH). Moreover, gas analysis performed after combustion process has shown that the 

hydrogen purity is satisfying even if the formulation has to be improved to obtain hydrogen-

rich gases compliant with fuel cell applications. Indeed, most of the fuel cells are very 

intolerant to gas species like carbon monoxide or ammoniac in the range of compatibility of 

some ppm up to less than 1 %. In addition, this composition has good safety properties. 

To finish with, the NFH2® formulation presents very promising characteristics compared to 

others existing solutions, but further development studies have to be still realized in order to 

improve again and again actual results. 
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1 INTRODUCTION 

In order to evaluate simultaneously the influence of 
the three following blast design parameters: depth of 
the sub-drilling, content of aluminium in the bulk 
emulsion and the delay between adjacent holes; it 
was decided to use the Six Sigma® (registered 
trademark of Motorola Inc.) methodology with the 
Design Of Experiments technique (DOE) on two 
blasting criterion; the muck-pile throw and the first 
face acceleration at the bottom of the rock face. 

In the first part, the Six Sigma® methodology and 
the reasons for the choice of the DOE, will be de-
scribed. 

In the second part, the following details will be 
shown; the measuring equipment and the tools used 
for the control of: the drilling, the geometry, the 
blast energies, the performance of the explosives and 
the two blast performance criterion. 

In the third part, the results from the tests will be 
shown. Finally, the potential contribution of this 
methodology for blasting and the advantages of con-
tinuing this study will be discussed. 

 

2 THE SIX SIGMA® METHODOLOGY 

The Six Sigma® methodology is a business 
management strategy, originally developed by 
Motorola in the USA in 1986 that today enjoys 
widespread application in many sectors of industry. 
Many articles, books and documents have been 
written on this well known methodology, here are 
the essential elements. For more details see 
KELLER 2001. 

Six Sigma seeks to identify and remove the 
causes of defects and errors in manufacturing and 
business processes. It uses a set of quality 
management tools, including statistical methods, 
which creates a special infrastructure of experts 
within the organization, which might be referred to 
as "Black Belts". 

It is considered to be the most efficient metho-
dology for cost reduction and productivity im-
provements. The fundamental objective of the Six 
Sigma® methodology is the implementation of a 
measurement-based strategy that focuses on process 
improvements and variation reductions, through the 
application of Six Sigma improvement techniques.  

The Six Sigma DMAIC sub-methodologies (De-
fine, Measure, Analyze, Improve, Control) is an im-
provement system for existing processes which are 

Six Sigma® methodology applied to blasting 
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falling below specification and is a process used to 
evaluate incremental improvements. 

The basic method consists of the following five 
steps: 
− Define high-level project goals and the current 

process. 
− Measure key aspects of the current process and 

collect relevant data.  
− Analyze the data to verify cause-and-effect 

relationships. Determine what the relationships 
are, and attempt to ensure that all factors have 
been considered.  

− Improve or optimize the process based upon data 
analysis using techniques like Design of 
experiments.  

− Control to ensure that any deviations from the 
target are corrected before they result in defects. 
Set up pilot runs to establish process capability, 
move on to production, set up control 
mechanisms to continuously monitor the process. 

 
For the steps Analyze and Improve, the DOE tool 
has been used. With this tool, it is possible to 
simultaneously change several parameters during the 
experiment, in a controlled and structured manner.  

A DOE approach was considered necessary for 
three important reasons. Firstly, it would have been 
extremely time consuming to complete the study 
using the historical one-variable-at-a –time 
experiment approach. Secondly, manipulating two or 
more experimental variables at a time in a 
successive-approximation approach can yield 
incremental improvements. Unfortunately, this may 
not indicate the best attainable performance, or the 
best absolute optimum conditions for all possible 
steps. Thirdly, the study variables would be 
exhibiting both highly interactive effects and 
complex individual effects. 

3 THIS STUDY 

Two quarries were partners in the project, one lo-
cated in Belgium with a Limestone rock (Figure 1) 
and one located in the south of France with a Por-
phyre rock (Figure 2). 

The goal of the study was to quantify the influ-
ence of changes in the blasting plan, firstly on the 
muck-pile throw and secondly on the first face acce-
leration at the bottom of the rock face. 

After a long debate in the working team, three 
blast plan parameters were selected for modification: 
− The depth of the sub-drilling 
− The content of aluminium in the bulk emulsion 
− The delay timing between adjacent holes 

 
As per the DOE technique, 2 values, a minimum and 
a maximum, were tested for each parameter. 
− Sub-drilling : 0m and 1.4m 

− Content of aluminium : 0% and 5% 
− Delay timing : 5ms and 50ms 
 
 

 

 
 
Figure 1. Limestone quarry in Belgium. 

 

 
 
Figure 2. Porphyre quarry in France. 



With these 3 parameters, 23=8 tests were carried out 
at each quarry, a total of 16 tests. Each blast was di-
vided into two test areas, a total of 16/2=8 blasts. 
Two additional tests have also been carried out to 
confirm the models. 

The details of each test are shown in Table 1 and 
the blasting parameters are shown in Table 2. The 
explosive used was either; a re-pumpable bulk emul-
sion containing 85% of pure emulsion and 15% of 
Ammonium Nitrate in prills without aluminium or a 
re-pumpable bulk emulsion containing 81% of pure 
emulsion, 14% of Ammonium Nitrate in prills and 
5% of aluminium. 

Because of the short delay times and precision 
required, Daveytronic® electronic detonators were 
used for all of the test blasts.  

 
 

 
Table 1. Details of each test done per quarry. ______________________________________________ 
    F1=     F2=       F3= 

Sub-drilling % of aluminium  Delay between holes         
______________________________________________ 
Test 1  1.4m     5%      5ms 
Test 2  0m     5%      50ms 
Test 3  0m     0%      5ms 
Test 4  1.4m     0%      50ms 
Test 5  0m     5%      5ms  
Test 6  1.4m     5%      50ms 
Test 7  1.4m     0%      5ms 
Test 8  0m     0%      50ms  ______________________________________________ 

 
Table 2. Blasting parameters.  
    Hole  Number of   Number of  Number of  

diameter charges / hole  holes    rows          
Limestone  
quarry  127mm   1     25holes   1 
Porphyre  
quarry  115mm   2     22holes   1  ______________________________________________  
  Bench height  Burden  Spacing   Drilling angle          
Limestone  
quarry   9m   4m   4.5m    15° 
Porphyre  
quarry   15m   4m   4.5m    17°   
      

 
Muck-pile throw was measured with a laser profile 
mapping technique (see Figure 3) and the first face 
acceleration, at the bottom of the rock face, was 
measured using the company software Frontcalc (see 
Figure 4). 

Frontcalc has been designed specifically for blas-
ters who would like to obtain quantitative informa-
tion from their regular or high-speed blasts videos. 
The quantitative data includes; the time of the first 
face movement, the face velocities, the face accele-
ration and the stemming ejection velocities. 

 
 

 

 

 
Figure 3. Examples of the muck-pile throw measurement at the 
Belgian quarry. 

 



 
 

 
 
Figure 4. Examples of the acceleration measurement at the 
French quarry. Z1= left part and Z2= right part of the blast. 

 

 
Figure 5. Face profile/explosive charging from Test 3 at the 
French quarry. 

 
 
Figure 6. 3D view of the face at the French quarry. 

 
 
 

The operator can easily create markers (points, lines, 
areas) and place them over the image to determine 
the evolution of the movements during the sequence 
of images. The results are presented in multiple 
graph formats.  

For a total of 70 points, the average face velocity 
in the area located at the bottom of the front face, 
has been calculated. The slope at the beginning of 
the velocity curve gives the first face acceleration. In 
the example in Figure 4, the acceleration for the left 
part of the blast is 68 m/s2 and for the right part, the 
acceleration is 10 m/s2. 

To obtain a good understanding of the blast cha-
racteristics, a large numbers of tools, were em-
ployed. 

The trials required a precise control of the blast 
geometry and of the actual energy distribution. Lat-
ter is an important factor that had to be taken into 
account in the analysis. A probe for borehole devia-
tion measurement, a scanning laser for face geome-
try assessment and a blast design software were 
used. Examples of the outputs are shown in Figures 
5 and 6. They represent the results of test No. 3 in 
the Porphyre quarry (sub-drilling=0m, aluminium 
content=0% and delay=5ms). The software was used 



to determine the precise geometry of each hole as 
well as to calculate the required explosive amounts.  

For the measurement of the performance of the 
explosives, the velocity of detonation(VOD), pres-
sure of detonation(POD), and the pressure transmit-
ted to the surrounding rock have been measured.  

For the VOD, MICROTRAP was used. For the 
POD, the company system EXPRESS was used. For 
more details on this equipment, see Mencacci & 
Chavez (2005). For the pressure transmitted to the 
surrounding rock, the company system ROCPRESS 
was used. For more details on this equipment, see 
Mencacci & Farnfield (2003). An example of a pres-
sure trace is shown in Figure 7. 

A high speed camera was used to visualise and 
evaluate the performance of each explosive. For 
these tests the Troubleshooter model was used. 

 
 

 
Figure 7. Pressure trace of bulk emulsion with Aluminium. 

4 RESULTS 

The results below (see Tables 3 and 4) are following 
from the tests with the criteria of Table 1. 

In order to analyse those values in connection to 
the input parameters and their interactions, a multi 
linear statistical analysis was carried out. The multi 
linear estimation model has the following form: 
Y= a0 + a1X1 + a2X2 + a3X3 + a4X4 + a5X1X2 + 
a6X1X3 + a7X1X4 + a8X2X3 + a9X2X4 + a10X3X4 

Where X1, X2, X3, X4 are respectively: sub-drilling, 
content of aluminium, delay timing and quarry site. 
X1X2, X1X3, X1X4, X2X3, X2X4, X3X4 are the interac-
tive effects. 

Only the interactive effects of rank 1 (interaction 
between 2 parameters) have been taken in account. 

4.1 Muckpile throw model 
After modelling and simplification, the model ob-
tained is: 
Ympt = exp{3.8540 – 0.1136*Ln(delay) – 
0.0794*Ln(delay)*quarry + 0.0358*Ln(1+sub-
drilling)* Ln(delay) – 0.0869 *aluminium*quarry} 

Where: 
Delay = value from 5ms to 50ms 
Quarry = 0 if Belgium and 1 if France 
Sub-drilling = value from 0m to 1.4m 
Aluminium = 0 if no aluminium and 1 if aluminium 
 
The confidence level of this model is 97%. Table 5 
and Table 6 show the predicted values from the 
model and the measured values from the tests at 
each quarry. 

The difference between the predicted values and 
the measured values is under 10%, except for test1. 
 
 
 
 
Table 3. Details of results for the French quarry. ______________________________________________ 
      R1=         R2=       

Muck-pile throw    First face acceleration         
______________________________________________ 
Test 1    40m         83m/s2   
Test 2    20m         39m/s2  
Test 3    36m         70m/s2  
Test 4    26m         37m/s2  
Test 5    32m         90m/s2   
Test 6    23m         18m/s2  
Test 7    33m         68m/s2  
Test 8    22m         13m/s2   ______________________________________________ 

 
 
 
 

Table 4. Details of results for the Belgian quarry. ______________________________________________ 
      R1=         R2=       

Muck-pile throw    First face acceleration         
______________________________________________ 
Test 1    42m         134m/s2   
Test 2    30m         53m/s2  
Test 3    38m         94m/s2  
Test 4    33m         73m/s2  
Test 5    32m         85m/s2   
Test 6    24m         49m/s2  
Test 7    44m         63m/s2 
Test 8    31m         34m/s2   ______________________________________________ 
 
 
 
 
Table 5. Details of muck-pile throw for the French quarry. ______________________________________________ 
      R1=         R2=       

Muck-pile throw     Muck-pile throw 
  measured       predicted         

______________________________________________ 
Test 1    40m         33m  
Test 2    20m         20m 
Test 3    36m         35m  
Test 4    26m         25m  
Test 5    32m         32m  
Test 6    23m         23m  
Test 7    33m         36m  
Test 8    22m         22m   ______________________________________________ 
 



Table 6. Details of muck-pile throw for the Belgian quarry. ______________________________________________ 
      R1=         R2=       

Muck-pile throw     Muck-pile throw 
measured       predicted 

______________________________________________ 
Test 1    42m         41m  
Test 2    30m         30m  
Test 3    38m         39m 
Test 4    33m         34m  
Test 5    32m         39m  
Test 6    24m         34m 
Test 7    44m         41m 
Test 8    31m         30m ______________________________________________ 
 

 
 

 
 
Table 7. Prediction of the throw at the French quarry. With 
Aluminium. 
 

 
 

The difference between predicted and measured val-
ues was of nearly 20% for this test. The mathemati-
cal analysis of the DOE technique allows detecting 
inconsistent values, which could be due to meas-
urement errors. Test 1 was thus discarded from the 
model, which helped improving the confidence level 
of the model.  

For the Belgian quarry we observed results simi-
lar to those obtained at the French quarry, the differ-
ence between the predicted values and the measured 
values are under 10%, except for the tests 5 and 6. 

Tests 5 and 6 were deleted to avoid corruption of 
the model.  

The mean difference between the results obtained 
and the model’s prediction is 3m, including the tests 
that were deleted from the model’s calculations. The 
mean difference excluding these tests was 0.9m. 

The parameter with the greatest influence is the 
delay timing between adjacent holes. If the inter hole 
delay is decreased, the muck-pile throw increases by 
a significant extent. 

The quarry sites with its rock property and the 
blast configuration have limited influence on the re-
sults. 

From 50ms to 5ms, the muck-pile throw in-
creased by some 25%, 32m to 40m for the Belgian 
quarry and approx 50%, 22m to 33m, for the French 
quarry. See Table 7. 

 

Table 8. Additional tests in the Belgian quarry. ____________________________________________ 
         R1=        R2=     
      Results measured   Results predicted         
______________________________________________ 
Test 17(0m, 5%, 30ms) 28 m        32m 

Test 18(same than test 5) 41m        39m ______________________________________________ 
  
 
Table 9. Details of acceleration for French quarry. ______________________________________________ 
      R1=         R2=       

Acceleration       Acceleration 
measured       predicted         

______________________________________________ 
Test 1    83m/s2        83m/s2 
Test 2    39m/s2        14m/s2 
Test 3    70m/s2        65m/s2 
Test 4    37m/s2        18m/s2  
Test 5    90m/s2        65m/s2  
Test 6    18m/s2        18m/s2  
Test 7    68m/s2        83m/s2  
Test 8    13m/s2        14m/s2   ______________________________________________ 
 

 
Table 10. Details of acceleration for the Belgian quarry. ______________________________________________ 
      R1=         R2=       

Acceleration      Acceleration 
 measured       predicted    

______________________________________________ 
Test 1    134m/s2        130m/s2 
Test 2    53m/s2        44m/s2 
Test 3    94m/s2        102m/s2 
Test 4    73m/s2        56m/s2  
Test 5    85m/s2        102m/s2  
Test 6    49m/s2        56m/s2  
Test 7    63m/s2        130m/s2  
Test 8    34m/s2        44m/s2   ______________________________________________ 

 
 

There appears to be very little influence of the alu-
minium content and the depth of the sub-drilling. 
This was very surprising especially for the content 
of aluminium, as with more explosive energy we 
would have expected the muck-pile throw to have 
been more pronounced. 

In order to validate the model, two additional 
tests have also been carried out in the Belgian 
quarry. The results are presented in Table 8. The 
model was again confirmed by these results. 

4.2 Acceleration model 
After modelling and simplification, the model ob-
tained is: 
Yacc = exp{5.2231 – 0.3707*Ln(delay) – 
0.2843*Ln(delay)*quarry + 0.2791*Ln(1+sub-
drilling)} 

Where: 
Delay = value from 5ms to 50ms 
Quarry = 0 if Belgium and 1 if France 
Sub-drilling = value from 0m to 1.4m 



 
 
Table 11. Prediction of the acceleration at the French quarry. 

 
 

Table 12. Additional tests. ____________________________________________ 
         R1=        R2=     
      Results measured   Results predicted         
______________________________________________ 
Test 17(0m, 5%, 30ms) 47m/s2       53m/s2 

Test 18(same than test 5) 94m/s2       102m/s2 ______________________________________________ 
  
 
 
The confidence level of this model is 93%. Note that 
the parameter aluminium is not present in the model. 

Tables 9 and 10 show the predicted values from 
the model and the measured values from the tests at 
each quarry. 

Tests 2, 4 and 7 were excluded from the model 
calculations 

The parameter with the maximum influence was 
determined to be the delay timing between adjacent 
holes, similar to the results for the muck-pile throw. 
See Table11. 

In fact, the same observations and conclusions 
were found as for the muck-pile throw. 

The results of the predicted and measured values 
from the additional tests 17 and 18 were compared. 
These results are shown in Table 12, confirming the 
acceleration model. 

5 DISCUSSION 

The Design Of Experiments technique and the Six 
Sigma® methodology were used to experimentally 
verify the benefits of using these tools in the blasters 
environment. The results obtained were very inter-
esting and have demonstrated that the main benefits 
can be: firstly, a reduction in the number of tests, so 
that the cost of any project can be reduced, secondly, 
the study of the interactive effects and thirdly, the 
ability to model the process. 

A similar behavior between the muck-pile throw 
and the first face acceleration at the bottom of the 
rock face, have been observed. The parameter with 
the greatest influence was found to be the delay tim-
ing between adjacent holes. There is very little influ-

ence from the addition of aluminium or from the 
amount of sub-drilling.  

Our explanation for the influence of the delay is 
that in this case there is only one direction of move-
ment. So, with the same initial advance, the throw 
and the acceleration are bigger. At this stage, we 
have no explanation for the lack of performance in-
crease, which was expected with the addition of 
aluminium. This question is under investigation. 

The prediction of muck-pile throw is an important 
factor for the loading out functions at most quarries. 
One can envisage the possibilities of replacing a 
shovel with a loader. Similarly, this predictability 
could provide useful safety information for blasts 
near fixed equipment, crusher, etc. 

During these tests, one of the main difficulties 
was to maintain consistent blasting conditions from 
one blast to the other, such as actual burden and 
spacing. This cannot be always the case due to the 
natural inconsistency of rock geometry an unavoid-
able drilling deviations. Nevertheless, it is very im-
portant to be able to measure and quantify such de-
viations in order to consider them during the 
statistical analysis. Furthermore, the practical use of 
such a model can only be made with a precise con-
trol on actual blasting conditions (face and hole ge-
ometry, specific energy, precise timing). 

The next work will take into account the calcu-
lated measured burdens at each shot hole. In doing 
this it is expected that the models will be improved. 

Further work is required to evaluate these per-
formance improvements over a long period of time 
to ensure that there is no significant deviation. This 
is step 5 of the Six Sigma methodology, Control. 

6 CONCLUSION 

To use Six Sigma® methodology in blasting, we 
need to be very rigorous and to follow each of the 
different steps. There is a need to: 
− Describe clearly the target 
− Analyse all parameters which have an influence 
− Determine which parameters are to be included in 

the DOE 
− Determine the range for each parameter 
− Control and fix all the others parameters 
− Measure precisely the performances of each blast 
− Analyze the data and determine a prediction 

model 
− Validate the model by new tests 
− Improve and control the model 

  
Generally speaking, the influence of blasting pa-
rameters on several performances is intuitively 
known. Using this methodology for the first time in 
blasting field trials, we were able to establish a 
quantified prediction model with a good confidence 
level (>93%) for the 2 performances studied: the 



muck-pile throw and the first face acceleration at the 
bottom of the rock face. These two models have 
been validated by complementary tests. A similar 
behavior between the throw and the acceleration has 
also been observed.  

The constant inter-hole delay time, appears to be 
the parameter with the maximum influence. The 
quarry sites with the rock’s properties and the blast 
configuration have some minor influence on these 
criteria. There appears to be very little influence by 
the addition of aluminium, or by the extent of the 
sub-drilling. This was surprising, especially for the 
inclusion of aluminium, because with more explo-
sive energy, we would have expected that the throw 
and the acceleration would have increased. 

Following the success found with this methodol-
ogy for blasting, new works will include the study of 
other performance parameters, such as fines, frag-
mentation and crusher throughput, etc. 
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ABSTRACT  
 
The model of detonation initiation and propagation is proposed for lead azide and is tested numerically for 
confined and unconfined charges.  Two-dimensional Euler equations coupled with the visco-plastic model of 
void deformation were solved by a high order finite-volume TVD scheme. In view of absence of 
thermodynamic data of lead containing detonation products we have developed a special equation of state 
(EOS) similar to the HOM EOS. The equations of state of solid lead azide at theoretical maximum density 
and its detonation products were derived based on a limited number of experimental detonation velocities 
and some general features of behaviour of Gruneisen coefficient of detonation products of typical secondary 
explosives. The effect of charge diameter on detonation velocity, structure and curvature of detonation front 
is then studied numerically for confined and unconfined charges. Since the model developed takes into 
account the void deformation, these simulations were performed in a wide range of initial density of lead 
azide and consistent results were obtained. Thus, the proposed gasdynamic model could be also applied for a 
thorough study of initiation of primary explosives by pulsed laser and high-current electron beam irradiation.  
 
INTRODUCTION  
 
Though primary explosives such as heavy metals azides (Pb(N3)2, AgN3 etc.) have a simpler chemical 
composition than the secondary high explosives, the question about the mechanism of detonation initiation 
and propagation in the primary explosives is still open. Indeed, there are many experimental studies on their 
initiation by pulsed laser and high-current electron beam irradiation and about ten different models were 
proposed to explain the mechanism of this process [1-11]. Sometimes an interpretation of experimental 
results on the effect of void or grain size on ignition of porous primary explosives at a first glance contradicts 
to the well-known fundamental feature of heterogeneous condensed secondary explosives according to 
which the sensitivity to ignition grows (rather than drops) as pore or grain size is increased [12]. The purpose 
of this work is to develop a gasdynamic detonation model, including the equation of state of lead azide and 
apply them to study a detonation initiation and propagation in confined and unconfined charges of both 
porous and homogeneous primary explosives. Here we demonstrate the results of numerical study of the 
effect of charge diameter and confinement properties on the velocity and curvature of detonation front.    
 
1. DESCRIPTION OF THE MODEL  

 
In general, all solid explosives, including the primary ones, are heterogeneous because the charge density is 
always less than the theoretical maximum density (TMD). For example, granular explosives comprise solid 
particles and voids, and when shock wave enters such a material, it encounters a great number of density 
discontinuities. In addition, solid and even liquid explosives in reality always contain different types of 
impurities. Furthermore, solid explosive itself is often a combination of grains of different single explosives 
like e.g. well-known TNT/RDX composition. Moreover, even in single macro-crystal molecular explosives 
the different defects of crystal lattice (dislocations) may be treated as extraneous inclusions, which can lead 
to formation of “hot spots” in shock initiation process.  

The Zel’dovich - von Neumann - Döring (ZND) theory of detonations well describes the detonation 
process in explosives of any kind (gas, liquid or condensed). This hydrodynamic theory of detonations is the 
theoretical basis of majority of numerical simulations of different detonation processes in condensed 
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explosives. Numerical simulation of detonations is based on solution of compressible Euler equations that 
represent a governing system of conservation laws.  

 To take into account the real heterogeneous structure of condensed explosives but in the frame of 
continuous mechanics, different sub-models have been proposed. It seems, that the sub-models describing 
the hot-spot formation and growth  due to a visco-plastic flow around the pores allow one to describe all 
features of shock sensitivity of heterogeneous secondary explosives [13-17]. Here we follow the visco-
plastic sub-model [13,14] describing the dynamics of pore collapse in the condensed heterogeneous 
explosives. Thus, the reacting explosive is treated like a two-phase medium comprising an explosive or its 
detonation products or their mixtures as a main phase and pores filled by inert gas. The one-velocity 
approach is used.  

The governing equations in the case of a Descartes coordinate system are read as follows 
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where gasav ρϕρϕρ +−= exp)1(  is the average density of two-phase mixture; expρ is the density of an 

“explosive” (i. e. of fresh explosive or of a mixture of detonation products with a fresh explosive, or of 
detonation products); gasρ is the gas density inside pores; gasav ppp ϕϕ +−= exp)1( is the average pressure 

in two-phase mixture; expp is the pressure in the “explosive”; gasp is the pressure of a gas inside pores; ϕ  is 

the void volume fraction in the explosive (porosity); u  and v  are the particle velocities of mixture along x- 
and y-axis respectively (the one-velocity model is used); E  is the average energy per unit mass of a two-

phase mixture; λ is the mass fraction of detonation products (λ=0 for fresh explosive, λ=1 for completely 
reacted explosive); s  is the pore wall velocity;r  is the radius of pore;+T  is the temperature of pore wall.  

The additional equations represent conservation of number of voids, definition of void volume fraction, 
and that of specific surface area of voids. Finally, gas in voids behaves adiabatically, and its mass is 
conserved during collapse of voids 
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where n  is the number of voids per unit volume; sA  is the specific surface of pores per unit volume.  

From the first equation of system (1) and equation (2) one can obtain 00 // avav nn ρρ = . Subscript 0 

refers all values to their initial conditions (at t=0). 
For the average energy per unit mass of two-phase mixture the next formulas are used 
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where the first term is the kinetic energy of a two-phase mixture as a whole, the second term is the internal 
energy of an explosive (or of a mixture of detonation products with explosive, or of detonation products 
alone), the third term is the internal energy of a gas inside pores, and the forth term is the kinetic energy of 
main phase due to the radial motion of pore wall ( 1.1≈η , see [18]). To describe dependences of pressure 
and temperature on density and internal energy of the mixture of a fresh explosive with detonation products 
we use the modified HOM equation of state (mHOM EOS) described in the Appendix. For the internal 
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energy of a gas in pores gasE  the simple formula with constgas =γ  is used: 
gas

gas
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p
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−
= , but with 

the 32 ÷≈gasγ . The case 0=gasp  corresponds to vacuum in pores.  

To describe the pore collapse and the dynamic of the temperature of the material at pore surface in the 
case of small Reynolds numbers (Re2<<1) the equations from the visco-plastic hot-spot model [13,14] are 
used (see source term W in eq. (1)):   
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where Y is the yield strength of explosive material; µ is its dynamic viscosity; χ is its heat conductivity; 

expc is its heat capacity. All these constants refer to the solid explosive. At this stage, we assume that the 

yield strength and viscosity are constant and do not depend on temperature and pressure. expT is the bulk 

temperature of explosive and detonation products. The coefficient H describes the intensity of heat losses 
from hot spot to explosive, in our simulations 64=H  which can be derived from formulas given by [13,14]. 
To describe the radial velocity of pore wall at 0>t  ( 0,0:0 rrst === ) the explicit analytical equation is 

used [14], 1+ns  and ns  are the radial velocities at the time moment 1+nt  and at the previous instant nt .  
The kinetic equation for mass fraction of detonation products λ (λ=0 at t=0 for fresh explosive, λ=1 for 

completely reacted explosive) consists of two terms: 
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The first term describes the bulk Arrhenius reaction in the volume of fresh explosive, this term is 
governed mainly by bulk explosive temperature.expT  The second term describes the surface burning process 

of effective grains of explosive surrounded by pores. Here 0sA  is the specific surface of pores per unit 

volume at the initial conditions; 0avρ is the initial apparent density of the explosive material; B is the 

coefficient in expression for linear burning velocity ν
expBpuburn = , in present simulations we take 1=ν . 

Note that according to the HOM approach the pressure of products is equal to pressure of solid explosive, 

exppppr = . Their temperatures are also assumed to be in equilibrium except for the case of strong 

rarefactions of solid phase.0sλ is the initial mass fraction of fresh solid explosive in a 

charge
0

0
0

)1(

av

TMD
s ρ

ϕρλ −= , TMDρ is the theoretical maximum density (density of monocrystal explosive). 

Since below we assume that there is no gas in the voids, 10 =sλ . 

The governing system of equations described above is complemented by the equation of state defining 
the dependence of pressure and temperature on density and energy of (i) fresh solid explosive, (ii) detonation 
products and (iii) mixture of fresh solid explosive with detonation products. Special efforts were applied here 
to develop an EOS for solid Pb(N3)2 since we have no thermodynamic data for the detonation products of 
lead azide and the thermodynamic code TDS at our disposal [19] cannot be applied in this case to estimate 
the detonation velocity and other detonation parameters. The equation of state we have used was of the HOM 
kind [20] and its modifications to mHOM EOS are described in details in Appendix. Solving the 
aforementioned governing equations with this equation of state derived at theoretical maximum density of 
Pb(N3)2 one can numerically simulate the dynamics of detonation formation and find final steady detonation 
velocity at any initial density of the explosive charge.  

Fig.1 compares calculated detonations velocity of lead azide at different charge densities in plane 
monodimensional case (hence, without losses) with theoretical predictions of ideal CJ detonation velocity 
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made by an LLNL thermo-chemical computer code Cheetah (L. Fried, 1986). Thus, the ideal detonation 
velocities in charges of different density calculated by using the mHOM EOS for Pb(N3)2 within two home-
made gasdynamic codes agree well with CHEETAH values in a wide range of charge densities. Being sure 
that the gasdynamic code used below provides correct detonation velocity in the ideal case without losses, 
one can study the effect of charge diameter and its confining on detonation velocity. 
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Fig.1. Comparison of ideal detonation velocities of or lead azide Pb(N3)2 calculated with the mHOM 

EOS by unsteady home-made codes CEDI and EFAE and the thermodynamic code Cheetah 
 
2. RESULTS OF SIMULATIONS  
 
The parallel numerical code “CEDI” (Condensed Explosive Detonation Initiation) for simulations of two-
dimensional detonation flows of condensed explosives has been developed in this study. This code is based 
on the Gogunov-type finite-volume numerical scheme and MUSCL TVD reconstruction procedures. The 
additive semi-implicit Runge-Kutta (ASIRK) method is used for time integration with a second order 
accuracy. To describe the physico-chemical conversion of condensed explosive and generalized model of 
one-step irreversible chemical reaction (3) were applied. The constant B in the surface burning law was set to 
5E-9 and 2E-8 m/(s*Pa) for PETN and lead azide respectively and pressure exponent was set to 1 (the value 
of constant B naturally is linked with the equation of state, i.e. if another EOS is used which gives higher 
pressure at the same density and internal energy, a smaller value should be attributed to this constant). The 
ignition criteria are quite simple: the bulk reaction cannot begin unless the bulk temperature of solid phase 
does not exceed for the first time some threshold value (here it was set to 350 K), while in the case of porous 
explosives the surface burning can begin only after the pore surface temperature becomes higher than 
1000K. To test the validity of the model the numerical simulations were made at first for PETN charges to 
compare the calculated and experimental effect of diameter of confined and unconfined charge on detonation 
velocity. Then the model was applied to lead azide. The simulations were performed for nonporous and 
porous charges using the mHOM equation of state (see Appendix) with a set of coefficients derived at a 
theoretical maximum density. As a confining material we have used either steel described in hydrodynamic 
approximation also by an mHOM EOS or air described for simplicity as an ideal gas with 32 ÷≈gasγ . In 

all cases the cylindrical geometry was considered.  
The flow was initiated due to an instantaneous liberation of energy at t=0 in some “hot spot” region in 

the tested explosive. The density in this hot spot equals the initial density of the tested explosive. 
 
2.1. TESTS WITH NONPOROUS CHARGES 
 
Figure 2 shows as an example the dynamics of detonation initiation and propagation in a cylindrical charge 
of nonporous PETN1 confined in a steel tube of an inner diameter of 6 mm and a thickness of 1 mm. In Fig.2 
                                                 
1 The ideal CJ detonation velocity of PETN at TMD density of ρo=1.773 g/cm3 equals DCJ=8435.8 m/s, and 
the ideal CJ detonation pressure, temperature, sound speed and density are respectively PCJ= 293 kbar, TCJ = 
4141 K, cCJ=6475 m/s and ρCJ = 2.3098 g/m3 (from BKWC EOS by TDS). It is worth to remind that 
cCJ=ρoDCJ/ρCJ, while DCJ= Vo[PCJ/(Vo-VCJ)]

1/2 where VCJ =1/ρCJ, i.e. DCJ and cCJ  are found based on 
Vo=1/ρTMD, PCJ and VCJ  (three last parameters are used on input for the mHOM EOS) 
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the size of an initiating  hot spot was quite small (1 mm by 1 mm) but its energy was as high as 30 times the 
CJ energy (it is assumed that hot spot domain is filled by the detonation products).  

The first information line at the top of each figure below shows the name of the tested explosive, its 
initial density (g/cm3) and diameter (mm). When transformation is done from the laboratory frame of 
reference to a moving one with a fixed velocity Dst (i.e. when the camera moves steadily near the shock 
front), the first line shows at its end the value Dst of the transformation velocity from laboratory longitudinal 
coordinate X to Z=Dstt-X (this value of Dst is not indicated at all if no transformation was applied). The 
second line lists number of steps along time, corresponding instant of time (µs) and, finally, instantaneous 
longitudinal velocity (m/s) of the leading shock wave. The colour legend allows one to identify the zones 
where the considered flow parameter is either high (red colour) or small (blue colour).  

Thus, Fig.2a corresponds to nonporous PETN charge at theoretical maximum density (1773 kg/m3).  
Confinement is made of a steel tube with an internal diameter d = 6 mm and a wall thickness h = 1 mm. 
Fig.2a displays dynamics of the flow by showing the profiles of pressure (the left column) and sound 
velocity (the right one) at t=0.05 µs, t=1.225 µs and t=5 µs. The initial sound speeds in PETN, steel and air 
differ noticeably (respectively 2330 m/s, 4580 m/s and 340 m/s) that helps to distinguish easily different 
materials on 2D distributions of the sound speed.  

Fig.2a shows that at t=0.05 µs the instantly reacted hot spot induces shock waves both in longitudinal 
and radial directions. At t=1.225 µs a beginning of formation of a steady flow pattern is seen: curved shock 
front of detonation induces a typical series of shock reverberations in a steel confinement. The instantaneous 
detonation velocity changes from 8136 m/s t=1.225 µs to 8298 m/s at t=5 µs (it was 8299 m/s at t=3.75 µs  -
not shown for brevity). In addition both pressure and sound velocity profiles at t=3.75 µs and at t=5 µs are 
very similar that confirms the steadiness of the detonation wave and of the adjacent flow in steel. The deficit 
of a detonation velocity is small and does not exceed 1.6% that is due to a strong confinement and relatively 
fast decomposition of PETN under given conditions.  

Fig.2b shows for the same run the distribution at t=5 µs of such important flow parameters as (i) the 
reaction progress variable λ, (ii) the longitudinal particle velocity, (iii) the density of unreacted material (its 
meaning is discussed below) and (iv) the flow or mixture density. One can see that the reaction front is 
noticeably curved despite a quite strong and thick confinement, that the reaction zone thickness is quite small 
and that the explosive is burnt completely even near the expanding interface (a different behaviour is 
demonstrated below for unconfined explosives). From the numerical point of view it is worth to note that 
there is no any sign of numerical diffusion across the interfaces between the detonation products and steel 
and between steel and air. This is due to an explicit interface tracking procedure that presents another 
important advantage of our model. 

The density of "unreacted material” in Fig.2b is just the density of nonporous inert materials (i.e., air 
or steel). However, the main interest of considering such a variable is related with a condensed explosive 
because this "unreacted material” density represents the density of solid phase ρs=1/Vs, where Vs is the 
specific volume of the solid phase in the definition of the mixture density  

sg
mixt VV )1(

1

λλ
φρ
−+

−=  

where φ  is the void volume fraction and gV  is the specific volume of the detonation products. The last 

expression in the case of nonporous substances ( 0=φ ) reduces to a volume additivity condition. 

Thus, the profile of density sρ  of "unreacted material” allows one to estimate precisely the reaction 

zone thickness, since ρs is set to zero at the end of chemical conversion when there is no more solid 
explosive. Particularly, in the considered nonporous PETN the reaction zone thickness is of about 0.25mm.  

Finally, Fig.2b shows in a logarithmic scale the “density of the mixture” mixtρ , which in the domain 
occupied by air helps visualising the shock wave induced in air. In the domain occupied by steel the mixture 
density equals that of steel and in the domain of explosive it represents the density of the mixture of 
detonation products with the unburned solid explosive, when 0<λ<1. Otherwise this flow parameter 
corresponds to a density of a fresh solid explosive before the beginning of the chemical reaction (λ=0) and to 
a density of detonation products if reaction is completely finished (λ =1).  

Profiles of sound velocity in Fig.2a as well as of other flow parameters in Fig.2b show an important 
flow feature which is due to an unconditional instability of a tangential interface between two liquids (we 
remind that both steel and explosive in our model are treated in hydrodynamic approximation). Indeed, one 
can see that the interface between the steel confinement and detonation products becomes more and more 
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perturbed downstream of the detonation front. The numerical grid also becomes very disturbed that causes a 
significant drop of a numerical time step, deceleration of calculation progress and finally the run crashes. To 
avoid this problem we use the cutting procedure that cuts-off too perturbed rare part of the flow and places 
new cells with initial flow parameters before the shock front. Very simple continuous boundary condition 
that roughly simulates non-reflecting left side of the calculation domain is applied after the first application 
of the cutting procedure. A supersonic character of detonation wave propagation must ensure an absence of 
any effect of this procedure on the structure and velocity of the flow. This fact was approved in our 
numerous simulations with different lengths of computation domain along longitudinal direction 

 

  

  

  
Fig.2a. Dynamics of detonation initiation and propagation in nonporous PETN (ρο=1773 kg/m3, 
charge diameter = 6 mm, steel tube thickness 1 mm): profiles of pressure [kbar] (left column) and 
sound velocity [m/s] (right column) at t=0.05 µs (upper line), t=1.225 µs (medium line) and t=5 µs 
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a) b) 

c) d) 

Fig.2b. Flow field structure of steady detonation wave in nonporous PETN (ρο=1773 kg/m3, charge 
diameter d=6 mm, thickness of steel tube wall h=1 mm) at t=5 µs: profiles of (a) reaction progress, 
(b) longitudinal particle velocity [m/s], (c) explosive sρ and (d) mixture density mixtρ  [kg/m3] 

 
2.2. EFFECT OF POROSITY AND CONFINEMENT PROPERTIES 
 
It is known that a detonation velocity of secondary explosives grows linearly with a charge density. The 
visco-plastic model of pore collapse used here allows us to take into account the effect of porosity without 
modifying the equation of state derived at the theoretical maximum density. Fig.3 displays at t=5 µs, when 
the detonation became steady, the distributions of pressure and sound speed, the reaction progress variable 
and the density of solid explosive, the longitudinal and transverse particle velocities (in a laboratory frame of 
reference) in the case of PETN with 40% porosity. Bottom line demonstrates pore collapse dynamics in the 
form of distributions of pore surface velocity and pore radius. With the same steel confinement as above 
(d=6 mm and h=1 mm) the detonation velocity has dropped from 8298 m/s to 5910 m/s due to a decrease of 
charge density from 1773 to 1065 kg/m3. The ideal detonation velocity at this initial density is 5991 m/s, i.e. 
the detonation velocity deficit is 1.35% that correlates with smaller front curvature in porous case. Smaller 
charge density is responsible for smaller pressure in the reaction zone and smaller angle of inclination of 
steel. However, the total reaction zone length is about 0.4 mm versus 0.25 mm in nonporous PETN.  

Fig.4a shows for the same explosive as in Fig.3 the effect of the thickness of tube wall on the 
detonation flow structure (h=0.1 mm vs. 1 mm above). Self-sustained detonation velocity equals here 5894 
m/s that is nearly by 100 m/s smaller than at h=1 mm.  

Fig.4b-4c allow one to compare the self-sustained detonation velocity and structure in porous PETN 
( =φ 0.4) at different charge diameter (respectively 3 mm and 2 mm) for the same confining wall thickness of 
h=1 mm as in Fig.3 where tube diameter was 6 mm. The flow structure changes slightly though  the velocity 
of self-supported detonation drops with decrease of charge diameter from to 6 mm to 3 and then to 2 mm 
from 5910 m/s to 5822 and 5748 m/s respectively. However, this drop could be stronger if tube thickness 
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was decreased proportionally to tube diameter, but at consth = the ratio of tube mass to that of explosive 

grows as 2)/21( dh+ when tube diameter is decreased that makes the flow behind the shock front less 
diverging. As a result the flow inside the tube becomes closer and closer to a mono-dimensional one.   

 

 a)  b) 

 c)  d) 

 e)  f) 

 g)  h) 

Fig.3. PETN ( =φ 0.4) in steel confinement (d=6 mm) with thickness h=1 mm. Distributions at t=5 µs 
in the frame of reference fixed to a shock front of a) pressure and b) sound speed, c) the reaction 
progress λ and d) the density of solid material sρ , e) longitudinal Ux and f) transverse Ur  particle 
velocity and g) of velocity of pore surface and h) pore radius 
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Fig. 4d shows pressure map in PETN with 10% porosity. Comparison with Fig.3 for the same 
confinement and charge diameter but at 40% porosity demonstrates an increase of detonation velocity up to 
7638 m/s (while the ideal value is 7786 m/s). The front curvature became here larger than at φ =0.4 due to 
higher pressure in the reaction zone and faster expansion of the confinement. 

  

a) b) 

c) d) 

Fig.4. Distributions of pressure in the frame of reference fixed to a shock front of a steady detonation 
in PETN: a) porosity φ =0.4, tube diameter d=6 mm and thickness h=0.1mm; b) φ =0.4, d=3 mm and 

h=1 mm; c) φ =0.4, d=3 mm and h=1 mm and d) φ =0.1, d=6 mm and h=1 mm  
 
Thus, one can see that the coupling of gasdynamic detonation model with the mHOM EOS provides a 

reasonable agreement with available data on the features of detonation propagtion in “standard” explosives. 
Before considering the lead azide case it is worth to note that in the frame of the classical HOM EOS the 
density of solid phase in the mixture with products in the zones of strong rarefaction can become as low as 
ρTMD/10. Probably this result attempts to show that dispersion or at least defragmentation of unreacted 
explosive takes place in reality. If so then the solid phase density should not differ strongly from the initial 
TMD density of solid explosive. To overtake this computational difficulty related with so important 
rarefaction of solid phase we derived a new approach in the frame of the mHOM EOS which limits the 
specific volume Vs of solid phase during expansion stage up to 1.1Vso, where Vso =1/ρTMD. It means that a 
strong expansion of the mixture of solid explosive with its products is mainly due to an expansion of 
detonation products. This limitation allowed us to diminish strongly number of code failures in this domain. 
 
2.3. UNCONFINED AND CONFINED DETONATIONS IN LEAD AZIDE  
 
Profiles of flow parameters in Fig.5 are obtained for porous lead azide Pb(N3)2 (33% porosity) at t=5 µs 
when detonation propagation in unconfined charge with a diameter of 3 mm became steady. The polytropic 
index of air γair was set 3 in an attempt to simulate the effect of high density of air in the frame of ideal 
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equation of state. Pressure distribution is given not in a log scale this is why here we do not see any wave in 
adjacent air. On the contrary, the profiles of sound speed, mixture density and density of unreacted material 
clearly show the shock wave induced in air by detonation products. For the chosen value of the polytropic 
index of air we see that in front of the detonation wave there is a detached shock wave  which creates small 
perturbations before the leading front of the detonation wave. This shock wave in air is similar to a bow 
shock observed in aerodynamics around a blunt body moving with the high speed in air. 
  

 a)  b) 

 c)  d) 

 e)  f) 

 g)  h) 
 
Fig.5. Main flow parameters for porous Pb(N3)2/air steady detonation at t=5µs at d=3 mm with 
limited expansion of solid phase: a) pressure, b) sound speed, c) mixtρ  and d) sρ , e) λ and d) pore 
radius, e) longitudinal D-Ux and f) transverse Ur  particle velocity  
 

Before considering the unusual effect of confinement properties on detonation let us treat at first the 
results of standard test on numerical grid resolution. Fig.6 compares the results obtained at standard 
resolution shown in the left column (cell size hx=hy=10 µm) with that obtained at double resolution with 
hx=hy=5 µm shown in the right column. It is worth to note that the price or CPU time of the solution at two 
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times smaller cell size is nearly 8 times larger that underlines an importance of such a comparison. One can 
see that the results are practically identical. This shows undoubtedly that the standard resolution used in the 
above results was quite sufficient from practical point of view.  

To demonstrate the dependence of detonation velocity and structure on sound speed in steel 
confinement we have performed a few numerical tests with the same Pb(N3)2 charge at ρ=3140 kg/m3 as 
before (charge diameter is 6 mm and steel tube wall thickness is 1 mm). Fig.7 shows the final structure of 
self-sustained detonation propagating at t=5 µs at the velocity of 4035 m/s which is lower than sound speed 
in steel (4580 m/s). Apparently the shock front curvature became nearly concave instead of being convex in 
all previous simulations.  
 The reversal of detonation front curvature becomes more prominent if charge density is reduced to 
2500 kg/m3. Indeed, Fig. 8 shows the structure of self-sustained wave at t=5 µs with a mean velocity of about 
3100 m/s (unfortunately, the last value of detonation velocity automatically measured by the code and shown 
in the frame header was not correct due to shock waves in steel overtaking the detonation front). Apparently, 
the detonation concavity became more noticeable than in a previous case.  

Thus, the results of gasdynamic simulations of detonation initiation and propagation in secondary 
explosives and in such a primary explosive as lead azide show that the proposed gasdynamic model correctly 
describes effect of charge diameter on the detonation velocity in both porous and nonporous confined and 
unconfined charges. Hence it would be interesting to apply this model to study the detonation initiation of 
primary explosives by laser or electron beams.  

 
CONCLUSIONS  
 
The visco-plastic model of "hot spot initiation and growth" due to void collapse was developed and 
incorporated in the gazdynamic code “CEDI” (Condensed Explosive Detonation Initiation) for simulations 
of 2D detonation flows of condensed explosives. This code is based on the high-order Godunov-type finite-
volume numerical scheme and MUSCL TVD reconstruction procedures. The modified HOM equation of 
state is developed and its parameters are defined for lead azide and some other secondary explosives at their 
theoretical maximum density. Numerical simulations perfomed with this equation of state in a wide range of 
initial densities of confined and unconfined charges show that the model is free from numerical diffusion 
problems through interfaces between different materials and can accurately simulate the effect of charge 
diameter on detonation velocity. It appeared extremely useful to limit the expansion of solid phase, 
particularly in the lateral rarefaction wave.  The calculated dependences of detonation velocity and front 
curvature on charge density, diameter, and thickness of confining wall are self-consistent. Thus, it is of 
interest to apply this gazdynamic model to a study of initiation of primary explosives by such initiation 
means as laser and electron beams.    
 
 

  
Fig.6. Profiles of longitudinal velocity at the vicinity of the detonation front at normal resolution (left, 
hx=10 µm) and high resolution (right, hx=5 µm) at t=2.3 µs. The grid structure is also shown.  
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Fig.7. The structure of the steady detonation wave in confined low density Pb(N3)2, ρ=3140 kg/m3, at 
t=5 µs (charge diameter is 6 mm and tube wall thickness is 1 mm). Front curvature reversal caused by 
a high value of sound velocity in steel compared with detonation velocity 
 

  

  
Fig.8. The structure of the steady detonation wave in confined low density Pb(N3)2, ρο=2500 kg/m3, at 
t=5 µs (charge diameter is 6 mm and tube wall thickness is 1 mm). Front curvature reversal caused by 
a high value of sound velocity in steel compared with detonation velocity 
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APPENDIX: MODIFIED HOM EQUATION OF STATE 
 
We could not build an equation of state of lead azide Pb(N3)2 based on traditional procedures since we have 
no thermodynamic data for lead containing detonation products and thus we could not use the 
thermodynamic code to estimate the corresponding CJ parameters.  
 Our idea was to develop a generalised EOS valid for typical explosives and then to apply it to lead 
azide by taking an account of the scarce available data on the detonation velocity measurements for Pb(N3)2: 
D=4500 m/s at initial explosive density ρ=3.8 g/cm3 (crystal density 4.73 g/cm3), D=5300 m/s at 4.6 g/cm3 
(all for confined charges) [6], at theoretical maximum density D ≈ 6100 m/s as it has been reported in [21]. 
Finally D=5000 m/s at 4.0 g/cm3 in the experiment and at the calculated CJ point [20].   
 The equation of state described here is based on the HOM equation of state (EOS) developed and 
used extensively in Los Alamos National Laboratory during last few decades [20].  The abbreviation “HOM” 
means “Hell of mess” and to make this equation of state easier to use we propose a few modifications. The 
main idea is to get rid of polynomial representations of (i) shock temperature for condensed explosive and 
(ii) isentropic pressure and temperature for detonation products on logarithm of volume, since in numerical 
simulations, for example, during initiation one can easily arrive to a situation when volume is beyond the 
range for which the aforementioned polynomial fits were done. These fits will be replaced by some functions 
reflecting physical behaviour of condensed material and reaction products both under compression and 
expansion and thus will ensure correct asymptotical behaviour both at high and low densities. At first we 
describe the modified HOM EOS (mHOM) for the condensed (fresh) explosive, than for the products and for 
the mixture of fresh explosive and its products. Finally, the coefficients of the mHOM EOS for lead azide at 
the theoretical maximum density are described and the predicted detonation velocities are compared with 
available data. 
 
A1. mHOM EOS FOR SOLID FRESH EXPLOSIVE 
 
Fresh explosive EOS relating pressure P and temperature T with specific volume and energy (V and 
e respectively) is similar to the original HOM equation of state 

( ); H
H H H

s

e e
P P e e T T

V c

γ −
= + − = +         (4,5) 

where shock pressure HP  is found from the experimental Hugoniot relating linearly the shock velocity D 
with the material velocity u 
 

H HD a b u= +            (6) 
 
So that  
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 − − 

         (7) 

where oV  is the initial specific volume of the solid explosive.  
However, in contrast to the original HOM EOS which represents HT  by the 4th order polynomial of 

lnV  we use the shock temperature HT  in the following form 
 

1
/ 1

exp expo
H

V V
T T T

ε ε
η η

  −   − = + ∆ − − −    
     

        (8) 

 
where , ,T ε η∆ are the best-fitting coefficients which are found using the results of integration of 
ordinary differential equation on HT  within the framework of the Walsh and Christian technique [22] and 

1 1( )T T V= is the 1st order approximation of ( )HT V  solution: 
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Thus, the functional form of eq.(8) has a correct asymptotic behaviour both at small and relatively high 
compressions typical for detonation problems (for example, for NM: T∆ =2040 K, ε =0.5351 and 
η =0.05114). 
 
A2. mHOM EOS FOR DETONATION PRODUCTS 
 

The equation of state of detonation products is built in a similar way  
 

ln
( ),
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s

S S
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v

d TG
P P e e G

V d V
e e

T T
c

= + − = −

−
= +

              (10-12) 

but is based on the isentrope pressure ( )s sP P V=  and isentrope energy ( )s se e V= . Though it is not the case 
for Pb(N3)2 with the TDS code [19], let us assume that for a given explosive the dependence of its isentrope 
pressure SP  on specific volume of detonation products can be calculated by a thermodynamic code (i.e.  
thermodynamic properties of all species are known). Thus, such parameters as the CJ pressureCJP , volumee 

CJV , temperature CJT , sound velocity CJc  etc. are known. Hence, the detonation velocity CJD , particle 
velocity CJu  are also known (these relationships are especially useful when thermodynamic code contains no 
necessary data like, for example, TDS in the case of Pb(N3)2): 
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The isentrope pressure in eq.(10)  is then approximated in the following way  
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and hence the isentrope energy is 
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The first term in eq.(13) withprγ of about 0.2-0.3 dominates at small densities while the last term 

with a typical value of m of about 3 is most important at high densities. The intermediate term allows 
improving an agreement between the approximation (13) and the isentrope pressure calculated with the 
thermodynamic code. 

Five best-fitting coefficients, namely A, B, C, prγ and m in eq.(13) are found in the following way. First, 

the use of known CJP  and CJc  allows one to reduce number of unknowns from 5 to 3 since from the two 

conditions ( )S CJ CJP V P=  and 2 2 S
CJ

dPc V dV= −  at CJV V=  one can express B and C in the following way: 
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        (16) 

The remaining three unknown coefficients in Eq. (13), namely, prγ , n, and A are found by a nonlinear fitting 

of eq.(13) against the isentrope pressure calculated via the thermodynamic code in the large domain of 
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specific volumes with a particular attention paid to the CJ point. It is important that the three-term fit (13) 
allows calculating correctly both the sound velocity in detonation products and the pressure for the CJ point 
condition. 

 Now it rests to define the Gruneisen coefficient G in eq.(10). We describe the dependence of the 
Gruneisen coefficient G  on the dimensionless specific volume in the following way  

1 4
62

52 3

( ) ,
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a x a x V
G x a where x

a x Va x a
= + + =

++ −
      (17) 

where a1, ...a5 are the best-fitting coefficients and the first term on the right hand side governs the behaviour 
of the Gruneisen coefficient G  in the domain of "low" x (x < O(10)) while two other terms control the 
domain of large x, O(100-1000).  

Thus, integrating eq.(11) for the Gruneisen coefficient one can finally get an expression for the 
isentrope temperature in the following form 
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 In the limit of large specific volumes of the detonation products the dependence (14) reduces to 
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 Eq.(18) shows that in the limit of large specific volumes the isentrope equation can be expressed as 

one could anticipate by 1kTV const− = with 4
6

5

1
a

k a
a

= + +  which implies that this limit corresponds to 

1prPV const
γ + = .   

Table 1 lists the a1, ...a5 coefficients in eq.(14) for three typical CHNO explosives. The last column 
in Table 1 shows that polytropic index k for the considered CHNO explosives ranges, as expected, in a very 
narrow domain inherent for ideal gases: 

4
6

5

1
a

k a
a

= + + =1.3-1.35  

The best-fitting coefficients listed in Table 1 for CHNO explosives were fitted versus the Gruneisen 
coefficients calculated using the BKW-C set in the frame of the TDS thermodynamic code [19]. An example 
of the fitted and TDS-produced Gruneisen coefficient and isentrope temperature is given in Fig.A1 in the 
case of PETN. One can see that the Gruneisen coefficient has a maximum value of about 1 at V≈VCJ (this is a 
general feature of other CHNO explosives we have considered). Then the Gruneisen coefficient G drops as 
specific volume is increased. Finally G begins to grow with further expansion of detonation products. 
Maximum deviation between the fitted and calculated G does not exceed ±15 % which occurs only in the 
vicinity of the CJ point if some phase transitions take place (Fig.A3). The difference between the isentrope 
temperatures shown in Fig.A2 rests below a few percent (Fig.A4), here 4.5%.  
 
Table 1. The coefficients in dependence of Gruneisen coefficient on the dimensionless specific volume  
HE a1 a2 a3 a4 a5 a6 4

6
5

a
a

a
+  

PETN 0.930764 1.48706 0.643701 2.72448E-4 1.77187E-3 0.136882 0.2906 
NM  2.27689 3.01263 0.11578 5.90464E-5 2.79496E-4 0.125367 0.3366 
RDX  0.493026 1.25331 1.26334 3.29344E-4 1.49601E-3 0.127835 0.348 
Pb(N3)2  1 1.5 0.1 3E-4 1.5E-3 0.2 0.4 
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Fig.A1. The dependence of Gruneisen coefficient on 
the dimensionless specific volume of PETN 
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Fig.A2. The dependence of isentrope temperature on 
the dimensionless specific volume of PETN 
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Fig.A3. The relative error between the fitted and 
TDS-given Gruneisen coefficient of PETN 
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Fig.A4. The relative error between the fitted and 
TDS-given isentrope temperature of PETN 

 
The dependence ( / )CJG V V shown above for PETN is quite general. It is important to note that at 

V/VCJ>0.8-0.9 the dependence of Gruneisen coefficient on V/VCJ is similar in the case of three very different 
explosives such as PETN, NM and RDX. Indeed, one can note from Table 1 that the first three coefficients 
in the fit (13) are of the order of 1 while the 4th and 5th coefficients are much smaller in all three cases. 
Thus, one could expect that lead azide should follow the same trend. Another important thing to note is that 
these results on G are present for explosives at theoretical maximum density but our main field of interest is 
related with porous explosives where detonation products are not compressed as much as here and where an 
agreement between the fitted G and the thermodynamical one is quite reasonable.  

Taking into account these observations we have built an mHOM equation of state of detonation 
products of lead azide whose coefficients are listed in the last column of Table 2 which lists all the mHOM 
coefficients. The fine tuning of these coefficients of the mHOM EOS were done based on a few available 
data points on detonation velocity and calculated detonations velocity of lead azide at different charge 
densities made by an LLNL thermo-chemical computer code Cheetah [L. Fried, 1986]. Fig.1 shows that ideal 
detonation velocities in charges of different density calculated by the mHOM EOS for Pb(N3)2 using two 
gasdynamic codes agree well with CHEETAH values in a wide range of charge densities.  
 
A3. MIXTURE OF SOLID FRESH EXPLOSIVE AND DETONATION PRODUCTS 

 
When mixture of fresh and partially burned explosive coexist in the same numerical mesh, the mixture 

rules are used to find pressure and temperature at given volume and energy of the mixture V and e assuming 
the thermal equilibrium between the products and the fresh explosive. Namely 
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Table 2. Modified HOM equation of state parameters of the considered explosives at theoretical 
maximum density 
Explosive  PETN Nitromethane Pb(N3)2 
    
 Fresh explosive EOS 
    
a in D=a+bU, m/s 2330.0 1647.0 1800. 
b in D=a+bU 2.74 1.637 1.6 
ρTMD,  kg/m3 1773.00 1127.99 4710. 
heat capacity, J/kg/K 1089.4 1730. 377. 
Gruneisen coeff. 0.77 0.6805 1.2 
Volume expansion coeff. 7.35E-05 3E-4 5E-5 
Walsh_B=[(dP/dT)] 6930.421 767.604 767.604 
TfitW in TH=T1+TfitW*exp[-(V/Vo-VrelW)/VrelaxW] 71.555 4084.51 4084.50 
VrelW 0.06028366 0.50403 0.50403 
VrelaxW 0.02009466 0.04219 0.04219 
Yield strength, Pa (for porous explosives) 1E8 0 1E8 
    
 Detonation products EOS 
    
A [Pa] in eq.(13)  1.5938E5 1.93973E5 1.4E5 

prγ  0.23126 0.17658 0.325 

m 3.68399 2.82609 3.5 
VCJ, m

3/kg 4.32928E-4 6.4538E-4 1.68E-4 
PCJ, Pa 293.245E8 120.997E8 400E8 
TCJ, K 4140.86 3450.43 3250.0 
(Cv)CJ 2437.81 2897.98 650.0 
a1 in the expression (13) for gas Gruneisen coeff. 0.930764 2.27689 1.0 
a2 1.48706 3.01263 1.5 
a3 0.643701 0.115780 0.1 
a4 2.72448E-4 5.9046E-5 3E-4 
a5 1.77187E-3 2.795E-4 1.5E-3 
a6 0.136882 0.125367 0.2 

 
Here x is the burnt fraction of a fresh explosive and dependences of ps and Ts on volume and energy of 
condensed phase are given by eq. (4,5) and those for products by eq. (10-12). The system (16) contains 4 
unknowns Vs, Vpr, es and epr and can be reduced to only one equation which can be solved numerically, for 
example, by bisection or Newton technique.  We replace however the last equation by requiring that the 
difference in temperatures rests minimal under the given conditions. One more important correction found to 
be extremely useful is to limit the expansion of solid phase while solving the system (20) by 1.1s soV V< . This 
simple constraint prevents the solid phase from unphysically large expansions, i.e. when strong expansion of 
a mixture of detonation products and unburned condensed explosive occurs, the expansion is assured mainly 
by the gaseous phase.   

The important advantage of the proposed mHOM EOS is that one can easily “correct”’ if necessary 
some of the mHOM EOS parameters to obtain a desired physical effect (for example, CJP  or CJD ) which was 
not the case with the original HOM EOS. Moreover, often thermodynamic codes are unuseful (for example, 
in the case of primary explosives there are no data for Pb) and in this case mHOM EOS can be used if 
detonation velocity is known. 
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ABSTRACT 

 
 DSC data were used to determine the decomposition kinetics of Comp A5.  In this 
study DSC data was obtained at four different heating rates.  Four replicates were done at 
each of the heating rates. 
 
 Reaction kinetic models were used to correlate the data.  Isoconversional reaction 
kinetics was used to obtain estimates of the pre-exponential factor and the activation energy 
in the Arrhenius Equation.  In this approach the fraction of the explosive which is converted is 
related to the DSC exotherm.  Fractional conversion data as a function of the temperature is 
generated from the data.  Those data are used in a few different schemes in order to produce 
the parametric estimates for the Arrhenius Equation.  The basic equations used to correlate the 
data were developed along with the differing methodologies which were used to obtain the 
parametric estimates.  
  
 A model-free kinetic approach was also used on the data for determination of the 
activation energy.  The results obtained for the parameters compared well with the literature. 
An example utilizing Comp A5 DSC data is provided in order to present the results of using 
first and nth order kinetic models to represent the DSC data.  A single reaction model is used 
to represent the degradation of Comp A5, which is primarily RDX. 
 
THEORETICAL DEVELOPMENT 
 
 Traditional reaction kinetics usually deals with reactions occurring in the liquid or 
gaseous phases.  Mixed phase reactions where solids and liquids and gases are mixed together 
are also described.  Generally, concentration units of moles/liter are described in traditional 
reaction kinetic texts (Levenspiel, 1972 or Fogler, 2000).  During the reactions, the 
concentration of reactant changes with time.  Simple models relating the reaction rate to the 
concentrations of species which have reacted or are being formed are derived to describe the 
phenomenon.  A simple reaction scheme describing the conversion of reactant A to product S 
is shown as Equation (1). 

 
  

→A S       (1) 
 

The reaction rate expression used to represent the reaction occurring in Equation (1) 
is given in Equation (2).  Equation (2) is a typical reaction kinetic model (Fogler, 2000). The 
function f(CA) is often given as a power of A  
 

− =A
A

dC f C
dt

( )       (2) 

 



 Zero order, first order and second order kinetic rate expressions are shown in 
Equations (3) through (6).   The zero order represents a constant rate of reaction.  The zero 
and first order rate expressions are generally associated with simple unimolecular reactions 
which may be described by Equation (1).  These are called elementary reactions.   

− =AdC k
dt

   zero order   (3) 

     

− = ×A
A

dC k C
dt

'   first order   (4) 

 

− = ×A
A

dC k C
dt

" 2   second order   (5) 

 
 The fractional conversion of reactant A to product S is defined in Equation (6). The 
fractional conversion is zero when the A is unreacted and is 1 when the A has completely 
disappeared and been converted to S.   
 

= −A A AC C X0 {1 }      (6) 
  
 

Whereas the first and zero order chemical reactions infer unimolecular reaction 
mechanisms like that shown in Equation (1), the second order expression is associated more 
with a mechanism where two molecules of A must collide in order to react shown in Equation 
(7).  This type of mechanism is termed bimolecular. 

 
+ →A A S       (7) 

 
The rate constants shown in Equations (3) through (5) as k, k’, and k” are evaluated 

from kinetic data at an isothermal condition.  The values of k are correlated with temperature 
using the Arrhenius equation given in equation (8). 

 
= × − Ak T Z E RT( ) exp( / )     (8) 

 
In typical kinetics experiments, data are collected isothermally.  The rate constants 

are determined at a number of different temperatures, and a plot of ln(k) against (1/T) results 
in a line with the slope of (-EA/R). 

 
The Arrhenius equation is used to correlate kinetic rate constants, diffusion 

coefficients, statistical parameters, and other types of data when the property is a function of 
temperature.  The origins of the equation come from two different kinetic theories:  the 
collision theory, and the transition state theory which involves formation of an activated 
complex.  The collision theory views the rate to be governed by the number of energetic 
collision between reactants.  What happens to the unstable intermediate (or activated 
complex) is of no concern in the collision theory. 

 
These theories give rise to variations on the Arrhenius Equation.  The expression 

given in equation (8) summarizes the predictions of the simpler theories for the correlation of 
the rate constant data. This form is rarely used, and the effect of T before the exponential 
term is very small compared with the T which is in the exponential term. 

  
= × × −m

Ak Z T E RTexp( / )     (9) 
 



    
For reactions of solids the concentration in the units of moles/liter does not really 

apply.  Those units are better for liquids, solution chemistry, or gaseous reactions.  
Combinations of solids, liquids and gases also use concentration units, but the solids are 
generally small particulates whose concentration can be defined in terms of mass or moles per 
unit volume.   

 
For masses of explosive and cookoff modeling, a term similar to the fractional 

conversion is used to characterize the amount of explosive which has reacted at any time.  
The reaction kinetic model of the system is that given in Equation 1 where A represents the 
unreacted explosive and B represents the products which result from the explosive 
decomposition. 

 
The basic model used is that the rate of material being converted during the reaction 

is dependent on the product of two terms.  The first term is a function of the of the conversion 
alone, and the second term is dependent only on the temperature.  The rate expression is 
shown in Equation (10). 

 
 

α α=d f k T
dt

( ) ( )      (10) 

 
 The temperature dependent function is an Arrhenius expression for the rate constant 
and was shown in Equation (8).  For isothermal experiments, the parameters Z and EA can be 
obtained in a manner similar to traditional reaction kinetic experiments.  The function f(α) is 
also unknown and must be determined by experiment.  Note that the variable α is analogous 
to XA and represents the conversion of unreacted explosive to explosion products. 
 
 Non-isothermal experiments are done for explosives in a variety of test equipment.  
These experimental methods generally raise the temperature of the explosive in accordance 
with a linear heating rate, β, in (°C/min).  For a linear heating rate, the temperature at some 
time t is given by  
 

β= + ×T T t0       (11) 
 

 Where T0 is the initial temperature at t = 0, t is the time in minutes, and β is the linear 
heating rate in °C/min.  An expression relating differential temperature to differential time 
can be obtained by differentiation of Equation (11).  This is shown as equation (12). 
 

β= ×dT dt       (12) 
 

 Equations (8) and (12) can be substituted into Equation (10) with following result. 
 

αβ α⎛ ⎞× = × × −⎜ ⎟
⎝ ⎠

A
d f Z E RT
dT

( ) exp( / )   (13) 

 The kinetic models used to correlate the data in this paper are the first order model 
(given in Equation 14) and the nth order model (Equation 15).  These are two of the more 
common models which are useful in correlating DSC data. 
 

α α= −f ( ) (1 )                (14) 
 

α α= − nf ( ) (1 )                    (15) 



 
 Taking the natural log of both sides of equation (14) results in Equation (16).                                               
 

β α α= + − Ax d dT f Z E RTln { / } ln{ ( )} ln{ } /
    (16) 

  
 If a series of experiments are conducted at different heating rates, β, to a constant 

level of conversion, α, a plot of   β αx d dTln { / }  vs fT1/  has a slope of − AE R( / ) .   
Note that Tf is the temperature at which the level of α is reached during heating rate, β.  In 

other words both α and α⎛ ⎞
⎜ ⎟
⎝ ⎠

d
dT

 must be evaluated at the temperature, Tf .  At a constant level 

of conversion, Tf , α +f Zln ( ) ln is constant.   
 

When employing this technique it is good to have data obtained at four or five 

different heating rates.  The values of α α⎛ ⎞
⎜ ⎟
⎝ ⎠

d and
dT

will occur at different values of Tf for 

each of the heating rates, β1, β2, β3 , and β4.  Evaluation of this expression requires that  
α α⎛ ⎞

⎜ ⎟
⎝ ⎠

d and
dT

be well described functions of temperature.   

 
RESULTS 

 
Example Using Comp A5 DSC data 
 
 DSC data were obtained at four different heating rates.  At each heating rate, 4 
replicate measurements were obtained. Typical DSC curves at 5 (K/min) and 10 (K/min) 
heating rates have been digitized and are shown in Figures 1 and 2.  The DSC data shown in 
Figures 1 and 2 are typical of the data taken at each of the heating rates.  In applying the 
models, it is assumed that the material is completely converted to product, and that this total 
conversion is represented by the area under the DSC curve.   
 
 Using this approach the data in Figures 1 and 2 was graphically integrated using the 
trapezoidal rule.  This resulted in generating data where α is represented as a function of Tf.  
Note that Tf is the temperature level which has been reached by the system corresponding to 
the degree of conversion, α.  Plots of α vs. Tf are shown in Figure 3 for each of the four 
heating rates used in this study.  Note that the higher the heating rate, the higher the values of 
Tf . 
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Figure 1.  Baseline Data and DSC curve for Comp A5 sample at 5 K/min-1 
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Figure 2.  Baseline Data and DSC curve at 20 K/min-1 
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Figure 3.  Conversion as a function of temperature at four heating rates 
 
Results of Parameterization of the Arrhenius Equation 
 
 The models shown in equations (14) and (15) have been used to correlate the data 
from 16 DSC runs at four different heating rates.  The results have been correlated using an 
nth order kinetic model.  The individual values obtained for each data set of the activation 
energy, the natural log of the pre-exponential factor, and the exponent, n are shown in Table I 
below. 
 

Table I.  Kinetic Parameters Determined Using the nth order Kinetic Model 
 

Heating Rate 
(K/min) EA (J/mol) ln (k0) n 

    
2.5 8.19E+04 1.76E+01 0.37 
2.5 8.03E+04 1.72E+01 0.43 
2.5 8.21E+04 1.72E+01 0.62 
2.5 8.14E+04 1.75E+01 0.43 
5 8.47E+04 1.85E+01 0.40 
5 8.23E+04 1.79E+01 0.63 
5 8.18E+04 1.78E+01 0.65 
5 8.38E+04 1.83E+01 0.44 
10 5.46E+04 1.17E+01 0.43 
10 7.55E+04 1.66E+01 0.40 
10 8.46E+04 1.88E+01 0.44 
10 6.59E+04 1.43E+01 0.38 
20 8.57E+04 1.93E+01 0.61 
20 8.58E+04 1.92E+01 0.60 



Heating Rate 
(K/min) EA (J/mol) ln (k0) n 

    
20 8.61E+04 1.94E+01 0.63 
20 5.35E+04 1.16E+01 0.47 
    

Average 7.81E+04 1.71E+01 0.50 
Std Dev. 1.06E+04 2.44E+00 0.11 

 
 
 The model results for the first order kinetic model are shown in Table II.  Note that 
the r-squared values (square of the correlation coefficient) for the regression lines are all 
greater than .90 except for one case. 
 

Table II.  Kinetic Parameters Determined Using the first order Kinetic Model 
 

Heating Rate 
(K/min) ln (k0) EA (J/mol) r ² 

    
2.5 6.27E+01 2.70E+05 0.95 
2.5 5.54E+01 2.39E+05 0.98 
2.5 4.07E+01 1.85E+05 0.91 
2.5 4.51E+01 1.97E+05 0.92 
5 5.08E+01 2.25E+05 0.90 
5 3.40E+01 1.56E+05 0.94 
5 3.71E+01 1.69E+05 0.91 
5 5.09E+01 2.25E+05 0.99 
10 3.86E+01 1.77E+05 0.96 
10 5.31E+01 2.37E+05 0.99 
10 4.93E+01 2.22E+05 0.98 
10 4.41E+01 2.00E+05 0.80 
20 3.91E+01 1.84E+05 0.96 
20 3.30E+01 1.58E+05 0.97 
20 3.56E+01 1.69E+05 0.91 
20 3.51E+01 1.66E+05 0.96 

    
Average 4.40E+01 1.99E+05  
Std Dev 8.83E+00 3.38E+04  

 
Results Obtained Using ASTM-E698 
 
 Using the methodology given in ASTM-E698, requires use of only the peak 
temperatures obtained during the DSC run.  The peak temperatures at each of the four heating 
rates are given in Table III below. 



 
 

Table III.  Peak Temperatures in C of DSC runs for use with ASTM E-698 
 
 

Comp A-5 2.5 C/min 5.0 C/min 10 C/min 20 C/min 
     

a 223.37 234.32 240.75 251.67 
b 225.15 234.52 241.28 252.78 
c 225.87 232.88 241.94 253.18 
d 224.5 234.4 241.37 248.59 

 
 
 An algorithm is provided in ASTM-E698 which is based on the peak temperature 
only.  The peak temperatures for the DSC runs are provided in Table III.   Applying the 
methodology given in the ASTM yields the values for the Arrhenius parameters shown in 
Table IV. 
 

Table IV.  Arrhenius parameters for Comp A5 using ASTM E698 
 

Parameter Value
Ln (k0 in min-1) 37.34
Activation energy (J/mol) 1.605 x 105

 
SUMMARY 
 
 The activation energies and pre-exponential factors have been found for two kinetic 
models using DSC data at four different rates.  The models used were first order and nth order.  
The pre-exponential factor and the activation energy depend on the model used.  The results 
are quite different between the activation energy and pre-exponential factor obtained when 
using a first order or an nth order model.  The average exponent in the nth order model was 
about .50.  The pre-exponential factor and the activation energy estimates obtained for the 
Comp A5 were model dependent.  The results have also been compared to two sources from 
the literature (Zinn and Mader, 1959, and Jack Yoh, 1997).  Those data are provided in Table 
V.  Note that the nth order model has a much different value for the pre-exponential factor and 
the activation energy. The other values obtained in this study agree fairly well with the 
literature values cited in Table V.    
 

Table V.  Comparison of estimates for k0 and EA for Comp A5 
 
 Jack Yoh 

(1997) 
Zinn and 
Mader 
(1959)

1st Order 
Model (this 
work)

Nth order 
model (this 
work)

ASTM 698 
methodology 

k0  (sec-1) .78 x 1017 3.16 x 1018 2.14 x 1017 4.45 x 105 2.744 x 1014

EA (J/mol) 184.7 198.7 199.0 78.1 160.5 
 
 The standard deviations of the activation energy for the nth order and 1st order models 
are about 20% of the mean values for the activation energy and the log of the pre-exponential 
factor.  This agrees well with the precision found in Vyazovkin’s (2000) reference in which 
realistic confidence bands were estimated from an experimental design similar to that used in 
this study. 
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ABSTRACT  
 
Pyrotechnic mixtures can be used to produce high temperatures and intense emission in visible wavelength 
range. Often the colored emission is caused by electronic transitions of diatomic molecules which can also be 
used to determine temperature. 
A method is developed and validated to determine the temperature in the gas phase of burning metal particles 
analyzing time and space resolved emission spectra of diatomic molecules. Rotationally resolved spectra of 
metal monoxides (AlO, MgO, TiO, ZrO) and metal hydrides (AlH, MgH) were detected with an UV/VIS 
emission spectrometer and compared with calculated spectra using a least squares fit routine with 
temperature T as fit parameter.  
The method was validated by the combustion of pure micrometer-scale metal particles. Additional 
experiments were performed using metal particles (Al, Mg, Ti) mixed with RDX, thermite mixtures and 
MTV. The samples were burnt in a window bomb under various atmospheres (nitrogen, oxygen and 
synthetic air). 
For AlO and TiO a very good agreement between calculated and measured spectra was achieved. The 
determined temperature for AlO ranges from 2400 K to 3050 K, for MgO from 2000 K to 2600 K. 
 
 

1. INTRODUCTION 
Pyrotechnic mixtures can be used to produce high temperatures and intense emission in visible wavelength 
range. The determination of the temperature of metal combustion is a critical physical parameter for 
thermodynamic calculations and necessary for a better understanding of the involved phenomena [1]. In the 
visible range a continuum can occur, emitted by hot particles or a hot solid melt, and discrete lines and band 
spectra often emitted by electronicly excited atoms and diatomic molecules in the vapor phase. Both 
emissions can be used to get temperature information. The temperature of the reaction zone is available from 
the emitting diatomic molecules by comparison of measured intensity distribution with calculated one. 
Calculation of intensity distribution is possible under the assumption that the atoms and molecules were in 
thermal equilibrium so that the excited energy levels were populated according to the Boltzmann statistic. 
This assumption is valid if the combustion process is relatively slow and the numbers of exited molecules are 
small. Previous work has shown that in many cases a good agreement between calculated and experimental 
spectra can be achieved [2][3][4]. For validation the method was applied to the combustion of pure metal 
particles under oxygen atmosphere in a high pressure autoclave. 
The application of this method to the combustion of pyro-organic mixtures and MTV should show that an 
easy and smart experimental setup can be used to investigate the combustion process, identifying the 
occuring species of diatomic molecules and getting information about the temperature in the vapor phase 
[3][5]. Especially, for MTV experiments under different low pressures results will be presented and 
compared to each other. The experiments were also done in the high pressure autoclave with underpressure 
modification. This can help for a better understanding of the combustion process of MTV [6][7]. 
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2. EXPERIMENTAL 
Pure metal particles, pyro-organic mixtures and MTV strands were ignited in a high pressure autoclave, 
called window bomb. The window bomb is a metallic cylinder with two opposite optical quartz windows 
(V = 1.2 l), in which a flow is generated. Pressures up to 15 MPa can be realised under different 
atmospheres, for example oxygen, nitrogen and synthetic air. Metal particles with a diameter of 5 ± 2 µm 
were burned as a small pile of bulk material of circa 1 g under 0.1 MPa oxygen. The pyro-organic mixture 
strands with a size of 4 x 4 x 40 mm3, which consist of a RDX wax mixture (5 %) and 25 %mass metal 
particles (ALEX, Mg and Ti), were burned in nitrogen and synthetic air under a pressure between 0.3 and 
0.5 MPa. MTV also was burned as small pieces in ambient air under pressure between 0.03 and 0.1 MPa. For 
detailed information of the experimental setup see Figure 1 and Ref. [8]. 

 
Figure 1. Experimental setup 
 
The emission of the combustion process was imaged with an optic quartz lens system to the entrance slit of 
the spectrometer (20 µm). The aperture B1 (diameter 1 mm) in the optical path reduces the field of view of 
the spectrometer to the emission of the vapor phase of the combustion zone. The used spectrometer is a 
UV/VIS grating imaging spectrometer in Czerny-Turner-arrangement with a focal length of 498 mm (Andor 
Shamrock A-SR500i B2). Six different gratings are available with different resolutions. Gratings with 
1200 l/mm and different blaze angles were used to cover the wavelength range from 200 to 900 nm. The 
spectrometer is coupled to a Si-CCD-camera with 256 x 1024 pixels and a maximum speed of 1.000 
spectra / s in full vertical binning mode (Andor CCD DU920P-UV-BR-DD). Mercury-argon and neon lamps 
were used to calibrate the wavelengths of the spectra. To correct the intensity distribution for the different 
sensitivities of the gratings and the CCD-camera pixels for different wavelengths a tungsten strip lamp with a 
defined radiation capacity was used for a relative intensity calibration.  
Furthermore a low-resolution spectrometer with a wavelength range from 310 till 2140 nm, a maximum 
wavelength resolution of 18 nm and a maximum speed of 60 spectra/s was coupled to the bomb window by 
an optical fibre. The second window of the window bomb was equipped with a high-speed camera 
(MotionPro X3 from Redlake) with a resolution of 2000 fps (at 1280 x 1024 pixels) for observation of the 
combustion process. 

3. DATA ANALYSIS AND THEORY 
To determine the temperature by analysing the emission spectra and to simulate the rotationally resolved 
spectra of diatomic molecules, the intensity distribution has to be calculated. Besides the energy levels, the 
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transition probabilities of the involved molecule states and the line profiles are necessary. For method 
validation the B2Σ-X2Σ-transition of the AlO molecule and the B1Σ-X1Σ-transition of MgO were calculated. 
In the case of pyro-organic mixtures, the RDX-aluminum strand is discussed in detail. At MTV the B1Σ-X1Σ-
transition of MgO and the A2Π-X2Σ+-transition of MgH were calculated. 
Calculating the energy levels and the transition probabilities of diatomic molecules, the Schrödinger-
equation in Born-Oppenheimer-approximation was solved [9]. 

3.1. CALCULATION OF THE ENERGY LEVELS 

The total energy of a molecule state is given by the Born-Oppenheimer-approximation: 
rotvibelges EEEE ++=  

It is the sum of electronic energy elE , vibrational energy vibE  and rotational energy rotE . The electronic 
energy is the sum of kinetic and potential energy from the electrons in the coulomb potential of the nuclei 
and so it is constant for a given electronic transition. 
For the vibrational energy first a harmonic oscillator is assumed. But the potential of a molecule state is not 
harmonical due to different perturbations and so different experimental inharmonic terms are added to the 
harmonic oscillator eigenvalues. The eigenvalues are: 
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v  = vibrational quantum number; k = spring constant and µ = reduced mass 
This equation is valid for all diatomic molecules. 
For the calculation of the rotational energy different couplings of the angular momenta of the electrons 
(orbital angular momentum, spin), the nuclei (nuclear momentum) and the molecule must be taken into 
account. The different coupling cases, called Hunds cases, and the resulting eigenvalues for the rotational 
energy are discussed in detail in Ref. [9]. So the rotational energy depends on the involved states of the 
electronic transition. During the rotation of the molecule also a centrifugal force occurs, which will be 
considered too.  
At the B2Σ-X2Σ-transition of the AlO molecule for both states coupling case b is valid and the rotational 
energy is given by: 
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J is the rotational quantum number. The appearance of spin doubling is included by γ and the centrifugal 
stretching of the rotation by vD . The rotational constants are taken from References [10][11][12]. 
The A1Π-X1Σ+-system of AlH is a singlet state and coupling case a or b can be considered. In the excited 
state an additional Λ-doubling occur but due to the symmetry selection rule only transitions with symmetry + 
and – or – and + arise. The rotational energy terms for the X1Σ+ state are: 
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The sign of the last term decides on the symmetry of the energy eigenvalues. The rotational constants are 
taken from Reference [13][14]. 
The coupling case for the B1Σ-X1Σ-transition of MgO is also b, but no spin doubling occurs because the 
involved states are singlet states. The rotational energy terms are:  

22
, )1()1()( +−+= JJDJJBJF vvev  
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The constants are also given by Reference [15]. 
For the MgH molecule, the A2Π-X2Σ+-transition was calculated. At this transition the ground state is 
coupling case b, also the excited state, but only for high rotational quantum numbers. For small numbers 
coupling case a is valid but in this case the rotational lines are mostly unresolved so that also coupling case b 
can be used [16]. Therefore, the term energies are the same as for the A1Π-X1Σ+-transition. Due to the 
doublet splitting of the excited state all lines split into two components and six branches are obtained, but 
experimental not resolved [17][18][19]. 
The rotation-vibration interaction in all molecules is taken into account using an average value for the 
rotational constants vB  and vD . This is possible under the assumption that the vibrations are much faster 
than the rotations. This approximation provides with the following constants [20]:  
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3.2. INTENSITIES AND TRANSITION PROBABILITIES 

The intensity of an emitting line is given by: nmnmn
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The matrix element nmR  for the electronic transition in Born-Oppenheimer-approximation is given by: 
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The first term provides in r-centroid approximation with the transition probability for the electronic and the 
vibrational transition [20].  
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The values are taken from Reference [21][22][23]. The square of the second term yields to the Hönl-London 
factors given in Table 1 [24][25][26]. 
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Table 1. Hönl-London-Factors 
 

3.3. LINE PROFILE 

The line profile is a convolution of the Lorentz line profile (γ line width) due to the natural line width with 
additional dispersion mechanisms and the Gaussian profile (σ line width) of the spectrometer entrance slit. 
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Due to the fact that the Gaussian profile dominates the line profile ( 1<<σγ ) a Gaussian profile was 
chosen for modeling the diatomic molecule spectra.  
Examples of the calculated spectra are shown in Figure 2-Figure 5 for a temperature of 3000 K. 
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Figure 2. Calculated emission spectrum of AlH A1Π-X1Σ system 
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Figure 3. Calculated emission spectrum of AlO B2Σ-X2Σ system 
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Figure 4. Calculated emission spectrum of MgH A2Π-X2Σ system 
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Figure 5. Calculated emission spectrum of MgO B1Σ-X1Σ system 
 

4. RESULTS AND DISCUSSION 

4.1. METHOD VALIDATION ON THE EXAMPLE OF AlO AND MgO 

For method validation the pure metal particles were burned in oxygen under normal pressure. The 
combustion process was observed with the low resolution spectrograph in the NIR range, the high speed 
camera and the high resolution spectrometer in the UV/VIS range. The obtained data in the NIR range were 
used for temperature determination of the continuum emission with the ICT-BaM code as a lower 
temperature estimation of the vapor phase temperature. For calculation of the adiabatic temperature at 
various ratios of metal/oxygen mixtures EKVI code was used [27]. In general adiabatic temperatures are 
calculated without considering any heat loss and resulting in upper estimations of combustion temperatures. 
In Figure 6 and Figure 7 the continuum temperature of the aluminum particles in oxygen combustion process 
and the adiabatic temperature are depict. 
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Figure 6. Comparison of continuum and vapor phase AlO temperature of aluminum particles burning 
in oxygen. 
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Figure 7. Comparison of calculated adiabatic temperature and vapor phase AlO temperature of 
aluminum particles burning in oxygen. 
 
In Figure 8 a comparison of calculated and experimental spectra of Δv=0 and Δv=+1 of the B2Σ-X2Σ-
transition are shown. Temperature values between 2400 K and 3100 K were determined. 
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Figure 8. Example fit of the AlO B2Σ-X2Σ-system (Δv = 0 and Δv = -1) to experimental spectrum 
recorded at aluminium particles burning in oxygen. 
 
The calculated spectra fit very well to the experimental spectra. The temperature determined in the vapor 
phase at different vibrational transitions of the AlO molecule match well. In comparison with the continuum 
temperature and the adiabatic temperature the determined vapor phase temperature is in between them. This 
is expected since this temperature must be greater than the temperature of the continuum, because of the 
higher energy of the molecules in the vapor phase. On the other hand the temperature is less than the 
adiabatic temperature, because of the radiative heat loss and other simplifications in the adiabatic 
temperature calculation. 
For the MgO molecule the same procedure was taken for temperature determination. In Figure 9 and Figure 
10 the continuum and adiabatic temperatures are shown. 
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Figure 9. Comparison of continuum and vapor phase MgO temperature of magnesium particles 
burning in oxygen. 
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Figure 10. Comparison of calculated adiabatic temperature and vapor phase MgO temperature of 
magnesium particles burning in oxygen. 
 
The vapor phase temperature was determined to values between 2600 K and 3000 K. Comparison between 
experimental and calculated spectra are shown in Figure 11. 
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Figure 11. Example fit of MgO B1Σ-X1Σ-system (Δv = 0) to experimental spectrum recorded at 
magnesium particles burning in oxygen. 
 
In the case of MgO also a good agreement between calculated and experimental spectra is achieved. In 
comparison with the continuum temperature and the adiabatic temperature, the gas phase temperature is in 
between them and we can use the same argumentation for MgO as for AlO. 

4.2. APPLICATION 1: RDX-METAL-STRANDS 

Now the method was used for investigation of RDX-metal-strands. The strands with ultra-fine aluminum 
(ALEX) and magnesium were burned in synthetic air and nitrogen under 0.3 – 0.5 MPa in the window bomb. 
The experiments are described in more details in [28]. 

4.2.1. RDX-Al-STRANDS 

Comparison of calculated and experimental spectra of AlH and AlO, from the measurement in synthetic air, 
is shown in Figure 12. 
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Figure 12. Example fit of the AlH A1Π-X1Σ system (Δv = 0) and the AlO B2Σ-X2Σ/system (Δv = -1) to 
experimental data from the RDX-Al-strand burned in synthetic air. 
 
When the strand burns down the measurement point selected with the aperture scans the whole flame and a 
measurement of the temperature over flame height is possible. In addition the integral intensity of the 
spectrum over the height can be determined. The results are shown in Figure 13 and Figure 14. 
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Figure 13. Result from combustion of RDX-Al-strands in synthetic air. Vapor phase temperature and 
normalized integral intensity over flame height. 
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Figure 14. Result from combustion of RDX-Al-strands in nitrogen. Vapor phase temperature and 
normalized integral intensity over flame height. 
 
The determined temperatures of AlO in the case of RDX-Al-strands burned in synthetic air are between 2200 
and 2900 K at heights between 0 mm and 35 mm from the surface. The temperature increases slightly at a 
height of 15 mm. The AlH temperatures are slightly higher between 2500 and 2900 K but in the error margin 
in agreement with the AlO temperatures. For measurements in nitrogen temperatures between 2400 and 
2500 K at heights between 0 mm and 25 mm from the surface were determined. From this it can be 
concluded that near the surface the aluminium reacts with the decomposition products of RDX in both 
atmospheres. In nitrogen the reaction ends. In air secondary reactions occur with the oxygen of the entrained 
air. This is in good agreement with the discussion in [28]. 

4.2.2. RDX-Mg-STRANDS 

The same procedure was performed with RDX-Mg-strands. The temperature over the flame height and the 
integral intensity are shown in Figure 15 and Figure 16. 
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Figure 15. Result from combustion of RDX-Mg-strands in synthetic air. Vapor phase temperature and 
normalized integral intensity over flame height. 
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Figure 16. Result from combustion of RDX-Mg-strands in nitrogen. Vapor phase temperature and 
normalized integral intensity over flame height. 
 
The determined temperatures in synthetic air are between 2200 and 2300 K at heights between 0 mm and 
about 25 mm from the surface. In nitrogen temperatures at 2200 K were determined up to 10 mm height 
from the surface. The runaway values of higher temperatures are caused by the ignition or an incorrect 
background correction. Therefore, these temperatures can be disregarded and the remaining temperatures are 
nearly constant. Here also an increase of temperature in air at a height of about 7 mm above the surface is 
observed. From this it can also be concluded that at this height the reactive gas is mixed with the air and 
secondary reactions of magnesium with the air oxygen occur. Near the surface the magnesium reacts with the 
products of RDX decomposition [28]. 
 

4.3. APPLICATION 2: MTH 

Small pieces of MTH (60% Magnesium, 30% Teflon, 10% Hycar) were burned at different underpressures 
of synthetic air in the window bomb. The MgO and MgH molecule were detected and a comparison between 
calculated and experimental spectra provides the temperature. An example of a measured spectrum at 
0.05 MPa is shown in Figure 17 and an example fit in Figure 18. The total study of MTH combustion at 
reduced pressure in ambient air will be reported in [30]. 
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Figure 17. Example for an experimental spectrum of MTH in ambient air recorded at a pressure of 
0.05 MPa. 
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Figure 18. Example fit of the MgO B1Σ-X1Σ-system (Δv = 0) of an experimental MTH spectrum 
recorded at a pressure of 0.05 MPa. 
 
A fit of the calculated spectrum of MgH to the experimental one was not possible because in the lower 
wavelength range the spectrum is superpositioned by the weak Δv=+1 spectrum of the MgO molecule (510 –
 523 nm) and in the higher wavelength range atomic magnesium lines occur and superimpose the spectrum at 
516.7 nm, 517.2 nm and 516.7 nm [29]. So only the temperature of the MgO molecule is determined. 
To minimize the smoke formation inside the window bomb only small samples were used. Therefore, only a 
limited number of temperature values for each pressure level are achieved and the values vary a little. For 
this reason a small statistic was done seen in Figure 19. The maximum of the temperature statistic for 
0.03 MPa is between 2450 and 2550 K. For 0.05 MPa the values do not differ so much and the maximum is 
at 2675 K. At higher pressures the values of most frequent temperatures decrease and the maximum is at 
temperatures of 2625 K but the distribution opens to higher temperature values. This is a consequence of 
secondary reactions with oxygen related to increasing air supply.  
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Figure 19. MgO vapor phase temperature statistic for different pressure levels. 
 
 

5. CONCLUSION 
A method for the determination of the vapour phase temperature of metal combustion in pyrotechnic 
mixtures was described. Spectra of diatomic metal-oxide and metal-hydride molecules were modelled and 
fitted to experimental spectra with the temperature as fit parameter. The method was validated on 
combustion of pure metal particles in oxygen atmosphere. Temperatures between 2400 and 3100 K for 
aluminium oxide and 2600 and 3000 K for magnesium oxide were determined in good agreement with 
measured continuum and calculated adiabatic temperatures. The method was applied to mixtures of 
RDX/metal particles. Increasing temperatures indicate secondary reactions with ambient air. Low pressure 
combustion of MTH results in increasing temperatures of MgO-emission with higher pressure. At 30 kPa 
temperatures of 2450 K were measured from 50 to 90 kPa the temperature increases from 2600 to 2700 K.  
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The spherical divergent blast wave consecutive to the detonation of an explosive charge is only an 
ideal representation of most realistic cases. It is observed that the influence of the shape of the 
charge on the blast wave is negligible in far field. However, in short range, the initial shape of the 
charge plays an important part in the blast wave formation. Data for spherical propagation are not 
sufficient to describe the blast wave engendered by the non-spherical charge. Thus, a corrective 
model is required to estimate the pressure at a given distance. This study is based on an approach 
with commercial codes using the Finite element method with an explicit scheme. Cylindrical 
charges have been considered, taking the aspect ratio and the initiation location as parameters. 
The JWL equation of state has been used to simulate the detonation of the charge. Calculations 
have been performed in Arbitrary Lagrangian Eulerian (ALE) mode. Results have been compared 
with a series of experiments performed with explosive emulsions and conventional explosives at 
short range (0.75 m.kg^1/3 < Z < 1.5 m.kg^1/3). The numerical simulations, in agreement with 
experiments, show first that the shape of the blast wave indeed depends on the initial shape of the 
charge but also on the position of the initiation of the detonation. It is then possible to deduce a 
local TNT-equivalent along the shock front at a given distance. The evolution of the overpressure 
generated by the blast wave is plotted versus the scaled distance. A comparison with known data 
for spherical charges is given and a corrective fit is proposed.    
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The design of pyrotechnic piston actuators 

 
 

Bertrand Haguenauer 
SAFRAN Pyroalliance, Les Mureaux, France 

 
 

ABSTRACT 
 
Over the last decades, Pyroalliance has been designing and producing several pyrotechnic piston actuators. 
Their application range from missile wing or fin deployment to aircraft door opening or automotive hood 
lifter for pedestrian safety. Pyrotechnic actuators exhibit a higher power to weight ratio compared to 
compressed gas or prestressed spring actuators. They therefore allow fast deployment with small dimensions. 
The general design procedure followed by Pyroalliance is described from the early stages of the design using 
numerical simulations to optimization through Design Of Experiment (DOE). 
Finally it is shown how Monte Carlo simulations can be used to assess the intrinsic reliability of the 
optimized product.  
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1 Product range and performance requirements 
 
Pyroalliance is manufacturing a variety of pyrotechnic piston actuators. These piston actuators differ by their 
force, stroke, deployment time for a given counterforce and damping procedure (hydraulic, pneumatic or not 
damped). Actuators of different sizes are represented below. 
 

 
 

Fig. 1 General design procedure for a pyrotechnic piston actuator 
 

Typical functional requirements are deployment time, maximum force on support, maximum velocity, ability 
to deploy against a predetermined force or inertia. 
 

 
2 General Design procedure 
 
The general design procedure consists in the following sequence: 
 
Definition of an initial design according to customer specifications, 
 
Numerical model setup and fine tuning of initial design, 
 
Experimental validation of the performance on subsystem test rig using Design Of Experiment (DOE), 
 
Multifactorial model fitting on DOE test results, 
 
Adaptation of design to fulfill customer requirements by use of previously fitted model 
 
This loop above should be done until customer requirements are reached.  
 
Once all customer requirements are fulfilled with a significant margin, 
 
Fine tuning of numerical model with DOE tests 
Monte Carlo analyses to assess intrinsic reliability of actuator 
 
This procedure is detailed in the chart below. 
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Fig. 2 General design procedure for a pyrotechnic piston actuator 
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3 Modelling with inhouse code 
 
 
Pyroalliance uses an inhouse software to model the actuator functioning. For that purpose, the actuator inner 
volume is discretized in control volumes (chambers) in which the thermodynamic properties are supposed 
uniform. The pressures in the chambers of the piston contribute to the force balance on the piston. 
The neighbouring chambers of the piston are modeled as expanding cylinders of prescribed motion or 
coupled to a counteracting inertia and/or force which may be functions of the stroke.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Example of representation of a telescopic pyro piston in inhouse ballistic code 
 
 
3.1 Gas filled chambers 
 
The gas filled chambers properties (combustor, motor chamber and gas phase of the oil return chamber) are 
computed using the following assumptions: 
 
• The gases are released at the grain surface isentropically, 
• The gas flow through the nozzle is quasi-steady and isentropic, 
• The gas mixtures behave like an ideal gas, 
 
In these chambers, the code solves both mass and energy conservation. 
Regarding the mass conservation, 
• The grain mass flow is computed assuming a propellant burning rate either modelled by Vieille's law 
( n
b Par ⋅=  ) or tabulated, 

• The grain burns in parallel layers, making the mass flow determined only by the burning rate, the 
propellant density and its area at any thickness burnt, 
• The mass flow between the combustor and the motor chamber is at any time the one of a steady 1D 
isentropic nozzle flow. 
 
Regarding the energy conservation, 
• Heat losses by convection are taken into account in every chamber assuming a Newton's law : 

)( walliiii TTAKQd −⋅⋅=& , where Ai is the chamber area, Ti the gas temperature in the chamber and Twall 
the chamber inner wall temperature. 
• External work transferred to the chambers gases consists in : 
-the combustor free volume rise due to the grain regression, 
-motor chamber deformation due to piston displacement, 
-compression of oil return chamber gases due to damping fluid injection.  
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3.2 Dashpot 
 
The pressure drop across the dashpot is obtained using the following assumption : 
• The flow through the dashpot is incompressible and quasi-steady, 
• The control volume considered matches with the oil free surface, 
• The geometry can be approximated by linear pipes. 
The energy conservation reduces in these conditions to head conservation. The head losses (here expressed 
in terms of pressure) can be decomposed in linear and singular losses. 
  
 
3.3 Force balance on the piston 
 
The piston displacement is obtained from Newton's second law, using the pressures on both sides of the 
piston (motor chamber and upstream side of the dashpot) and the external force transmitted to the piston 
 
• Inertia dependent with stroke can be accounted for to represent wing rotation for example. 
 
 
3.4 Input data 
 
• The propellant burning rate. It is obtained by the manufacturer from a strand burner test. 
• The grain shape function (area versus thickness burnt). It is determined from a CAD model and if  

adjusted from subsystem testing. 
• The propellant exhaust composition and combustion temperature. They are determined using a 

thermochemical code. 
• The heat transfer coefficients Ki are guessed using experience return on similar systems. They need 

to be validated experimentally. 
• The head losses are taken from hydraulics head loss databases. They need to be validated 

experimentally. 
• The friction coefficient is guessed from the materials in contact properties (piston joint and motor 

chamber inner wall). It has to be validated experimentally. 
 
The following input is given by the customer: 
 
• The stroke, 
• The external force versus stroke, 
• The inertia versus stroke. 
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2 Subsytem design  
 
2.1 External load simplification 
 
During the development phase, the performance of the actuator is assessed through subsystem validation. 
Ground rigs are therefore designed to represent the external mechanical loads on the piston during an actual 
deployment. These loads are of two types: static and inertial.  
These loads are defined through a force vs stroke curve or inertia vs stroke curve. 
 

Stroke

Fo
rc

e

Load case #1 - Mini

Load case #1 - Maxi

Load case #2 - Mini

Load case #2 - Maxi

Enveloppe - Maxi

Enveloppe - Mini

 
Fig. 4 Force-displacement requirement: simplified function for subsystem testing 

 
These curves are discretised in simpler but still representative step functions (upper and lower envelopes). If 
possible an equivalent constant inertia is determined which reduces the subsystem to a pure translation 
system. 
 
2.2 Test rig setup 
 
Pressurized pneumatic cylinders of honeycomb boxes exert force steps while linear springs can be used to 
add ramped contributions. Combinations of both allow mimicking the actual force displacement law. Local 
spikes may be added by using calibrated shear or traction pins. As an advantage over honeycomb barriers 
commonly used in automotive safety, prestrained springs and pressurized cylinders do not require any 
penetration before reaching the desired crush force. 
 
Inertias are represented by a mass in translation (sled) and freewheels entrained by the sled. 
 
Links between counteracting loads may be created or eliminated at desired strokes without overshoot to 
allow inertia or force decrease with stroke. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Subsystem test rig 
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2.3 Instrumentation 
 
Load cells measure counteracting forces exerted on the piston head and the total force exerted by the pyro 
piston. Laser triangulation or wire displacement sensors measure the piston stroke. The acceleration of the 
sled is also measured. 
Pressure transducers record the pressure in the piston chambers (booster case and motor chamber). 
 
 
3 Design adaptation by mean of DOE 
 
3.1 Experiment design 
 
An experiment design is built in order to measure the sensitivity of the output performance of the actuator 
with its design parameters. 
 
The output parameters can be for example: 
• The deployment time, 
• The maximum generated force on supports, 
• The maximum deployment velocity 
 
The objective is to measure the effect of design and load case parameters and quantify their potential 
interactions regarding the output performances.  
 
• Choice of factors 
The factors are selected among design parameters and load case parameters.  
In this case the factors are the following: 
 

Factor Name Type  Range 
Test temperature  Tp Quantitative Controlled [LT, HT] 
Conter-acting force  Fr Quantitative Controlled [Fmin, Fmax] 
Inertia M Quantitative Controlled [Mmin, Mmax] 
Propellant grain length Lgrain Quantitative Controlled [Lmin, Lmax] 

 
Table 1 Choice of factors 

 
The load case factors range from lower to upper limits of customer requirements. The design factor range is 
taken wide enough to ensure that a factor value within this range allows fulfilling the customer requirements.  
 
• Choice of design 
 
A Plackett-Burman fractional factorial of resolution 3 design is chosen: 
 

Temperature Counteracting force Inertia Grain 
length 

Number of 
tests 

LT Fmin Mmin Lmin 1 
LT Fmax Mmax Lmin 1 
LT Fmin Mmin Lmax 1 
LT Fmax Mmax Lmax 1 
RT Fmean Mmean Lmean 2 
HT Fmin Mmin Lmin 1 
HT Fmax Mmax Lmin 1 
HT Fmin Mmin Lmax 1 
HT Fmax Mmax Lmax 1 

 
Table 2 DOE Test configurations 
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3.2 Multifactorial model fitting on DOE test results 
 
A model is fitted on the recorded measurements of the DOE. 
It gives the sensitivity of the deployment time and the maximum force exerted by the actuator on its support 
with the following factors: propellant load, temperature, inertia and peak counterforce. A graphic 
representation of the model is drawn below. Every window represents the variation of an output performance 
(deployment time and maximum force on support) as functions of the three input factors: grain length, test 
temperature and maximum counterforce. 
 
The model exhibits a weak sensitivity to the inertia. 
The model plots are drawn on the whole DOE range with a centered configuration as follows : 
-nominal grain length, 
-intermediate temperature, 
-maximum counterforce specified 
-maximum inertia specified 
 
Black curves represent centered values of the model, blue and green curves represents the upper and lower 
bound of uncertainty of the model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.6 Multifactorial model graphic representation 

 

Straightforward conclusions are quickly depicted: 

 
The maximum deployment time is obtained for a: 

-minimum grain length, 

-minimum test temperature, 

-maximum counterforce. 
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The force exerted by the actuator on its support is obtained for a: 

-maximum grain length, 

-maximum test temperature, 

-maximum counterforce. 
 

 
The model fitted can be evaluated with the initial design parameters to assess the capability of the 
actuator. In the presented case the nominal design exhibited an acceptable maximum force on the 
actuator support, but a too long deployment time.  

The model can be used to suggest design evolutions to obtain the required performance. 

 

 
A first way to reduce the deployment time is to increase the propellant load (           ), 

 Fig.7 Effect of propellant load increase 

 

This procedure leads to acceptable mean performances in terms of deployment time and maximum force 
exerted. 
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Another approach is to negotiate the peak of the counterforce (           ) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.8 Effect of counterforce peak decrease 

This procedure has the benefit to 
increase both margins on deployment 
time AND force on the support (         ) 
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4 Reliability assessment through Monte Carlo simulations 
 
Once a definition with proper performance margins has been determined as shown in section 3, it is 
necessary to assess the reliability level of the actuator. The tests defined in the DOE are used to produce a 
predictive numerical model. To ensure a predictive model on a wide range of input parameters, a correlation 
of every test of the DOE is produced. The correlation procedure is describe herafter. 
 
4.1 Test correlation procedure 
 
The numerical model can be correlated to the experiment from a given set of measurements in two phases. 
In the first phase, the measured displacement is imposed to the head of the piston. The exact known 
parameters of the different components are frozen in the model. The heat exchange at the walls, discharge 
coefficients at the orifices, actual grain shape function are then adjusted to fit the measured internal 
pressures. 

Thermodynamic balance :
mass and internal energy 

conservation
for each control volume

Shape function of propellant 
loads

Propellant burning rate

Thermal losses

Initial geometry

Exhaust products composition

Measured displacementDischarge coefficient at 
orifices

Pressures

Measured pressures
Reproduced ?Measured pressures

Thermal parameters 
determined

Tuning of correlation 
parameters

 
Figure 9 : Determination of thermodynamic unknowns 

 
Once these parameters are determined, all previously tuned parameters are frozen, the model is then run with 
the coupled inertia and the measured counteracting force. The viscous dissipation  
(when using dashpot exists) and extra forces (rupture pins force, friction) is then adjusted to recover the 
measured displacement. 
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Thermodynamic balance :
mass and internal energy 

conservation
for each control volume

Piston displacement 
computation according to 

Newton's second law

Conter-acting force

Inertia

Internal forces : viscous 
dissipation, rupture pin, friction

Shape function of propellant 
loads

Burning rate

Thermal losses

Initial geometry

Exhaust products composition

Volume updatesDischarge coefficient at 
orifices

Pressure force acting on piston(s)

Measured displacement
reproduced ?

Viscous dissipation and other 
internal forces are 

determined

Tuning of correlation 
parameters Measured displacement

 
Figure 10 : Determination of mechanical unknowns 

 
Each test is correlated in terms of pressure and displacement. The measured design parameters (geometrical 
dimensions, propellant loads, grain dimensions are used as input data. The result is a dependence of thermal 
correlation parameters (heat losses) to design parameters, grain shape function deviation from geometrical, 
as well as scattering in extra counterforce associated to friction.  
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As an example of the correlation level obtained, the pressure in the booster case tuned on the first DOE test: 
 

Temperature Counteracting force Inertia Grain 
length 

Number of 
tests 

LT Fmin Mmin Lmin 1 
 
is reproduced below. 
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Figure 11 : Example of correlation level obtained 

 
4.2 Monte Carlo analyses 
 
The model fitted on the DOE tests is used as a baseline for Monte Carlo simulations. Nominal design 
parameters are distributed according to their statistical distribution when produced: 
-grain shape, 
-booster case load, 
-pistons diameter, 
-component inertias. 
 
The heat transfer coefficients are adapted according to their dependence to these parameters, as established 
form the various DOE test correlations. 
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Deployment time 
 
To assess the reliability associated to the deployment time specification, 5000 simulations are run at lower 
temperature (LT), with the minimum inertia and counterforce. The repartition of the deployment times 
predicted is compared below to its lognormal estimator. 
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Figure 12 : Repartition of deployment times predicted for a 5000 actuator population 

 
The lognormal estimator characteristics allow to assess a reliability of  1-9.10-12 
 
Maximum force on the support 
 
To assess the reliability associated to the maximum force generated by the actuator specification, 5000 
simulations are run at higher temperature (HT), with the maximum inertia and counterforce. The repartition 
of the maximum force predicted is compared below to its lognormal estimator. 
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Figure 12 : Repartition of maximum force predicted for a 5000 actuator population 

The lognormal estimator characteristics allow assessing a negligible reliability default. 
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5 Conclusion 
 
Pyrotechnic actuators exhibit a higher power to weight ratio compared to compressed gas or prestressed 
spring actuators. During the last decades Pyroalliance has gained an expertise in developing such products 
for a wide range of applications. In this paper, the typical development procedure of a pyrotechnic actuator is 
described from the earliest design to reliability assessment. 
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ABSTRACT 
 
Friction sensitivity of high explosives is analyzed according to reaction thermal diffusion theory by theoretical 
analysis and numerical simulation. The movement of liquid-solid interface driven by the melting of high 
explosives due to friction between explosive and metal is taken into account in the model. The change of 
friction force due to the temperature change of the explosive is also taken into account. The effect of friction 
coefficient on the ignition caused by the explosive-steel interfacial friction is numerically investigated. The 
temperature change on friction surface and the ignition time of explosive are obtained, which match the 
experimental data well. 
 
 
1. Introduction 
Friction of high explosives between hard surfaces is one of the most frequent causes of accident of explosions 
so that friction sensitivity is very important characteristics of explosives. It is common to test friction 
sensitivity of new explosives, modified formulation and defining influences of influences of impurities by 
experimental method. J. G. Glenn et. al[1] place the explosive in a tube, making it sliding in the tube by a 
piston to produce friction. They call it IPFT（Intense Pressure and Friction Test）experiment. Chemical reaction 
occurs when changing the smoothness of the steel tube internal surface in the same condition. Slight reaction 
occurs when the tube internal surface is smooth while violent reaction occurs when the tube internal surface is 
coarse. 
Experiments indicate that the friction between the explosive and the tube wall causes the ignition of the 
confined explosive. In the friction sensitivity experiment, the explosive is placed between the sliding cylinder, 
loading in certain pressure (about 100－500Mpa) [2], and undergoes transitory and strong mechanical friction. 
The friction sensitivity of explosives could be confirmed by observing whether they explode.  
Friction in the interface of explosive and metal may generate heat. Due to heat conduction, the temperature of 
explosives increases, and thermal explosion may occur. Glenn et al[1] propose an reaction thermal diffusion 
model of the explosive-metal friction. They employ the reaction thermal diffusion equation by adding the heat 
produced by friction on the friction surface. In the present paper, the reaction thermal diffusion model was 
applied to study the thermal reaction and ignition induced by the friction between explosive and metal. The 
temperature history of explosive near the friction surface was numerically simulated, and whether ignition 
occurred was identified. 

 
 

2. The model of ignition induced by friction of high explosive 
In friction sensitivity experiment, the explosive is placed between two steel slide cylinders (Fig. 1).  A 
pendulum hits the upper slide cylinder and causes displacement between the cylinder and the explosive.  
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Figure 1 Sketch map of friction between high explosive and steel 
 

In experiment, the displacement between the explosive and the steel is just 1.5-2.0mm, and the diameter of the 
slide cylinder is 10mm. Because the heat conduction is relatively slow comparing with the movement of upper 
slide cylinder, there is a region where the heat conductive effect can not be affected by side boundary. In this 
region, the temperature varies with the longitudinal position, and therefore it could  be described by 
one-dimensional reaction thermal diffusion model. The heat generated by friction is added on the surface. The 
model neglects the heat conduction between the explosive and the lower slide cylinder. 
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Figure 2 Sketch map of heat conduction between high explosive and steel 

 
Diffusivity equation of thermal reaction of explosive is[5]: 
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Thermal diffusion equation in steel is:         
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On friction surface Lx = ， qqq =+ 21 ， 21 TT =                                  （3） 

Here, subscript 1, 2 denotes explosive, steel respectively. T , ρ , vC , k is temperature, density, specific 

heat and thermal transfer coefficient respectively. vC
ka

ρ
=

. Q  is heat release of explosives by thermal 

decomposition. Z is pre-exponential factor，Ea is activation energy. q  is the total heat release rate on 

interface due to friction with following relationship with acting force and relative motion. 

vPq Δ= μ                                              （4） 

Here μ  is friction coefficient, P  is pressure in explosive, vΔ  is relative velocity between steel and 

explosive.  
If chemical reaction term is neglected, the solution of equation (1) and (2) is 
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According to boundary condition (3), 
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So that increased temperature due to friction can be calculated. The increased temperature on interface is 
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According to (7),  
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The increase of temperature is direct proportion with friction coefficient, normal stress, relative velocity 

and t .  

For friction of high explosive with same hard material, if the force acting on is stronger, the relative motion 
between high explosives and hard material is faster and friction sustained longer, ignition will occur easier. 
Because thermal transfer coefficient of metal is usually much larger than that of high polymer，ignition will 
occur much easier as the high explosive scrub with high polymer than with metal. The increase of 
temperature due to friction causes thermal decomposition and then thermal explosion. Therefore the friction 
sensitivity of high explosive also relates to the speed of thermal decomposition. 

 
 

3. Numerical simulation considering explosive melting 
The melting point of the explosive is low, so the temperature approach melting point soon, which causes the 
decrease of the friction coefficient and the action on the explosive. The friction force between explosive and 
metal decreases with the increase of the temperature [2]. Assuming the friction coefficient is linear with 
temperature by 
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where 0μ  is the initial friction coefficient at ambient temperature. mT  is the melting point of high 

explosives. Explosive contacts with steel compact under high pressure, so 0μ =1[2]. mμ  is the friction 

coefficient after melting of high explosives occur. Once high explosive melts, an interface of liquid and solid 
will occur in the explosive. With the increase of the temperature on the friction surface, the liquid-solid 
interface moves towards the interior of explosive. Neglecting the density change due to phase change, the 
interface equation of phase transition is 

dt
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                             （11） 

Subscript l  denotes liquid, s  is solid. ( )tSS =  is the position of interface of phase transition. 

Equation 1-3 and 11 is solved by numerical simulation. A calculation code is designed and tested. The 
friction ignition of explosive HMX is numerically simulated. The computational condition is 

390n MPaσ = , smv /4= , Which is the condition of friction sensitivity experiment. The friction 



coefficient after explosive melting mμ  is difficult to be determined, so it is assumed 0.10、0.15、0.2. 

Other parameters are listed in table 1 [4]. 
Table1 Parameters of steel and explosive in calculation 

Materials Density 
(g/cm3) 

Specific 
heat 

(cal/g-°C) 

Heat 
conduction 
coefficient 

(cal/s-cm-°C)

Reaction 
heat 

(cal/g) 

Activation 
energy 

(kcal/mole)

Z 
(s-1) 

Latent 
Heat 

(cal/g) 

Melting 
point

（K） 

HMX 1.90 0.231 1×10-3 500 52.7 5×1019 50.0 542 
Steel 7.84 0.109 49.8 

— － － － － 

 
Figure 3 shows the temperature history on the friction surface between HMX and metal. The time to the 
melting temperature is much shorter than that to ignition. When the temperature reaches the melting point, 
the explosive begins to melt, resulting decrease of the friction coefficient and the heat transferred into the 
explosive. So that, the temperature on the surface holds at melting point in a period of time. With the 
movement of the liquid-solid interface towards the interior of explosive, the temperature keeps on increasing 

after beyond the melting point. As 
∞→

∂
∂

t
T

, the ignition occurs. The time of ignition predicted by 

numerical simulation is 0.90ms，0.43ms，and 0.25ms, respectively. It implies that the displacement 
between the steel and the explosive is 3.6mm, 1.7mm, and 1.0mm when ignition occurs. The result agrees 

with that of experiment [3] in the case of 0.15mμ = . In the experiment, if the displacement of upper 

cylinder is 1.5-2.0mm, the probability of ignition of explosive HMX is 92-100%. 
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Figure 3 Temperature vs time on friction surface 

 
Figure 4 shows the temperature distribution in the steel and the explosive, where the friction coefficient is 
taken as 0.15. As time goes on, heat transfers into the steel and the explosive from interface. It can be seen 
from the figure that heat in the steel only arrives at the position of 250μm until ignition. So assuming the 
heat conduction at sidewall could not affect the temperature distribution of whole friction surface is 
reasonable. 



 

-300 -250 -200 -150 -100 -50 0 50
300

350

400

450

500

550

600

650

700

750

0.10ms

0.20ms

T/
K

x/μm

0.30ms

0.43ms

 
 

Figure 4 Distribution of temperature in steel and high explosive near friction surface 
 

Figure 5 shows the temperature distribution in the explosive. It indicates that the temperature increasing zone 
is very thin, just in order of tens of miacrometer. The melting zone is just 1.4μm when ignition occurs. 

0 5 10 15 20 25 30 35 40
300

350

400

450

500

550

600

650

700

750

0.10ms

0.20ms

T/
K

x/μm

0.30ms

0.43ms

 
Figure 5 Temperature distribution in high explosive 

4. Results and discussion 
 
 
In the present paper, the friction sensitivity of explosive is theoretically studied. In analysis model the 
movement of liquid-solid interface driven by the melting of high explosives due to friction between 
explosive and metal is taken into account. The change of friction force due to the temperature change of the 
explosive is also taken into account. The effect of friction coefficient on the ignition caused by the 
explosive-steel interfacial friction is numerically investigated. The temperature change on friction surface 
and the ignition time of explosive are obtained. 



The friction coefficient has important effect on the friction sensitivity of explosive. To predict the friction 
sensitivity of high explosive, the friction coefficient between explosive and various materials, especially after 
explosive melts, must be investigated. 
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ABSTRACT 

The new European regulation of chemicals REACH aiming to reinforce the control of risks from 
chemicals in Europe entered into force in 2007. It may require the reassessment of hazardous 
properties for up to 140000 substances. However, the complete experimental characterization of 
(eco)toxicological and physico-chemical properties is time-consuming, costly and sometimes not 
feasible at the R&D stage. Therefore, the development of validated alternative methods for assessing 
hazardous properties of chemicals is promoted in REACH. Quantitative Structure-Property 
Relationships (QSPR), already used extensively in biological and toxicological applications to reduce 
unnecessary animal testing, are now also developed to predict physico-chemical properties. The 
present work focuses on the development and validation of QSPR models to predict the impact 
sensitivity of potentially explosive molecules (nitroaromatics, nitroaliphatics and nitramines,…).To set 
up appropriate relationships between different molecular descriptors of these compounds and their 
impact sensitivity, an original approach associating the QSPR method to quantum chemical 
calculations was developed. More than 300 molecular descriptors (constitutional, topological, 
geometrical, quantum chemical) were calculated using CodessaPro software from calculated molecular 
structures, optimized with the Density Functional Theory (DFT) in Gaussian03 package. These 
descriptors were integrated into statistical multilinear regressions to link them quantitatively to the 
experimental impact sensitivity property. Projection and classification methods (PCA, PLS, decision 
trees) were also used, notably for the development of qualitative models. When enough experimental 
data became available, models were developed on a training dataset and were validated according to 
the OECD principles for the use of QSPRs in a regulatory context. Once validated, models are expected 
to be integrated into a global tool to estimate explosibility hazards of substances (for classification 
purposes) and the need for further experimental testing.  

 
Keywords: impact sensitivity; QSPR; nitro compounds; DFT; energetic compounds 

INTRODUCTION 

The new European regulation of chemicals named REACH may imply the new assessment of a 
tremendous number of substances for their properties. But, the complete characterization of 
toxicological, eco-toxicological and physico-chemical properties at experimental level is incompatible 
with the imposed calendar of REACH. Hence, there is a real need for the development of alternative 
predictive methods to reduce unnecessary animal tests but also time-consuming, costly and potentially 
hazardous tests. So the evaluation of properties based on predictive methods, in particular QSPR/QSAR 
models for which principles of validation have been proposed by the OECD for their use in a regulatory 
context [1], is greatly encouraged. 

Explosibility is on the first rank of hazardous physico-chemical properties. Its characterization in 
terms of explosive power and sensitivity to various stimuli is complex and realized using standard 
experimental tests. Indeed, evaluations are based on a series of tests aiming to characterize detonation 
or deflagration behaviour on one hand and the ability of compounds to release energy under 
conventional stimuli (heat, impact, shock, electric spark) on the other hand. 
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In particular, impact sensitivity is a critical property of energetic materials since it characterizes its 
ability to initiate a possible explosive decomposition reaction under the effect of an impact. Structure-
property approaches have been devoted to the prediction of the properties of energetic materials for 
many years [2-6], and in particular impact sensitivity [7-13]. First investigations performed in that 
direction considered simple linear relationships with constitutional features of explosive compounds 
leading to the development of the oxygen balance as an index of performance for energetic materials 
[14]. Then, this parameter has been used by Kamlet [12,13] in simple linear regressions to predict 
impact sensitivities of nitro compounds. Other molecular descriptors have also been connected to this 
property, e.g. electronegativity [15] or other electronic properties [2,16]. More recently, multivariate 
models were developed but only few models are completely validated, using external validation sets. 
For instance, Nefati [17] and Cho [18] realized first neural networks predictions for nitro compounds. In 
particular, Wang et al. [19] developed a series of predictive models for the impact sensitivities of nitro 
compounds using various tools (multilinear regression, neural networks) based on topological 
descriptors. They notably highlighted the difficulty of predicting this property for nitroaromatic 
molecules, attributed to a too low number of available compounds of this class in their study.  

This paper deals with the development of new QSPR models to predict the impact sensitivity of 
nitro compounds (nitroaromatic, nitramine, nitroaliphatic), taking into account a larger variety of 
descriptors, notably issued from density functional theory (DFT) calculations and targeting more 
predictive and meaningful models. The pertinence of this kind of descriptors to predict thermal  
properties of nitro compounds has been demonstrated in previous works [5].  

METHOD 

1. EXPERIMENTAL DATA 

Experimental values are critical for the development of QSPR models. Indeed, uncertainties are 
propagated to the model in the fitting procedure. Therefore, experimental values should to be been 
obtained using a single reliable protocol.  

In this contribution, to achieve reliable models, all experimental data were extracted from a single 
reference [20]. The impact sensitivities (h50%) of 139 nitro compounds (51 nitroaromatics, 
38 nitramines, 50 nitroaliphatics) have been obtained from drop weight impact tests.  

Correlations with log h50% were considered in this study, as commonly done to find multilinear 
correlations with molecular scale properties [12,13].  

2. QSPR PRINCIPLE 

The quantitative structure-property relationship (QSPR) method is a predictive approach that 
consists in developing a quantitative relationship between a macroscopic property and the molecular 
structure of target molecules as shown in Figure 1. If such methods have been mainly dedicated for 
biological [21], toxicological [22] or pharmaceutical applications [23] in the past, they now present an 
increasing interest for the prediction of physico-chemical properties [24]. 

 
Figure 1: QSPR modelling principle 

STRUCTURE  

DESCRIPTORS 

PROPERTY QSPR MODEL 
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In this approach, molecular structures are characterized by a series of descriptors (constitutional, 
geometrical and electronic) of the structure of the studied compounds. These descriptors are then 
connected to the experimental property using data mining tools, such as artificial neural networks [25], 
genetic algorithms [26] or multilinear regressions, used in this study. Their performances are estimated 
by considering not only fitting but also robustness (using a cross validation technique) and predictivity 
(on an external validation set). Their applicability domain, in which prediction is reliable, was also 
defined, as required by the OECD principles of validation [1]. 

Indeed, OECD defined the validation of QSAR/QSPR models according to the five following 
principles: 

- definition of the predicted property (including experimental protocols),  
- achievement of an unambiguous algorithm,  
- reliable characterization of the performances of the model in terms of fitting, robustness and 

predictivity, 
- definition of the domain of applicability, 
- if possible, interpretation regarding subjacent mechanisms. 

Once validated, such model can be used for prediction, and even for the understanding of chemical 
processes. 

3. MOLECULAR STRUCTURES AND DESCRIPTORS 

All molecular structures were calculated using the density functional theory (DFT) with the 
Gaussian03 package [27]. Geometry optimizations were performed using the parameter-free PBE0 
hybrid functional [28] and the 6-31+G(d,p) basis set. This calculations level was estimated as pertinent 
in previous work based on the geometry and energetic properties of nitro compounds [29]. Vibrational 
frequencies were computed at the same theoretical level to ensure that all stable species correspond to 
energy minima and to obtain thermochemical and vibrational molecular properties. These calculated 
structures were then characterized by a large series of molecular descriptors. 

According to the definition of Todeschini and Consonni [30], a molecular descriptor is “the final 
result of a logic and mathematical procedure which transforms chemical information encoded within a 
symbolic representation of a molecule into a useful number or the result of some standardized 
experiment”. 

During years, a tremendous number of descriptors have been developed [31] to characterize the 
structures of molecules. In this study, CodessaPro software [32] was used to calculate a large series of 
descriptors from the quantum chemical calculated structures. More than 400 descriptors were calculated 
for the nitro compounds of this study. These descriptors can be divided into various classes:  

- constitutional descriptors, like the number of specific atoms, functional groups or bonds; 
- topological indices, based on the atomic connectivity in the molecule and giving information 

about size, composition and branching degree, e.g. Weiner, Balaban or Randic indices; 
- geometric descriptors,  based on the 3D structure: distances, angles, molecular volumes, 

surfaces; 
- quantum chemical descriptors, extracting from quantum chemical calculations, e.g. atomic 

charges, binding information, molecular orbital energies, reactivity indices, etc. 

Additional external descriptors like oxygen balance, specific constitutional descriptors (e.g. number 
of nitro groups) or molecular properties arising from DFT calculations (e.g. bond dissociation energy) 
have been also calculated. These additional descriptors were used because they were expected to 
represent characteristic features and behaviours when analysing the data set. Moreover, they have been 
already used for similar properties and/or molecules in previous work [5].  
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4. STATISTICAL ANALYSIS AND EVALUATION OF THE MODELS 

In a first step, the database was separated into a training set (two thirds of the data set) and a 
validation set to allow the estimation of the prediction power of models. The splitting was based on h50% 
values to have a similar distribution of the experimental values in both sets to ensure that the validation 
set is representative of the training set regarding the all range of property values. To this aim, the 
compounds were classified by increasing order of h50% and one molecule for each group of three was 
put in the validation set. The remaining molecules built the training set. 

All models were computed using CodessaPro software [32]. They consisted in multilinear 
regressions with the following form: 

∑+=
i

ii XaaY 0
          (1) 

where Y is the property to predict, Xi are the molecular descriptors and ai are the corresponding 
regression constants.  

The Best Multi Linear Regression (BMLR) procedure was used to obtain the most predictive 
models. This method consists in considering the most correlated pairs of orthogonal (i.e. not 
intercorrelated) descriptors and in adding successively orthogonal descriptors to give the best correlated 
model at higher ranks (i.e. using more descriptors). The final model is chosen as the equation providing 
the best correlation with experimental data and preventing, at the same time, against any over-
parameterization.  

The reliability of model was estimated using several parameters, such as the resulting coefficients 
R² and the corrected R²cv (using the leave one out cross-validation technique) that characterize the 
fitting and the robustness of the model. The significance of each descriptor in equations was validated 
by performing a Student t-test validation at a 95% confidence level. To estimate the predictivity of the 
models, the values of the impact sensitivity property were calculated for the molecules of the validation 
set and the predictive power was evaluated by the correlation between calculated and experimental 
values these compounds (R²ext).  

In addition, the domain of applicability of models was defined to include 95% of the molecules of 
the training set based on their Euclidean distance to the mean of the variable distributions, using Ambit 
Discovery software [33]. Then, the predictive power of the model in the applicability domain was 
defined considering the molecules of the validation set that are included in this applicability domain 
(R²in). 

RESULTS 

1. NITROAROMATICS 

Nitroaromatic compounds were first investigated. This family of compounds includes some of the 
most common energetic materials such as 2,4,6-trinitrotoluene (TNT), picric acid (PA) or 3,3’-diamino-
2,2’,4,4’,6,6’-hexanitrobiphenyl (DIPAM). 

399 descriptors were calculated for the 51 molecules based on their structures, optimized at 
PBE0/6-31+G(d,p) level. The BMLR technique was then applied on a training set of 34 molecules. 

The best model obtained, using a reasonably limited number of descriptors to avoid any over-
parameterization and to make chemical interpretation easier, was a four-parameter multilinear equation: 

log h50% (cm) = 17.4 + 0.691 ELUMO – 8.4 BON,max – 1.73 Qmin  – 25.4 NC,min    (2) 

where ELUMO is the energy of the lowest unoccupied molecular orbital (LUMO), BON,max is the 
maximum bond order for a N atom, Qmin is the minimum partial charge and NC,min is the minimum 
nucleophilic reactivity index for a C atom. 
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If correlation and robustness are important (R²=0.81, R²cv=0.75), the model demonstrated 
absolutely no predictive power on the validation set (R²ext=0.01), even in its applicability domain 
(R²in=0.02), as illustrated in figure 2. 

 
 Figure 2: Experimental versus calculated log h50% of nitroaromatics 

The difficulty to develop a predictive model for nitroaromatics had been already identified in 
Wang’s works [19]. He developed multi-linear regression (MLR) and partial least square (PLS) models 
presenting good fitting correlation coefficients (R²=0.84). These correlations however revealed 
inefficient in predicting the studied property for the molecules selected in the validation set (R²ext=0.42 
and 0.46, respectively). 

In the context of our work, we assume that the lack in predictive power of our model is related to 
the complexity of the decomposition process of nitroaromatic compounds that could be influenced by 
the presence of particular features in their molecular structures [34].  

This assumption was previously outlined in a related PhD work making use of a principal analysis 
technique (PCA) [35]. Indeed, this analysis revealed a diversity of substructures in the data set (e.g. 
upon the number of aromatic cycles) that could play a significant role in the decomposition 
mechanisms.   

In conclusion, the available data set of molecules [20] was not large enough, with regard to the 
structure complexity of nitroaromatic compounds, to achieve a predictive model based on the employed 
method. A larger data set is needed to develop more reliable models. The identification of subgroups of 
compounds in the used data set could be linked to the complexity of the chemical mechanisms involved 
in the decomposition of nitroaromatic compounds that has been demonstrated in previous 
works [29,34,36]. 

2. NITRAMINES 

A series of 38 nitramines molecules was also investigated targeting similar modelling 
developments. These compounds are characterized by the presence of N-NO2 bonds that are recognized 
as an indicator of potential explosive properties, such as in hexogen (RDX) or octogen (HMX). 

As for the previous QSPR analysis, all molecular structures were optimized at PBE0/6-31+G(d,p) 
level and used to compute a large series of 334 descriptors. The model proposing the best compromise 
between correlation and parameterization from BMLR method analysis for the training set of 
26 molecules is the following three-parameter equation: 
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log h50% (cm) = 0.79 – 0.18 WPSA-3 – 189.5 NN,min – 0.011 OB    (3) 

where WPSA-3 is the weighted positive charged surface area (order 3), NN,min is the minimal 
nucleophilic reactivity index for a N atom and OB is the oxygen balance. 

Performances shown by this model are ranking fairly well, since it presents a straightforward 
correlation (R²=0.96) with a high robustness (R²cv=0.91). Moreover, the predictive power calculated on 
the 12 molecules of the validation set that were included in the applicability domain is significant 
(R²in=0.84), as shown in figure 3. 

 
Figure 3: Experimental versus calculated log h50% of nitramines 

It can also be noticed that the descriptors included in the model are chemically meaningful. Indeed, 
WPSA-3, a quantum descriptor related to the charge distribution on the molecule, is strongly influenced 
by the presence of nitro groups. The second descriptor is directly connected to the chemical process 
since it describes the local reactivity at the N-NO2 bond that is critical in the decomposition 
process [37,38]. Moreover, the oxygen balance is a well-known index pertinent to characterize the high 
reactivity of energetic materials. Indeed it was developed to characterize the quantity of oxygen 
involved in the decomposition process and it has already been directly related to the impact sensitivity 
of nitro compounds by Kamlet [13]. This model presents better performances than Kamlet’s model for 
nitramines (r= 0.95, i.e. R²=0.90) and an external validation was realized (R²ext= 0.82).  

The model developed in the present study presents a better correlation than models developed by 
Wang for nitramines compounds, based on both MLR (R²=0.85) and PLS (R²=0.84) techniques, but a 
lower predictivity that was surprisingly better than the degree of fitting in Wang’s model (R²ext= 
0.86) [19]. 

Further investigations are performed to extend the set of molecules used to improve the analysis in 
terms of performances and domain of applicability. Nevertheless, the QSPR model developed in this 
study already presents encouraging results. 

3. NITROALIPHATICS 

At last, we studied a model dedicated to predict the impact sensitivity of nitroaliphatics, based on a 
series of 50 aliphatic nitro compounds [39], e.g. bis-(2,2,2 trinitroethyl)-carbonate, for which more than 
400 descriptors were computed based on their quantum chemical calculated structures. The initial data 
set was split into two subsets: two thirds in the training set (i.e. 34 molecules) and the remaining third in 
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the validation set (i.e. 16 molecules) according to the value of h50%. The training set was used to develop 
a multilinear model based on the BMLR method and a four-parameter equation was exhibited by 
considering the best compromise between correlation and parameterization: 

log h50% (cm) = 4.3 + 0.09 nH – 0.15 nNO2 + 61  +  2.2 SYZ/YZ     (4) 

where nH is the number of H atoms in the molecule, nNO2 is the number of NO2 groups,  is 
the ratio of the number of CNC groups to the molecular weight and SYZ/YZ is the ratio of area between 
the normalized shadow of the molecule in one of its inertial plane (YZ) [31]. 

This equation is well fitted (R²=0.92) and robust (R²cv=0.89). Moreover, when predicting log h50% 
for the molecules of the validation set that are included into the domain of applicability of the model 
(here, the whole validation set of 16 molecules), a high predictive power was highlighted with 
R²ext=R²in=0.87 as shown in figure 4.  

 

 
Figure 4: Experimental versus calculated log h50% of nitroaliphatics 

Concerning the interpretation of the model, the number of nitro groups has been evidenced as 
critical for the prediction of decomposition properties of nitro compounds in previous works [40] since 
the cleavage of the C-NO2 bond is generally considered as the main mechanism [41-43].  

R-NO2  → R∙ + NO2         (5) 

Moreover, the relative number of CNC fragments (to molecular weight) has been already 
highlighted by Keshavarz as a pertinent structural descriptor in a previous QSPR model for the 
prediction of the impact sensitivity of nitro (heterocyclic) compounds [8].  

In conclusion, the model of the present study ranks better in terms of correlation than the model 
previously developed by Keshavarz for nitroaliphatics (R²= 0.85) [11], but worse than the one 
(R²=0.94) of Kamlet [12], which however was not validated on an external validation set. Here, a 
complete validation scheme, including the external validation and the definition of the applicability 
domain of the model of this study, has been realized and demonstrated the important predictive power 
of our model. 

Moreover, our model presents better performances than Wang’s MLR and PLS models [19] in 
terms of fitting (R²= 0.80 and 0.78 respectively against R²=0.92). It shows a high predictive power, 
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close to the one of Wang’s models (R²= 0.93 and 0.97, for the MLR and PLS models respectively, 
against R²ext=0.87 for the present model). 

CONCLUSION 

In this paper, new QSPR models targeting the prediction of sensitivity to impact of a series of nitro 
compounds (nitroaromatics, nitramines, nitroaliphatics) were developed, meeting all OECD validation 
principles. This work was based on an original methodology combining QSPR methods with quantum 
chemical calculations. The introduction of quantum chemical descriptors particularly helped to better 
interpret models in terms of chemical mechanisms.  

The examination of the nitramines case led to very promising results since a first predictive model 
was obtained from only 38 molecules. Improvements are expected in future works in terms of 
performances using a larger data set. 

A four-parameter model was also developed and validated for a set of 50 nitroaliphatics 
compounds. The model showed an important predictive power in its applicability domain. In addition, it 
also revealed interpretable in terms of chemical mechanism since it included the number of nitro groups 
that are critical in the decomposition of nitro compounds.  

By contrast, no predictive model was obtained for the studied nitroaromatic compounds due to the 
too large diversity of structures that are included in the data set available with regard to their number. 
Further experimental data are needed to go further and potentially develop new models either for 
identified subclasses among the initial data set or for the whole set of data using a data set 
representative enough of its diversity of structure. 

The particular difficulty observed to predict the impact sensitivity of the nitroaromatic compounds 
might be explained by more complex mechanisms involved in their decomposition process as compared 
to those of nitramines and nitroaliphatics. This demonstrates the importance of the knowledge of 
subjacent phenomena for the success of reliable QSPR predictions. 
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ABSTRACT  
 
In military applications, intumescent paints have been commonly used as an IM technology to protect 
munitions against fires by increasing their reaction delay. Up to now many experimental tests have 
been made to assess how efficient such thermal coatings are to provide optimal protection to the 
munitions. However, few numerical studies have been carried out to calculate heat transfer in the 
intumescent coated munitions and to accurately predict their reaction delay when they are faced with 
thermal aggressions such as fuel fires. 
 
That is why in the present work numerical efforts have been made to compute heat transfer both in the 
reactive coating and the substrate and to account for the swelling process. Based on several existing 
mathematical models of material ablation due to pyrolysis, and of non-steady decomposition of 
intumescent coatings, a set of nonlinear partial differential equations describing the evolution of the 
system (intumescent coating and substrate) during an aggression has been developed. The model is 
solved using the finite elements method, in a one-dimensional geometry and describes several moving 
boundaries. A 45 kW solar furnace was used to validate it by applying radiative heat flux up to  
250 kW/m² to the instrumented samples.  
 
The final step of the study consists in testing the validated model within a three-dimensional CFD 
code, typically used to simulate munitions’ heating when engulfed into large scale fuel fires. Reaction 
delays of some intumescent coated munitions (Solid Rocket Motor, bomb, etc.) have been directly 
compared to the experimental ones, obtained by using a large scale test setup in conformity with the 
STANAG 4240 edition 2. Such a comparison is promising and provides us strong elements to predict 
how efficient intumescent coating is against fuel fires, whatever munitions it is applied to. 

1 INTRODUCTION AND BACKGROUND 

1.1   MILITARY FRAMEWORK – IM 

Military structures, devices and vehicles are likely to be exposed to extreme heat on battlefields. 
Insensitive munitions are consequently a crucial requirement to ensure personnel survivability and 
structure protection. In the general context of fire-protective solutions, two categories can be 
distinguished: passive and active protections. Active protection systems such as water sprinklers and 
automatic extinction devices can be used to put out a fire before it reaches dramatic proportions. On 
the other hand, passive systems mainly consist of insulating and / or reflective coatings. For IM 
applications, passive protections such as intumescent coatings are an efficient way of increasing 
reaction delay, therefore allowing longer intervention times. Intumescent paints present the ability to 
swell up during a thermal aggression in order to provide optimal protection to the substrate. The 
coating starts swelling up when it reaches a temperature threshold [1]. The swelling reactive layer 
keeps growing until the underlying ablative paint is totally consumed, but stops if heating is 
interrupted. Finally, if the aggression process is maintained, a solidified char layer appears on top of 



the system. The final structure is a porous stratified layer with high insulating properties. Such 
adaptability to the aggression and the substrate's structure are the main reasons of a growing interest 
for intumescent paints as IM solutions [2]. A one-dimensional time-dependant mathematical model, 
accounting for the intumescing process and heat transfers in the coating-substrate system is developed. 
Model validation is performed thanks to a set of experimental simulations of radiative aggressions. 
Though many types of thermal aggressions can occur, two of them are mainly considered in this 
paper: fires and explosions. 

1.2   INTUMESCENT COATINGS 

Intumescent coatings are already widely used in the civil engineering business, to protect building 
structures such as beams. Their versatility makes them useful and efficient on many kinds of 
substrates, not exclusively metals. Indeed, intumescent paints can be used on polymers, textiles, or 
even wood. In order to understand precisely the intumescing phenomenon, it is necessary to pay 
attention to the coatings composition and to the chemical process leading to the formation of a thick, 
solid and stratified insulating layer [3]. A very specific set of chemicals is needed to obtain the desired 
effects. According to [4], some of the main components of an intumescent paint are sodium silicate, 
melamine, pentaerythriol phosphate and vermiculite. Referring to [5], the composition of intumescent 
coatings can be described as the combination of an acid source (ammonium phosphate – APP), a 
carbon source (pentaerythriol – PER) and a swelling agent (melamine). These ingredients are bound 
together by a polymer matrix, which plays an important part in the paint’s protective performances. 
The intumescing process can be described as shown on figure 1: under radiative heat aggression, the 
top of the exposed coating starts reacting at critical temperature. Indeed, for the paints studied by [5], 
physico-chemical transformations occur when the coating reaches 483 K, turning it into a swelling 
reactive layer. The carbonization starts at about 540 K, and generates a solid non-reactive char layer. 
The completely developed system is a thick insulating layer able to protect the substrate from further 
aggression. 
 

 

Figure 1.  Steps of the intumescing process under radiative heat flux. 

 
In order to understand precisely the intumescing process when the coating is exposed to a radiative 
heat flux, the following reaction steps can be considered: 

• A large amount of thermal energy is absorbed by the paint, which temperature increases 
quickly. 

• When the system reaches critical temperature, it starts reacting. This endothermic chemical 
reaction consumes an important quantity of heat, thereby reducing heat transfers towards the 
substrate. 

• The pyrolysis of the intumescent coating produces steam, which cools down the system by 
convection due to water molecules. 

• A viscous layer appears. 
• The system swells up, and keeps growing until the remaining coating is totally consumed. 

 
 



 

Figure 2. Cross section view of a developed intumescent system. 

 
Figure 2 shows the final state of an intumescent system. The expanded coating can reach 20 to 30 
times its original thickness when its front face is irradiated. Indeed, the picture shows a 40 mm thick 
swollen layer, which original thickness was no more than 2 mm. Moreover, on the cross section view 
the heterogeneity and porosity of the material are pointed out. 
 
According to [6], the efficiency of an intumescent paint can be characterized experimentally, for 
metallic substrates exposed to various levels of radiative flux. This method is based on the 
measurement of back face temperature throughout the test, and observation of the swelling process and 
gas emission.  

2 1D MODELING OF INTUMESCENT COATING GROWTH UNDER HIG H FLUX 

Based on several existing mathematical models of material ablation due to pyrolysis [7], and of non-
steady decomposition of intumescent coatings [8], a set of nonlinear partial differential equations 
describing the evolution of the system (intumescent coating and metallic substrate) during an 
aggression has been developed. This approach accounts for the swelling process, the heat transfers in 
the reactive coating and in the substrate. Our model is solved using the finite differences method, in a 
one-dimensional geometry, and had to meet the following requirements, specified by experimental 
observations: 
High temperature levels and gradients are observed inside the coating-substrate system, with fast 
evolution. Therefore, spatial and temporal discretizations have to be carefully chosen. Radiative and 
convective heat transfers have to be taken into account. Several moving boundaries have to be 
described. In order to simulate properly the system's structure and its evolution during the intumescing 
process, the following considerations were made: 
 
The system is composed of three distinct layers (figures 3a and 3b):  
 

• The first layer is the underlying substrate, which boundaries stay still throughout the 
process( ]0, [ )x e∈ .  

• The second layer is the original coating, which upper boundary regresses during the ablation 
process, until it is fully consumed( ] , ( )[ )x e f t∈ . 

• The third layer is the growing part. When the reaction starts, its upper boundary moves 
upwards while the lower boundary follows the regression of the ablative layer. The solidified 
char layer is considered as a part of the global growing layer. It appears beyond a specified 
temperature threshold, and is modelled by the specification of new thermal properties for the 
coating. The development of this carbonaceous layer is irreversible( ] ( ), ( )[ )x f t g t∈ . 

 



 

Figures 3a and 3b. Domain structure (a) before and (b) during the reactive process. 

The system's evolution described by the model basically follows these steps (see figure 1): 
 

• Initially, at t = t0 = 0 s, the system consists of the substrate and the intumescent paint. 
• At t1, under the effect of the radiative aggression, the ablation of the top of the intumescent 

coating starts, gases are released, causing the reactive layer to swell up. 
• At t2, the top of the swelling reactive layer begins to turn into a solid char zone. The ablative 

layer keeps regressing. 
• At t3, the non-reactive char layer keeps growing, consuming an increasing amount of reactive 

material. 
• At t4, the original intumescent coating is totally ablated. 
• At t5, the coating stops swelling. The only remaining material is the solidified char layer. 

 
As explained above, the description of the full system can be achieved by modeling only three layers, 
including the substrate. The one-dimensional approximation is justified by the direction of boundaries 
movement (orthogonal to the steel plate) and by the specific configuration for which lateral boundary 
effects can be neglected. 

2.1   MASS LOSS 

During the intumescing process, the coating undergoes an important mass loss (generally over 30 %) 
due to pyrolysis [9] and ablation [10]. Under high flux, some amount of the overall energy is absorbed 
by the coating, increasing its temperature, and leading to a pyrolysis process when it reaches a 
temperature threshold. The mass loss flow can be written as follows: 
 

dm
m m

dt
κ= =&  [1] 

 
Where m is the mass of material affected by pyrolysis and κ is a kinetic coefficient relative to 
degradation mechanism. This coefficient can be defined by an Arrhenius type expression [11]: 
 

( )( ) ( )
, exp

,

E
x t A

R x t
κ θ

θ
= −

 
 
 

 [2] 

 
With: A: pre-exponential factor    [s-1] 
 E: activation energy     [J.mol-1] 
 R: perfect gas constant     [8,32 J.mol-1.K-1] 
  ( ),x tθ : temperature at point x  and time t   [K] 

 



The volume of material undergoing pyrolysis is called “pyrolysis zone”. Assuming this reaction is 
triggered by a temperature threshold [7], the pyrolysis zone can be described in a 1D model as shown 
on figure 4. 
 

 
Figure 4. Definition of the pyrolysis zone 

 
The kinetic coefficient is then given by: 
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This makes the mass flow by surface unit:  

( )( ) ( )( )
( )

" , ,
f t

abla

e

m x t x t dxθ ρ κ θ= ∫&  [4] 

 
With ( )"m t& : mass flow by surface unit   [kg.m-2.s-1] 

 ablaρ  :  density of the ablative material   [kg.m-3] 

 
Pyrolysis of the intumescent material and mass loss cause the ablation of the virgin layer which, while 
regressing towards the substrate, generates the growing layer. The displacement of the domain’s 
moving boundaries (pyrolysis front and intumescence front) are thus directly linked to the 
aforementioned calculus. 

2.2   MOVING BOUNDARIES 

Numerous mathematical models have been developed to predict the swelling phenomenon of a 
reacting intumescent paint [12], [13], [14], [15], [16] et [6]. In order to provide good efficiency, low 
calculation time and costs, and optimal usability, the model presented hereafter does not account for 
chemical reactions, unlike some others [8]. In our model, the speed of the pyrolysis front is calculated 
as follows: 
 

( ) ( ) ( ) ( )"
a

abla

df t m t
V t u f t u u

dt ρ
= − = − = −

r &r r r&  [5] 

 
 
 



With u
r

:   unit vector (see figure 3)   [no unit] 
 ( )"m t& :  mass flow rate by surface unit   [kg.m-2.s-1] 

ablaρ :   density of the ablative material   [kg.m-3] 

 
This formulation assumes that the mass flow rate of consumed material is proportional to the 
regression speed of the pyrolysis front. 
 
Referring to equation [4], the ablation speed can also be written as follows: 
 

( ) ( ) ( ) ( )( )
( )

,
f t

a

e

df t
V t u f t u x t dxu

dt
κ θ= − = − = − ∫

r r r r&  [6] 

 
Assuming that the growing layer’s expansion speed is proportional to the ablation speed, the following 
equation can be written: 
 

( ) ( )g g aV t k V t=
r r

 [7] 

  

With: ( )gV t
r

:   expansion speed of the growing layer   [m.s-1] 

 kg :   proportionality factor      [no unit, < -1] 
 
 
kg < -1 means that growing speed is greater than ablation speed and in the opposite direction. The 
overall displacement speed of the intumescence front is then defined as the sum of both ablation and 
growing speeds: 
 

( ) ( ) ( ) ( ) ( ) ( )1a g g a

dg t
u g t u V t V t k V t

dt
= = + = +

r r rr r
&  [8] 

 
Thus, the model can describe ablation of the virgin coating layer and growing of the reacting layer. 
Heat transfers in each sub-domain are presented hereafter. 

2.3  THERMAL BEHAVIOR 

The main purpose of this model is to provide an overall prediction of a protected substrate’s thermal 
evolution under high radiative flux. For IM applications, maximal back face temperature and heating 
time are crucial data to enable optimal intervention in a fire scenario. 
 
 
In sub-domain n°1, the substrate, heat transfers obey the following equation: 
 

( ) ( )1 1 1

,
, 0        for 0

x t
C x t x e

t

θ
ρ λ θ

∂
− ∆ = < <

∂
 [9] 

 
With: 1ρ :  material’s density    [kg.m -3] 
 C1:  material’s specific heat   [J.kg-1.K-1] 
 λ1: material’s heat conductivity  [W.m-1.K-1] 
 e: substrate’s thickness   [m] 
 
In sub-domain n°2, the ablative paint layer, the endothermic pyrolysis reaction is taken into account as 
a negative source term: 
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x t
C x t x t H e x f t
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∂
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With: ρ2:  paint’s density     [kg.m -3] 
 C2:  paint’s specific heat    [J.kg-1.K-1] 
 λ2: paint’s thermal conductivity   [W.m-1.K-1] 
 κ: kinetic coefficient    [s-1] 
 Hp: pyrolysis enthalpy    [J.kg-1] 
 f(t): position of the pyrolysis front   [m] 
 
In sub-domain n°3, the growing layer( ) ( )f t x g t< < , pyrolysis does not happen: 

 
( ) ( ) ( ) ( )3 3 3

,
, 0       for 

x t
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∂
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With: ρ3:  growing layer’s density     [kg.m -3] 
 C3:  growing layer’s specific heat    [J.kg-1.K-1] 
 λ3: growing layer’s thermal conductivity   [W.m-1.K-1] 
 g(t):  position of the intumescence front   [m] 
 
The apparition of the carbonaceous layer is taken into account by updating the growing layer’s 
properties when the sub-domain reaches “carbonizing temperature” carθ : 
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3 3
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With: ρvisc, Cvisc, λvisc: viscous layer’s properties  [kg.m -3], [J.kg-1.K-1], [W.m-1.K-1] 
 ρcar, Ccar, λcar: carbonaceous layer’s properties  [kg.m -3], [J.kg-1.K-1], [W.m-1.K-1] 
 
Further details about the model’s boundary conditions and resolution techniques are presented in [17] 
and are not discussed here due to lack of space. 

3 RELATED TESTING USING THE MAIN SOLAR FURNACE 

3.1   TEST FACILITY 

The experimentations performed to validate the model and the facility used for that purpose are 
presented in this section.  
 
The laboratory’s principal test facility is the Main Solar Furnace (MSF). The MSF is a 45 kW solar 
furnace with adjustable flux. It is mainly used to study the behavior of materials under extreme 
thermal conditions, to validate simulation models, and to determine optical and thermal properties of 
samples in several configurations and for various scales. It is composed of four main elements: 



Concentrator

Experiment
Chamber

Attenuator

Heliostat

 
Figure 5. Principle of the MSF. 

 
• The 230 m2 plane reflector (heliostat), made of 638 reflecting mirrors which function is to 

reflect solar radiation in a horizontal North - South direction (towards the attenuator and the 
concentrator) 

• The solar radiation attenuator mainly based on a flux modulator, composed of a group of 
twenty fast-moving shutters, capable of switching their positions from “closed” to “open” in 
only 100 ms. Their computer-controlled orientation determines the level of concentrated solar 
flux reaching the sample placed in the experiment chamber. 

• The 10.75 m focal length concentrator, covering an area of 100 m2. It gives a circular-shaped 
focal zone energy distribution that is quasi constant (± 5%) over a diameter of 50 mm, which 
is half the diameter of the whole irradiated zone. The maximum power of concentrated 
radiation reaches 6000 kW.m-2.  

• The experiment chamber, where samples of various sizes and shapes are placed in the focal 
plane of the concentrator. The accuracy of samples position is ensured by a set of two lasers 
which beams converge at the focal point. 

 
Thanks to those features, samples of relatively large dimensions can be studied with a calibrated and 
homogeneous flux. This facility also allows calibrated heat fluxes to be delivered in a given temporal 
sequence and allows variations on the target temperature according to predetermined laws. 

 
Figures 6a, 6b and 6c. Heliostat, Attenuator, Concentrator. 

 
 
 
 
 

 



3.2   TESTED AGGRESSIONS 

The versatility of this facility allows the simulation of various flux shapes, ranging from steady 
aggressions (fire simulation) to sharp envelopes, representing several types of fireballs and explosions. 
The results presented hereafter focus on fire simulations, in an IM context.  

3.3   RESULTS AND VALIDATION 

Modeling results and measurements are compared on figure 7 for a 170 kW.m-2 fire. Numerical results 
were calculated by the finite differences based model, written with Matlab®, for a 2 mm thick steel 
substrate with a 1 mm thick paint layer, exposed to a 170 kW.m-2 fire during 300 seconds. 
 
 Figure 7 shows the model’s ability to evaluate: 

• the evolution of back face temperature (x = 0) 
• the system’s mass loss during the test 
• the evolution of growing layer’s upper boundary position 

The measurements displayed on figure 7 were obtained in the corresponding experimental conditions. 
 

 
Figure 7. 170 kW.m-2 fire modelling results. 

 
 
Figure 7 shows that the temperature increase on the back face slows down as the upper boundary rises 
up. Furthermore, the levels reached by each of the plotted variables on both numerical and 
experimental figures are similar. However, the comparison of temporal evolutions shows differences 
between measurements and calculations. This can be explained by several reasons, mainly due to the 
lack of knowledge of some relevant parameters used as model inputs, such as the coatings thermal and 
optical properties, and the way they change with temperature. The simplification of the complex 
chemical reactions, leading to neglect some aspects of the swelling process such as the formation of 
bubbles in the ablative layer, is another potential cause of inaccuracy.  
 
This modelling approach proved useful to evaluate the influence of several parameters on the coatings 
protective performances. For example, previous calculations showed that a layer of white paint with 
low absorptivity could be as efficient as a thicker layer of black paint.  



 
An important application of intumescent paints is the protection of Solid Rocket Motors against heat 
aggressions. Indeed, intense heat can lead to self ignition of the propellant, which can be measured 
around 540 K for some HTPB propellant, resulting in potentially dramatic damage. An intumescent 
coating on the outside walls of the motor case can prevent the inside faces from reaching this 
temperature, therefore avoiding initiation or at least increasing the reaction time. Figure 7 shows that a 
1 mm thin layer of intumescent paint is able to keep back face temperature under 540 K for about 300 
seconds when exposed to a 170 kW.m-2 flux. 
 
Several experimental tests involving higher fluxes were carried out in order to observe intumescent 
paints behaviour under stronger fires. Figure 8 shows the evolution of back face temperature and mass 
loss for a 2 mm thick steel substrate with a 1 mm thick paint layer, exposed for 300 seconds to a 250 
kW.m-2 fire. 
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Figure 8. 250 kW.m-2 fire simulation results. 

 

4 UPGRADING THE MODEL TO A 3-DIMENSION DOMAIN 

One of the main challenges is then to upgrade the intumescent model to a 3D numerical domain. The 
final objective of these computing efforts is to simulate the response of intumescent coated munitions 
when they are engulfed into a liquid kerosene fire. That is why the Fire Dynamics Simulator (FDS) 
code [18], developed by the National Institute Standard of Technology (NIST, USA), is used to 
implement the aforementioned model. First it allows us to accurately simulate kerosene pool fire and 
thus to calculate the heat flux that is applied to the coated munitions. Secondly pyrolysis of many 
multi-layer solids (wood, thermoplastics, charring solids, etc) can be computed.  

4.1   FDS COUPLING 

First of all our numerical strategy is to perform a “low” coupling between FDS and the intumescent 
model. The pyrolysis model implemented by default in FDS has been tested by using intumescent 
coatings pyrolysis parameters (threshold temperature...) within an intumescent coated material. It 
represents two reactive processes, including evaporation, charring, and internal heating but not the 



intumescent coating growth. For this reason the thickness of the char layer is still equal to a constant 
value. 
Notice that the intumescent coated material can undergo simultaneous reactions under the following 
assumptions: 

• instantaneous release of volatiles from solid to the gas phase, 
• local thermal equilibrium between the solid and the volatiles, 
• no condensation of gaseous products, and 
• no porosity effects 

 
In our case, each material component undergoes one reaction which produces some other solid 
component (residue) and gaseous volatiles according to the yield coefficients sν  and γν ,g , 

respectively. These coefficients usually satisfy ∑ =+
γ γνν 1,gs  

 
Then this coupling has been tested by comparing numerical results obtained either with the 
intumescent coated model or with the FDS pyrolysis model. Two numerical tests have been performed 
both on a 20mm x 20mm rectangular substrate: the first one with a 170kW/m² radiative heat flux 
applied on the material, the second one with a 220kW/m² radiative heat flux. Such levels of heat flux 
have been selected to represent a kerosene pool fire. As a result the back face temperature of the 
substrate which is calculated by the FDS pyrolysis model is very close to the one computed by the 
intumescent coated model. The curves are very similar with a flex point at the same time with both 
models. Notice that the back face temperature is slightly lower using the FDS pyrolysis model 
probably due to the constant thickness of the char layer.  
 
 

 
Figure 9. FDS pyrolysis model vs Intumescent coatings growth model 

Radiative Heat Flux = 170kW/m²   



 
Figure 10. FDS pyrolysis model vs Intumescent coatings growth model 

Radiative Heat Flux = 220kW/m²   
 

In this range of incident heat flux and considering the aforementioned results the FDS pyrolysis model 
seems to be able to simulate heat transfer between kerosene pool fire and intumescent coated 
munitions in a 3D numerical domain. 

4.2  FULL SCALE MODELING 

FDS is a Computational Fluid Dynamics (CFD) model which solves numerically a form of the Navier-
Stokes equations appropriate for low-speed, thermally-driven flow [19]. The partial derivatives of the 
conservation equations of mass, momentum and energy are approximated as finite differences, and the 
solution is updated in time on a three-dimensional, rectilinear grid. Thermal radiation is also computed 
using a finite volume technique [20]. In consequence, this code is particularly well adapted to simulate 
liquid kerosene pool fire where heat transfer is mainly due to radiation. In this case, the rate at which 
liquid fuel evaporates when burning is a function of the liquid temperature and the concentration of 
fuel vapor above the pool surface. According to the Clausius-Clapeyron relation, the volume fraction 
of the fuel vapor above the surface is a function of the liquid boiling temperature: 
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 where hυ is the heat of vaporization, Wf is the molecular weight, Ts is the 

surface temperature, and Tb is the boiling temperature of the fuel [21]. Finally the combustion model is 
a mixture fraction model that assumes a single step instantaneous reaction between fuel and oxygen. 
Notice that this assumption is well-adapted for large scale, well ventilated fires such as liquid kerosene 
pool fire. 
 

  



5 RELATED TESTING USING DGA FACILITIES 

In the last two decades many Fast Cook Tests (FCO) were made at DGA Missile Testing (ex-CAEPE) 
including some on intumescent coated munitions. Most of the tested munitions were Solid Rocket 
Motors (SRM) and the FCO Tests were conducted according to the STANAG 4240 (i.e. liquid 
kerosene pool fire). Most of these tests were made to determine the best way to apply the intumescent 
coating on the SRM in order to get a longer reaction time and a lower reaction level. 
 

5.1  FULL SCALE TESTING 

Three FCO tests on the same SRM are selected for this study. During the first test, the SRM was not 
coated by intumescent paint while it was respectively 0.3mm and 2mm intumescent coated during the 
two following ones. Notice that the motor selected for this study has a design which induced an 
ignition at the thinnest part of the casing. Thus the reaction time only depends on the heat transfer into 
the multi-layer structure of the casing (external structure, insulator, liner, propellant).   
 
The DGA EM facilities were the same for the three tests and were designed to be in agreement with 
the standard. The SRM were maintained under a water-cooled beam at around 900mm above a 
kerosene pool fire. Some fiber curtains were placed all around the facilities to protect fire from wind. 
Flame temperature around the SRM was measured to describe the thermal loading around the tested 
item but no thermocouple was embedded into the SRM structure to measure the internal temperature 
rising just behind the intumescent coating.  
 
 

 
 

Figure 11. Overall view of liquid fuel fire test facilities at DGA EM. 



5.2  MODEL VALIDATION 

Considering the small amount of experimental data we got in the vicinity of the intumescent coating 
the SRM reaction time is the only parameter we used in this study to validate the model in full scale 
configuration.  
 
For uncoated samples the calculated reaction time is very close to the experimental one (Fig.12). The 
simulation of the liquid kerosene pool fire where the SRM is engulfed gives a good prediction of 
temperatures all around the tested item and reaction time is in agreement with the experiment. In the 
case of 0.3mm intumescent coated SRM the calculated reaction time is a little bit higher. This is likely 
due to the constant value of the char layer and to the fact that the intumescent coating growth is not 
taken into account. Finally the computed reaction time of the 2mm intumescent coated SRM is also 
close to the experimental one in spite of a thicker initial paint layer.  
 

 

Figure 12. Comparison between experimental and computed reaction times  
of an intumescent coated motor  

 
In conclusion the overall behavior of the intumescent coatings seems to be quite well predicted but 
only considering the reaction time. Other experimental data (particularly into the SRM) could confirm 
that, even if all the physical phenomena are not taken into account in full scale configuration 
(intumescent coatings growth, porosity effect,...), the model depicted in this part is sufficient to assess 
the reaction time of intumescent coated munitions engulfed into liquid kerosene fire. 
 



6 CONCLUSION AND OUTLOOK REMARKS 

Intumescent coatings are widely used to protect building elements from fire. Our purpose was to 
validate a mathematical model describing their behaviour in such configurations, and to investigate 
their IM efficiency against fires. In order to evaluate the model’s validity for such aggressions, a series 
of experimental tests was carried out, using the Main Solar Furnace. 
 
Our experimental device is adapted for the study of intumescent coatings and their behaviour, 
allowing the simulation of different types of aggressions. The MSF proved its ability to simulate 
accurately several types of fires and explosions. The experiments allowed the characterization of the 
intumescing process, and proved that these coatings are efficient as fire retardant systems in several 
configurations, even for thin layers. However, the tests also showed that the paint’s efficiency is 
limited against very powerful and long lasting aggressions.  
 
The investigated mathematical model is based on non-linear PDE systems and describes moving 
boundaries, heat transfers and mass loss for a one dimensional domain. It proved its ability to compute 
temperature evolutions and mass loss with accuracy in many configurations, and performed well for 
both simulated fires and explosion related fireballs. Yet, for thick layers of coating, the accuracy of 
model calculations decreases. The lack of precision regarding the coating’s thermo physical and 
optical properties is most likely the cause of this loss of accuracy. 
 
In order to evaluate precisely the coating’s properties, an experimental parametric identification 
campaign using the solar furnace is considered. The characterization of each layer of the reacting 
intumescent coating will be achieved by controlling the evolution of the swelling process, in order to 
study every layer of the developing coating separately. 
 
With increasing calculation capabilities, a more complex model could be built, enabling the simulation 
of 2D / 3D geometries, leading to the development of user friendly built-in codes operated on the field. 
Currently, the coupling between FDS and the intumescent model gives interesting results in term of 
reaction time and seems to be able to simulate heat transfer between kerosene pool fire and 
intumescent coated munitions. Nevertheless, the modeling of the carbon layer growth seems to be 
necessary to obtain a more precise back face temperature evolution. 
 
Finally, in order to investigate optimal IM solutions in military scenarios, a wide experimental 
campaign involving several types of intumescent coatings in various configurations could be carried 
out, using both the MSF and the DGA Missile Testing test facilities. These studies could be performed 
with collaboration of intumescent paint manufacturers, and some exchanges with other international 
partners could be engaged in parallel. 
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1 ABSTRACT 
 
The aim of this work, performed by Nexter Munitions, was to characterize the aggression levels 
generated in the explosive filling of a field artillery shell calibre 155 mm submitted to various stimuli 
specified in the STANAG 4439. This study was conducted using numerical simulations, some of them 
could be completed by an analytical approach (for example with the help of an energy criterion). 

Typically, design of reduced-sensitivity munitions combines a relevant pyrotechnic architecture (based 
on “state-of-the-art” rules in terms of selection of the main explosive sometimes associated to a 
specific design and a deconfining system) with firing tests (conducted on representative mock-ups and 
live munitions). In this context, calculation, used in a predictive way, could be a time and cost saving 
mean to downselect the most adapted design among various candidates without an exhaustive 
experimental approach… 

In a first step, influent physical phenomena have to be identified and, in a second one, key driver 
parameters (in terms of the pyrotechnic response of the shell) extracted from this analysis have to be 
compared with experimental data. Such a comparison was made for each stimulus considered in the 
scope of this work, that is to say fast and slow cook-off, bullet impact and sympathetic reaction. 
Mechanical threats (bullet impact and sympathetic reaction) and thermal aggressions (slow and fast 
cook-off) have been treated in parallel using two different solvers: LS-DYNA and ABAQUS, 
respectively. 

The criteria considered to study the response of the shell due to mechanical threats will be described. 
The behaviour of the projectile when confronted to thermal stresses will be studied : in this context, 
cartography temperatures will be used to assess heat propagation so that a comparison with known 
energetic material properties might be established. 
 
2 Presentation of the approach 
 
In modern artillery applications, vulnerability of munitions has become a major concern. Most of 
modern armies tend to acquire and to deploy shells while reducing the logistic burden and increasing 
the survivability of their overall gun systems, particularly in current asymmetric battlefields in which 
IED threats get more and more acute. As a provider of the French Army and other foreign forces, 
Nexter Munitions has developed the LU 211 M artillery shell so that it could meet these new 
requirements. This munition is filled with an EIDS high explosive associated to a deconfining system 
so as to ensure a dramatic reduction of sensitivity in comparison with a standard 155 mm shell. 
 
The sensitivity of an artillery shell is evaluated through the characterization of reaction levels when 
submitted to different stimuli likely to be encountered in a battlefield. These reaction levels are quoted 
from I to V as the external effects generated by the impacted shell go less and less “violent”. At the 
limit, a “no reaction” response level can be observed. This evaluation requires numerous expensive 
firing tests. As a consequence, in a cost-reduction approach, Nexter Munitions has decided to put in 
place numerical calculations combined with analytical considerations in order to reduce the need for 
intermediary trials  
In this context, four main aggressions have been considered:  

� Two mechanical threats : sympathetic reaction (SR) and bullet impact (BI), 
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� Two thermal stimuli : slow (SCO) and fast cook-off (FCO) 

The formers have been processed with the LS DYNA software whereas the latters have been analyzed 
with the ABAQUS software. In addition with these aggressions, two other tests have been taken into 
account : the UN 7A and the UN 7B tests, respectively, dedicated to the characterization of the high 
explosive itself. The main goal of this study was to establish a comparison between numerical results 
and firing tests using an energetic criterion (in the case of mechanical aggressions) or a critical 
temperature value (in the case of thermal aggressions). Pressure and temperature data are picked up 
into relevant elements located in the meshing of the unreacted explosive (since no chemical kinetics 
model is used). The two following paragraphs are focussed, on the one hand, on the sympathetic 
reaction case and on the other hand, on slow cook-off aggression in order to present the different steps 
of the analysis in both approaches. In each case, global results are then presented in summary tables 
that establish comparisons between numerical conclusions and firing test results. 

3 Architecture of the LU 211 M shell 

The LU 211 M is presented in the picture below : 

 
Figure 1 : LU211 projectile 

As we can see, the shell is considered in its storage configuration that is to say that it’s not fitted with 
the fuse system but with a lifting plug instead of it. The filling is the EIDS XF 13333 that is a melt-
cast high explosive. As we can notice in this picture, a booster that transmits the detonation wave from 
the fuse system tops the explosive filling. This booster is composed of a reduced-sensitivity pressed 
explosive.  

4 Mechanical stimuli 

4.1 Calculation hypotheses 

Calculations have been conducted with LS DYNA which is a multimaterial and multiphysics software. 
In order to cope with high dynamic transient phenomena emphasized by such configurations, 
calculations have been carried out using an explicit resolution scheme applied to lagrangian meshes. 
This approach should ensure the precision of the obtained results. 

XF 13333 HE 

Booster 

Lifting plug 

Driving band 
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The unreacted explosive of “acceptor” shells is treated as if it were an inert material, given that the 
overall mechanical properties chosen are representative of melt-cast explosive studied (regarding to 
mass density and Young modulus). Johnson-Cook models have been used to depict the behaviour of 
metallic materials submitted to high strain rates encountered in this kind of problem. The accurate 
evaluation of shock wave pressure is based on a Mie-Gruneisen equation of state for all materials 
except for the “donor” shell for which the reactive behaviour is described as a geometric wave front 
propagation model coupled with a JWL equation of state to deal with detonation gases. 

4.2 Modelling of sympathetic reaction 

In this scenario, shells are disposed in the standard storage and transport configuration, that is to say in 
a pallet that is composed with the following elements : 

� A “donor” shell which is detonated in a nominal way, 

� A close “acceptor” shell which, by definition, is located close to the donor shell in the test lay-
out, 

� A distant “acceptor” shell which is disposed diagonally regarding to the donor shell, 

� Inert munitions standing for the outer containment. 

This layout is described in the STANAG 4396. A typical arrangement is presented in the figure 
below : 

 

Figure 2 : Storage Condition in Pallet 

In such a layout, the way an active shell is “aggressed” by the donor depends on its proximity to the 
“donor” shell : 

� In the close “acceptor” case, the distance from the donor is not sufficient enough to allow the 
donor to split into fragments : as a consequence, the close acceptor is impacted by the inflation 
of the donor steel body in a raising motion from the fuse location towards the base of the 
projectile. In a cut section of the projectiles, this phenomenon can be assimilated to a radial 
inflation of the “donor” steel body until it impacts “acceptor” envelopes. In a 2D approach (for 
CPU time-saving reasons), this can be modelled by a centered initiation as we can see in the 
following figure: 
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Figure 3 : Modelling and resulting fringes of pressure in the close acceptor configuration 

The donor shell is surrounded with three shells, two of which that could be labelled as “close 
acceptors” whereas the third one stands for the outer containment. Except for the “donor” shell 
which is filled with the EIDS high explosive, all the “acceptor” shells are filled with the inert-
equivalent material described earlier. 

The centered initiation induces an impact of the “donor” body against “acceptors” which is 
more intense than reality. With a 2D plane modelling, this motion can be assimilated to a 
cylinder expansion: thus, radial projection velocities could reach higher levels than in pure 
axial upraising motion in which detonation propagates normally to the envelope surface. 
However, in the context of vulnerability of munitions, calculations tend to be rather sizing (to 
simulate more constraining conditions) so as to get consistent results. 

� In the distant “acceptor” case, the separation distance between donor and acceptor is greater 
than the fragmentation radius of the projectile. A first mechanism can be considered : violent 
interactions between the donor and the two neighbouring diagonal shells can make the donor’s 
enveloppe be projected as a large plate. Such a case had already been studied earlier and a 
differing approach was required in the scope of this work. In this context, natural fragments 
generated by the rupture of the donor’s envelope impact the diagonal «acceptor». In a first 
step, assumptions had to be done so as to define representative fragments likely to impact the 
shell. These considerations were based upon the Grady and Kipp formula, which determines 
the mass of a natural steel fragment : 
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Equation 1 : Grady and Kipp formula  
With : 

� K1c : fracture roughness (MPa.m0.5), 

Pallet at initial time Pallet at tinitiation+ 61 µs 
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� ρ : mass density (kg/m3), 

� C : speed of sound (m/s), 

� maxε&  : strain rate (s-1) 

Use of this formula led us to consider two different fragments: 

� An heavy fragment which is likely to be produced in the lower region of the “donor” 
shell 

� A lighter fragment which is likely to be produced in the upper region of the “donor” 
shell 

Two selected fragments are represented in the diagram below : 
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   Heavy fragment    Light fragment 

Figure 4 : Definition of fragments for the distant “acceptor” configuration 

In both cases, the impact of the fragment has been studied by considering two different 
angles : in a first step, the fragment impacts the shell at normal incidence and in second step 
the fragment hits the projectile with its corner. The figure below gives an example of 
calculation resulting from these considerations. 

       

      
Figure 5 : Modelling of the distant “acceptor” configuration 

Heavy fragment 
configuration at 
normal incidence 
prior to impact 

Heavy fragment 
configuration at 45° 
incidence prior to 

impact 

Heavy fragment 
configuration at 
normal incidence 
5 µs after impact 

Heavy fragment 
configuration at 45° 
incidence 5 µs after 

impact 
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As we can notice in this figure, resulting pressure levels strongly depend on the “impact 
scenario”: at normal incidence, the shock wave can be considered as quasi-planar during the 
first instants of its propagation whereas, under 45° incidence impact conditions, the shock 
wave is rather divergent. As consequence, in the first case, very high-pressure levels can be 
reached during a short time period in the unreacted filling of the “acceptor”. On the contrary, 
in the second case, this pressure level is quite limited but the characteristic time period is 
much longer. Thus, in terms of mechanical energy transmitted to the “acceptor” projectile, 
discrimination between the two scenarios is not so trivial. 

4.3 Critical energy criterion 

As exposed previously, discussion about reaction level of “acceptor” shell is based upon the energy 
which is effectively transferred by the incident shock wave. Such a mechanical energy was calculated 
using the following formula : 

τ××= uPE  

Equation 2 : Mechanical energy formula 

� P : incident shock wave pressure (Pa), 

� u : particle velocity (m/s), 

� τ : shock wave duration (s). 

E stands for the surface energy transmitted by the shock wave. Its calculation requires data extracted 
from referenced elements located in the impacted area of the acceptor filling. As an example, the 
following figure presents pressure levels and nodal velocities from such elements in the case of the 
close acceptor configuration : 

 Figure 6: Pressure and nodal velocities figure (close acceptor configuration) 

A similar approach is applied for each reference test belonging to the mechanical stimuli family, that 
is to say :  

� Sympathetic reaction, 

� Bullet impact, 

� UN 7A test : sensitivity to European initiator test, 

650 m/s 

80% Pmax 
2.3 µµµµs 
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� UN 7B test : detonation ability behind a barrier, 

� Nominal initiation conditions 

The results are summed up in the following table:  

 Pshock  

(MPa) 

u  

(m/s) 

ττττ 

(µs) 

E 

(J/mm2) 

Reaction level 

(experimental / 
computed) 

Close 
acceptor 

configuration 

3700 650 2.3 5.532 [2] Deflagration 

(exp et comp) 

Distant 
acceptor 

configuration 

« Normal 
incidence » 

5500 830 1,17 5.341 [3] Deflagration * 

(exp et comp) 

Distant 
acceptor 

configuration 

« 45° 
incidence » 

1160 290 1.27 0.427 [7] NR 

(exp et comp) 

Bullet impact 2000 483 1.1 1.063 [6] NR 

(exp et calc) 

UN 7 A test 12150**  1446 0.2 3.514 [4] NR 

(exp et comp) 

UN 7 B test 5300 719 0.75 2.86 [5] NR 

(exp et comp) 

LU 211 M 

Standard 
initiation 
conditions 

13460 1323 0.33 5.88 [1] Mass detonation 

(exp et comp) 

 Table 1: classification of solutions regarding to the critical energy criterion 

Note :  

� NR = No Reaction, 
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� Exp  = Experimental results, 

� Comp = Computed results, 

At first sight, the critical energy criterion seems to be quite relevant : the higher it is, the more violent 
the reaction level is, considering these results are compared to the conclusions of the real firing tests. 
Furthermore, such a comparison allows determining the critical energy range (with respect to this 
selected criteria) reached by the XF 13333. However, this criterion is not sufficient to determine 
accurately the reaction level that could be expected regarding to the STANAG 4439 reaction levels 
classification. A general qualitative reflexion has to be conducted in order to analyze deconfining 
mechanisms likely to reduce external effects. Nevertheless, in a cost-saving and timesaving 
comparative approach, use of this criterion gives “clues” about the reaction level of a munition 
submitted to severe mechanical stimuli. 

5 Thermal stimuli 

5.1 Cook-off aggressions 

STANAG 4382 and 4240 which respectively deal with progressive and fast heating of ammunition, 
rule thermal stimuli. In the first case, the shell is placed in an “oven” which temperature is linearly 
increased following a ramp of 3.3°C per hour. This test which is also designated further “slow cook-
off” (SCO). In the second case, the shell is fixed above a liquid fuel fire in order to be submitted to 
severe and intense heating conditions: this is the fast cook-off test (FCO). 

As previously shown with mechanical stimuli, the purpose of a numerical simulation for thermal ones 
is to assist a munition design by identifying eventual “hot spots” generated by such environments. The 
general architecture of the projectile can be consequently enhanced regarding to its thermal sensitivity. 

Assessment of the behaviour of the shell under these thermal stresses is based on a comparison 
between computed temperature fringes and decomposing temperatures of the different active parts of 
the projectile. 

Computed results can be then compared with firing tests that have been conducted on the LU211 M. 

5.2 Calculation hypotheses 

Calculations have been conducted with ABAQUS using a semi-implicit solver so as to cope with the 
heat transfer equation in conduction: 
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Equation 3 : Heat transfer equation in conduction 

With : 

� λ : thermal conduction coefficient (W/(m.K)), 

� ρ : mass density (kg/m3), 

� C : thermal capacity (J/kg), 

Given that a semi-implicit scheme is conditionally stable, the time step used in calculations is 
determined by the following expression :  
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λ
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Equation 4 : Time step condition 
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With dl : smallest element size in the numerical configuration 

In a constraining approach, the different parts of the shell use coincident meshes so that contact 
thermal resistances might be neglected. This configuration is depicted in the figure below: 
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Steel body

Lifting plugLifting plug

Booster

EIDS XF 13333 explosive

Steel body

 

Figure 7: Modelling of the LU211 M shell for thermal calculations 

As previously shown for mechanical stimuli calculations, the analysis is based on 2D models for 
which the different parts of the munition are modelled with axisymmetric conditions. In the case of the 
lifting plug, a mass-equivalent axisymmetric part was used. Heating of a pure 3D part could be quite 
different in comparison with an axisymmetric one; but, in a first step and given that this lifting plug is 
located at the top of the shell (that is to say in a place where thermal stresses are reduced), such an 
approach is allowable. 

In this approach, stresses induced by temperature are neglected : these calculations are strictly thermal 
ones. Thus, material properties implemented in the models are limited to mass density, heat capacity 
and conduction heat transfer coefficients. 

Applied boundary conditions depend on the test that is considered : 

� In the case of the slow cook-off, the temperature ramp of 3,3°C/minute is directly applied to 
the exterior profile of the assembly. Application of this loading directly on the external surface 
of the shell is a quite severe approach because it’s based on the assumption that the increase of 
temperature is slow enough to reach the temperature equilibrium at any moment. Once more, 
such a method seems to be rather conservative considering ammunition sensitivity issues. 
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� In the case of the fast cook-off, thermal loading is a mixture of conduction (due to the contact 
of the test item with its support), convection (considering that fuel flames are surrounding the 
munition) and radiation (due to the resulting very high temperatures of a fuel fire) heat 
transfers. These boundary conditions are modelled by thermal flows which are applied on the 
external profile of the shell following the next figure : 
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Figure 8: LU211 M shell boundary conditions in the case of the fast cook-off test 

We can notice that these conditions are representative of a vertical position of the shell in the 
fuel pan with the lifting plug oriented upwards, as in the storage pallet presented in figure 2. 

5.2 Obtained results 

Temperature fringes have been extracted in both calculations in order to identify potential hot spots 
and to compare them with decomposition temperatures of each part. The following figure gives an 
example of such an analysis: 
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Figure 9 : Identification of a hot spot in the booster area and description of the method to analyze it 

The results are summed up in the following table : 

 Computed 
reaction time 

Experimental 
reaction time 

Fast cook-off 
configuration 

188 s 185 s 

Slow cook-off 
configuration 

39 h 23 min 33 s 39 h 24 min 

Reference nodes 
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As we can see in this table, computed reaction times are quite close to experimental data. These 
computed times have to be interpreted as reaction times, without giving a clue about the reaction level 
that could be expected. Indeed, as previously, this reaction level depends on the position of hot spots 
regarding to “natural” exhausts of the architecture or eventually provided by dedicated devices. 

6 Conclusion 

During LU211 M (reduced-sensitivity projectile) development program, Nexter Munitions has put in 
place a numerical approach in order to assist design teams with a first relevant assessment of 
sensitivity performances for the munition regarding standard aggressions/threats among 
STANAG 4439. Even if numerical simulations cannot stand for a real firing test, calculation skills 
allow pointing out the major drawbacks of a global architecture (including pyrotechnic materials). The 
aim of such an approach is to get a qualitative comparison more than a quantitative one, so that the 
identified issues might be corrected without requiring expensive intermediary trials. 
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� Two thermal stimuli : slow (SCO) and fast cook-off (FCO) 

The formers have been processed with the LS DYNA software whereas the latters have been analyzed 
with the ABAQUS software. In addition with these aggressions, two other tests have been taken into 
account : the UN 7A and the UN 7B tests, respectively, dedicated to the characterization of the high 
explosive itself. The main goal of this study was to establish a comparison between numerical results 
and firing tests using an energetic criterion (in the case of mechanical aggressions) or a critical 
temperature value (in the case of thermal aggressions). Pressure and temperature data are picked up 
into relevant elements located in the meshing of the unreacted explosive (since no chemical kinetics 
model is used). The two following paragraphs are focussed, on the one hand, on the sympathetic 
reaction case and on the other hand, on slow cook-off aggression in order to present the different steps 
of the analysis in both approaches. In each case, global results are then presented in summary tables 
that establish comparisons between numerical conclusions and firing test results. 

3 Architecture of the LU 211 M shell 

The LU 211 M is presented in the picture below : 

 
Figure 1 : LU211 projectile 

As we can see, the shell is considered in its storage configuration that is to say that it’s not fitted with 
the fuse system but with a lifting plug instead of it. The filling is the EIDS XF 13333 that is a melt-
cast high explosive. As we can notice in this picture, a booster that transmits the detonation wave from 
the fuse system tops the explosive filling. This booster is composed of a reduced-sensitivity pressed 
explosive.  

4 Mechanical stimuli 

4.1 Calculation hypotheses 

Calculations have been conducted with LS DYNA which is a multimaterial and multiphysics software. 
In order to cope with high dynamic transient phenomena emphasized by such configurations, 
calculations have been carried out using an explicit resolution scheme applied to lagrangian meshes. 
This approach should ensure the precision of the obtained results. 

XF 13333 HE 

Booster 

Lifting plug 

Driving band 
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The unreacted explosive of “acceptor” shells is treated as if it were an inert material, given that the 
overall mechanical properties chosen are representative of melt-cast explosive studied (regarding to 
mass density and Young modulus). Johnson-Cook models have been used to depict the behaviour of 
metallic materials submitted to high strain rates encountered in this kind of problem. The accurate 
evaluation of shock wave pressure is based on a Mie-Gruneisen equation of state for all materials 
except for the “donor” shell for which the reactive behaviour is described as a geometric wave front 
propagation model coupled with a JWL equation of state to deal with detonation gases. 

4.2 Modelling of sympathetic reaction 

In this scenario, shells are disposed in the standard storage and transport configuration, that is to say in 
a pallet that is composed with the following elements : 

� A “donor” shell which is detonated in a nominal way, 

� A close “acceptor” shell which, by definition, is located close to the donor shell in the test lay-
out, 

� A distant “acceptor” shell which is disposed diagonally regarding to the donor shell, 

� Inert munitions standing for the outer containment. 

This layout is described in the STANAG 4396. A typical arrangement is presented in the figure 
below : 

 

Figure 2 : Storage Condition in Pallet 

In such a layout, the way an active shell is “aggressed” by the donor depends on its proximity to the 
“donor” shell : 

� In the close “acceptor” case, the distance from the donor is not sufficient enough to allow the 
donor to split into fragments : as a consequence, the close acceptor is impacted by the inflation 
of the donor steel body in a raising motion from the fuse location towards the base of the 
projectile. In a cut section of the projectiles, this phenomenon can be assimilated to a radial 
inflation of the “donor” steel body until it impacts “acceptor” envelopes. In a 2D approach (for 
CPU time-saving reasons), this can be modelled by a centered initiation as we can see in the 
following figure: 
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Figure 3 : Modelling and resulting fringes of pressure in the close acceptor configuration 

The donor shell is surrounded with three shells, two of which that could be labelled as “close 
acceptors” whereas the third one stands for the outer containment. Except for the “donor” shell 
which is filled with the EIDS high explosive, all the “acceptor” shells are filled with the inert-
equivalent material described earlier. 

The centered initiation induces an impact of the “donor” body against “acceptors” which is 
more intense than reality. With a 2D plane modelling, this motion can be assimilated to a 
cylinder expansion: thus, radial projection velocities could reach higher levels than in pure 
axial upraising motion in which detonation propagates normally to the envelope surface. 
However, in the context of vulnerability of munitions, calculations tend to be rather sizing (to 
simulate more constraining conditions) so as to get consistent results. 

� In the distant “acceptor” case, the separation distance between donor and acceptor is greater 
than the fragmentation radius of the projectile. A first mechanism can be considered : violent 
interactions between the donor and the two neighbouring diagonal shells can make the donor’s 
enveloppe be projected as a large plate. Such a case had already been studied earlier and a 
differing approach was required in the scope of this work. In this context, natural fragments 
generated by the rupture of the donor’s envelope impact the diagonal «acceptor». In a first 
step, assumptions had to be done so as to define representative fragments likely to impact the 
shell. These considerations were based upon the Grady and Kipp formula, which determines 
the mass of a natural steel fragment : 
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Equation 1 : Grady and Kipp formula  
With : 

� K1c : fracture roughness (MPa.m0.5), 

Pallet at initial time Pallet at tinitiation+ 61 µs 
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� ρ : mass density (kg/m3), 

� C : speed of sound (m/s), 

� maxε&  : strain rate (s-1) 

Use of this formula led us to consider two different fragments: 

� An heavy fragment which is likely to be produced in the lower region of the “donor” 
shell 

� A lighter fragment which is likely to be produced in the upper region of the “donor” 
shell 

Two selected fragments are represented in the diagram below : 
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   Heavy fragment    Light fragment 

Figure 4 : Definition of fragments for the distant “acceptor” configuration 

In both cases, the impact of the fragment has been studied by considering two different 
angles : in a first step, the fragment impacts the shell at normal incidence and in second step 
the fragment hits the projectile with its corner. The figure below gives an example of 
calculation resulting from these considerations. 

       

      
Figure 5 : Modelling of the distant “acceptor” configuration 

Heavy fragment 
configuration at 
normal incidence 
prior to impact 

Heavy fragment 
configuration at 45° 
incidence prior to 

impact 

Heavy fragment 
configuration at 
normal incidence 
5 µs after impact 

Heavy fragment 
configuration at 45° 
incidence 5 µs after 

impact 
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As we can notice in this figure, resulting pressure levels strongly depend on the “impact 
scenario”: at normal incidence, the shock wave can be considered as quasi-planar during the 
first instants of its propagation whereas, under 45° incidence impact conditions, the shock 
wave is rather divergent. As consequence, in the first case, very high-pressure levels can be 
reached during a short time period in the unreacted filling of the “acceptor”. On the contrary, 
in the second case, this pressure level is quite limited but the characteristic time period is 
much longer. Thus, in terms of mechanical energy transmitted to the “acceptor” projectile, 
discrimination between the two scenarios is not so trivial. 

4.3 Critical energy criterion 

As exposed previously, discussion about reaction level of “acceptor” shell is based upon the energy 
which is effectively transferred by the incident shock wave. Such a mechanical energy was calculated 
using the following formula : 

τ××= uPE  

Equation 2 : Mechanical energy formula 

� P : incident shock wave pressure (Pa), 

� u : particle velocity (m/s), 

� τ : shock wave duration (s). 

E stands for the surface energy transmitted by the shock wave. Its calculation requires data extracted 
from referenced elements located in the impacted area of the acceptor filling. As an example, the 
following figure presents pressure levels and nodal velocities from such elements in the case of the 
close acceptor configuration : 

 Figure 6: Pressure and nodal velocities figure (close acceptor configuration) 

A similar approach is applied for each reference test belonging to the mechanical stimuli family, that 
is to say :  

� Sympathetic reaction, 

� Bullet impact, 

� UN 7A test : sensitivity to European initiator test, 

650 m/s 

80% Pmax 
2.3 µµµµs 
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� UN 7B test : detonation ability behind a barrier, 

� Nominal initiation conditions 

The results are summed up in the following table:  

 Pshock  

(MPa) 

u  

(m/s) 

ττττ 

(µs) 

E 

(J/mm2) 

Reaction level 

(experimental / 
computed) 

Close 
acceptor 

configuration 

3700 650 2.3 5.532 [2] Deflagration 

(exp et comp) 

Distant 
acceptor 

configuration 

« Normal 
incidence » 

5500 830 1,17 5.341 [3] Deflagration * 

(exp et comp) 

Distant 
acceptor 

configuration 

« 45° 
incidence » 

1160 290 1.27 0.427 [7] NR 

(exp et comp) 

Bullet impact 2000 483 1.1 1.063 [6] NR 

(exp et calc) 

UN 7 A test 12150**  1446 0.2 3.514 [4] NR 

(exp et comp) 

UN 7 B test 5300 719 0.75 2.86 [5] NR 

(exp et comp) 

LU 211 M 

Standard 
initiation 
conditions 

13460 1323 0.33 5.88 [1] Mass detonation 

(exp et comp) 

 Table 1: classification of solutions regarding to the critical energy criterion 

Note :  

� NR = No Reaction, 
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� Exp  = Experimental results, 

� Comp = Computed results, 

At first sight, the critical energy criterion seems to be quite relevant : the higher it is, the more violent 
the reaction level is, considering these results are compared to the conclusions of the real firing tests. 
Furthermore, such a comparison allows determining the critical energy range (with respect to this 
selected criteria) reached by the XF 13333. However, this criterion is not sufficient to determine 
accurately the reaction level that could be expected regarding to the STANAG 4439 reaction levels 
classification. A general qualitative reflexion has to be conducted in order to analyze deconfining 
mechanisms likely to reduce external effects. Nevertheless, in a cost-saving and timesaving 
comparative approach, use of this criterion gives “clues” about the reaction level of a munition 
submitted to severe mechanical stimuli. 

5 Thermal stimuli 

5.1 Cook-off aggressions 

STANAG 4382 and 4240 which respectively deal with progressive and fast heating of ammunition, 
rule thermal stimuli. In the first case, the shell is placed in an “oven” which temperature is linearly 
increased following a ramp of 3.3°C per hour. This test which is also designated further “slow cook-
off” (SCO). In the second case, the shell is fixed above a liquid fuel fire in order to be submitted to 
severe and intense heating conditions: this is the fast cook-off test (FCO). 

As previously shown with mechanical stimuli, the purpose of a numerical simulation for thermal ones 
is to assist a munition design by identifying eventual “hot spots” generated by such environments. The 
general architecture of the projectile can be consequently enhanced regarding to its thermal sensitivity. 

Assessment of the behaviour of the shell under these thermal stresses is based on a comparison 
between computed temperature fringes and decomposing temperatures of the different active parts of 
the projectile. 

Computed results can be then compared with firing tests that have been conducted on the LU211 M. 

5.2 Calculation hypotheses 

Calculations have been conducted with ABAQUS using a semi-implicit solver so as to cope with the 
heat transfer equation in conduction: 
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Equation 3 : Heat transfer equation in conduction 

With : 

� λ : thermal conduction coefficient (W/(m.K)), 

� ρ : mass density (kg/m3), 

� C : thermal capacity (J/kg), 

Given that a semi-implicit scheme is conditionally stable, the time step used in calculations is 
determined by the following expression :  
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×
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λ
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Equation 4 : Time step condition 
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With dl : smallest element size in the numerical configuration 

In a constraining approach, the different parts of the shell use coincident meshes so that contact 
thermal resistances might be neglected. This configuration is depicted in the figure below: 
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Steel body
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Steel body

 

Figure 7: Modelling of the LU211 M shell for thermal calculations 

As previously shown for mechanical stimuli calculations, the analysis is based on 2D models for 
which the different parts of the munition are modelled with axisymmetric conditions. In the case of the 
lifting plug, a mass-equivalent axisymmetric part was used. Heating of a pure 3D part could be quite 
different in comparison with an axisymmetric one; but, in a first step and given that this lifting plug is 
located at the top of the shell (that is to say in a place where thermal stresses are reduced), such an 
approach is allowable. 

In this approach, stresses induced by temperature are neglected : these calculations are strictly thermal 
ones. Thus, material properties implemented in the models are limited to mass density, heat capacity 
and conduction heat transfer coefficients. 

Applied boundary conditions depend on the test that is considered : 

� In the case of the slow cook-off, the temperature ramp of 3,3°C/minute is directly applied to 
the exterior profile of the assembly. Application of this loading directly on the external surface 
of the shell is a quite severe approach because it’s based on the assumption that the increase of 
temperature is slow enough to reach the temperature equilibrium at any moment. Once more, 
such a method seems to be rather conservative considering ammunition sensitivity issues. 
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� In the case of the fast cook-off, thermal loading is a mixture of conduction (due to the contact 
of the test item with its support), convection (considering that fuel flames are surrounding the 
munition) and radiation (due to the resulting very high temperatures of a fuel fire) heat 
transfers. These boundary conditions are modelled by thermal flows which are applied on the 
external profile of the shell following the next figure : 
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Figure 8: LU211 M shell boundary conditions in the case of the fast cook-off test 

We can notice that these conditions are representative of a vertical position of the shell in the 
fuel pan with the lifting plug oriented upwards, as in the storage pallet presented in figure 2. 

5.2 Obtained results 

Temperature fringes have been extracted in both calculations in order to identify potential hot spots 
and to compare them with decomposition temperatures of each part. The following figure gives an 
example of such an analysis: 
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Figure 9 : Identification of a hot spot in the booster area and description of the method to analyze it 

The results are summed up in the following table : 

 Computed 
reaction time 

Experimental 
reaction time 

Fast cook-off 
configuration 

188 s 185 s 

Slow cook-off 
configuration 

39 h 23 min 33 s 39 h 24 min 

Reference nodes 
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1 ABSTRACT 
 
The aim of this work, performed by Nexter Munitions, was to characterize the aggression levels 
generated in the explosive filling of a field artillery shell calibre 155 mm submitted to various stimuli 
specified in the STANAG 4439. This study was conducted using numerical simulations, some of them 
could be completed by an analytical approach (for example with the help of an energy criterion). 

Typically, design of reduced-sensitivity munitions combines a relevant pyrotechnic architecture (based 
on “state-of-the-art” rules in terms of selection of the main explosive sometimes associated to a 
specific design and a deconfining system) with firing tests (conducted on representative mock-ups and 
live munitions). In this context, calculation, used in a predictive way, could be a time and cost saving 
mean to downselect the most adapted design among various candidates without an exhaustive 
experimental approach… 

In a first step, influent physical phenomena have to be identified and, in a second one, key driver 
parameters (in terms of the pyrotechnic response of the shell) extracted from this analysis have to be 
compared with experimental data. Such a comparison was made for each stimulus considered in the 
scope of this work, that is to say fast and slow cook-off, bullet impact and sympathetic reaction. 
Mechanical threats (bullet impact and sympathetic reaction) and thermal aggressions (slow and fast 
cook-off) have been treated in parallel using two different solvers: LS-DYNA and ABAQUS, 
respectively. 

The criteria considered to study the response of the shell due to mechanical threats will be described. 
The behaviour of the projectile when confronted to thermal stresses will be studied : in this context, 
cartography temperatures will be used to assess heat propagation so that a comparison with known 
energetic material properties might be established. 
 
2 Presentation of the approach 
 
In modern artillery applications, vulnerability of munitions has become a major concern. Most of 
modern armies tend to acquire and to deploy shells while reducing the logistic burden and increasing 
the survivability of their overall gun systems, particularly in current asymmetric battlefields in which 
IED threats get more and more acute. As a provider of the French Army and other foreign forces, 
Nexter Munitions has developed the LU 211 M artillery shell so that it could meet these new 
requirements. This munition is filled with an EIDS high explosive associated to a deconfining system 
so as to ensure a dramatic reduction of sensitivity in comparison with a standard 155 mm shell. 
 
The sensitivity of an artillery shell is evaluated through the characterization of reaction levels when 
submitted to different stimuli likely to be encountered in a battlefield. These reaction levels are quoted 
from I to V as the external effects generated by the impacted shell go less and less “violent”. At the 
limit, a “no reaction” response level can be observed. This evaluation requires numerous expensive 
firing tests. As a consequence, in a cost-reduction approach, Nexter Munitions has decided to put in 
place numerical calculations combined with analytical considerations in order to reduce the need for 
intermediary trials  
In this context, four main aggressions have been considered:  

� Two mechanical threats : sympathetic reaction (SR) and bullet impact (BI), 
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As we can see in this table, computed reaction times are quite close to experimental data. These 
computed times have to be interpreted as reaction times, without giving a clue about the reaction level 
that could be expected. Indeed, as previously, this reaction level depends on the position of hot spots 
regarding to “natural” exhausts of the architecture or eventually provided by dedicated devices. 

6 Conclusion 

During LU211 M (reduced-sensitivity projectile) development program, Nexter Munitions has put in 
place a numerical approach in order to assist design teams with a first relevant assessment of 
sensitivity performances for the munition regarding standard aggressions/threats among 
STANAG 4439. Even if numerical simulations cannot stand for a real firing test, calculation skills 
allow pointing out the major drawbacks of a global architecture (including pyrotechnic materials). The 
aim of such an approach is to get a qualitative comparison more than a quantitative one, so that the 
identified issues might be corrected without requiring expensive intermediary trials. 
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Safety specifications are more severe on new missile developments, and often predominate over performance 
specifications. So the safety analyses have to be more and more sophisticated, and be able to demonstrate the 
compliance with the respect of the high level of requirements. 
In this way, design of critical components must be established from the safety probabilistic requirements. 
Design and manufacturing have to integrate these targets : 
First, the safety parameters are modeled during the most critical phases and compared to safety criteria 
(remote ignition, burning time, steering parameters ...). 
Therefore, components and motor tests are defined in order to demonstrate these criteria, with probabilistic 
methods like severe tests, "Bruceton" or "one shot" tests. For example, a booster can be successfully fired in 
overtesting conditions (ageing, pressure, temperature). 
The occurrence probabilities of all failure modes have to be quantified, either based on numeric simulations, 
test results or engineering judgment. 
The production process also has to be analyzed : parameters that define security are comprehensively 
identified, and prioritization is based on safety margins. Then the critical parameters are monitored 
throughout the production process, and failure causes are quantified. 
This global process of safety requirement integration has recently been implemented with success for the 
latest tactical solid rocket motor latest developments at Snecma Propulsion Solide and shows its efficiency. 
 
 
INTRODUCTION 
 
Safety is one of the major need to ensure in the design of a product. More and more this need is increased for 
solid rocket motors, for which nominal functioning is performed at high pressure with a very large heat 
release near facilities that have their own specific security requirements. The protection of the launcher 
system and its firing environment (firing crew, ship, submarine or aircraft) must be ensured in all conditions 
of operational use, but also during all logistic phases (transport, storage, handling). As this safety requirement 
is increasingly strong nowadays, it has become one of our primarily concerns at Snecma Propulsion Solide 
and led us to develop a comprehensive and integrated safety demonstration in the design of our systems and 
subsystems. The purpose of this paper is to summarize this comprehensive approach, the whole cycle of 
design and implementation of a development program. 
 
PRELIMINARY RISK ANALYSIS 
 
From the pre-design and preliminary design phases of a solid rocket motor, a preliminary risk analysis is 
performed on the definition: it allows us to appreciate the criticality of the risks and leads to the 
implementation of risk mitigations measures, such as the adding a security barrier or strengthening 
mechanical or thermal design coefficient. 
This analysis should always be carried out earlier in the design cycle, because its conclusions could impact 
both the definition, the performance and the cost of motor, but also the development plan program by adding 
safety testing or enhanced qualification of safety subsets. 
 
FAILURE SCENARIOS 
 
Once the general principles guaranteeing the safety are established, the second phase of analysis involves the 
identification of specific failure scenarios, risk analysis down to component failure modes of the solid rocket 



motor. This analysis also helps to identify the simultaneous failure modes to lead to the feared event. It can be 
represented by a fault tree diagram. 
 

Motor burst

Risk 1

Motor ignition

E001

Case failure

E002

Igniter failure

E003

Nozzle failure

E004

Structure failure

R1-2

 
 

Example of a fault tree diagram 
 
This step opens the way of the functioning phase modelization, essential for solid rocket motors that require 
the use of different pyrotechnic compositions for which the combustion is probabilistic by nature 
(measurement of functional parameters impossible before firing). 
 
FONCTIONNAL MODELING PHASE 
 
Motor ignition usually requires firing sequentially and synchronously several amplification stages of the 
pyrotechnic signal. The burning time of each component must be determined (mean and scatter) to model the 
entire ignition sequence. For example, the fligth sequence of a ground-to-air propulsion system consists of: 

- acceleration of the missile inside the tube launch (at an average velocity up to 30 m/s), 
- pyrotechnic separation of the booster and the fligth motor, 
- ignition of the fligth motor at a sufficient distance from the gunner (up to 15 m). 

Each step has to be calculated to ensure the firing crew safety. 
 
This operation also aims at identifying the factors affecting the safety. For pyrotechnic components, control of 
these parameters is achieve through the realization of many elementary trials, but also on the complete system 
to validate the model. For example, parameters can be analyzed: 

- The firing intensity initiator threshold, 
- The pressure generated by a pyrotechnic composition, 
- The pyrotechnic delay. 

 
Measuring some of these parameters is not always straightforward. It requires the use of specific 
methodologies, such as "Bruceton" [1] or "One Shot" [2] methods, which optimize the number of tests to be 
performed to reach enough precision to demonstrate the level of security required. 
 
THEORETICAL SAFETY EVALUATION 
 
The next step in the safety analysis is the probabilistic assessment of failure modes to ensure the respect of 
general requirements associated with each risk. 
Indeed, as a probability requirement is associated with each risk according to its severity, the safety analysis 
must demonstrate, with supporting figures, that the probabilities of failure are below their requirements. 
 



The occurrence probability assessments of each failure scenario are carried out by conventional methods of 
reliability: “Capacity / Stress” method (C/S) or Monte Carlo simulations. 
 
In some cases, the conventional methods can be adapted to the specificities of the component studied: proof 
test helps to ensure a minimum capacity, and control of the mechanical characteristics of the batch of material 
used can reduce the dispersion on the capacity to consider. 
 
For example, three different approaches to assess the component failure probability subjected to mechanical 
stress can be used: 
 
1) By the classic “C/S” calculation, with stress and capacity scattered along two normal distributions. The 
capacity scattering considered is the overall dispersion expected on all material batches (it is on of the major 
parameter in failure probability assessment). This approach is conservative because it considers an allocation 
of capacity like a normal non-truncated law, and does not take into account controls to prevent material 
batches which does not meet the minimum specification. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Classic “Capacity / Stress” method 
 
 
2) By calculating “R/S”, considering the minimum acceptable capacity in the monitoring of material, and the 
residual dispersion of the batch. This approach is also conservative because it considers that the capacity is 
always at the minimum value of its specification, whereas this is often a minimum at 1% or 0.1% of 
probability. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

“Capacity / Stress” method with minimal capacity specification 
 
 
3) By integration, under the expected capacity distribution (truncated at the minimum control specification), 
of the probability of having this capacity by the probability of failure with this capacity (calculated by the 
“R/S” method with the residual dispersion on capacity). This method is more accurate because it takes into 
account the distribution of average capacity and the minimum capacity guaranteed by checking. 
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Adapted “Capacity / Stress” method with minimal capacity specification 
 
 
The reliability of pyrotechnic products can be directly deduced from a test set, in conditions more severe than 
the specified operating range. For example, a booster can be successfully fired in overtesting conditions 
(ageing, pressure, temperature) in order to demonstrate design margins and the associated reliability. For one 
of our development, we used this method to demonstrate the compliance with the safety and performance 
requirements for a solid rocket motor at the end of its life time. One solid rocket motor was firing at low 
temperature after accelerating ageing by climatic cycles and was equipped by a reduced nozzle throat in order 
to increased the combustion chamber pressure. With a coefficient of severity of about 1.7 the demonstrated 
reliability approachs 1-10-6 for this specimen. 
 
When parameters and failure probabilities are not accessible by calculation or testing, safety analysis can be 
based on engineering judgment acquired on a similar design product or similar operating stresses. 
 
These assessments must be valid for all the operational specified lifetime, and must therefore take into 
account the effect of ageing on the security settings. 
 
CONCRETE SAFETY EVALUATION 
 
In parallel with this theoretical study, the concrete safety analysis of the manufacturing process has to be 
performed. In fact, to valid probabilistic assessments for the entire mass production of solid rocket motor, 
manufacturers must ensure compliance of safety parameters which are involved in the safety evaluation 
theory. 
 
This analysis is based on the progress of the production process: for each phase and operation, shop practice 
and checking put in place to avoid occurrence of defects and to detect non-conformances on the safety 
parameters, are identified. 
 
The relevance and capability of manufacturing processes and controls are then evaluated qualitatively or 
quantitatively, using grid listing. The level obtained for each parameter is compared to the requirement 
allocated according to the influence of this parameter on the failure scenario. We usually consider that the self 
operator control associated with an independent parameter checking is sufficient to guarantee the parameter 
compliance. 
 
This joint analysis by the design and production teams is formalized through a “safety parameters / controls” 
matrix, which is incorporated in the definition file of the solid rocket motor. Mass production undertakes to 
perform all these controls on each motor manufactured. 
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Component Safety 
parameter Failure cause Manufacturing

phase Shop practice Checking 
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Specific work sheet 
Qualified operator 
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Bad bonding Nozzle 
assembly 

Specific work sheet 
Qualified operator 

Product 
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Ultrasonic 
inspection 

 
Extract of a “safety parameters / controls” matrix 

 
 
MASS PRODUCTION PHASE 
 
Efforts to provide security analysis of a solid rocket motor are not restricted to the development phase, they 
must continue for the mass production phase. Indeed, non-conformities are inherent in any mass production, 
and must be analyzed in terms of safety. 
 
 
CONCLUSION 
 
This overall process of safety requirement integration for solid rocket motor design described in this 
document can be integrated in a coherent and coordinated safety analysis at each stage of development, from 
the preliminary design to mass production. It has recently been successfully implemented on the latest tactical 
developments at Snecma Propulsion Solide. 
 
Some improvements may be pursued, like the development of a specific software to formalize this global 
safety approach and to facilitate access to this data by the use of database. Another way of improvement is the 
application of this method to related fields, such as IM (Insensitive Munitions) analysis or reliability studies. 
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ABSTRACT 
 
IMEMG is the European Organisation assembling leading armament groups working with IM technologies. It 
aims at expressing the viewpoint of the armament industry with regards to relevant transnational regulations and 
requirements. This paper is the result of common work carried out by the Hazard Assessment & Classification 
EWG and the Cost & Benefit Analysis EWG. IM bring safety for soldiers and survivability for combat platforms 
enhancing battle winning capability and reducing consequences of peacetime accidental events. Logistic benefits 
due to the introduction of IM for armed forces can be taken through SSD1.2.3 safety distances. However, this is 
limited to military storage. How could this being extended? Civilian regulations overview is presented with 
examples of how they are applied in various European countries. Up to now, no practical correlation could be 
made between UN HD and IM standard. Consequently, today's' qualified IM in the inventory are still handled 
and stored by non-military as ordinary ordnance with no real benefit for logistics. In an attempt to solve this 
issue, a proposition for harmonisation of HD1.6 criteria with STANAG 4439 requirements was prepared by 
national experts. Then, HD 1.6 criteria amendment has been approved by UN Committee of Experts on 10 
December 2010 and it has been published on 8 March 2011. The EIDS (become EIS) requirement is limited to 
the main charge. This is a significant step forward. Nevertheless, some unrealistic criteria are maintained and 
even new ones introduced! Therefore, HD1.6 would remain an unattainable standard for a long time onwards. 
However, even with existing regulation, explosives manufacturing industry can benefit from the use of safer 
explosive compositions in every day operations. Reduction of regulation constraints can be achieved through the 
reduction/elimination of accidental detonation risks; thus the accidental effects are limited to thermal flux. 
Finally, interests for the development of specific regulations for IM are underlined by some Cost Benefits 
Analysis (CBA) all along life cycle from cradle-to-grave. Tools dedicated to this aspect may help to quantify 
some cost evolutions provided by IM, step-by-step. IM enhance safety of peacetime phases (production, storage, 
transport …) as well as during military logistics operations. A better acknowledgment of these improvements 
into future regulations will be profitable to all. 
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1 INTRODUCTION 

IMEMG is the European Organisation assembling leading armament groups working with Insensitive Munitions 
(IM) technologies. It represents a total of 17 companies from France, United Kingdom, Germany, Italy and 
Norway. It has been established for six years and can be traced back to the foundation of "Club MURAT" in 
1991. It aims to express the viewpoint of the armament industry with regards to transnational regulations and 
requirements in the field of munitions safety. It is acting as a focal point of contact for members' domestic 
authorities, EDA and MSIAC. It has established several Expert Working Groups (EWGs) in order to explore 
technical topics. This paper is a result of common analysis work prepared by the Hazard Assessment & 
Classification EWG and the Cost & Benefit Analysis EWG. 
 
Insensitive Munitions bring increased safety for soldiers and survivability for combat platforms, enhancing battle 
winning capability and reducing consequences of peacetime accidental events. Logistic benefits due to IM 
introduction in forces can be taken into account by reducing safety distances for SSD 1.2.3 (Sub-Storage 
Division), as has been illustrated by the IMEMG's paper [1]. Unfortunately, the SSD 1.2.3 is limited to military 
storage. Nevertheless, opportunities appear in some countries to take into account the risk reduction for 
industrial and civilian logistic phases. This paper also gives examples from various European countries of the 
benefits that may be gained from the application of civilian regulations to explosive storage. 
 
The UN Orange Book (Recommendations for Transportation of Dangerous Goods [13]) is used as the basis for 
the Global Harmonised System (GHS) implementation. For explosive goods, tests and criteria have been 
duplicated from the Orange Book and it is promulgated in Europe through the Regulation on Classification, 
Labelling and Packaging (CLP) [2]. 
 
At present, IM products do not exist according to transportation rules because the HD 1.6 (Hazard Division) 
criteria do not take into consideration the performance of current state-of-the-art of IM technology. IM products, 
which pass the STANAG 4439 criteria and which bring considerable advantages in safety, cannot meet the HD 
1.6 criteria because not all the energetic materials within an IM product can be classified as "Extremely 
Insensitive Detonable Substance (EIDS)". 
 
Propositions for harmonisation of HD 1.6 criteria with STANAG 4439 requirements have been prepared by 
national experts led by the British. Then, HD 1.6 criteria amendment has been approved by UN Committee of 
Experts on 10 December 2010 and it has been issued on 8 March 2011 [14]. This amendment would solve the 
current, unrealistic EIDS requirement by limiting the requirement to meet the EIDS criteria to the main charge of 
the IM product. Nevertheless, at the same time some unrealistic criteria have been introduced and these are 
surprising stricter than for SSD 1.2.3. 
 
For industry in some countries, possibilities / opportunities exist to achieve IM benefits resulting from the 
reduction of regulatory constraints due to the reduction / elimination of accidental detonation risks, the 
accidental effects being limited to lower order burning reactions. These examples shall be disseminated in order 
to share best practice. 
 
Finally, benefits that may be achieved by the development of specific regulations for IM may be illustrated by 
the use of Cost Benefits Analysis (CBA) applied throughout the life cycle from cradle to grave (i.e. across the 
complete Manufacture to Target / Disposal Sequence (MTDS)). Tools dedicated to this aspect may be used to 
assist in quantifying the cost savings provided by IM at various stages of the MTDS. IM provides enhanced 
safety during peacetime phases of the MTDS (production, storage, transport etc.) as well as during military 
logistics operations. A better understanding of these improvements when preparing future regulations will be 
profitable to all. To provide this greater level of understanding is the main objective of this paper. 
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2 INSENSITIVE MUNITIONS SAFETY REGULATIONS 

Logistic benefits due to the introduction of IM products into service can be achieved by reducing safety 
distances for NATO's SSD 1.2.3, as has been illustrated by the IMEMG's paper [1]. This sub-storage division is 
dedicated to Insensitive Munitions which are not fully compliant with UN HD 1.6.  
 
Thus, these munitions are assigned to HD 1.2 despite not being capable of reacting violently (i.e. detonating) 
when exposed to the defined stimuli. Rather than detonating, IM products exhibit a burning reaction giving a 
Type V response to Liquid Fuel / External Fire, Slow Heating and Bullet Impact trials  and a Type III response 
for Sympathetic Reaction. 
 
The SSD 1.2.3 is limited to military storage only. It is not useable for transportation or by industry. Thus, for 
example, this sub-storage division is implemented in the United Kingdom through the document: ESTC 
Standard No. 15 [3]. 
 
In France, The HD 1.2 Unit Risk is used [4]. This means that only one item is able to detonate accidentally. So, 
munitions relevant to this HD 1.2 U.R. are the IM / MURAT �. Such munitions have the following IM 
signature (or better), Type IV reaction for Liquid Fuel / External Fire, and Type III for Slow Heating, Bullet 
Impact, and Sympathetic Reaction. 
 
Quantity / Distances arcs for HD 1.2.3 or HD 1.2 U.R. are significantly reduced in comparison with HD 1.1 and 
HD 1.2. Such reductions bring some benefits for forces, such as: 
 

- Additional quantity of IM stored within the same safety distances 
- Reduced storage areas and/or fewer storage magazines for the same quantity of munitions 
- Reduced number of security personnel to guard the same quantity of munitions. 

 
Other opportunities appear in separate countries to take into account the reduced risk of IM products and 
materials during industrial phases. These opportunities are provided by domestic regulations for Industrial Risk 
Management.  
 
For example, in France according to a Quantitative Risk Assessment (QRA) method, Plastic Bonded Explosive 
(PBX) manufacturing can be operated within the constraints of HD 1.3. Indeed, accidental risks are limited to 
lower order burning reactions. Neither mass explosion nor violent explosions are considered as credible events in 
an accident scenario. This has been demonstrated through extensive characterisations of PBX compositions, and 
also through the application of appropriate controls throughout the casting and curing processes. 
 
Due to similar considerations in regards to industrial QRA, French regulations recognise than PBXs can be 
assigned to HD 1.3 if they pass the Friability Test (in addition to meeting the requirements of conventional test 
requirements such as Gap Test, Burning Velocity Test etc.) [5]. 
 
Unfortunately, such opportunities do not exist for transportation because the relevant rules are defined by the UN 
Orange Book [15]. The previous requirements for HD 1.6 were over prescriptive in that munitions that cannot be 
detonated in any credible storage and transport scenario are being excluded from HD 1.6. These munitions are 
being excluded from HD 1.6 because they contain explosives that are not classed as an Extremely Insensitive 
Detonating Substance (EIDS). Explosives are being denied EIDS status on the basis of an arbitrary gap test 
threshold, despite all other evidence indicating that they have very good hazard properties. Then, this comment 
has become partially obsolete since amendment publication on 10 March 2011 [14]. 
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3 HAZARDS CLASSIFICATION DEVELOPMENTS 

The UN Orange Book (Recommendations for Transportation of Dangerous Goods) is used as the basis for the 
Global Harmonised System (GHS) implementation. For explosive goods, tests and criteria have been duplicated 
from the UN Orange Book and, it is promulgated in Europe through the Regulation on Classification, Labelling 
and Packaging (CLP) which will come into force on December, 1st, 2010 [2]. 
 
Development of these regulations is important because CLP gives the legal definition of hazard for the whole 
life cycle of substances. This means that CLP Hazard Classification will be applicable for manufacturing and 
storage. Therefore, it is not clear how the use of SSD 1.2.3 or HD 1.2 U.R. will continue as these sub-divisions 
are not defined in Orange Book. Thus, for IM, only HD 1.6 is available to recognise safety benefits brought by 
the use of low vulnerability explosives. 
 
Thus, these developments reinforce the need for practical HD 1.6 criteria to be defined. As described previously, 
IM products, which meet the STANAG 4439 criteria and which bring considerable advantages in safety, cannot 
pass the HD 1.6 criteria because not all the energetic materials within current IM products can be classified as 
"Extremely Insensitive Detonable Substance (EIDS)". Fortunately, to solve this issue, a proposition for 
harmonisation of HD 1.6 criteria with STANAG 4439 requirements was prepared by national experts led by the 
British and related amendment is now published.  
 

4 HD 1.6 CRITERIA DEVELOPMENTS 

HD 1.6 criteria amendment would solve the current, unrealistic, EIDS requirement for whole embedded 
explosive substances. The EIDS are renamed EIS (Extremely Insensitive Substance) to take into account gun and 
rockets propellants which are not dedicated to detonate. Indeed, the EIS requirement is limited to the main 
charge of the IM article. The booster compositions have to meet a reduced set of criteria which are a part of the 
EIS criteria. This is justified because the mass of the booster is small compared to the mass of the main charge, 
and the booster, located close to the core of main charge, has a degree of protection from external stimuli. The 
fuse compositions have to be placed behind two barriers to provide a greater level of insensitiveness. 
 
Nevertheless, at the same time some unrealistic criteria are maintained (or introduced). These points are 
discussed below. 
 
The Fragment Impact Test with an 18.6g fragment and an impact velocity of 2530 m/s velocity is introduced. 
This test seems totally unjustified for the UN Tests and Criteria of Transport of Dangerous Goods. This is not 
representative of any credible threat presented during civilian transport or even for most of logistics defence. 
Indeed, this high fragment velocity can only be achieved by air to air warheads (but with much lighter fragments 
of 3 or 4 g) or through Explosively Formed Projectile (EFP) charges. In addition, the maximum demonstrated 
response to pass this test must be a Type V response, with response descriptors coming from the AOP 39 ed3. 
The national experts consider that a Type V response for the Fragment Impact Test is the counterbalance to the 
EIDS waiver for booster / fuse compositions. In addition, the fragment impact threat is not required for NATO's 
SSD 1.2.3, and then it would be coherent to do the same for UN HD 1.6. It is surprising that HD 1.6 is stricter 
than SSD 1.2.3 while safety objectives seem to be equivalent. 
 
The "accidental scenario" connected with this Fragment Impact test appears highly unrealistic. If detonation of a 
munition is able to generate 18.6g fragments travelling at 2530 m/s, then a damage, both in terms of casualties 
and damage to structures, equipment etc, will be caused in the surrounding area due to the effects of the donor 
charge itself. Bursts of high energy will be projected in all cases beyond 15 meters by the donor charge. Thus, it 
is unimportant that the acceptor munitions response be either Type V or IV or III.  
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FIGURE 1:  

Example to illustrate excessive severity of criteria 

Primary Fragments Injuries Distance for 1kg 
Explosive Charge with 2mm thick case: 50m 

In comparison with : 

Maximum Projections Distance to pass Type V 
Response: 15 m 

 
The Type V response requirement for Fragments Impact Test in order to satisfy the criteria of UN HD1.6 is very 
high. Apart for some simple types of ammunitions, this response will be very hard to attain for most Insensitive 
Munitions. This event scenario can be compared with sympathetic detonation, but for this trial the mandatory 
response is only Type III. 
 
For the Bullet Impact Test, a similar concern appears. In the approved UN Manual of Tests and Criteria, a 
maximum Type IV reaction is mandatory. In the current proposal, this criterion moves to Type V. This seems 
unnecessarily severe in regard to Type V definition, especially for large munitions. Nevertheless, it is not 
unreasonable to specify the same reaction type as STANAG 4439.  
 
Concerning the Type V response descriptors, problems have been identified with the new AOP 39 ed3. The main 
problem comes from the specified maximum projection energy which is limited to 20 joules. This energy level is 
very low and it has been demonstrated that a steel barrel filled with water subjected to fuel fire test could exhibit 
a response consistent with a hazard classification of HD 1.2 (or Type IV reaction according to AOP39). By the 
same reasoning, this configuration would also be classified as HD 1.2 according to UN Orange Book. This is due 
to the 2.5 kg cover plate of the steel barrel being propelled 22 meters. 
 
In conclusion, the HD 1.6 criteria amendment is very interesting because it presents real improvements. But, at 
the same time, it would be necessary to adjust the Fragment Impact Test conditions to 1830 m/s and the 
maximum allowable reaction to a Type III or IV for current IM products to meet the criteria. It seems also 
possible to harmonise criteria with SSD 1.2.3. 
 

5 EXAMPLES OF REGULATORY CONSTRAINTS REDUCTION 

For industry in some countries, possibilities / opportunities exist to achieve IM's benefits resulting from the 
reduction of regulatory constraints due to the reduction / elimination of accidental detonation risks; the 
accidental effects being limited to lower order burning reactions. These examples shall be disseminated in order 
to share best practice. 

5.1 EURENCO'S SORGUES PLANT 

The Sorgues plant has produced military explosives for 95 years. The site is very densely populated with a large 
number of workshops. This resulted in the need to maintain minimum Quantity / Distances arcs preventing the 
construction of new buildings / workshops (illustrated in figure 2). 
 
A QRA was conducted for a new workshop dedicated to PBX casting and curing for artillery shells. It has been 
shown that the accidental risks in case of fire are limited to low order burning responses. This is an acceptable 
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approach given the insensitiveness of PBX materials being processed, the process control guaranteeing 
conformity of the explosive mix and the continuous process employed using the Eurenco bi-component 
technique  
 
Thus, this activity has been classified as a HD 1.3 pyrotechnic operation. This classification has allowed the 
workshop to be constructed whilst maintaining the required quantity distance arcs. In addition it has achieved 
significant savings in the capital expenditure required for the construction of the new installation. This illustrates 
the potential cost savings that can be achieved with Insensitive Munitions manufacturing. The new installation 
has been producing insensitive shells (for mortar, artillery, and tank) for four years. 
 
 

  
 

FIGURE 2: Example Regulatory Constraints Reductions for EURENCO's Sorgues Plant 
"For 10 times less of Net Quantity Explosives, Quantity-Distances are 6 times larger for detonation risk"  

 

5.2 NEXTER'S LA CHAPELLE PLANT 

One of the flagships products manufactured by Nexter Munitions is 155 mm IM artillery shell named LU211. 
The LU211 is an explosive artillery shell interoperable with weapons of NATO-standard 39 caliber and 52 
caliber according to the requirements of the interoperability agreement JBMoU (Joint Ballistics Memorandum of 
Understanding). This shell IM is loaded with XF insensitive melt cast explosive. Even in case of aggression, 
the excellent behavior of the XF composition allows the classification of the LU211 IM in Hazard Division 1.2 
Unitary Risk and MURAT�. In the case of a positive improvement of the regulation (see chapter 4), this shell 
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could be a serious candidate for HD 1.6 classification. The same type of shell is also loaded in a version with the 
conventional comp. B explosive: a TNT/RDX mixture. Conventional shells are classified in Hazard Division 1.1. 
These both types of artillery shells generally follow the same industrial process and are manufactured in the 
same workshops. However, the use of insensitive explosive compositions allows substantial improvements, 
which are: 
 

• Blast hazard areas reduction. Only one shell is taken into account for blast and fragment hazards. This 
advantage is due to the fact that no sympathetic reaction can occur with HD 1.2 Unitary Risk shells 

• Increased capacity of existing storages, at each step of manufacturing. In most cases, when existing 
hardened building are used, the maximal number of shell that can be contained in the building is no 
more given by the NEQ. The number of shell is only limited by the available space inside the building. 

• Reduction in the volume of internal transports. The short term buffer storages have very limited quantity 
for HD 1.1 articles. So, many transports are necessary between short and long term storages. These 
transports induce some costs and pollution, whose can be avoided for insensitive shells 

• Gains in process flexibility. Some operations on conventional shells have to be necessary realized with 
remote control due to the detonation hazard. With insensitive shells, the same operation can be directly 
done, without remote control. It procures gains in flexibility, particularly with regard to treatment of 
eventual non conformities or breakdowns. 

 
The figure 3 below shows the main workflow of 155mm artillery shells Nexter's production plant of La 
Chapelle. It summarizes the gains made by insensitive munitions regarding to conventional munitions. 
 
 

Main storage:

Conv.: 90 t

IM: 300 t

Buffer storage:

Conv.: 1 t

IM: 15 t

Final assembly & packing:

Conv.: remote handling mandatory 

(HD 1.1)

IM: direct handling possible (HD 1.3)

Melting & casting:

Opportunity for IM: use of premix

=> H.D. 1.3 instead of H.D. 1.1

All internal transports:

Conv.: 0,8 t

IM: No mass limitation 

(unitary risk)

X-Ray Control:

Conv.: 0,45 t

IM: 1,2 t
Main storage:

Conv.: 90 t

IM: 300 t

Buffer storage:

Conv.: 1 t

IM: 15 t

Final assembly & packing:

Conv.: remote handling mandatory 

(HD 1.1)

IM: direct handling possible (HD 1.3)

Melting & casting:

Opportunity for IM: use of premix

=> H.D. 1.3 instead of H.D. 1.1

All internal transports:

Conv.: 0,8 t

IM: No mass limitation 

(unitary risk)

X-Ray Control:

Conv.: 0,45 t

IM: 1,2 t

 
 

FIGURE 3: Example of industrial fluxes in Nexter's plant, the maximum acceptable weight of explosive is indicated for each 
workshop with comparison between conventional and IM shells. 
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In conclusion, main industrial workflows are simplified. This allows more flexibility in production and 
participates in costs reduction. 
 
Another new opportunity is emerging for XF: the use of premix composition in the filling workshop. It allows 
eliminating the conventional explosives in the filling phase. This would allow the classification of the filling 
workshop in H.D. 1.3 instead of H.D. 1.1. The internal capacity of the workshop could be increased and/or the 
architecture of the workshop could be seriously lightened. 
 

6 COST AND BENEFIT ANALYSIS: WHAT FOR? 

Industry and users need to improve their analyses for IM implementation. Cost and Benefit Analysis (CBA) is a 
major aspect to be considered by the community (MoD/DoD, Operational Forces and Services, Industry). The 
workshop organised by NIMIC/MSIAC in Rimforsa (2001) on this topic and the related documents [6][7][8] 
recall the importance of increasing understanding and awareness of IM. Indeed, the IM Day 2009 event 
sponsored by IMEMG in Brussels underlined that IM implementation is unavoidable today and does not need to 
be demonstrated. Nevertheless, as military budgets tend to decrease, it becomes vital to be able to justify the cost 
and the content of any new project. The methodology defined and provided by CBA contributes to consolidating 
the project by itself and positioning it regarding the competition. Any stakeholder in the defence market is 
interested in monitoring the CBA rules and the true outputs that can be expected. 
 
UK was the first European country to take steps towards developing an IM Insertion Plan (IMIP). This 
IMIS/IMIP approach considers all the munitions in service but operational cost aspects of IM are not taken into 
account. The use of CBA could potentially help in assessing the potential benefits associated with enhanced 
platform survivability, a reduction in the collateral damage / number of platforms rendered un-serviceable 
following an accidental event and a greater suitability for service resulting from the introduction of IM. Other 
countries, like France, have shown an interest in CBA in order to provide additional evidence to support the case 
for developing IM products. A holistic approach is developing and the intention is to determine the IM signature 
for all munitions in service in the French Forces, in order to analyse the economic impact of their IM 
performance. On this subject, French DGA has launched a major study (MURAT ETO) for Land Defence 
munitions [9]. Some of the findings are as follows: 
 

- Introduction of IM products has a significant influence in the costs’ splitting, 
- The CBA could help to establish the elements to be used to reduce the cost associated with the 

introduction of MURAT/IM (or in other words what are the important sources of costs). 
 
To continue in Europe, munitions safety concept and IM policy are taken into account at the different levels of 
the German defence organisation [10]. The need to perform risk analysis for the munition life cycle, to specify 
IM signature and to define safety principles, rules and regulations for munitions in service, including IM aspects, 
is recognised. 
 

7 TOOLS AND CBA: WHERE ARE WE? 

It is well recognised that IM introduction reduces risk, increases platform survivability and improves the safety 
of munitions use during their whole life cycle. The idea to analyse and understand the costs in relation to IM 
introduction has quickly appeared. Estimates of the benefits that could be expected with IM insertion are of 
interest to many in the defence community but this requires particular efforts to put in place. Some 
methodologies have been proposed and developed into software to lead Cost and Benefit Analyses, the aim 
being always the same: to determine the key cost drivers comparing a non IM-solution with a projected IM 
version of the same munition. To put these methodologies in place, some computerised CBA tools were 
developed. 
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Recent literature gives examples of the interest generated by CBA. Some of them are dealing with the risk 
assessment and the determination of the munitions life cycle linked to this kind of analysis. At the beginning of 
the 2000s, a two part workshop was organised by NIMIC regarding risk assessment and C&B analysis (one for 
each). It was agreed that Risk Assessment was dependent upon the whole life cycle parameters to determine 
(threat leading to a stimulus, probability of the stimulus, leading response, probability of an event, effect of the 
event upon the surroundings etc.). To define a C&B Analysis methodology was also an issue; nevertheless, 
existing models/software on C&B analysis were identified (ACB, CBAM, COBEAN Cascade etc.). 
 
COBEAN, developed by CINO/DOSG, was optimised for the naval environment and required some specialised 
data, probably known by experts of this domain. The tool seems to be more dedicated to assess the consequences 
of an initial event, the cost being a component of a more global approach. CBAM, developed by 
NIMIC/MSIAC, is not dedicated to a special armament corps and can be addressed to more general life cycles 
[12]. The common aspect for these two tools is the importance of collecting a significant amount of data but 
which allows a complete analysis to be conducted once collected. In addition to these tools, ACB from IMEMG 
(formerly Club MURAT) was also identified as being of interest because it featured the most important 
parameters agreed by the IM community for a C&B analysis, for example at first step level of an analysis. 
Consequently: 
 

- Pilot NIMIC methodology (F. Möller) could be used as a basis, 
- C&B analysis simulation has to consider the whole life cycle, 
- The model must have the capability to simulate munitions with different levels of Insensitivity. 

 
If a C&B Analysis is undertaken, 3 main phases should be observed: 

1. To build the life cycle of the munition 
2. To look for and to enter the data describing technical and economical parameters 
3. To analyse the results and to validate data input. 

In ACB Software, the description of a munition life cycle is proposed with an arborescence showing the various 
phases of the munition life and the relevant undesirable threats / incidents that may occur during each phase. 
This arborescence is subdivided into four levels: 
 

- 1 - The studied case: The reference munition and its corresponding IM/Murat version in a given life 
cycle is considered. It is possible to deal with several cases in parallel, generally cases that are similar, 
for example, several munitions that differ in their IM profile levels with respect to the reference 
munition, or by incorporating different assumptions into the life cycle. 

 
- 2 - The sequence: The munition life cycle is divided into separate operational phases which can be 

preceded or followed by storage periods on the national territory. Every sequence is characterized by a 
geographic zone of deployment, associated to a military status (peace, crisis or combat).  

 
- 3 - The elementary situation: Every sequence is defined by a succession of storages, transportations 

and missions, which are theoretically unlimited in number (on identical or different platforms). Each 
individual storage, transportation or mission is referred to as an elementary situation, because it is not 
possible to subdivide it more.  

 
- 4 - The disaster: Every elementary situation can be the subject of one or several accidental or deliberate 

threats, generating a typical disaster. 
 
Within Club MURAT/IMEMG CBA software, every element of the arborescence, including every 
treated/studied case, every sequence, every elementary situation and every undesirable event, is also referred to 
as a node. Data is needed at each node. 
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The Möller formula is the core of the ACB software. It allows the application of the Cost Benefit Analysis to an 
IM/Murat munition case. It determines benefits which are dependent on earnings and cost differences, between 
referenced and planned munitions. The general formula can be expressed by: 
 

CB = RP + PP - DAC 
 

Cost Benefit = Total statutory Earning + Total potential Earning – Costs 
 

- CB: Cost / Benefit of the IM program. CB is the balance of the cost-benefit and is given in the form of a 
table. It represents the sum of the logistic and potential earnings, minus the extra-costs of inserting into 
service and disposal, between the reference and planned munitions.  

 
- RP: Regulatory Profits (storage and transport) or Logistic benefits are connected to the variation of the 

constraints (statutory or not) in the conditions of storage, transportation and during missions. They result 
from the accumulated variations of the costs of storage, transportation and missions, between the 
reference and the planned munitions. 

 
- PP: Potential Profits (damage in case of accident) are connected to the variation of the risk associated 

with every elementary situation (the probability of occurrence and the severity of the disaster), and for 
every conceivable threat. They result from the accumulated cost difference of disasters between the 
reference and the planned version. 

 
- DAC: Difference in Acquisition Costs is the difference between the reference and the planned munitions 

in their acquisitions cost, taking into account the number of munition needed in the study. 
Whatever the software used, the difficulty lies in establishing the whole life cycle and in data collection. 
 
In 1999, a cost benefit analysis was undertaken using ACB software as part of cooperative work performed by 
NIMIC/MSIAC and Club MURAT dealing with a 155mm artillery shell and a short range ground to air missile. 
This works demonstrated that collecting the data was difficult, even on a restricted / reduced life cycle. At that 
time, storage / logistic benefits were neither taken into account, nor identified, mainly due to the fact that it was 
difficult to take the legal advantages of the munitions improved IM performance. 
 
Some years later, it is clear that HD 1.6 or SSD 1.2.3 may offer financial advantages in the field of storage by 
reducing the size of the storage area, allowing storage in differently constructed buildings or reducing the 
required safety distances. Over the last three or four years, several papers have highlighted this idea, for example 
[11]. 
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FIGURE 4: An example of ACB 3.0 Software life cycle: 
 
To illustrate the regulatory benefits that may be gained by the introduction of IM, the CBA Working Group from 
IMEMG decided to revisit the previous 155mm artillery shell evaluation, without altering the original 
hypotheses investigated for the Potential Profits during the operational phase. The group also attempted to retain 
the spirit of the original approach whilst understanding quickly that the work to be performed was of high 
importance. It was decided to model a single node of the life cycle in relation to regulatory considerations. The 
peacetime storage node was chosen as this accounts for approximately 50% of the life cycle for typical artillery 
ammunition. 
 
For an inventory of several thousand 155mm artillery shells, it was estimated that a 20% reduction of the cost of 
storage (depending on storage area reduction, cost increases over time, potential reduction of associated 
supporting functions etc.) could lead to an additional benefit estimated as being up to 10%. Additional benefit 
means the difference between the original result calculated with and without taking into account regulatory 
profits. Percentage values of additional benefits are only estimates but they help to illustrate that a small earning 
percentage at each node of the life cycle could lead to a more significant benefit over the whole arborescence. 
 
This kind of approach for an artillery shell is compatible with previous advantages presented earlier in this paper. 
On the one hand, taking into account the advantages of regulatory profits provided by IM introduction can lead 
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to an increase in the quantity of munitions able to be stored at the same place (realising that probably, other 
benefits associated with a reduction in the number of internal transports inside a plant could be assessed). On the 
other hand, it can also help to optimise the explosive limits of storage buildings. 
 
On each node of the life cycle (peace, crisis or combat time phase), additional benefits may be found with 
respect to regulatory changes: They may be small but never negative. If the same exercise is performed with a 
short range ground to air missile, the estimated results introducing regulatory profit during peacetime are not 
significant. It is linked to the much smaller quantities of munitions within the inventory for missiles compared to 
artillery ammunition. It is probable that other benefits could be found at the storage building level itself. For a 
small missile, the advantage could be estimated by performing a calculation taking into account a lighter storage 
building construction (meaning reduced building costs) than heavier existing ones. 
 
The previous discussion is mainly dedicated to demonstrating the peacetime benefits that can be assessed if 
hazard classification is taken into account (the subject of this paper). There exist other benefits during crisis time 
and operational phases. These (additional) benefits could be significant but it is obvious that the CBA approach 
needs to focus more on potential benefits related to operational phases, where greater benefits can be assessed. 
 

8 CBA AND WHAT ELSE? 

Finally, in addition to cost benefit considerations, it is also possible to consider the optimum compromise that 
can be offered to the customer by manufacturers in terms of the tradeoffs between terminal performance, IM 
profile and cost. Studying the whole munition life cycle, it would be also interesting to propose: 
 

- The best IM signature with respect to the state of the art of the considered munition to achieve 
compliance (vulnerability techniques: technology maturity, energetic materials: properties and/or 
manufacturing processes and related investments to plan etc.)  

- To identify the key cost drivers (disaster, sequence, phase etc.) to be compliant with the signature 
specified by the customer / stakeholders. 

With this in mind, the IMEMG CBA Working Group is considering the idea of creating a tool which could help 
in assessing and specifying an IM signature. A common approach using this tool and ACB would be able to 
provide to assist in finding the best compromise between costs and IM introduction. 
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9 CONCLUSIONS 

Logistic benefits due to the introduction of IM products into service can be achieved by reducing safety 
distances for SSD1.2.3 (Sub-Storage Division). Unfortunately, the SSD 1.2.3 is limited to military storage only. 
Nevertheless, opportunities appear in some countries to take into account the risk reduction for industrial phases. 
 
Some possibilities / opportunities exist to achieve IM's benefits resulting from the reduction of regulatory 
constraints through the reduction / elimination of accidental detonation risks; the accidental effects are limited to 
low order burning events as defined through QRA. In this way, Insensitive Munitions generate cost reductions. 
Examples given in this paper should be disseminated for best practice sharing. 
 
These opportunities exist for manufacturing and storage installations. But, for transportation, the classification 
rules are only based on the UN Orange Book. In addition, it becomes the basis for the Global Harmonised 
System (GHS) which is promulgated in Europe through the Regulation on Classification, Labelling and 
Packaging (CLP) [2]. 
 
At present, IM products do not exist according to transportation rules because the HD 1.6 criteria have not took 
into consideration the real performance of current state-of-the-art of IM technology. These requirements for HD 
1.6 are over prescriptive. Munitions that cannot be detonated in any credible storage and transport scenario are 
being excluded from HD1.6.  
 
Propositions for harmonisation of HD 1.6 criteria with STANAG 4439 requirements have been prepared by 
national experts led by the British. Then, HD 1.6 criteria amendment has been approved by UN Committee of 
Experts on 10 December 2010 and it has been issued on 8 March 2011 [14]. This amendment would solve the 
current, unrealistic EIS (Extremely Insensitive Sunstance) requirement by limiting the requirement to meet the 
EIS criteria to the main charge of the IM product. Nevertheless, at the same time some unrealistic criteria have 
been introduced and these are surprising stricter than for SSD 1.2.3. The Fragment Impact Test has been 
introduced with the highest fragment velocity fixed at 2530 m/s, and with Type V reaction required to meet the 
HD 1.6 criteria. This requirement is not consistent when compared with the Sympathetic Reaction Test where a 
Type III reaction required. At least, the fragment impact threat is not required for NATO's SSD 1.2.3, and then it 
would be coherent to do the same for UN HD 1.6. It is surprising that HD 1.6 is stricter than SSD 1.2.3. 
 
Finally, benefits that may be achieved by the development of specific regulations for IM may be illustrated by 
the use of Cost Benefits Analysis (CBA) applied throughout the life cycle from cradle to grave. Tools dedicated 
to this aspect may be used to assist in quantifying the cost savings provided by IM at various stages of the 
MTDS. IM provides enhanced safety during peacetime phases of the MTDS (production, storage, transport etc.) 
as well as during military logistics operations. A better understanding of these improvements when preparing 
future regulations will be profitable to all. To provide this greater understanding is the main objective of this 
paper. 
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Abstract 
This is the presentation of the results from a three years work  in cooperation between Sweden 
and France. The projects purpose has been to investigate whether it is possible to use life 
cycle methodology to improve the environmental performance of munitions.  
The Eco-design study was realized by Etienne LACROIX, NEXTER Munitions and ETBS 
(DGA) under a DGA contract (PEA MAREA). This study is realized in the dynamic of the 
sustainable development.  
The aim is to establish a methodology of environmental impact applicable to ammunition. 
The software “SIMAPRO” is used for this study. This tool enables product's LCA (life cycle 
assessment) by the evaluation of its environmental impact (human health, eco-system, 
resources). 
The product is fractioned in functional sub-assemblies in order to identify the most critical 
functions. Potential solutions are identified and their environmental impact evaluated by 
calculation.  
We worked principally on the end of life of the ammunition with an optimization of the 
materials for the manufacture. The total impact of the ammunition has been reduced of 50 % 
without decreasing of performances. 



 

1. INTRODUCTION 
Life cycle assessment (LCA) is the compilation and evaluation of the inputs, outputs and 
potential environmental impacts of a product system throughout the life cycle. Life cycle 
includes mining of raw material, production, use and disposal of a product (i.e. from cradle to 
grave) (ISO 14040, 1997). The term ‘product’ includes physical products as well as services. 
LCAs are often used for comparative studies. However, it is not the products that are 
compared, rather the function of the products.  

The assessments are standardised in the ISO 14040- series (ISO, 1998; ISO, 2000a; ISO, 
2000b; ISO, 1997), with a guide to the standards (Guinèe, 2003).  

 

2. GOAL AND SCOPE: 
During this study a comparative, descriptive assessment of one pallet of munitions items has 
been performed. This has been done on both the original ammunition and the new design 
(Green one).  

The goals of this study are:  

 -To identify the critical functions in the life cycle which have the largest impact on the 
environment.  
 -To establish that the design changes is an improvement considering the 
environmental impact  
 -To increase the knowledge of Life cycle thinking and Eco design concerning 
munitions. 

-To establish a methodology of environmental impact applicable to ammunition with 
SIMAPRO software. 

The scope of this study is, within practical limits, to do a quantitative LCA that includes all 
processes from cradle to grave (except the storage phase) for the original ammunition and for 
the new design.  

In the study, the data used originates primarily from the producing country. If data from the 
producer country were unavailable, data were taken primarily from France and secondly from 
Sweden. In the case that there were no available data from those countries, any available data 
were used. Data were primarily taken from Eco Invent or SimaPro databases. Eco Invent is a 
database with the same format as the SimaPro database produced by the Swiss Centre for Life 
Cycle Inventories (www.ecoinvent.ch).  

 

Ideally an LCA includes all products and processes in the munitions life. However, this is not 
always possible in practise. Some of the things that have been excluded in the LCA are:  

-Storage, 
-The manufacturing of capital goods, 
-Support material for capital goods. This includes the manufacturing processes and the 

use phase of these goods.  
 



3. AMMUNITIONS LIFE CYCLE  

3.1 MANUFACTURING  
This is the most detailed part of the whole life cycle. The manufacturing process was 
established with the help of munitions designers from both Nexter and Lacroix. Both 
companies produced Function material cards for each part in their manufacturing process. 
That was sixteen cards from Nexter and eight cards from Lacroix.  
 

3.2 STORAGE  
The main part of an ordinary munitions life is in storage. The storage can last from everything 
between 10 to over 30 years but is usually in the latter time frame. However, this is changing 
due to the change of the “work” of the National armed forces. The storage facilities have 
climate and humidity controls which mainly use energy in the form of electricity.  
Ammunition investigated in this study, have a shelf life of about 8 years in normal storage. 

3.3 USE OF THE MUNITIONS  
Firing the munitions means that all materials in the grenade are combusted and/or spread into the 
environment. Propellant and explosives in the grenade are combusted and gases are produced. 
Data for the produced gases has been obtained by the producers and noted in their function 
material cards.  
 

3.4 DEMILITARIZATION  
The end of life of munitions not used, is in military terms called demilitarisation. The 
demilitarisations processes are different for different munitions and different countries. In this 
study the French demilitarisation process for this type of munitions has been used. This 
demilitarisation process is downsizing military training, which means that the munitions are used 
in training.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 



4. IMPACT ASSESSMENT  
The impact assessment in our study includes a classification, characterisation and two different 
weighting methods, Ecoindicator-99 and EPS 2000. These two methods are complementary :  

The impact categories are : 

 

Methods 

Eco Indicator 99(I) EPS 2000 

Human Health Human health 

Resources Ecosystem production 
capacity 

Ecosystem quality Biodiversity 

 

Eco indicator 99 (I) :  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



EPS 2000 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The selected impact categories and performance of characterisation are description of the 
methods. Normalisation and grouping has not been included in our study. 

Used environmental abbreviations are given in tab : 

 
DALY  Disability Adjusted Life Years,  

ELU  Environmental Load Units  

m2yr  square meter per year  

PAF  Potentially Affected Fraction  

PDF  Potentially Disappeared Fraction of species.  

Pt  Points  
 



5. ANALYSIS OF THE AMMUNITION  
The LCA analysis was done on the complete original design of the munitions.  
The analysis of the results enable Nexter Munitions and Lacroix to classify the different parts 
of the ammunitions and to establish the most critical functions. These function are the ones 
which will have the most negative impact on the environment. 
These function have then been improved to decrease their impact and so the global impact of 
the ammunition. The redesign ammunition has been called Green ammunition. 
The analysis was conducted thanks to Eco Indicator method. What can be seen in following 
Figure that the original ammunition has two the dominant environmental effects : 

-The first during the production is from the use of metals 
-The second one originates from spreading all the constituents into the environment 

during the end of life  
-The results are the following : 
 

 

 

 

 

 

 
 
 

 
 
 

From the LCA-calculation the four most critical items for Nexter and Lacroix have been 
identified. These can bee seen below in Table 1 for Nexter and Table 2 for Lacroix. This has 
been established by weighting each process contribution to the whole environmental impact. 
The critical items are listed in the order of importance; number one has the largest impact, 
number two the second largest and so on. The most critical item for the whole munitions is 
from Lacroix, the environmental effect comes from the metal alloy in the screening charge. In 
table 1, E2 is an industry confidential item. 
 
 
Table 1, Critical Items for Nexter 

No Critical Item 
1 Steel, 1,7 kg low-alloyed 
2 E2 
3 Steel, 0,676 kg unalloyed 
4 Smoke charge casing 

 

Table 2, Critical Items for Lacroix 

No Critical Item 
1 Metal alloy 
2 Aluminium (2017)  
3 Aluminium (Al99 I) 
4 Surface Treatment : Zinc steel 

 
 

Figure : Eco-indicator 99: Single score, for all ammunition when production and use phase are take into account 

Production phase Use phase 

Colour code : 
Resources 
Human health 
Eco system quality 



6. COMPARISON ORIGINAL AMMUNITION AND GREEN 
AMMUNITION 
The largest impact is not actually the change of materials but changes in the general approach. 
The new design is made for a longer life and to enable the reuse of parts of the munitions in 
newer munitions. This is not clear when only looking at each LCA. In the comparative LCA 
the changes due to the general approach can be seen.  
 
From the above results both Nexter and Lacroix have made improvements in the design of 
Original ammunition by simplifying its design and decreasing the amount of metals, where 
the largest reduction was in the amount of metal alloy by 14% (without any reduction of the 
performance). Some metal parts have also been changed to recycled metals. 
 
The greatest innovation was made at the end of life : 

-Manufacturing the munitions so it could be taken apart in end of life, 
-In end of life (8 years), we replace pyrotechnic composition and we reuse inert part 

for 8 years yet. 
 
In effect these changes make it possible with only small adjustments to increase the lifetime 
of the munitions at least from 8 years to 16 years. So, instead of manufacturing two munitions 
items, only one needs to be produced with small complementing parts. This also makes it 
easier to recycle parts of the munitions when it is no longer possible to prolong the life time.  
 
 

7. LCA CALCULATION 
Three hypothesis have been taken into account the do the Green ammunition LCA: 

 -Hypothesis n°1 : The original ammunition  and the green one are fired after 8 years of 
storage. The improve on the environmental impact is evaluated to 10%. It's essentially due to 
the replacement of some materials. 

-Hypothesis n°2 : The original ammunition and the green one are fired after 16 years 
of  storage. The improve on the environmental impact is evaluated to about 50%. 
During this cycle we produce 2 original ammunition and one green ammunition. 

-Hypothesis n°3 : After 8 years of storage, the original ammunition is destroyed by 
firing. The green one is dismantling and some pyrotechnic compositions are 
replaced to built a new ammunition. 

 The improve on the environmental impact is evaluated to 80%. 

The improvement for the different part of the ammunition have been evaluated by the 
industrials. 



 
If we take into account hypothesis n°3, the results are the following : 

-For NEXTER Munitions :  
Important decrease on :70 % for resources, 58 % for eco-system , 31 % for human 
health : 

 
 
 
 
 
 
 
 
 
 
 
 

For LACROIX :  
On the whole life cycle, an improve of 80% has been done with 75% for resources : 

 
 

 
 
 
 
 
 
 
 
 
For Lacroix part, the first column show environmental impact of original 
ammunition in production and use phases, after 8 years and the second column 
show environmental impact of green ammunition in production and end of life 
phases (replace pyrotechnic composition and reuse the rest, and then we avoid use 
phase ) 

 
The greatest impact is not actually the change of materials but changes in the general 
approach. The new design gives the benefits of a potential longer life and enables the reuse of 
munitions parts. These benefits are not clear when only looking at each LCA by itself, but 
becomes clear  in a comparative LCA. 
To get a comparison of Original ammunition and Green one under 16 years, it is needed to 
produce two munitions of Original ammunition for each munitions of the Green one. During 

Lacroix part 



these 16 years the Green ammunition has to go back to the manufacturer for an smaller 
upgrade. This upgrade will prolong the life cycle for Green ammunition to 16 years 
 
When we take into account of hypothesis n°2, the LCA-calculation shows that the design 
changes made from Original ammunition to Green one reduces the total environmental impact 
with more than 50%. This reduction is mostly due to the prolongation of the life cycle for 
Green ammunition. The reduction of metal alloy by 14% has great influence as well as the 
other improvements in Green ammunition. 
 
 

8. CONCLUSION 
This work allowed, one hand, to the evidence that it was possible to make a stroke on a 
ammunition and secondly to develop a methodology for assessing the environmental impact 
apply to ammunition. 
LCA is a good tool to develop or redesign ammunition to reduce their impact on the 
environment. 
The redesign enable to take into account the demilitarisation of the ammunition or the extend 
of the life duration. 
These two way of work decrease the environmental impact of the ammunition for a minimum 
of 50 %. 
The methodology developed can be applied to any ammunition. 
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ABSTRACT: A kind of separated initiating system from igniting element to DDT booster was designed. In 
such system the B-KNO3 was used as the igniting charge, and the co-crystal compound of TEDA perchlorate 
and EN perchlorate，which were coated with shellac, MoS2 or Al powder, was used as the DDT charge. 
Under the optimized loading process the charge of DDT booster with 1.62mm or 0.42mm thickness of 
aluminum tube could realize the detonation. Its output power reached the criteria requirement. Then the 
reasonable adaptability between the igniting element and DDT booster was verified. The main sensitiveness 
data of booster charge were also determined. 
Key words: Igniting element；Initiating assembly；DDT；Booster；Co-crystal

 
1 Introduction 

The initiating components used in fuze system, no matter what kind of exciting type and function, are 
mostly the detonators loaded with primary explosives. So the security devices must have sufficient explosion 
proof ability to ensure the safety of the fuse maintenance or to minimize the disaster due to detonator’s 
accidental ignition. This puts forward to more strict requirements for the design and assessment of fuze. Thus, 
a new design idea about how to just place ignition element in the S&A has become a new demand. This kind 
of ignition element makes the insensitive charge realize DDT very quickly under the output of flame after 
arming.  

Research works on safe ignition/explosion in foreign countries mainly focus on exploding foil 
detonators, including electric excitation, laser excitation or pyrotechnic excitation[1-3]. The non-primary 
explosive detonator developed domestically in early period is a kind of DDT process under certain controlled 
conditions[4,5]. The ignition charge and transition charge are integration structure. There are some researches 
trying to develop a new detonation or ignition exchange technique, such as combustion to detonation 
characteristics of pyrotechnics or the detonation to combustion phenomena of pyrotechnic-HNS[6-8]. 

The intent of this paper is to carry out exploratorily their own charge characteristics of ignition 
component and DDT when accomplish detonation together on the basis of current explosive technique. This 
kind of fundamental research will certainly support future application research. 
2 Experiments 
2.1 Charging preparation 

The newly developed cocrystal compound (SY) of triethylene diamine (TEDA) perchlorate and 
ethylene diamine (EDA) perchlorate[9] was selected as insensitive charge. Only the coating technique with 
shellac, MoS2, and Al powder was adopted here in this paper to improve its moisture resistance, initiation 
capability and booster performance. 

Shellac concentration was 1%. Dry SY was mixed with 5% its alcohol solution, and then was dried in 
60  ℃ furnace for 4hrs. 

For coating with MoS2（ZB G12022-90, Shanghai Colloid Chemical Plant）and aluminum powder, the 
vacuum drained wet SY after soaked by alcohol was mixed with each powder individually as the needed 
quantity, then also dried in 60  furnace fo℃ r 4hrs.  

2.2 DDT element 



Two kind of shell was tested for SY charging. One is thick bottomless aluminum shell with 
Φinner=3.50mm or Φouter=6.02mm in diameter, 10.0mm, 15.0mm and 20.0mm in length. SY+1% shellac, 
SY+2% MoS2 and SY+3% Aluminum powder were charged segment by segment (no more than 
50mg/segment ) in thick bottomless aluminum shell under 25MPa, 50MPa, 75MPa and 100MPa charging 
pressure separately. The other kind is thin aluminum detonator shell with Φ=3.85mm in outer diameter and 

11.0mm in length. The SY was charged in the shell by single pressure of 25MPa or 50MPa and by two 
different pressure at upper (25MPa) and bottom (MPa).  
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Figure 1.  Design sketch for matching test of igniting element and DDT booster 

 
Under the determined assembly structure and exciting method, output characteristics of different 

formulas under different charging density and the critical condition are studied and will be used for future 
fundamental. 

2.3 Matching test 
B-KNO3 was selected as the igniting element charge (prepared in batch according to WJ2497-1997), 

and 60mg (2.5 times of minimum charge weight) B-KNO3 was loaded in 20mm thick aluminum shell under 
80MPa pressure. 

The formula SY+2%MoS2 was selected which has higher flame sensitivity, minimum friction sensitivity 
and lower electro-static sensitivity. The shell was still thin aluminum shell. Stratified charging mode was 
selected, the bottom charging was 50mg, pressure was 50MPa, upper charging was 90mg, after putting a 
strong cap (with Ф=1.5mm firing hole), they were pressed with 25MPa pressure. 

Experimental fixture made of high density rubber wood was designed according to component size. 
Fixture design sketch and real object were shown in Figure 1 and Figure 2. 

        

 
 

Figure 2.  Photo of related elements for matching test 
 
2.4 Excitation and Identification 
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Figure 3.  Testing scheme for DDT booster initiation 

The individual booster with SY inside and the ignition element with B-KNO3 inside for the matching test 

were excited directly by the ordinary discoloration plastic Nonel tube after crimping by a rubber plug. The 

measured detonation velocity of the Nonel tube used is 1836m/s.The output power of the booster with SY inside 

was evaluated by the punched holes size in 3mm thick lead plate (Ф=40mm). 

Figure 3 illustrated the experiment diagram. 
3 Experimental results and analysis 
3.1 Minimum charge in thick aluminum shell 

Three formulas were charged in thick aluminum shell under for pressures and were ignited according to 
the above mentioned authentication method. Each experiment was repeated 5 times and the minimum 
charge with qualified output power was obtained. Experimental parameters and results were shown in 
Table1. 

Table 1  The charging parameters and the output power test results  
Formula Pressure

/MPa 
Weight 

/mg 
Height 
/mm 

Density 
/g·cm-3

Hole Diameter in  Lead Plate 
/mm 

25 90 5.96~6.04 1.550~1.565 5.20~6.00 

50 120 7.53~7.62 1.638~1.643 7.00~7.66 
75 180 11.18~11.32 1.654~1.659 6.22~6.46 

SY+1% 
Shellac 

100 215 13.24~13.32 1.679~1.682 6.36~6.79 
25 100 6.45~6.58 1.580~1.589 5.36~5.61 

50 120 7.35~7.46 1.670~1.675 6.03~6.27 
75 200 12.13~12.34 1.680~1.686 6.17~6.35 

SY+2% 
MoS2

100 210 12.68~12.80 1.710~1.714 6.12~6.40 
25 90 5.71~5.92 1.581~1.589 5.20~5.70 

50 100 6.00~6.19 1.680~1.688 5.66~6.30 
75 140 8.32~8.56 1.700~1.704 6.06~6.28 

SY+3% Al 

100 200 11.91~12.09 1.710~1.715 6.12~6.80 
 
It can be concluded from the experimental results that the minimum charge increased with the charging 



pressure. The reason is that, with the increase of charge density, the deflagration to detonation transition 
becomes more difficult which need a longer distance for detonation grow up. So, the minimum charge need 
for enough output power increased with the increase of charge pressure.  

Seeing from the comparison between three formulas, the maximum output energy was obtained when 
SY mixed with 3%Al. It means that Al powder possess power enhancing effect. The released energy from its 
involved chemical reactions promotes the thermal decomposition and explosion of SY ,hence accelerates the 
process of DDT. This result is consistent with the law of characteristics of other aluminum-containing 
explosives. 

The output power of the other two formulas is very close under higher pressure. 
3.2 Minimum charge in thin Aluminum shell 

For thin aluminum detonator shell, the test was conducted under low pressure because that complete 
detonation of 11mm shell length cannot realized by Nonel tube exciting under high pressure. The 
experimental results are listed in Table 2 under same pressure for three time charges. 

Table 2 Test results under single pressure  
Formula Pressure/MPa Weight/m

g 
Height /mm density/g·cm-3 Output Power 

SY+1% 
Shellac 

25 130 10.27 1.538 Small hole 

SY+2% 
MoS2

25 120 9.32 1.588 4.71 

25 100 8.09 1.538 3.90 SY+3% 
Al 50 150 11.30 1.651 4.26 

Apparently, thin shell can reflect the output power characteristics more clearly than thick shell. In this 
experiment, the output power of MoS2 coated SY is much more powerful than shellac coated SY. Under 
same condition, output powers of other 20 fires all meet the requirements. 

In view of these results, we tried stratified charge test. The pressures at bottom and upper part are 
50MPa and 25MPa, respectively, 5 fires for each test. The total charge is 100mg and 120mg. Results at 
different situations are listed in Table 3 and Table 4. 

Table 3 Test results of 100 mg formula under stratified charge 
Bottom charge   Upper charge  Formula Bottom 

charge 
/mg height 

/mm 
Density 
/g·cm-3

Upper 
charge

/mg Height 
/mm 

Density 
/g·cm-3

Punched hole 
diameter 

/mm 

SY+1% 
Shellac 

30 2.05~2.12 1.763 70 5.93~6.
02 

1.449 3.92~4.00 

SY+2% 
MoS2

40 2.75~2.90 1.766 60 4.81~4.
90 

1.526 4.11~4.21 

SY+3%Al 30 2.06~2.13 1.757 70 5.92~6.
02 

1.449 4.28~4.73 

 
    The regularity is clear that the output power order of these three formulas is SY+3%Al＞SY+2%MoS2

＞SY+1% shellac. It agrees with previous results. Moreover, the bigger the density of base charge is, the 
greater the output power. 

 
 
 



 
 

Table 4 Test results of 120 mg formula under stratified charge 
Bottom charge Upper charge  

 
Formula Bottom 

charge 
/mg Height 

/mm 
Density 
/g·cm-3

Upper 
charge

/mg Height
/mm 

Density 
/g·cm-3

Punched hole 
diameter 

/mm 

60 4.45~4.53 1.675 60 4.98~5.
06 

1.498 4.05~4.20 

50 3.68~3.75 1.689 70 5.95~6.
02 

1.463 4.62~4.69 

40 2.81~2.86 1.738 80 6.84~7.
00 

1.438 4.69~4.76 

SY+1% 
Shellac 

30 2.04~2.12 1.760 90 7.77~7.
87 

1.425 4.70~4.79 

60 4.30~4.38 1.706 60 4.85~4.
94 

1.537 4.89~5.14 

50 3.62~3.63 1.715 70 5.62~5.
72 

1.525 4.32~4.65 

40 2.81~2.98 1.767 80 6.43~6.
58 

1.511 4.52~4.71 

30 2.02~2.09 1.789 90 7.47~7.
50 

1.495 4.96~5.17 

SY+2% 
MoS2

20 1.37~1.38 1.812 100 8.39~8.
45 

1.472 4.86~5.06 

60 4.45~4.54 1.674 60 4.68~4.
76 

1.569 4.56~4.82 

50 3.57~3.67 1.700 70 5.84~5.
92 

1.472 5.16~5.33 

40 2.85~2.93 1.742 80 6.85~6.
92 

1.438 4.48~4.56 

30 2.06~2.19 1.757 90 7.64~7.
88 

1.420 4.65~4.86 

SY+3%Al 

20 1.38~1.52 1.802 100 8.81~8.
86 

1.403 5.13~5.26 

     
3.3 Matching test  

Inserting the Nonel tube into the igniting element and crimping it via special tool, 140mg SY+2% MoS2 
is charged in thin DDT aluminum shell and fixed in fixture with 502 glue. The two parts are placed on the 
power test apparatus coaxially aligned. They are excited remotely for 20 fires. The output power of the 
ignition-DDT system was assessed through the exploded hole in 4mm lead plate.  

The real measured hole is 5.50mm in diameter and the standard deviation is 0.245mm. The detonation 
output meets the requirement for power output entirely.   
4 Sensitivity performance test 
4.1 5S Explosion point test 

Experiment condition: flat-bottom aluminum detonator shell, each charge: 10.0mg. 



Instrumentation: FCY-1A explosion point tester（XinTai Advanced technique Instrument Co. Ltd） 
Tested results are listed in Table 5. 

Table 5  5s Explosion point data of SY series formula 
Formula Pure SY SY+1% Shellac SY+2% MoS2 SY+3% Al 

Explosion Point/℃ 360 368 341 333 
It can be concluded from the data of explosion point that, after adding external component to SY, the 

higher sensitivity to thermal, the more powerful its output is. This implies that the rate of exploding reaction 
will be faster when the explosion point trends to lower. 

In addition, the explosion point of SY is higher than HMX, RDX, Tetryl and PETN. That is, the SY has 
low thermal sensitivity than these conventional explosives. Thus SY has some better advantages in some 
applications, such as being used as the heat-resisting explosive. 

3.2 Impact sensitivity test 

Test instrument: Kast dropped hammer apparatus. 
Test condition: 10kg hammer, 1cm step, measure the 50% firing height and standard deviation.  
Tested results are listed in Table 6. 

Table 6  Impact sensitivity of SY series formula 
formula 50﹪ firing height

/ cm 
Standard Deviation

/ cm 
Safety height

/ cm 
Firing height 

/ cm 
SY+1% Shellac 13.643 3.481 2.887 24.399 
SY+2%MoS2 18.100 2.595 10.081 26.119 

SY+3%Al 7.233 1.228 3.438 11.028 
PETN 4.433 0.580 2.641 6.225 

It can be seen from Table 6, the impact sensitivity of materials made from modified SY has the 
following sequence at the same experiment condition: SY+3%Al> SY+1% shellac> SY+2%MoS2. And the 
impact sensitivity of these three materials is much lower than that of PETN. The impact sensitivity has been 
increased significantly when adding Al powder. The possible reason for the increase of impact sensitivity is 
that Al powder makes the material more sticky and heat accumulates more easily at the moment of sample is 
forced. The layered structure and easily sliding property of MoS2 reduce the friction between material 
particles and make the formation of heat spots harder, so the impact sensitivity reduced. 

4.3Friction sensitivity test  

The friction sensitivity was test according to the method 602.1 in GJB772A-97, hammer weight is 
1.5kg, explosive material weight is 20mg, the measured results are listed in Table 7. 

Table 7  Friction sensitivity of SY series formula 
Formula Gage pressure/MPa Oscillation angle 

 /° 
Percent of exploded/% 

SY+1% Shellac 
SY+2%MoS2

SY+3%Al 

2.06 
2.06 
1.05 

75 
75 
65 

58 
28 
96 

Seen from Table 7, the friction sensitivity order from high to low of three materials is: SY+3%Al 
powder> SY+1% shellac> SY+2%MoS2, which approves again the correctness of impact sensitivity data 
analysis. 

4.4 Flame sensitivity test  

Test method: 20mg material is charged in a Nickel-Copper cap(Фinner=4.72mm，Фouter=5.58mm，



h=4.40mm) by 20MPa. Place it at the glass tube 2cm from the bottom, then ignite it at certain height with  
10.0cm～11.0cm long safety fuse. Take 1cm step, measure the characteristic height when 50% fired. The 
measured data and compared data of some typical materials are listed in Table 8. 

Table 8  Flame sensitivity of SY series formula and reference formula 
Formula SY+1% 

Shellac 
SY+2%M

oS2

SY+3%Al LA NHN Zr/ Pb3O4 
(25/75) 

LTNR NHA 

H50/cm 5.83 6.36 8.71 12.06 20.32 22.83 32.59 46.27 
NHN: Nickel Hydrazine Nitrite    NHA: Nickel Hydrazine Azide 
Seen from Table 8, the friction sensitivity order from high to low of the tested materials is：SY+3%Al 

powder>SY+2%MoS2>SY+1% shellac, which is consistent with the order of heat sensitivity. Relatively, the 
flame sensitivity of SY is very low. 

4.5 Electrostatic spark sensitivity test  

Model 3 JGY-50 Electrostatic sensor (manufactured by China No.213 Institute）is used to test the 
Electrostatic sensitivity. The test condition is: 10000 pF capacitance, no series resistance, the space is 
0.12mm and 0.25mm, 20mg materials, 30 fires in each group. The testing result is that the number of fired 
is zero at 25kV.  The results show that the electrostatic sensitivity is very low and reach the level of 
conventional explosives. 

5 Conclusions 
For the separated ignition-DDT booster , the following comments can be concluded from systematic 

experimental study: 
(1) The small size DDT set and enough output power can be realized through simple charge structure 

and common ignition method by coating SY with certain materials. 
(2) Preliminary verification tests confirmed that the design of separation between ignition and 

explosion component is successful. 
(3) Low sensitivity of coated SY can be ignited reliably by 60mg B/KNO3 igniter. 
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ABSTRACT  
 
The use of printing as a manufacturing method for pyrotechnic delays could reduce manufacturing time and 
potentially costs, making the investigation of printable pyrotechnics an area of great interest.  Research has 
been carried out using current pyrotechnic delay materials that includes red lead and silicon. Because of the 
opportunities offered by the printing process, studies have included the investigation of surface roughness, 
mixing and particle size effects on the reliability of ignition and burn rate. In order to understand the ignition 
and burn process, the prints have been characterised using interferometry and energy dispersive X-ray 
spectroscopy coupled with a simple thermal model.  This work has demonstrated the need for a critical ink 
film thickness to achieve a sustainable burn and that surface roughness which does not reduce the ink film 
thickness below the critical value does not affect self sustainability. 
 
INTRODUCTION 
 
Pyrotechnic delays are a key element in controlling the explosions in mining operations, they are 
instrumental in achieving desired rock fragmentation.  Traditionally delays are produced through a powder 
processing route in which the delay compositions in this case comprising silicon and red lead [1] are 
compacted into cylinders to be assembled to form a pyrotechnic delay.  Considerable benefit may be gained 
by developing a delay that could be manufactured by printing.  During the last decade inks have been 
formulated to incorporate functional materials for a diversity of applications such as metals (for conducting 
tracks) and polymers (for electronic devices/displays).  These may be deposited using traditional and 
emerging wet deposition technologies in a patterned format with no further processing requirements.  The 
possibility of extending this to include pyrotechnic materials is interesting and there are a number of 
candidate materials that may be explored for this purpose.  In this work, silicon and red lead compositions 
were formulated into an ink and the pyrotechnical properties of a dry printed line explored. A full factorial 
experimental array that contained different particle sizes, resins, solvents, and variations in concentration 
revealed a number of formulations that are partly or fully self sustaining. These were developed to increase 
their printability while ensuring their ignition reliability. White light interferometry (WLIF) was used to 
characterise the printed line geometry, including surface roughness.  A scanning electron microscope with 
energy dispersive X-ray (SEM-EDX) was used to investigate mixture quality and any potential 
agglomeration.  This information was then incorporated into two basic thermal models to explore the relative 
importance of energy transfer on the sustainability of burn in the delay.  
 
Methodology 
 
The assumption that is embodied within this work which is part of a programme of work on pyrotechnic 
delay is that line geometry and uniformity of composition will influence burn sustainability.  Line geometry 
includes the overall dimensions of width and thickness as well as the parameters of surface and edge 
roughness that will be explained below.  This leads to the notion of a Critical Ink Film Thickness (CIFT) and 
roughness.  The Ink Film Thickness (IFT) and roughness concepts are highlighted in Figure 1.  This displays 
a section of the printed line captured using WLIF.  The basic geometric parameters of width and height are 
self explanatory as is the top surface roughness.  The width-wise roughness is represented as a ragged edge 
to the line and this may also be quantified using roughness parameters. 
 
Pyrotechnic inks were made with two different particle sizes having median diameter of 2µm and 3µm, 
named ink a and ink b respectively.  The powder blend was formulated into an ink by mixing with a base 
(i.e. a blend of carrier fluids) and appropriate formulations which were discovered through a full factorial 
experimental programme.   The ink was formed in small quantities using a manual mixing method yielding a 
high viscosity ink that can be screen printed.   Three lines were printed 2, 1.0, and 0.5mm wide with four 
different screens, 32-100e, 32-100, 43-70 and 48-70.  The designation denotes the mesh weave that is used to 
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make the screen as this controls the film thickness and surface roughness/waviness of the printed line.  The 
corresponding theoretical wet film thicknesses are 122.1, 72.1, 53, and 45.1µm respectively [2].  The lines 
were printed onto Olaro 2 Gloss 170 grammes per square metre paper substrate and on drying, each print was 
then measured using WLIF to determine the geometric parameters.  Multiple scans were recorded and error 
analysis was carried out in order to determine how many prints, and scans were required. Conducting the 
measurements to establish statistical robustness showed that three prints of each width were required that had 
to be scanned at ten equally spaced places along the length of the 100mm print. This gave 72 prints and a 
total of 720 WLIF scans that were analysed automatically using software developed specifically for this 
purpose.  
 

 
Figure 1: WLIF Image of a 2mm Wide Line 

 
 
After the WLIF analysis had been carried out the prints were tested for reliability of ignition.  This was done 
by exposing an end of the printed line to a naked hot flame provided by a mini blowtorch. Reliability was 
graded qualitatively in four ways, no ignition, hard to ignite, intermittent sustainability, and complete 
ignition with self sustainability. This information was also be used to determine the region in which the IFT 
becomes the CIFT, which is of great importance for future work. 
 
Results and Discussion 
 
Line Section 
 
Within this investigation, the ignition and self sustainability of the prints has been investigated.  The ignition 
testing results with IFT are shown in Figure 2.  The prints are designated 1a, 1b, etc representing three print 
repetitions for ink a and ink b .  The numerical ‘1’ represents the 1mm wide line, ‘2’ the 2mm wide line and 
‘5’ the 0.5mm wide line.  In all cases, ignition was achieved, but complete burn could only be achieved 
under limited circumstances. 
 
The results in Figure 2 can be averaged to establish the IFT that delivers different levels of reliability, this is 
shown in Figure 3 and the concept of reliability is where a print once ignited burns until all of the 
pyrotechnic ink has combusted. The terminology N/A in Figure 3 denotes that that specific print did not have 
that type of result, therefore there is no average for that width of print. 
 

As can be seen from the results, the IFT is lower for the 2mm print than either the 1 or 0.5mm prints. This 
suggests that there is some slumping of the ink on the wider lines as the substrate is relatively impermeable.  
The results in the figure also suggest that there is no clear and consistent pattern concerning burn of the 
printed line.  For example when comparing the result for the 32-100e screen, print 2b for ink b, for which the 
average IFT is 68µm which is not self sustaining against the result for screen 43-70, print 2b and ink b for 
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which the average IFT is 57.96µm which is self sustaining. This shows that there are additional parameters 
which surround the substrate, print, ink, and testing environment which alter the reliability to an extent where 
a reliable prediction cannot be given. Thus other parameters require consideration and roughness will be 
considered below. 
 
 

  Complete Burn
  Intermediate Burn
  Hard to Ignite not S.S.
  No Ignition not S.S.

Results Key 

Average IFT µm

Print Screen
32-100e 32-100 43-70 48-70

a 

1a 89.86 74.64 64.43 55.53 
1b 88.20 71.49 64.05 55.96 
1c 86.55 72.18 61.28 53.45 
2a 66.79 70.14 66.24 54.71 
2b 70.16 70.34 65.65 58.38 
2c 73.41 68.64 67.69 59.13 
5a    115.69 54.34 59.32 54.0 
5b 115.53 76.33     63.26 55.37 
5c 108.25 71.50 66.67 52.93 

b 

1a 81.93 66.59 56.92 51.62 
1b 81.29 67.63 56.01 51.43 
1c 83.12 70.07 54.12 52.95 
2a 69.92 70.72 59.18 57.11 
2b 68.01 74.34 57.96 52.87 
2c 70.16 71.77 59.86 56.55 
5a 110.75 66.91 55.25 50.20 
5b 79.93 68.22 54.03 47.38 
5c 112.15 63.28 51.09 47.61 

 
Figure 2: IFT and Ignition Results 

  1mm Ink a 1mm Ink b 2mm Ink a  2mm Ink b .5mm Ink a .5mm Ink b 
Average Complete Burn 71.8342 74.781 69.304 67.7201 N/A N/A

Average Intermediate Burn 63.9845 59.4554 61.2303 58.8831 60.6887 59.6598
Average Hard to Ignite Burn 74.8048 65.3718 N/A N/A 84.2502 68.7483

 
Figure 3: Summarised IFT and Reliability Results 

Overall, these results suggest that ink b is a more reliable in achieving a self sustaining burn and that there is 
some suggestion of a sweet zone for lines that are 2mm wide. 
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Surface Roughness 
 
The surface roughness data (Ra) has been collated and averaged and this is itemised in Figure 4 and it is 
interesting to note that there is no direct correlation between screen ruling and surface roughness.  Also 
visual inspection shows a clear pattern that reflects the screen mesh, typified by the image in Figure 1.  This 
may be considered as a low frequency roughness or waviness and its impact on burn sustainability will be 
explored through a thermal model that will be described below. 
 
 

Screen  

Surface Roughness   
Ink a

Average µm 1a 1b 1c 2a 2b 2c 5a 5b 5c
32-100 e 7.81 9.11 6.36 5.13 5.95 5.82 8.96 8.28 7.23 7.18 
32-100 8.41 6.97 7.25 6.91 5.99 6.05 5.99 7.25 6.89 6.86 
43-70 8.79 8.01 7.30 7.56 5.79 6.13 5.75 7.75 8.52 7.29 
48-70 7.79 7.37 6.21 8.11 7.35 6.30 6.58 6.69 6.27 6.96 
  Ink b   
32-100 e 8.44 9.00 9.15 9.67 9.51 9.25 8.49 8.19 7.82 8.84 
32-100 6.78 6.70 6.93 7.13 7.47 7.12 6.27 6.09 4.84 6.59 
43-70 5.23 5.06 5.16 5.22 5.12 5.45 4.96 4.48 4.57 5.03 
48-70 5.55 5.02 5.28 5.49 5.25 5.54 5.73 4.46 4.49 5.20 

 
Figure 4: Surface Roughness Data 

 
Once the surface roughness is averaged for its ignition properties it reveals that this is not a factor in ignition 
or self sustainability and this is shown Figure 5; 
 

Surface Roughness
 Ink a Ink b

Hard 7.35 6.20
Complete 6.45 7.35
Intermitent 7.23 5.98

 
Figure 5: Average Surface Roughness (Ra) and its Impact on Burn  

 
The table above shows there is no correlation between surface roughness, reliability of ignition and self 
sustainability. Complete burn has a surface roughness of 6.45µm for Ink a and 7.35µm for Ink b, in order of 
reliability hard, intermediate, and complete reveals no trend with respect to surface roughness.  
 
Mixing and Agglomeration 
  
It is likely that the intimacy of the fuel and oxidiser directly affects the ease of ignition and self sustainability 
of burn, due to the printed delay containing far less material than the traditional pressed powder assemblies.  
It is important to have powder mixture within the ink which consists of both fuel and oxidiser distributed 
uniformly. Investigating agglomeration of particles within the printed line will reveal the consistency of the 
mixing method and therefore whether the method of mixing requires improvement. The current mixing 
method involves preparing a base by ultrasonic mixing and adding particulate and mixing manually using a 
spatula. This analysis was carried out on the ink containing smaller particles – Ink b.  
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Agglomeration has been investigated using SEM-EDX in many other areas of research [3]. Whilst EDX is 
not the most accurate method of determining material concentration it does allow the location of the material 
to be determined and hence how the materials are distributed.  

A small section of a print was analysed using an EDX capability. Spectra were gathered at three locations in 
the sample revealing local elemental components. The image of a sample is shown in Figure 6. 
 

 
 

Figure 6: SEM Image in a Print Section 
 
As can be seen there is a wide range in particle size and such large changes could alter the burn rate.  
However as the print width is approximately 1000 times the particle size any variation in burn rate on a 
micro level will average out over the full width of the print. Figure7 shows a typical local spectrum at point 1 
in Figure 6.  Spectra at other locations showed similar peaks that occurred to depict the presence of silicon, 
lead, and oxygen. 
 
This shows that the silicon and red lead are mixed homgeneously. Whilst this shows that the mixing method 
is efficient the SEM images also show that the milling method for particle reduction is not producing a 
perfectly consistent particle size.  Thus any inconsistency of ignition and burn can not be attributed to poor 
ink preparation, but may be influenced by particle size and its consistency.  
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Figure 7 The Spectrum at Location 1 in Figure 6 

 
 

Thermal Model 
 
Surface waviness was noted in the WLIF images when line geometry was considered in a preceding section.  
This can lead to differences in heat exchange that can also have an impact on ignition.  Evidence on this 
point was gathered through observation of ignition on different substrates, from highly conducting metals 
through to insulating plastics.  Thus a thermal model was built to explore the energy transfer mechanisms 
that could be present in the combined ink film and substrate system. 
 
The thermal model was made using the data from the WLIF on surface roughness and print width variation. 
A finite element analysis (FEA) [4] based on 2 and 3D co-ordinate geometry was used to make 2 and 3D 
thermal models. Element size can be reduced to increase the accuracy of the model. The material properties 
(density, specific heat capacity, and thermal conductivity) were determined through averaging the properties 
of silicon and red lead based on their mass concentrations. The thermal model allows the heat transfer 
through the ink, substrate and surroundings to be determined. The thermal models were based on a 2mm line 
printed using Ink b, with the roughness equal to the standard deviation obtained from the WLIF analysis. 

The standard deviation of the print width and surface roughness was entered into a basic 2D thermal model, 
in order to provide an overall picture of heat transfer through the print and substrate – Figure 9. The 2D 
models were made to provide a direct visual comparison between 2 surfaces, one with a roughness and one 
without. Two dimensional models are adequate for this purpose because any steep thermal gradients are 
expected to occur over the print thickness while the temperature profile is expected to be approximately 
unchanged over the line width.  Radiation and convection boundaries were included to capture any heat loss 
and the printed line was prescribed a temperature of 850oC to represent the flame temperature.  A 
temperature of 850oC was assigned as a reference for convection and radiation exchange.  The surface 
emissivity of the print was set to 0.86304 and the convection heat transfer coefficient to 5.75 W/mK [1].  The 
substrate was assumed to be insulated on all surfaces.  A steady state analysis was run to reflect the condition 
of a steady burn rate.  The material properties assigned are shown in Figure 10. 
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Substrate 
 
 
 

         
Figure 9: Thermal Model Schematic 

 
Thermal Material Properties

  Air Paper Silicon Red Lead 
Averaged 
Properties 

Thermal Conductivity K (W/mK) 0.0257 0.05 6.962 5.045 5.745 
Specific Heat Capacity Cp (kJ/kgK) 1.005 2.9 0.71 0.13 0.3417 
Density ρ (kg/m3) 1.205 650 2330 11340 8051.35 

 
Figure 10: Thermal Model Material Properties [1], [5], [6] 

 
The geometry for the thermal model was created around the average IFT along with the standard deviation of 
the IFT as itemised in Figure 11. 
 

Average IFT 70.16
Stdev H % 12.57

Stdev H µm 8.82
 

Figure 11: Thickness Summary for the line 32-100e screen,  Ink b,  2mm wide 
 
The 2D thermal model for the surface roughness model is shown in Figure 12. 
 
The same analysis was carried out on a model with the same loadings and overall geometry but with no 
surface roughness shown in Figure 13; this allows a direct comparison in heat transfer through the print and 
substrate including the influence of roughness.  As the length of the sample is quite short, then it is not 
surprising to note that the temperature variation is relatively small.  
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Figure 12: 2D Thermal Model with Surface Roughness 
 

 
 

Figure 13: 2D Thermal Model with Zero Surface Roughness 
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When noting the scale it can be seen that there is little difference in heat transfer associated with the surface 
roughness model.  In each case, there is a flow of heat into the substrate and the gradient in the ink layer is 
also the most significant.  The thermal models have provided a reliable way to validate the conclusions from 
the experimental results, showing that at these levels the surface roughness it does not play a key role in the 
reliability and self sustainability of this printed pyrotechnic composition. 
 
 
Conclusions and Further Work 
 
CIFT 
 
Whilst an exact figure for the CIFT can not be determined due to other parameters being factors in self 
sustainability, the results show that below an approximate average of 60 µm the print is likely to only burn 
intermittantly, whereas above 70 µm the print is likely to be self sustaining, this statement holds true 
principally for 2mm wide lines under the current conditions of testing. This gives a window in which the 
delay is likely to be self sustaining. 
 
The relationship between CIFT and print width is an area for further investigation, determining a direct 
relationship between the two would be very useful for both concept design and printing method to be 
improved. 
 
Surface Roughness 
 
Surface roughness results and thermal models showed that when the standard deviation of the roughness 
does not reduce the IFT below that of the CIFT the reliability and self sustainability of the prints are not 
affected. The thermal model allows a further insight into the affects of surface roughness on heat transfer and 
therefore ignition through a pyrotechnic print. 
 
The next steps for this work are aimed more at the thermal model than experimental research. It will be 
beneficial to design a thermal model that was time dependent, this would allow self sustainability, burn rate, 
CIFT, and substrates to be investigated analytically, which would allow areas for experimental research to be 
narrowed down. With experimental results being inputed into the thermal model it will be possible to 
determine burn rate through modifying the materials.  In turn this will allow for fast modifications to be 
made to the manufacturing process to better suit the final customers needs of printed pyrotechnic delays. 
 
Mixing 
 
The SEM-EDX results showed that the the printed line consist of both silicon and red lead dispersed in a 
uniform manner, showing that the mixing method is efficient for this quantity of ink manufacture. As the 
manufacturing volume increases other mixing methods will be investigated, in order to determine mixing 
quality. Along with increase in manufacturing volume it is likely that the particle size will be investigated 
further, the relationship between agglomeration and particle size has not yet been investigated, this is an area 
for research if the formulation is altered. 
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ABSTRACT 
 
De nombreux dispositifs d’emport et d’éjection de charges emportées sous avions d’armes 
fonctionnent avec les impulseurs pyrotechniques  F71B. Ces artifices electropyrotechniques sont 
des générateurs de gaz qui communiquent à la charge, par l’intermédiaire de deux pistons, une 
vitesse verticale initiale suffisante pour assurer une séparation en toute sécurité et délivrer les 
performances qui garantiront la réussite de la mission. 
 
L’évolution des conditions d’ambiances en utilisation opérationnelle (notamment les 
environnements électromagnétiques) combinée à la nécessité d’alléger la maintenance des 
systèmes d’emport ont conduit naturellement  la DGA à spécifier son besoin pour un impulseur 
d’une nouvelle génération.  Le développement, l’industrialisation et la fourniture de l’impulseur 
d’éjection de charge modèle F2000 ont été confiés aux sociétés DASSAULT AVIATION et DAVEY 
BICKFORD responsables respectivement des travaux de développement et de qualification pour le 
premier et de l’industrialisation et de la fabrication série pour le second, sous l’égide de la DGA. 
 
La campagne d’essais de qualification vient de démontrer que l’impulseur F2000 est 
interchangeable avec l’impulseur F71B et garantie des performances équivalentes dans les 
systèmes en service dans les armées françaises de l’Air et la Marine. Il apporte surtout de 
nouvelles fonctionnalités et offre de réelles améliorations : 

- protection aux ambiances électromagnétiques de niveau sévère (classe bleu) ; 
- propreté des systèmes utilisateurs en usage soutenue (100 tirs consécutifs) ou ponctuel (tir 

mensuel sans nettoyage) ; 
- facilité de maintenance, notamment pour les opérations de démontage après tir ; 
- standardisation OTAN. 

 
 

1. INTRODUCTION 
 
De nombreux dispositifs d’emport et d’éjection de charges emportées sous avions d’armes 
fonctionnent avec les impulseurs pyrotechniques  F71B. Ils réalisent ainsi la séparation en vol 
d’emports de natures très diverses, tels que bombes, missiles, réservoir, nacelles, etc.. 



Les impulseurs sont des générateurs de gaz qui communiquent à la charge, par l’intermédiaire de deux 
pistons, une vitesse verticale initiale suffisante pour assurer une séparation en toute sécurité et délivrer 
les performances qui garantiront la réussite de la mission. 
 

 
Ejecteur 

 
 

  
Impulseur F71B  

 
 
L’évolution des conditions d’ambiances en utilisation opérationnelle (notamment les environnements 
électromagnétiques) combinés à la nécessité d’alléger la maintenance des systèmes d’emport justifient 
le besoin de disposer d’un impulseur d’une nouvelle génération. 
 
C’est sous l’égide de la DGA que les sociétés DASSAULT AVIATION et DAVEY BICKFORD se 
sont vues confiées le développement, l’industrialisation et la fourniture d’un nouvel impulseur 
d’éjection de charge qui doit répondre aux exigences de moindre pollution et de durcissement à la 
vulnérabilité électromagnétique, à iso performances et interchangeabilité avec l’impulseur F71B. 
 
 
2. DEVELOPPEMENT DE L’IMPULSEUR NOUVELLE GENERATION F2000  
 
L’impulseur F2000 est conçu pour répondre aux standards OTAN suivants : 
 

• STANAG 3556 ed5 (impulseurs de charges emportées sous aéronefs) 
• STANAG 3575 (éjecteurs de charges emportées par aéronef) 

 
Il contient un filtre électronique placé dans le culot, entre le picot du bouchon de mise à feu électrique 
et l’amorce. 
 

 
Impulseur F2000 

Charges utiles 



 
Le filtre atténue les courants induits par les environnements radio/radar et rend l’impulseur compatible 
avec les environnements sévère de classe bleue tel que défini dans les normes GAM DRAM 01 et 02. 

 

 
 

Atténuation fonction de la fréquence 
 

La chaîne pyrotechnique du F2000 diffère de celle du F71B pour répondre aux exigences de moindre 
pollution tout en s’intégrant dans un volume réduit par la présence du filtre électromagnétique. 
 
L’impulseur F2000 répond à l’exigence d’interopérabilité avec l’impulseur F71B en matière de 
performances, de domaine d’utilisation et de conduite de tirs. 
 
Le choix approprié des substances mises en œuvre dans la chaîne pyrotechnique (par ailleurs 
compatibles avec la Directive 17500) a amené des avancées en terme de maîtrise des performances 
pyrotechniques et contribuent directement à la « propreté d’ensemble » de l’impulseur F2000. 
 
Le choix des matériaux utilisés pour le corps et le culot ont permis de renforcer la tenue mécanique de 
l’impulseur après tir et de rendre aisées les opérations d’extraction après fonctionnement (ci-dessous). 
  

 
Après tir 

 
 
3. QUALIFICATION DE L’IMPULSEUR F2000 
 
Le processus de qualification de la définition proposée par les Industriels est réalisé dans les centres 
d’essais de la DGA sous contrôle des services officiels. 
 
 
3.1. QUALIFICATION DRAM BLEUE (SUIVANT GAM DRAM 01 ET 02) 
 
La robustesse de l’impulseur exposé à des environnements électromagnétique sévères de type 
radio/radar, électrostatique et foudre a été démontrée expérimentalement par le CTSN (DGA) à 
Toulon. 
 



Les essais ont permis de conclure à l’absence de risque de mise à feu intempestive des impulseurs 
F2000 dans toutes les configurations d’emploi (en emballage, nu, dans le porte impulseur), pour toutes 
les phases de mise en œuvre (stockage, transport, mise en œuvre et à poste) et pour tous les aéronefs. 
 
 
3.2. QUALIFICATION DES PERFORMANCES D’EJECTION 
 
Le programme de qualification de l’impulseur F2000 comporte des tirs comparatifs F71B / F2000 
dans différents éjecteurs pour justifier l’équivalence des performances tant sur le plan de la vitesse 
d’éjection de la charge que sur le plan des efforts transmis vers l’avion. 
 
Les campagnes d’essais au sol et en vol étaient menées par DGA/Essais en vol (Cazaux) avec ses 
moyens propres (portiques, éjecteurs, avions, acquisition). Les essais se sont déroulés en trois phases : 
 
Essais sol : 87 tirs comparatifs au portique PPL en température froide (-55°C), réalisés avec 6 
éjecteurs (Alkan et Rafaut) en condition grand froid (-56°C) ont permis de démontrer l’équivalence 
des performances des impulseurs F71B et F2000. Pour assurer une meilleure représentativité des 
conditions d’essais, DGA/TT a conçu une enceinte climatique couvrant l’ensemble du portique équipé 
de l’éjecteur et de sa charge. 
 

 
 

Comparaison des vitesses d’éjection F71B / F2000 sur éjecteur 1405 
 
Vols d’emport : 3 vols d’emport sous M2000 ont permis d’éprouver les impulseurs en vieillissement 
(vol longue durée 4h), en cycle de variation de pression, de vibration et de température (évolutions 
alternatives entre 500 et  45000 fts) et en tenue aux facteurs de charges sous fortes variations. 
 
Vols de séparation : 4 vols de séparation sous M2000 (tirs comparatifs F71B/ F2000) mettant en 
œuvre des moyens de radar de trajectographie, de topographie des impacts de munition, de télémesure 
paramètres et vidéo et un avion accompagnateur pour visualisations en temps réel des largages ont 
confirmé les résultats des tirs aux portiques. 
 
 
3.3 QUALIFICATION « IMPULSEUR PROPRE » 
 
L’impulseur F2000 génère beaucoup moins de résidus solides que son prédécesseur (le F71B). La 
DGA /Essais en vol (Cazaux) a démontré expérimentalement que les performances d’éjection au 
portique n’étaient pas dégradées par 100 tirs consécutifs sans nettoyage et par 2 tirs à un mois 
d’intervalle sans nettoyage. 
 
C’est donc une vraie avancée vers une pyrotechnie « propre » et capable d’une maintenance très 
allégée des systèmes d’emport. 
 



 
3.4. QUALIFICATION DES EMBALLAGES 
 
L’impulseur F2000 bénéficie d’emballages spécifiques pour le groupement (240 impulseurs) et le 
transfert (10 impulseurs) conformes aux exigences d’embarquabilité IG 9240 du porte avion Charles 
de Gaulle. 
 

  
 Emballage de groupement (240 imp.) Emballage de transfert (10 imp.) 

 
Une campagne d’essais réalisée à DGA/TT (Bourges) a permis de démontrer par essais (avec épreuve 
de brasier) le classement 1.4S au stockage et au transport. 
 
 
4. CONCLUSION 
 
Les travaux de développement puis de qualification du F2000 montrent qu’il est possible de durcir les 
artifices electropyrotechniques existants vis-à-vis des ambiances EM sévères (type porte avion) en 
intégrant un dispositif électronique adapté. 
 
Couplé à une chaîne pyrotechnique et à des choix de matériaux particuliers, l’impulseur acquiert par 
ailleurs une capacité de non pollution et permet d’envisager un allégement très notable de la 
maintenance des éjecteurs en service. 
 
Malgré des contraintes fortes, la définition proposée par Dassault Aviation et Davey Bickford et 
éprouvée en qualification a montré de bonnes qualités d’adaptation à la diversité des matériels en 
service en garantissant des performances d’éjection au moins équivalentes à celles obtenues avec 
l’impulseur historique F71B. 
 
La conception de l’impulseur qui répond aux exigences du STANAG 3556 et 3575 permet également 
d’envisager une large utilisation de l’impulseur dans les Forces de l’OTAN. 
 
 
 
 
LEXIQUE DES ABREVIATIONS 
 
CTSN : Centre Technique des Systèmes Navals 
DGA : Direction Générale de l’Armement 
DGA/TT : DGA / Techniques Terrestres 
DRAM : Dommages des Rayonnements sur les Armes et Munitions 
STANAG  : STANdardization AGreement 
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ABSTRACT  

Multi-Point Initiation (MPI) is a well-known method to achieve various objectives including switching an EFP 
(Explosively Formed Projectile) warhead between two modes: EFP projectile vs. fragments. These MPI systems are 
commonly realized by numerous small high voltage EFIs (Exploding Foil Initiators) with the disadvantage of 
increased complexity and therefore costs. In this paper, a novel High Explosive Pellet (HEP) method will be 
presented. The HEP method works – like a conventional MPI system - with numerous initiation sources, causing 
detonation wavelets which interact and thus lead to rather localized stress concentrations. The most interesting aspect 
of the HEP method is that its functionality can be “switched on and off” thus making a warhead switchable. 
 
 
 
1. INTRODUCTION 

More and more asymmetric conflicts, often within urban terrains (MOUT: Military Operations in Urban 
Terrain), require munitions that are not only highly precise in deployment, but also highly flexible in 
performance. Today’s warheads do not exhibit this flexibility, which limits the types of engagements in which 
they can be deployed. In the last decade, TDW expended great effort in researching new warhead technologies 
attempting to increase flexibility. In a former paper, included in the 20th Symposium on Ballistics [1], TDW 
presented the very first ideas to meet these challenges. In the meantime, further progress has been achieved 
leading to a new warhead concept: the Switchable Modes Warhead (SMW), described in this paper. 

Controlled fragmentation of metal casings [2] is one possibility to make a warhead’s performance tuneable 
as proposed in [1]. In the present study, controlled fragmentation also plays an important role, but this time a 
novel technology is applied that allows a warhead to be switched between two performance modes. This feature 
is implemented through a Multi-Point Initiation (MPI) system. MPI is a well-known method to achieve various 
objectives including switching an EFP warhead between two modes: a conventional EFP projectile mode with a 
single-point initiation versus a fragmentation mode using a distributed MPI pattern. 

These MPI systems are usually associated with numerous small high voltage Exploding Foil Initiators 
(EFIs), which have the disadvantage of increased complexity and cost. The technique presented here is novel 
and is not as complex or costly. 



2. DESCRIPTION OF THE HIGH EXPLOSIVE PELLET (HEP) METHOD 

2.1 Theoretical Aspects / DotMask Simulations 

The novel MPI technology is based on a plastic disc with a pattern of integrated high explosive pellets 
(HEPs) as demonstrated in the sketch in Figure 1. The pattern of the HEPs determines the generated pattern of 
controlled fragmentation. The presented example shows a 9-fold fragment pattern. The function of this HEP 
pattern is as follows: 

The charge is initiated by a booster at the left side. A detonation front propagates through the charge which 
arrives at the HEP disc. As the detonation wave passes through the HEPs, it is transitioned into a slower 
travelling shock wave (DST) due to the plastic disc. The plastic disc must be thick enough to sufficiently retard 
the shock wave compared to the faster running detonation wave. In this way, numerous MPI detonation wavelets 
are initiated and emanate from the disc propagating towards the right hand side. Depending on their propagation 
paths, they will interact according to their individual running distances; two paths are indicated in Figure 1. The 
interacting detonation pressures are thus significantly increased (several tens of kbars) in very localized and 
narrow areas. 

 

 
Figure 1. Sketch of a charge with implemented MPI system (9-fold initiation). 

 
An example of a charge with a 9-fold pellet disc is demonstrated in Figure 2. The simulated localized 

pressure concentrations are shown on the right side of the figure. The software DotMask was used for the 
simulations. It was especially developed [3] to theoretically describe the wave interaction and stress 
concentration process. DotMask is also suitable for designing HEP discs and HEP hollow cylinders (as shown 
later) for axial and radial applications.  
 

       
 

Figure 2. Charge with a 9-fold HEP disc (left) and simulated stress concentration pattern (right). 
 

 
 



2.2  Proof of Principle by Trials 

To demonstrate the feasibility of this HEP method, both static and dynamic trials were performed.  
 

STATIC TRIALS 
 

Figure 3 describes the proof of principle by static trails in which the charge is detonated on top of a steel 
witness plate. In principle, when the detonation pressure from the charge arrives at the witness plate, localized 
stresses will act on the plate fracturing it into the pattern generated by the HEPs. Figure 3(a) shows the test setup 
for a static trial. A quadratic plastic disc (b) with a hexagonal HEP pattern is integrated into the charge. A mild 
steel witness plate (indicated in blue (a)) was placed under the charge.  Prior to the test, DotMask simulations 
were preformed. The resulting hexagonal stress structure is represented in (c). Results of the test are shown in 
(d). The steel witness plate is fractured into the hexagonal pattern of the HEPs, and there is a good agreement 
between the simulated and the experimentally achieved stress pattern. 
 

 

 

 

 

 
(a) (b) (c) (d) 

Figure 3. Proof of principle by a static trial with a hexagonal HEP pattern and a steel witness plate. (a) Sketch of the static trail: 
charge with a hexagonal HEP disc placed on top of a steel witness plate. (b) Sketch of the hexagonal HEP disc. (c) Simulated 
stress concentration pattern. (d) Post test: Steel witness plate showing the fragmentation pattern. Simulated results (red) are 

superimposed. 
 
DYNAMIC TRIALS 

 
In addition to the static trials, dynamic tests with charge designs similar to Figure 1, were also conducted. 

Charges with a 7-fold pellet disc were used. For these tests, the charge was detonated and the resulting 
fragments were accelerated through a test chamber. X-rays were used to capture the fragments during flight, and 
a 4 mm thick steel panel was placed down range as a witness. 

Figure 4 shows the pre-test DotMask simulations of the stress structure, and the test results. The results 
show that the mild steel plate was fragmented into six (slower) ring fragments and one (faster) middle fragment 
due to the stress raiser pattern. These fragments can be seen in the x-ray picture (middle) before they perforate 
the witness panel (right). It should be noted that effort was made to understand the fragmentation process 
through the support of numerical simulations while improving the Johnson Cook spallation model [4]. 

 

    
Figure 4. Proof of principle by a dynamic trial with a 7-fold HEP pattern. DotMask simulation on the left, x-ray picture of 

the controlled fragments (middle) and perforated steel witness panel (right). 
 



3. HEP-METHOD APPLICATION FOR WARHEADS 

One possible axial application was shown in Figures 2 and 4. A metal plate or the disc-shaped liner of an 
EFP charge is fragmented in a controlled pattern predetermined by a HEP disc. Even more interesting is the 
radial application of HEPs. In previous work [2], an internal liner with a diamond-shaped network of notches 
was introduced to achieve the controlled fragmentation of a metal casing. The use of a liner is extended to HEPs 
in order to achieve radial application. 

Analogous to the axial HEP disc of Figure 2, a HEP hollow cylinder is integrated into a standard cylindrical 
blast / fragment charge. If the point of initiation is shifted from the standard front side to the middle of the HE 
charge, the detonation front is forced through the pellet structure and thus evokes numerous detonation wavelets 
after the passage through the HEP cylinder. The DotMask software is again used to simulate the radial stress 
concentrations as the example with a hexagonal HEP structure in Figure 5 (left) demonstrates. The simulated 
stress pattern is projected onto a witness panel 1 m high and 2 m wide at a standoff of 2 m (Figure 5 (middle)). 
Perforation results from a test charge using such a HEP pattern are shown in Figure 5 (right). The fragments 
from the test charge perforated a 4 mm thick steel witness panel at a 2 m standoff in nearly the same pattern as 
predicted by the simulations.  

In summary, this novel HEP method proved to be an excellent alternative to the already established notched 
liner method [2]. The big advantage of this new concept is the possibility of making the fragmentation process 
switchable as demonstrated in the following section. 
 

     
Figure 5. Application of the HEP technology on a radial blast / fragment warhead. 

 

4. SWITCHABLE MODES WARHEADS 

The most interesting aspect of the HEP-method is that its functionality can be “switched on” or “switched 
off” in a rather simple way by either activating or not activating the pellets. When the pellets are not activated, 
the generation of detonation wavelets is suppressed. This opens the possibility of making a warhead switchable. 
 

4.1  Axial Switchable Warhead 

If a well known dish-shaped metal liner is used (e.g. Copper or Armco iron) in the charge shown in Figure 2 
and a second initiation train is introduced (or a moveable one), the EFP warhead is now switchable. This is 
principally sketched in Figure 6. In the EFP mode (left side), the booster is located after the HEP disc, and thus, 
the function of the pellets will not be activated. The result is an EFP projectile.  

The fragment mode (right side) can be “switched on” if we ignite the second initiation system (here simply 
sketched by a high explosive plate) which now forces the detonation front to propagate through the HEP disk 
creating the wavelet structure (indicated by dashed lines) and fragmenting the EFP liner. 



 
Figure 6. HEP technology to make an EFP charge switchable between an EFP projectile (left)  

and controlled fragments (right). 
 
 
4.2 Radial Switchable Warhead 

The same principle is also applied to a standard radial blast / fragment charge as sketched in Figure 7 (a). A 
HEP hollow cylinder, as well as a second initiation train located in the middle of the charge (for simplicity just 
sketched as booster) is added to a radial charge. If the front end explosive train is initiated (indicated by the star 
shaped symbol), a detonation wave shaper (DWS: well known from shaped charge technology and drawn here 
as a metal-plastic-sandwich) forces the detonation front to propagate around this DWS (dash-lined). The pellets 
are initiated but a wavelet structure is not generated. 

Figure 7 (a) provides a sketch of a switchable blast / fragment charge with a mild steel casing. As shown in 
Figure 7 (b), the metal casing around the charge fractures into natural fragments that perforate a 4 mm thick mild 
steel witness panel in the well-known statistical fashion. Alternatively, pre-formed fragments (PFF) (as sketched 
in Figure 7(c)) can be accelerated without breaking, as demonstrated in Figure 7 (d), which shows pre-formed 
steel fragments that were softly recovered. 

   
       (a)                   (b) 

      
(c)     (d) 

Figure 7. Switchable blast / fragment charge switched into the standard mode with either natural fragments (a,b) or 
accelerated steel PFF (c,d). 

 



If the second booster is now initiated in the middle of the charge, the detonation front is forced to propagate 
through the pellet structure (the pellets are “switched on”). This causes the emanation of numerous wavelets 
(sketched as dash-lines in Figure 8), which interact evoking stress concentrations that fracture the metal casing 
in a controlled way. Figure 8 shows the perforation pattern through a 4 mm thick mild steel witness panel. By 
comparing this result to that in Figure 7(b), it is evident that controlled fragmentation is achieved. 

A switchable blast / fragment warhead with a PFF casing was also tested (Figure 9 (left)). A HEP hollow 
cylinder with a rectangular structure was incorporated into the charge. In this case, the HEP pattern was chosen 
in such a way that the stress concentration lines laid in the middle of every PFF cutting them in half. Figure 9 
(middle) shows the stress concentration pattern, and Figure 9 (right) shows some examples of the softly 
recovered steel fragments. The initial PFFs are shown in Figure 7(d). Comparing the fragments in the two 
pictures demonstrates the ability to control the fragmentation process. 

  
 

Figure 8. Switchable blast / fragment charge in the controlled fragment mode causing controlled fragments that perforate a 
4 mm thick mild steel witness panel (right). 

    

 

 

 

  

 
Figure 9. Switchable blast / fragment charge with PFF casing switched to the controlled fragment mode with the stress 

concentration pattern (detail in the middle) and the nearly half-cut PFFs (right). 
 

PFF made out of tungsten heavy alloy (WHA) instead of steel is a veritable alternate because WHA has a 
higher density and the fragmentation behavior can be tailored relatively easily by the sintering process [6]. Steel 
was chosen for these first trials for reasons of simplicity and cost. 
 
 
 



5. SUMMARY 

A novel technology with HEPs inserted into a plastic disc (axial application) or a hollow cylinder (radial 
application) was presented. By forcing a detonation wave to propagate through this HEP pattern, numerous 
detonation wavelets are evoked, which interact with each other and cause a stress concentration pattern that acts 
on an axial liner or a radial metal casing (continuous hull or PFF) of a charge and fractures it in a controlled 
way. The HEP method is a cheap alternative MPI system compared to the much more costly method of using 
high voltage EFI detonators. The HEP technology is also a smart alternative to the notched internal liner 
introduced in [2]. The HEP method was already successfully applied in axial and radial warheads. 

By adding a second explosive train, such warheads can be made switchable. The feasibility of both warhead 
concepts - axial and radial – was successfully demonstrated by simulations and experiments. With this new HEP 
fragmentation technology, it is possible to switch future warheads between different modes: 

 
• EFP-projectile vs. controlled fragments (axial) 
• Natural fragments vs. controlled fragments (radial) 
• Big PFFs vs. PFFs cut into smaller pieces 

 
This provides the warfighter a high degree of flexibility. With this new technology for the Switchable Modes 

Warhead (SMW), the requirements of the Flexible Response Warhead (FRW) can be met which are urgently 
needed for deployment in MOUT and similar engagements. 
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ABSTRACT 
 

Pyrotechnics is a well suited technology for one shot operations when the mass and dimensions must 
be as low as possible. On one hand, the use of an energetic material makes it possible to motorize 
mechanisms with high margins compared to the resisting forces. On the other hand, when the mass and 
dimensions are important design drivers for a system, the structures and other components bound to them are 
consequently light and sensitive to shocks and vibrations. 

The former generations of pyrotechnic components were designed without enough concern of the 
mechanical shocks induced by their actuation. 

Nowadays, the management of the induced shock is part of the development activities for modern 
equipment. 

This paper describes the experiment of a new methodology for the design of pyro-actuators. A pyro-
actuator is nominally activated by a pyrotechnic cartridge but can also be actuated by a pressurized gas tank. 
Its functions are the firm hold down then the release of a bolt assembly characterized by a tension load and 
stiffness. 
 

1 SAFRAN PYROALLIANCE BACKGROUND  

1.1 Background in the Space field 
 

Pyroalliance has been established in July 1997, following the merger of two French companies, 
Pyrospace and Pyromeca, involved in pyrotechnic products. Both original facilities always exist, one in Les 
Mureaux and the other in Toulon. 

The company is a subsidiary of SME from GROUPE SAFRAN (85% of the shares) while the 
remaining shares are owned by the Swedish Company, Autoliv (10%) and the French group EADS 
ASTRIUM (5%). SME is well known and recognized in and out of France, for the manufacturing and using 
of energetic materials (high explosives, propellant, and powder) and for high technology chemistry. 

In the space field, Pyroalliance designs, develops, manufactures and delivers pyrotechnic equipment 
for launchers and spacecrafts.  
 
1) Launcher applications  

Pyroalliance is a key “series” supplier of the following European & Brazilian launcher programmes: 

• ARIANE 5, where Pyroalliance provides for every launcher : 
o all the detonating cords,  
o Through Bulkhead Initiator : IFOC,  
o Vulcain nozzle cold hydrogen burning devices : AMEF,  
o ESC cryogenic fluid feeding arms pulling devices :  explosive links, 
o Pyrotechnical rings for the EAP separation and for the passivation of the Hydrogen tank, 
o Linear destruct charges for the EAP & EPC stages,  
 

• VERTA, where Pyroalliance provides nine pyrochains for every VEGA launch vehicle : 
o Initiation pyrochains for the stages 1, 2 & 3 main motor ignitors 
o Initiation pyrochain for the stage 1 retro rocket ignitors 
o Interstage 1/2 & 2/3 separation pyrochains 
o Neutralization pyrochains for the stages 1, 2 & 3  
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• VLS-1 Brazilian launcher, where Pyroalliance provides all the secured pyrochains for:  
o the solid motor initiation,  
o the roll settling solid motor ignition,   
o the interstage separation,  
o the stages neutralization  

 
2) Spacecraft applications 
 

Pyroalliance has been well recognized for 20 years by the World spacecraft community, notably for its 
pyro release nuts, in the size range: from M6 to M20, and for its ability to design and supply high reliability 
pyrotechnic equipment which is able to meet the stringent quality requirements, in force for space. 

As highly remarkable, its 1/2" separation nut has been installed on the Cassini/Huygens mission (launch 
on 15 October 1997) and has perfectly performed a very critical function: the release of the Huygens probe 
from Cassini spacecraft on the Christmas Day 2004. 

Nowadays, Pyroalliance is the European leader for the supply of release nuts. For instance, its M6 nuts 
regularly release antennas on GEO communication satellites as well as the spacecrafts programmes driven by 
the Space Agencies. Among all these applications, mention some typical ones: Artemis, Hispasat, Meteosat, 
Sinosat, Thaicom, Eutelsat, Stentor, Bird, Skynet, Amazonas, Nilesat, and Gaia. 

During the past 20 years, Pyroalliance continuously produced and delivered a total of 5 000 pyro-
actuators, all the sizes considered, to the Satellites Primes and Space Agencies. Currently, the annual 
Pyroalliance pyro release nut production line overcomes 500 units, with the continuous highest level of 
reliability, thanks to the unique feature of the functional checking ability, by cold gas actuation means, which 
is systematically performed in house at the production acceptance of each Pyroalliance separation nut. 
 

1.2 “Standard” pyro-actuator background 
 
Pyroalliance is manufacturing a large variety of pyro-actuators for the release of different kind of equipment 
on satellites. 
 

Nut size Initiators 
Bolt 

Tension 
Platform - function 

M6 NSI / ESI 5 – 10 kN GEO satellites - Antennas HRM 

M10 ESI 20- 30 kN 
Metop Ascat - Antennas HRM  

PAS 1194 C – Satellite clamp band opening 
M10 NSI / ESI 26,5 kN Globalstar – Satellite release 
1/2" NSI 50 kN Cassini / Huygens - Probe release 

1/2" 
Detonating 

line 
20 kN ARD Apex Cover separation system 

M20 NSI 80 kN TerraSAR-L – Antenna HRM 
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1.3 “Standard” pyro-actuator design rules 
 

A “standard” pyro-actuator is designed using very basic drivers: 
1. Before actuation, the structures are tightened by the bolt preload tension. 

The bolt tension is maintained by the presence of thread segments encapsulated by a hollow piston, 
named release piston, 

2. When activated, an electro-explosive initiator produces a pressure impulse P(t), 
3. The pressure applied on the surface (S) of the release piston generates a PxS force which takes over 

the friction forces (Fr) due to the bolt tension. 
4. To be highly reliable, the PxS impulse is set greater than the highest friction force (Fr) which are 

often encountered at : 
� Extreme low temperatures ( high friction, low gas generation ), 
� High tension loads. 

 
The “standard” pyro-actuators were designed using a PxS / Fr ratio greater than 2; and typical 

operating delays are lower than 5 milliseconds. 
 
 
2 SHOCKS INDUCED BY THE ACTIVATION OF A PYRO-ACTUAT OR 
 
2.1 Shock analysis 
 
 Due to the densification of equipments implemented on satellite structures, shocks generated by the 
actuation of mechanisms and transmitted to structures have become an important concern. 

 In order to provide information about shocks induced by the operation of its mechanisms, 
Pyroalliance uses a test bench composed with a 400 mm x 400 mm, free ends, 15 mm thick aluminium plate 
(see figure 1). The preload of the screw is calibrated and recorded. The screw is a TA6V or a stainless steel 
screw, depending of the application. The test can be performed at any temperature of the range [-110°C, 
+120°C]. 

This test set-up is very conservative because of the high stiffness of the plate, the absence of any 
damping factors like interface bases between the source of shocks and the sensor. Typical accelerations 
recorded during these tests are similar to the one presented in fig 2. 
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Fig. 1 Test set-up and acceleration recording 

 
The shock pulse has a complex waveform, is time dependant and its overall envelope exponentially 

decreases with time. Therefore, it is more convenient to describe a shock using the shock response spectrum 
(SRS), which is a function calculated on the base of an acceleration time history. 

 The SRS describes the “natural frequency domain”, that is to say the overall envelope of the 
maximum acceleration peaks calculated with a large range of single-degree of freedom systems reacting to 
the acceleration time history. 
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The SRS corresponding to the recording data in figures 1 and 2 is given in figure 3. 

 
 

 
Fig. 2 Time history recordings 

 
 

 
Fig. 3 Typical SRS profile before and after the bolt release 

 
 

The graph figure 3 shows 2 curves: 
a) The lower one describes the level of vibrations generated by the initiation of the electro-

pyrotechnic initiator and the production of energetic (hot) gases, 
b) The higher curve shows the shock generated by the release of the preload tension of the 

screw. 

It is noticeable that the 2nd event generates the highest shock. Release nuts are resettable systems and 
can be activated several times by feeding it with a cold gas provided by a tank or a plant gas system before 
pyrotechnically activating it. The cold gas activation is supposed to be a less strengthened way of activation. 

(a)

(b)

Ignition delay Gas generation 

Screw de-tensioning and release 

Screw preload 20 kN 

Vibration of the plate 
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Therefore, it is interesting to compare, using the same item and tension bench, the shock injected in a 
supporting aluminium plate, without any damping, and varying the following conditions: 

a) Mechanism pyrotechnically actuated, but with all mobile parts locked  
(“locked shut” firing test, usually performed to demonstrate structural margins), 

b) Mechanism actuated by a plant gas feed system, releasing a tension bolt, 
c) Mechanism pyrotechnically actuated, fully operational as for the previous configuration. 

The recorded data gives some information about the shock source: 
a) Accelerations due to the gas generation and ventilation, 
b) Accelerations due to the kinematics of mechanical piece-parts : piston, thread segments, 

screw 
c) The addition of the 2. 

The SRS relative to these tests is shown in figure 4. 

This experiment shows that the main shock contributor is the mechanism (b). The gas production and 
ventilation generates high frequency vibrations and very few low frequency ones, which are also the more 
energetic ones. The type of gas activation has a low influence on the overall induced shock ; the (a) curve, 
which defines the maximum of accelerations due to acoustics effects, is lower than the (b) and (c) curves. 
The shift of accelerations between the (b) curve and the (c) one is due to the kinematics. 

Actually, the 2 types of activation are not strictly equivalent: Increasing the pressure with a plant gas 
feed system can be done very slowly, and the bolt tension starts its fall-down phase slower than when a 
pyrotechnical initiator is used. 
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Fig. 4 SRS profiles of the gas ventilation (a), cold gas actuation (b)  

and pyro-actuation (c) 
 
2.2 Induced shock reduction objectives 
 

This experience leads Pyroalliance to define new drivers for the design of pyro-mechanisms : 

� First, gas generators with lower burning rate will be implemented in order to decrease acoustic-
high frequency vibrations. 
(Objective: to lower the (a) and on fig. 4.) 

� Second, the mechanism will be improved in such a manner that inner mobile parts have lower 
acceleration peaks, without loss of reliability,  
(Objective: to bring the (c) curve closer to the (b) one on fig. 4.) 
This improvement is expected by modification of the gas ventilation architecture of the actuator 
and by designing with new rules, as explained in §3.

(a)

(b)

(c)
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3 PYRO- ACTUATORS DESIGN METHODOLOGY 
 
3.1 Low induced shocks design criteria 
 

The design of new pyro-actuators is now conducted by the following rules: 

� A mechanical and ballistic model of the actuator is built. 
As any model, the response of a specific set of data (dimensions, ballistic properties of the energetic 
material used, thermal characteristics, friction forces …etc.) is a file including  the time-histories of 
some characteristics like pressure, forces, and velocities. 

� To these characteristics, a new one is subjected to analyses and optimization: the SRS of the most 
massive piece part of the mechanical assembly, which is the release piston (in the case of a pyro-
actuator, the piston which holds down the nut segments and release them when moved). 
The principle is the following one : 

- The piston kinematics drives the overall kinematics of the pyro-mechanism, 
- A SRS of a piston can be calculated from the output data of a mechanical and ballistic model, 
- The SRS take into account the entire phase of the piston displacement : acceleration and 

deceleration, and gives a good synthetic data of a source of vibrations, 
- By optimizing the SRS of the main mechanical mobile part, it is expected a diminution of the 

SRS injected in the supporting structures. 

� The architecture of the pyro-mechanism is subjected to a design of experiments (DOE) simulation 
plan with the objective to optimize both the motorization margin and the induced shock SRS. 

� The best compromise is selected. 
 
3.2 Rearrangement of the gas ventilation principle 
 

Pyro-actuators were historically design with a piston and a combustion chamber, or motorization 
chamber. The piston translation drives a release mechanism with a set of segment threads. 

 A former generation of low shock actuators has introduced a damping chamber in order to limit the 
piston velocity at the end of its stroke. The damping and motorization chambers are filled in a parallel way. 

 In order to take the best benefit of the methodology described above, these 2 chambers are now 
implemented in a serial way (cf. figure 5). 

Indeed, the gases created in the combustion chamber (1) are 
sent to the damping chamber (2) through a nozzle and then to the 
motor chamber (3) through nozzles of small diameter. The small 
dimensions of these diameters are aimed to longer the functioning 
time of the mechanism and to improve the bolt release. 

When the PS force of the motor chamber is enough to take 
over the PS force of the damping chamber and the friction, the 
release housing (4) begins its translation. 

 

1

2
3

4

Fig. 5 Section cut of the ELISA concept 
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2.3 Application to the design of a [M8 – 15 kN] pyro-actuator 
 
 The development of a M8-15kN pyro-actuator has been led following the new design rules. Giving 
the design of the M6 and M10 pyro-actuators, main geometric characteristics of the M8 pyro-actuator have 
been chosen. Then the geometric characteristics due to the new principle of gas ventilation (diameters of 
small nozzles, motor surface, damping surface …) have been set following the results of a DOE using a 
mechanical and ballistic model. 

 The responses of the DOE were the release pressure, the functioning time and the SRS level of the 
release housing. A first general DOE allowed finding the main factors which are predominant for the 
response levels. Then a refined DOE allowed getting the values of the factors which give the best 
compromise between the feasibility and the response levels. 

 Thanks to this DOE a prototype has been designed and manufactured to check the abilities of the 
new principle in low shock actuator development. 
 
2.4 Prototype testing 
 
 To check the performances of the M8-15kN pyro-actuator and to validate the new principle of gas 
ventilation, different kinds of tests have been performed. 

 Firstly, cold gas actuations allowed getting the release pressure at ambient and cold temperatures 
when the mechanism is actuated by cold gas. This kind of actuation gives a balance of pressure between the 
motor chamber and the damping chamber and allows getting the SRS level of the mechanism without 
pyrotechnics. 

 Secondly, bomb tests allowed to assess the structural margins of the mechanism and to approximate 
the release pressure for a pyrotechnic actuation. 

 Finally, pyrotechnic actuations allowed getting the release pressure and the SRS of the mechanism 
during the pyrotechnic functioning. The accelerations are measured by accelerometers located on a square 
aluminium plate (See figure 6). 

 

 

 

 

 
Fig. 6 Induced shock test bench 
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Only a few tests have been performed until today. The test campaign will be completed in the next 
weeks. As expected, these preliminary test show that the functioning time is longer than the previous times 
obtained with standard pyro-actuators and first generation of low induced shock pyro-actuators. Moreover, 
the acceleration measurements allow getting more information about the origin of the shock. The following 
graph shows that the accelerations are low from the initiation and along the combustion phase up to the bolt 
release plus a short delay. 
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Fig. 7 Piston pressure, bolt tension and acceleration time histories 

 
 
At the bolt release this acceleration increases but stays at low level. This is after the end of the 

release housing stroke that the acceleration becomes high. 

These measurements confirm that the main acceleration is not induced by the pyrotechnics but is 
mainly due to the mechanics of the system. 

Clearly, the mechanism, including its fixation provisions to the test plate, can be improved and 
modifications are under investigation to slower down the movement or the release of constraints of all piece-
parts. 
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Fig. 8 Acceleration history – out of plane direction – sensor Oz1 and Oz2 
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 Despite this remaining mechanical default, the SRS (figure 9) calculated from the acceleration time 
histories (figure 7) shows an amplitude nearly under 1600 g for frequencies less than 5000Hz. 
 
 The SRS presents some amplification peaks corresponding to the natural frequencies of the 
supporting aluminium plate:  Fi = 0.46 ; 1.1 ; 2.3 ; 3.9 ; 5.9 ; 8.5 KHz. 
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Fig. 9 SRS profile – out of plane direction 

 
 
 
 
 
4 CONCLUSION 
 
 As a designer and manufacturer of a large number of pyro-actuators mounted on space platforms, 
Pyroalliance has taken into account the induced shocks concern by: 

� First, integrating a “SRS” theoretical calculation as a design driver, 
� Second, modifying the gas ventilation architecture of its pyro-actuators. 

 A “M8 bolt – 15 kN tension” pyro-actuator has been chosen to experiment this design strategy. 

 Tests are still on preparation but the first tests already show the reduction of the level of shocks 
induced in a 400 mm x 400 mm – 15 mm thick aluminium plate. 

 The shock response spectrum gives information about the shock source, coming from the pyro-
actuator itself, and the response of a preloaded structure which is excited and released, both of them being 
mixed. The test configuration will also be investigated in order to define a more standardized and accurate 
information about the functional characteristics of pyro-actuators. 
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Overview of Pyrotechnic activities in CNES 
Toulouse Space Centre 

 
D. Dilhan. 

CNES, Toulouse, France. 
 
 

ABSTRACT 

European pyrotechnic market for the spacecraft applications is undergoing new challenges due to the 
evolution of the needs of the satellite prime contractors.  
The emergence on the US market of non-explosive actuators have led the satellite primes to replace 
the explosive devices used for  the release of the solar arrays and antenna by these alternative 
components.  
This trend is consolidated by the ESA and CNES R&T programmes that support development 
programmes to guarantee the European independence. An attempt of explanations of such 
abandonment of the explosive technology will be proposed. 
The challenge is today to maintain the pyrotechnic core competences and this paper gives an outline of 
the key issues facing pyrotechnics for spacecraft applications.  
Finally, this paper presents the description of the current and future CNES pyrotechnic activities and 
roadmap in this field. It also outlines the potential applications of pyrotechnic technology requested by 
the application of the Space Law for orbital systems. 

1 INTRODUCTION 
The last decade has shown a fast evolution of the design of the satellites due to shock limitation 
requirements; the increase of the operating lifetime of the satellites and also for the debris mitigation. 
 
From 1994, NASA initiated a survey activity for the replacement of the pyrotechnic devices on board 
of the satellites. This activity [1] was focusing on the identification of the potential technologies and 
the benefit in comparison with pyrotechnic devices.  
The main findings identify advantages of the alternative solutions in comparison with pyrotechnic 
devices : time and money savings for assembly/integration/inspection operations, reusability, no gas 
leakage, low shock capability and extended lifetime. 
 
Since 2000, CNES was aware of the importance of shock reduction for its own microsatellite 
programme but also for the French satellite prime contractors (EADS Astrium Satellite and Thales 
Alenia Space).  
 
In addition, since 2008, a set of guidelines designed to mitigate the growth of the orbital debris 
population was adopted by the space agencies of more than 10 countries including France and ESA.  
The postmission disposal is also required and allows the reentry of the spacecraft, either from 
controlled entry or natural orbital decay (uncontrolled)  in less than 25 years. 
In 2010, France has introduced the “Loi sur les Operations Spatiales” (Law for Space Operations). It is 
applicable to all French space programmes including commercial satellites launched from French 
Guyana. 
 
These evolutions have consequences on the selection of the devices for the release of appendages 
(solar generators, antenna reflectors, booms) and new requirements for the pyrovalves of the satellite 
propulsion system. The debris mitigation requirements are introducing potential applications for 
pyrotechnics.  
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2 THE LOW SHOCK DEVELOPMENTS  
The development of a low shock separation nut –the Pyrosoft–started with E. LACROIX Co in 2002. 
The low shock requirements are specified by the Shock Response Spectrum (SRS) and corresponds to 
a shock limitation less than 1000g in the 1000Hz-10000Hz range.  
 
CNES and ESA qualification of Pyrosoft was achieved in 2007 and this device is used as a part of the 
Hold Down and Release Mechanism (HDRM) of the solar array of the MYRIADE microsatellite 
family. [2] 
The flight proven was demonstrated on various microsatellites SPIRALE (6 devices); ALSAT 2B and 
PICARD (3 devices each). 

 

  
Pyrosoft 12400 HN for M6x100 bolt with a 

12000N max. preload 
( E. LACROIX Co.) 

Three Pyrosoft on the wall –Y of the 
PICARD (CNES satellite) 

Table 1 

Despite of the availability of this ITAR free component on the market, European prime contractors are 
maintaining their policy of the procurement of US non-pyrotechnic devices and requirements such as 
“Pyrotechnics shall be avoided as far as possible” were introduced in satellite technical requirements. 
In the last decade, this tendency was unfortunately confirmed through the development of various 
scientific and telecom satellites. 
 
For the latter family of spacecraft, the electrical power required by the payload (from 17.5 kWatt up to 
27 kWatt) is provided thanks to large solar arrays (SA). These SA consists in the deployment of two 
wings of 3 to 6 panels per wing (W 2.5 m x H 4 m max.). The weight of a wing varies from 283 kg up 
to 425 kg.  
 
The Alphabus platform, a joint ESA/CNES programme for Telecom with the primes ASTRIUM and 
Thales Alenia Space, currently uses ten Low Shock Release Units (LSRU) [3] for the stowed position 
of each SA wing,  
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NEA Electronics release nut 

Eurostar 3000 platform 
LSRU ( RUAG Space) 

Alphabus platform 
Table 2 

The preload applied in the M10 bolts of the HDRMs is in the range of 30kN.  
No pyrotechnic device with a low shock performance is available, then it is not questionable to look 
for alternative technologies to pyrotechnics. In addition, the lifetime increase is a new requirement, 
this topic will be tackled afterwards, and the electro-mechanical actuators have no restriction 
compared to pyrotechnic devices. 

2.1 CNES DEVELOPMENT OF A RESETTABLE ULTRA LOW SHOCK ACTUATOR 
(RULSA) 

CNES with SOTEREM is currently developing a new concept of separation actuator using a patented 
solution to hold and release a bolt with a preload up to 30kN.  
 
The assets of this new concept are : 

- high load capacity with regards to the low release actuation force required 
- low shock due to the control of the release velocity 
- resettable by the end users, without disassembly of the satellite 
- ten times reusable 

 
The patented concept is based on a segmented threaded nut which is maintained in its holding position 
by a flat spiral spring. The spring is coiled up around the segmented nut, and secured by a low force 
Hold and Release Device (HRD). 
 

 
Picture 1 

 
To release the spiral spring, the use of a low force HRD is required. Different solutions are possible: a 
pyro pin puller or pusher, an electro mechanical actuator (motor, pin puller or pusher, magnetic 
sucker). The HRD is compatible with the pyrotechnic firing pulse of the satellite or the launcher. 
Once the release device is “fired”, the spiral ribbon is released and expands by its own elasticity, 
allowing the segmented nut to open while releasing the bolt preload. The progressive release of the 
main load highly limits the shock generation. 
 

Segmented 
threaded nut 

Flat 
spiral 

spring 
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The RULSA is designed such as that with a dedicated tool it may be resettled by coiling up the spiral 
ribbon. This makes the design resettable without disassembly of the satellite structures.  
 
Feasibility tests have been performed on the ESA/CNES reference shock bench and the low shock 
performances demonstrated. 
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Table 3 

The phase B of the development is in progress with the design justification and later the manufacturing 
of an engineering model (EM). This EM will be tested after mechanical and thermal vacuum 
environments. The preliminary design review is scheduled in November 2011; the qualification should 
be achieved mid 2013. 

2.2 LOW SHOCK PYROVALVES 

Normally Closed (NC) and Normally Open (NO) pyrovalves are ESA and CNES qualified 
components.  
These efficient and reliable devices are manufactured by ASTRIUM GmbH Lampoldshausen and 
based on a design of ASTRIUM Les Mureaux (France).  
These devices are widely used in all the European propulsion systems for commercial and science 
satellites and also on the Ariane 5 cryogenic stages. 
 

 
Picture 2 
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The liquid chemical propulsion system for high thrust apogee motor and retro braking systems for 
landers will require an increase of the flow rate of liquid propellants.  
The flow path of the present pyrovalve has a diameter of approx. 1/5 inch and so this value shall be 
increased to ½ inch and even to ¾ inch.  
The pipes including the shearing sections are designed according to ECSS (European Cooperation for 
Space Standardization) including the demonstration of a burst pressure higher than 4xMEOP 
(Maximum Expected Operational Pressure).  
The pyroshock induced by the shearing of the current design measured at the source is in the range of 
2000g. 
 

SRS_MaxiMax_PyV_X SRS_MaxiMax_PyV_Zn
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NC Pyrovalve on Myriade satellite Shock response Spectrum on PyroV location 
Table 4 

The significant increase of flow path and then of the shearing section will lead to an increase of the 
shocks that will be unacceptable for the satellite equipment in the near field. 
 
CNES will start mid 2011 the design phase of a low shock pyrovalve with high flow rate requirements. 
A TRL 3 (Technology Readiness Level) is the target of this preliminary activity. This task will include 
also the analysis of a non-pyrotechnic motorization. 
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3 LIFETIME OF PYROTECHNICS  
The lifetime of pyrotechnic devices for satellite is a constraint growing significant; the European 
explosive devices are currently using a double base powder for the actuation of bolt cutters and 
pyrovalves. The lifetime of the squibs and devices loaded with this powder is given for 8 years by the 
manufacturers. 
Now, this value is less and less compliant with the end users requirements. 
The evolution of the requirements is the consequence of : 

- the increase of the lifetime of the satellites; indeed the lifetime of the telecom satellite in orbit 
may now reach 20 years. The reliability of the pyrotechnics shall be unchanged to fulfil the 
passivation and de-orbiting requirements. 

- the procurement policy of the pyrotechnics devices for cost savings is done for several 
programmes with spreaded assembly and integration periods.  

- the shift of the satellite launches due to launcher or satellite anomalies.  
 

3.1 “RELIFING” ACTIVITIES 

CNES faced this problem for Helios 2B, Earth observation satellite of the French MOD. Early in the 
programme, the expiration date of all the pyrotechnic devices of the satellite was identified as not 
compliant with the planned launch date. 
The CNES pyrotechnics laboratory proposed to demonstrate by testing an extension of 8 up to more 
than 10 years of the lifetime of these devices (bolt cutters, cable cutters and pyrovalves).  
The satellite project management has required a verification by tests in addition to the one by analysis. 
A lot of research activities have been performed on the chemical stability of double base propellant 
and the feed back is significant.  
 
CNES takes benefit of a research activity on optopyrotechnics to complete this survey by the 
assessment of the decomposition process of the powder with AKTS (Advanced Kinetics and 
Technologies Solutions) in Switzerland and ISL ( French German Research Institute of Saint Louis). 
The method is based on thermo-analytical methods such as Differential Scanning Calorimetry (DSC) 
and Heat Flow Calorimetry (HFC). 
These tests have confirmed that the decomposition rate is >5% when the mission profile include high 
temperature cycling ( e.g. +/-120°C) such as in the mission profile of a satellite. 
 

 
Thermal cycling (red) / Constant temperature (blue) Decomposition rate versus time 

Table 5 

The verification programme by tests has been applied to 7CCD 45 devices, a redundant bolt cutters, 
containing 2 booster charges of 120mg of double base powder. The test programme was focused on 
the effects of the acceleration of the ageing phenomena by a thermal conditioning: 48 hours at +90°C, 
the positive qualification temperature. 

 
The double powder batch dated 1991 was the same than the flight pyrotechnic devices to be used. The 
test programme was performed in three steps :  
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• Step 1, in 2007: 3 cutters : 2 items Mfg date 1994 + 1 item Mfg date 1997 during 5 years in a 
clean room environment (20°C +/-5°C) and then in non-controlled environment (-
10°C/+45°C)  

• Step 2, in 2008: 2 items Mfg date 2001 and stored during 5 years in a clean room environment 
(20°C +/-5°C) and then in non-controlled environment  (-10°C/+45°C)  

• Step 3, in 2009: H2B flight models cutters manufactured in 2001 stored in clean room 
environment  

 
Prior firing test a thermal vacuum environment was applied (18 hours/ 10-6 mbar) then the firing tests 
were performed in severed conditions representative of the reliability demonstration of the bolt cutters.  
Test conditions were the following : oversized bolt (diameter 4.9 mm instead of 4.1 mm for flight ) – 
no bolt tension applied – cold thermal vacuum firing temperature ( -90°C). 
The success criteria of the firing tests were compliant with the qualification and acceptance ones  : e.g. 
: bolt cutted and time of functioning <5ms.  
All the tested devices have fulfilled the requirements and the non influence of the exceeded expiration 
date on the performances has been demonstrated successfully with the HELIOS 2B in orbit operation 
in December 2009.  
 

 

 
Bolt cutter 7 CCD45 (Dassault Aviation) Firing rig of the 7 CCD45 bolt cutter in the 

thermal vacuum chamber 
Table 6 

 

3.2 EVALUATION OF SECONDARY EXPLOSIVE FOR THE REPLACEMENT OF 
DOUBLE POWDER 

Despite these positive results, the lifetime is still insufficient in regards to the aim of 20 years. CNES 
relies on its feedback on the development of the optopyrotechnic detonator (DOP) [4] with the ISL 
which has analysed the ballistic properties of the first stage of the detonator loaded with HMX M3. 

- The HMX pellet is initiated by a small amount of pyrotechnic composition with caloric output 
similar to the ESA/CNES qualified initiator or the NASA one. 

- The pressure release by the deflagration in a 1cc volume is equivalent to the one generated by 
a close amount of a double base powder. 

- The HMX and RDX used in the DOP are pure secondary explosive which comply with the 
extended lifetime requirements. 

 
This rationale has led CNES to investigate the advantage of the secondary explosive as gas generator 
for space applications. The first step was to set up a reference data base of the pressures generated by 
the double base propellant charges in the volumes representative of the space pyro devices. 
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Example of reference 
pressure curve ( 1cc volume 

/70 mg) 
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Reference data 

Table 7 

Then, a parametric study has been led with the support of ISL to test the influence of the explosive 
(HMX M3 – RDX M5 – RDX CH 0-100), the pellet size, the closure disk thickness of the squib 
output and at last the porosity of the pellet. 
 
It may be concluded that :  

- the behaviour of the explosives is similar, 
- the closure disk shearing pressure has no influence, 
- the porosity has a limited influence in the time rise to the peak pressure. 
 

Example of RDX CH 
0-100 

pressure curve ( 1cc 
volume /70 mg) 

Table 8 
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The RDX CH 0-100 has been selected as a good compromise in terms of cost, safety, perenniality, 
space feed back on Ariane 5. The equivalence loading table between double base powder and RDX 
CH 0-100 is in progress.  
At last, for the final justification, a verification programme has been prepared with 7 CCD 45 bolt 
cutters with a RDX booster charge. The same logic described for the lifetime extension will be 
applied. The results of the R&D activity will be release to the space  pyrotechnic devices 
manufacturers.  
 

4 THE ORBITAL DEBRIS MITIGATION AND THE SATELLITE REENTRY – A 
NICHE MARKET FOR PYROTECHNICS? 

4.1 PASSIVATION REQUIREMENTS 

 The debris mitigation includes the passivation of the pressurised hardware such as propellant 
tanks. The liquid propellants (N2H4/ or MMH-N2O4) will be drained through the thrusters. The 
pressurisation gases, nitrogen or helium, have to be vented by different ways.  
Pyrovalves with a long lifetime are suitable components but requires a modification of the design of 
the propulsion system.  
 
 A patent application has been filled in the name of CNES for a device which punch the gas 
pipes or the tank envelop with a micro exploded formed projectile. A development activity is in 
progress with ISL for modelling and testing the µEFP characteristics and debris trap. Additional tests 
are scheduled at the CNES Pyrotechnic Laboratory to reach the TRL 4. 
 

4.2 REENTRY DEBRIS MITIGATION 

 The uncontrolled orbital reentry will “burn-up” reentering hardware, but the experience has 
shown that it is not completely done and may cause hazard to people and property on the ground.  
A significant number of launcher and satellite equipment such as titanium or stainless steel propellant 
tanks have been recovered in the past ten years.  
 

Reference NASA : Orbital Debris Quaterly News 
Volume 15 Tome 2 April 2011 

Table 9 
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Patents in the name of CNES are pending for two designs to assist the “burn up” of the tanks. 
• One relies on the introduction of a dissymmetry on the geometrical shape of the tank by 

cutting it in parts. This will create aerodynamic stop points that increase the aeroheating 
effects and will favour the melting of the metal. 
The preliminary design is based on a passive system initiated by a thermal “all secondary 
explosive” detonator that detonates a HNS/Al linear shaped charge. Protective thermal coating 
is installed on the fragmentation system. A thermal modelling of the system during fire hazard 
on ground and reentry thermal fluxes has been settled. Correlation has been done with a flame 
test (800°C) and the detonating performances of the thermal detonator assessed. 

 

  
Propellant tank with the dummy fragmentation 
system and thermo couples before flame test Propellant tank after flame test 
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Table 10 

The HMX of the 1st stage of the detonator has deflagrated when the body of the detonator 
reaches a temperature of 225°C, this value was obtained after 25 seconds of heating. 
The correlation phase of the thermal modelling of the detonator reaction is in progress and the 
next step is to refine the thermal model with the characterisation of the titanium emissivity in 
the range 1000K to 1850K (before melting). Then, a preliminary safety submission file will be 
given to the Range Safety Office of CNES Guyana for analysis and comments. 

 
• The second relies on the application of thermite compositions and relevant techniques for 

integration on the envelop of the metallic tanks or piece of equipment to ensure the melting 
and burning during the reentry phase. 



 11

A R&T activity has been initiated for the selection of the pyrotechnic compositions. Some 
criteria for this selection are the safety requirements during satellite integration and tests; the 
ignition by aeroheating fluxes, the outgassing characteristics, the lifetime and of course the 
efficiency in melting / burning the titanium and stainless steel. 
The next step of this research will be to focus on the ablation effects during burning. 

 

5 CONCLUSION 
The market of pyrotechnics for satellite is slowly shrinking, mainly due to the evolution of the high 
load capacity and low shock requirements.  
The pyrovalves are less impacted by this tendency but lifetime is a new concern and shock reduction 
also. Niche market should be investigated by the pyrotechnic manufacturers for the satellite 
passivation at the end of life and the debris mitigation at the reentry. 
CNES encourages innovative activities in the field of pyrotechnics with the development of energetic 
materials, devices and also initiation technologies and systems such optopyrotechnics. The only 
limitation is that the proposals of the industry and the research laboratories have to comply with the 
objectives of the annual R&D call for ideas for Orbital Systems.  
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1 ABSTRACT 
 
As a main actor in defence, aerospace and aeronautic technologies, Nexter Munitions is developing advanced 
solutions taking advantage of the emerging technologies.  
 
While conventional safe and arming units (SAU) use complex 
mechanical systems to physically interrupt the explosive train and 
prevent inadvertent functioning, Nexter Munitions has succeeded in 
designing and validating a Pyro-MEMS, a miniaturized 
pyrotechnic train using an electro-mechanical system based on a 
silicon chip. 
 

 
Nexter Munitions has since developed the Pyro-MEMS technology through different applications : 
medium calibre ammunition, missiles fuze systems and multimode warheads. 
2 SAU based on Micro Electro-Mechanical System (MEMS) technology  
 
The Safety and Arming Unit (SAU) is one of the key components of any ammunition. This component 
triggers the warhead under optimum conditions and guarantees the safety level of the ammunition during its 
complete life cycle. The same device is also used for the ignition of the rockets motors. 
 
As a part of a study contract for the DGA (Délégation 
Générale de l'Armement) dedicated to the design and 
the validation of a generic SAU for Air / Sea / Land 
forces, NEXTER Munitions has created a new 
generation of Safety and Arming Unit, fully compliant 
with the safety requirements of STANAG 4187. The 
technical challenge of this first programme, performed 
under the aegis of the DGA experts, was to guarantee 
the safety level of a pyrotechnical mechanism 
integrating some electromechanical microsystems 
(MEMS) and to be compliant to severe requirements in 
terms of miniaturization and price. 
 
During this design phase, Nexter Munitions has succeeded in designing and validating a miniaturized 
pyrotechnic train using a electro-mechanical system based on a silicon chip in a MEMS technology. 

 

 

DSA MEMS 
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3 The Pyro-MEMS applications  
 
3.1 Pyro-MEMS SAU for ammunition 
 
NEXTER Munitions is currently developing a MEMS SAU more specifically adapted to gun fired 
ammunition (maximum acceleration till 100 000 g and rotation rate up to 1000 t/s).  
The performances have been evaluated during a study programme 
for DGA dedicated to the improvement of medium calibre 
ammunition.  
This SAU uses exclusively the environmental strength produced 
during the gun firing  to arm the pyrotechnical train within safe 

conditions, in the 
operational conditions 
and according to 
international standards.  
 
A dedicated firing train more adapted to medium calibre 
ammunition have been designed and evaluated with success. 
 
This kind of Pyro-MEMS SAU is concerning ammunition 
manufactured in large mass-production (from the medium caliber 25 
to 40 mm and large caliber from 90 to 155 mm) and warheads for 
intelligent ammunition 

� replacement of dying out mechanical watch parts  
� Micro SAU common for the medium caliber family (20 to 40 mm)  

 
3.2 Pyro-MEMS ESAD for Missiles  
 
An example of Pyro-MEMS ESAD (Electronic Safety and Arming Device) application can be proposed 
with missiles. It is commonly known tandem charges can offer a pertinent solution to defeat complex targets. 
If anti-tank applications are evoked, the aim of such a tandem charge could be to deliver an important 
damage to the first protection level with the front / precursor charge. After a dedicated delay, the rear charge 
is able to defeat the heart of the target by delivering the second effect. 
Integration constraints could lead to define a low volume architecture for the missile which makes become 
harder the challenge of defeating complex targets. Some well known SAU designs could be integrated within 
those kind of missiles. A first level solution is to use complex mechanical systems to physically interrupt the 
explosive train. But depending on the SAU location (with the rear charge for example), it could imply the 
integration of a second one. This solution is not cost effective and requires the definition of other 
components to manage the correct initiation of the warheads with the expected synchronisation. 
Another solution consists in using only one mechanical SAU located on the front charge which governs the 
initiation of the whole pyrotechnic train. Initiation of front charge is the first step of pyrotechnic events. 
Among preferred actual solutions, the correct initiation of the rear charge could be ensured with the help of a 
pyrotechnic detonating cord, calibrated to the expected delay.  
This calibration has to satisfy the synchronisation of the two jet initiations and to contribute to the 
preservation of rear charge initiation. The use of detonating cord solution is also source of additional 
constraints which can lead to complex integration solutions with a low volume application. 

Booster MEMS Detonator 
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An alternative solution is to use MEMS SAU (see figure hereunder) which can offer a wide number of 
advantages. With such a tandem charge concept, 2 MEMS SAU have to be integrated, one on each charge. 
The detonating cord can be removed and replaced by an electrical connection of the two charges through the 
MEMS SAU. This detonating cord free solution simplifies the development and qualification phases, a 
pyrotechnic component being removed. Such an integration provides a mass reduction and cost savings, 
important parameters for missile design. Moreover, it can drive to volume reductions in the SAUs 
environment. For example, the additional space earned between the two charges can allow the design of new 
devices in order to preserve a correct initiation of the rear charge. 
 
By combining pyrotechnics with MEMS technology derived from the electronics industry, NEXTER 

Munitions can offer now a new generation of 
ESADs for a broad range of applications (warheads, 
rocket motors for missiles, torpedoes, 
pyromechanisms, satellites…), with the goal of 
important financial benefits associated with the 
miniaturization of the functions. 
 
The strength of this kind of Pyro-MEMS ESAD 
are: 

� Replacement of the mechanical watch parts 
as part of mid-life retrofit programs  

� "Generic and polyvalent" by MEMS arming  
� Low cost 
� Smaller and lighter  

 
 
 
 
 
On May 2010, some system trials on a complete 
existing missile warhead have resulted in the 
first firing of an explosive charge. 
 
The initiation by Pyro-MEMS has permitted a 
nominal functioning of the explosive charge. 
 
 
 
 
 
 
 
 
3.3 ESAD for multipoint initiation 
 
Combat configurations within urban zones are more and more frequent for operational units deployed on 
external theaters. They have to cope with kind of embedded situations where enemies are difficult to identify 
and to locate, the urban context implying also civilian population to be preserved. 
Consequently, collateral damages are less and less acceptable with respect to external observers. So, modern 
ammunition concepts take into account this aspect. The reduction of collateral damages can be linked to the 
precision of the ammunition. Moreover, the opportunity to select the initiation point on a warhead can 
contribute to control terminal effects. 
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Reduction of collateral damages can be also optimized in relation to terminal effects increase. In this 
perspective, if the example of a fragmentation warhead concept is proposed, the orientation of terminal 
effects can be integrated with the help of Pyro-MEMS technology. 
In terms of terminal ballistics, the efficiency of a warhead can strongly vary with the initiation locations. The 
figures hereunder propose a conventional cylindrical warhead (which can be part of missile) initiated: 

• at both end sides closing the explosive charge (double initiation mode), 
• at the center of a generator from this cylindrical explosive charge (off-axis initiation mode). 

 

 
(Baseline) 

 
 

With respect to the baseline initiation mode recalled, it can be expected between 10 to 20% of velocity 
fragment increase, with the related energies. The global energy of fragment matrix is also increased and 
ejection angles can advantageously be controlled. 
This aspect can easily be verified with the help of dedicated firing tests demonstrating the focused properties 
of the fragment matrix: 

  
 
This figure presents the rear side of a hard steel target plate: it shows the difference resulting from the 
initiation baseline mode (left) and the double initiation mode (right). 
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So, with the help of MEMS SAU, the volume reduction makes it possible the integration of such initiation 
modes extrapolated to even more complex architectures:  

 

This example of architecture integrates up to 6 Pyro-MEMS SAU locations allowing single or multi-point 
initiations. Indeed, the Pyro-MEMS technology enables the compliance with the STANAG 4187 for 
multipoint initiation architectures. Each initiation point integrates a miniaturized SAU driven by an 
electronic control unit (common for all the SAU of the warhead). 
As demonstrated earlier, this kind of multi-effect warhead enables:  

� a concentration of the efficiency through a direction and a reduction of collateral damages, 
� a selection of the initiation mode just before firing. 
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ABSTRACT 
 

Laser ignited detonator technology makes it possible the use of compact and low cost laser 
sources. Our experimental study shows how much, with a Nd-YAG laser source in free running mode or a 
laser diode, the functioning time of a laser thermally ignited detonator and its functioning time 
reproducibility can be mastered. With an optical power density close to 3 MW/cm2 delivered by a compact 
Nd-YAG laser to the first ignition increment through a 200 µm optical fiber, a secondary explosive laser 
thermally ignited detonator characterized by a second stage operating along an SDT mechanism, has a 
function time equal to 42 µs with a dispersion less than ±4.5 µs. This low time dispersion has been 
validated on operational temperature range (-50°C, + 110°C). Moreover, first results of working time 
control with laser diodes are presented. The first ignition increment where occurs the laser ignition is 
loaded with micronized HMX lots mixed with an optical dopant. The operational thermal environment is 
observed to be a severe validation test to prove a reliable laser ignition of a formulation of HMX with an 
optical dopant. Experimental results show that, depending on the choice of the HMX particles and of the 
optical dopant mixed with HMX, the reproducibility of the detonator functioning time can be kept on a 
temperature range more or less extended, especially towards high temperatures. At last, this laser ignited 
detonator is loaded only with secondary explosives in order to be compliant to the safety requirements of 
Stanag 4170.  
 
 

Introduction 

Laser initiation makes it possible to design igniters and detonators fully immune against 
electrostatic discharges, electromagnetic disturbances and radio frequency interferences. Moreover, laser 
initiation allows modular architecture for a safe initiation system able to put the terminal pyrotechnical 
function at long distance from the laser source thanks to optical fiber connection. That makes easy 
integration of a laser initiation system aboard spacecraft and military carriers (missiles and vehicles). 
During the design phase of a laser detonator for defense applications, two operational requirements have 
to be taken into account. First, in order to be used in line without a downstream mechanical barrier, the 
laser detonator has to be loaded only with safe secondary high explosives homologated by national 
authorities according Stanags [1-3]. On no account, a safe detonator can be loaded with a primary 
explosive. Then, for some Defense applications, the design of the laser detonator must guarantee the 
mastering of the functioning time by controlling its time dispersion or jitter. This paper deals with these 
two operational requirements for a specific Land Defense application. Under DGA contract, we have 
studied the design of a laser ignited detonator meeting the operational requirements of the laser initiation 
system developed for SHarK, the THALES active protection system for light armored vehicles [4]. The 
results of this study presented hereafter leads to the design of a thermal laser detonator with a functioning 
time equal to: 42 µs ± 4.5 µs (22 shots, standard deviation: 2.4 µs), completely loaded with homologated 
safe secondary explosives. 

Background 

This Land Defense system SHarK developed by THALES is an ultra light hard kill protection 
system featuring a crown of explosive countermeasures put on the roof of the vehicle. SHarK active 



protection system has to detect all incoming anti-tank threats and, then to intercept and defeat them in the 
close field outside the vehicle. Operational analysis of the SHarK system points out the need of a very fast 
arming and firing unit of the explosive countermeasures. Moreover, laser initiation system has been 
identified as the best solution to reach this performance. Now, the technological problem, object of our 
study, is how it is possible to control the functioning time of a laser detonator in order to master its time 
dispersion or jitter. 

There are two technological solutions: 
• First solution: the design of fast laser exploding foil detonators [5] based on plasma generation 

makes possible to trigger a direct shock initiation of secondary H.E. But, such laser detonator technology 
needs use of Q-switched laser sources able to supply an optical power density > 1 GW/cm2 necessary to 
create the plasma. So, an ultra fast laser detonator with a very short functioning time (i.e. 1 µs) is obtained. 
But, use of such high power density laser sources is still today too expansive and size-constraining for 
short term applications where the firing in sequence of a large number of detonators is required. 

• Second solution: The laser ignited detonators where the laser sources are only used as a thermal 
energy supply. So, use of compact, robust laser sources available at moderate or low prices, such as laser 
diodes or solid laser sources in free running mode makes it possible an alternative solution for the design 
of safe laser initiation systems. Nevertheless, these laser sources do not give enough optical power density 
to create plasma, but are only able to heat energetic materials until their critical temperature of self 
sustaining chemical decomposition. So, in the energetic material, only a combustion or even a deflagration 
is triggered. To produce a laser ignited detonator, then a transition process towards detonation needs to be 
controlled inside the detonator body [6, 7].  

Our study presented hereafter deals with laser ignited detonator based on an internal SDT process, 
which makes it possible to load the detonator with safe secondary high explosives. The technology of such 
a laser ignited detonator has been originally designed and developed at ISL for multi-initiation purpose 
aboard Space launchers [7, 8]. Aboard a launcher, around 200 laser detonators are involved. Our task is 
now to study the capacity of this laser detonator technology to be compliant for a Defense multi-initiation 
application in which a limited functioning time dispersion and use of a compact laser source has been 
specified. The laser functioning time is the elapsed time between the firing laser pulse rise front and the 
ejection time of the detonator closure disk propelled by the detonation at the output of the laser detonator. 

 

Land Defense System specifications for a fast laser detonator 

This laser detonator will be designed for in-Line use in this Defense application: so, the laser 
detonator must be loaded only with safe secondary high explosives in order to be compliant to 
stanag 4187 [1] which defines safety requirements for fuzing system involved in warhead initiation. 
Consequently, explosive formulations loaded in the detonator have to be qualified according stanag 4170 
[2, 3]. Moreover, the laser detonator must pass Cook-Off and ESD standard tests. 

 
Fig. 1: Laser ignited two-stage detonator based on enhanced internal SDT 
 



The laser source will be a compact Nd-YAG laser source, in free running mode which provides 
total pulse energy less than 200 mJ injected in a 200 µm step-index optical fiber.  

The detonator functioning time will be less than 150 µs, with time dispersion or jitter  
less than ± 5 µs. 

The operational temperature range for Land applications is between -40°C and +70°C. 

Laser Ignited Detonator based on enhanced internal SDT 

Originally, our lab had designed a laser ignited detonator for space applications according CNES 
requirements in order to have a reliable laser detonator initiation with a small 1 watt laser diode [7, 8]. ISL 
laser detonator is a two stage opto-pyrotechnic detonator based on an internal Enhanced SDT process. 

In the first stage (fig.1), the laser beam heats the high explosive surface and triggers its 
combustion. In fact, a very fast combustion or deflagration is observed. High pressure gas propel at high 
velocity an internal metallic projectile along a short barrel. This 1st stage works as a miniature powder 
gun. The impact of this internal projectile on the high explosive loaded in the 2nd stage generates a shock 
wave and triggers immediately a detonation wave.  

 
Fig.2 Mesh display of projectile impact on 2nd stage with lagrangian pressure station locations in RDX charge 

 
Fig.3 Enhanced shock pressure computed at lagrangian stations in RDX channel 



The projectile diameter is larger than the diameter of the explosive column of the 2nd stage (fig.1and 
fig. 2). So, this overlapping projectile impact provides an enhanced shock wave due to impedance 
mismatch between explosive and confining material. 

Numerical simulation with Autodyn hydrocode describes this shock wave enhancement process. 
Fig.2 displays the mesh used in our 2D axisymetric lagrangian no reactive computation: at initial 
computation time, the internal stainless steel projectile is impacting the 2nd stage of the detonator. A thin 
stainless steel lid covers the RDX charge loaded in the 2nd stage. Fig.2 shows also the locations of 6 
lagrangian cells where internal pressure versus time has been computed: 3 lagrangian gauges numbered 4, 
5 and 6 have been put in cells along the RDX channel axis and close to the impact surface, the three others 
gauges numbered 1, 2 and 3 have been put in the outer crown of the RDX channel close to the impact 
surface. Fig.4 displays snapshot sequence of 2D axisymetric field of pressure in the vicinity of impact: An 
intense shock pressure is created just after impact in the metallic parts (projectile, lid, RDX housing), 
higher than initial shock pressure generated in RDX charge. Then, this initial high shock pressure is 
transmitted from metallic parts to RDX charge by the centripetal shock front converging inwards on the 
RDX channel axis to reach there an intense high pressure level.  

Fig.3 plots local pressure variation versus time for every lagrangian gauges embedded in RDX 
charge. The hydrocode computation has been carried out with the following hypotheses: impact velocity 
equal to 600 m/s, RDX channel diameter equal to 60% of projectile diameter. Axial lagrangian gauges (4, 
5, and 6) show a first pressure step at 1.8 GPa corresponding to the direct impact plane shock wave. 
Corner lagrangian gauges (1, 2, and 3) show an higher initial shock pressure (3 GPa) enhanced by high 
impedance of stainless steel confinement; then this higher pressure shock front is propagating centripetally 
to converge on RDX channel axis at 6 GPa. This shock pressure enhancement by overlapping impact 
makes it possible to multiply the initial shock pressure level by 3. Specially, this mechanism makes it 
possible to reach pressure level over the threshold shock pressure to trigger SDT of RDX channel and to 
grant substantial functioning margin. Thanks to this overlapping impact geometry and also to a mastered 
plane projectile impact, a reliable laser detonator initiated by a small 1 watt laser diode has been validated 
through a large number of experiments [8].  

 
Fig.4 Pressure field snapshots inside RDX channel after internal projectile impact. 



HMX lot Mean particle size (µm) 

M3 raw 6.5 
Class E raw 24.0 

Class E+ISL-1 process 11.6 
Class E +ISL-5 process 21.3 

Table 1. Laser granulometry of HMX lots before and after homogenization processes 

Experimental study approach 

The laser ignited detonator used for this study has a design identical to the ISL laser ignited 
detonator developed for space applications and previously described, except the important following 
differences: 

• Laser ignited detonator is now initiated by a Nd-YAG laser source (1064 nm) providing at a 
200 µm optical fiber output an optical power density in the MW/cm2 range instead of only 20 kW/cm2 
provided by an 1 watt laser diode. Nd-YAG source is operated in free running mode with laser pulse 
adjustable in rise time, power and duration.  

• Laser ignited detonator is all-loaded in secondary explosive. 1st stage of laser detonator is loaded 
with a micronized HMX lot mixed with 1%wt of carbon black to enhance laser absorption at a loading 
density of 1.65 g/cm3. Laser detonator 2nd Stage is loaded with an RDX lot (0-100 µm) at a loading 
density of 1.60 g/cm3.  

Physical analysis of the functioning of this laser detonator points out the initial laser ignition phase 
as the slow step and therefore the main source of time dispersion. Laser ignition phase corresponds to the 
induction time for which laser radiation is absorbed by carbon black (CB) and transferred by thermal 
conduction to HMX particles until exothermic auto-decomposition temperature is reached (≈ 280°C). 
Physical parameters to shorten laser ignition phase are Key parameters to control detonator functioning 
time dispersion and are the followings: 

• Increase of optical power density provided by laser source is the more efficient control parameter. 

• Optimization of laser ignition explosive formulation loaded in the 1st stage in order to increase its 
thermal laser ignition sensitivity without decreasing its handling safety. Experimental results will point out 
the effect of the choice of optical dopant and explosive particle size on detonator functioning time 
dispersion. 

Experimental results 

Laser ignited detonators have been fired at ambient temperature, at extreme operational 
temperatures (-40°C, +70°C) and also after thermal shock tests. In thermal shock tests, laser detonator is 
exposed for 5 hours at extreme temperature (-40°C or +70°C) and after return to ambient temperature, 
laser detonator is fired. In every firing test, laser detonator functioning time is measured as the time 
elapsed between Nd-YAG pulse rise time front and the detonator closure disk ejection by detonation 
wave. This experimental campaign permitted to specify in details Nd-YAG laser pulse and explosive 
formulation in order to master jitter and to comply with safety regulations. 

Two micronized HMX lots have been studied (tab.1): a Eurenco M3 lot and a Dyno class E lot. 
HMX particles have been blended with 1% of inert optical dopant (carbon black or Alex) acting as black 
body. Carbon black is the retained optical dopant as an efficient additive to produce ESD insensitive 
formulations. Manufacturing process of laser ignition formulation is important to specify (table 2): here, 
homogeneous in situ compression at 170 MPa is applied on HMX loadings.  

 



Two mixing processes have been defined in order to grant formulation homogeneity without 
agglomerates. In ISL-1 mixing process, after isopropanol dispersion of HMX and carbon black particles, 
mortar trituration is applied before final drying. In ISL-5 mixing process, mortar trituration is replaced by 
sieving of damp mixture before final drying. ISL-5 process has been developed to reduce mechanical 
damage and attrition of class E HMX crystals. Table 1 gives mean HMX particle size for these two HMX 
lots originally and after mixing process application. 

First firing campaign has been carried out with laser ignited detonators loaded with the laser 
ignition formulation DOP 2 grade (tab. 2). To master detonator functioning time reproducibility, only the 
laser energy provided during the ignition phase is to take into account. Functioning time dispersion less 
than ± 5 µs is actually obtained with optical power greater than 1 kW during this ignition phase, which 
corresponds to an optical power density greater than 3 kW/cm2. This high optical power level at the 
beginning of the Nd-YAG pulse is needed to assure the required time reproducibility.  

Forty-three shots of laser detonators DOP2 grade have been carried out (tab.3) under different 
thermal environment. The slightest time dispersion is observed at ambient temperature. At low 
temperature (-40°C), functioning time increase is observed (50.1 µs) and after hot thermal shock test, a no 
compliant functioning time is also recorded. Further hot thermal shock tests at higher temperature 
(+100°C), show that this environment test is a severe test to pass successfully (table 4). Previously, such a 
difficulty has been observed during the development of the laser detonator for space use. Reliable laser 
ignition of the detonator on Space operational temperature range (-160°C, + 150°C) needs use of an 
additional thin layer of redox pyrotechnical composition (i.e. ZPP) at optical interface before HMX 
explosive charge [7]. 

Laser ignition formulation name Weight composition (%wt) Mixing process 

DOP2 grade HMX M3/CB (99/1) ISL-1 
DOP2A grade HMX class E/CB (99/1) ISL-1 
DOP3 grade HMX class E/CB (99/1) ISL-5 

Table 2. Laser ignition explosive formulation definitions. 

Detonator Functioning time Fct (µs) 
Thermal environment Firings 

number Average Standard 
deviation 

Min Fct, 
Max Fct 

Δ = Max Fct – 
Min Fct  

ambient 20 44.6 1.5 41 - 47 6 

5h at 70°C Shot at 20°C 5 47.8 2.1 44.5 - 51 6.5 
- 40°C 8 50.1 3.5 45.6 – 56.1 10.5 

5h at - 40°C Shot at 20°C 2 43.5  41.2 – 45.8 4.6 

+ 70°C 8 43.9 2.7 39.6 – 48.2 8.6 
Table 3. Functioning time of DOP 2 grade laser detonators initiated by the Nd-YAG source. 

shot N° Thermal environment Functioning time (µs) Ignition Power density (MW/cm2)
1 5h at +70°C Shot at +20 °C 43.1 3.2 
2 5h at 70°C Shot at 20°C 44.0 3.2 
3 5h at +120°C Shot at +70 °C 54.8 3.2 
4 5h at +100°C Shot at +20 °C 58.8 3.2 
5 5h at +100°C Shot at +20 °C 67.2 3.2 

Table 4. Effect of thermal shock temperature on functioning time of DOP2 grade detonator. 



Alex™, an ultrafine aluminum powder with a median particle size close to 150 nm is discovered 
as a very efficient optical dopant for secondary high explosives. Replacement of carbon black by Alex in 
the HMX formulation DOP 2 grade makes it possible to master detonator functioning time reproducibility 
after thermal shock test at 100°C (table 5). Nevertheless, Alex makes naked loose explosive formulation 
more sensitive to ESD standard tests. 

In accordance with Stanag 4170 [2] and US MIL-STD 1751 A [3], sensitivity of the studied laser 
ignition formulation have been compared to RDX class 5, defined as reference explosive for homologation 
as booster composition [3]. Table 6 presents experimental results obtained with fallhammer test or impact 
test and the friction test. Standard ESD sensitivity tests have been carried out and compliant sensitivity 
level has been checked with HMX/CB formulations. All tests have been carried out on loose energetic 
materials. BAM apparatus and procedure have been used where the no reaction level is looked for as the 
level at which a sequence of ten consecutive trials with no reaction is observed. HMX DOP 2 grade 
formulation based on 1%wt of CB or Alex shows same mechanical pyrotechnical sensitivity level: 
measured impact sensitivity level is under the allowed limit threshold. Addition of 1% wt of Viton to Alex 
formulation makes it possible to be just on the allowed limit sensitivity. Higher phlegmatisation would 
need higher binder content difficult to produce.  

At last, current work on HMX particle size distribution and microstructure effects on laser ignition 
sensitivity makes it possible to find a better compromise between phlegmatization of explosive 
formulation and the necessary sensitivity to thermal laser ignition. This optimization is achieved with the 
HMX/CB DOP3 grade formulation. So, the impact sensitivity level has been upgraded to 12.5 J which 
allows the Defense homologation for in-line use of the laser ignited detonator without downstream 
mechanical train interruption. 

 

shot N° Thermal environment Functioning time (µs) Ignition Power density (MW/cm2)

1 25°C 44 3.6 
2 25°C 45 3.6 
3 25°C 40 3.6 
4 5h at +100°C shot at +25 °C 46.5 3.6 
5 5h at +100°C shot at +25 °C 45 3.6 
6 5h at +100°C shot at +25 °C 43 3.6 

Table 5.  Effect of Alex as alternative dopant on DOP 2 grade detonator functioning time control. 

Explosive formulation BAM Impact test
No fire Limit 

BAM friction test  
 No fire Limit 

RDX type II class 5 3,5 J 108 N 

HMX DOP2 grade /CB (99/1)  2,5 J 108 N 

HMX DOP2 grade /Alex (99/1)  2,5 J 96 N 

HMX DOP2 grade /Alex/Viton (98/1/1) 3,5 J 112 N 

HMX DOP3 grade /CB (99/1) 12,5 J 112 N 
Table 6 Safety standard tests evaluation of HE laser ignition formulations. 
 



A second firings campaign has been carried out with laser detonators loaded with the DOP3 grade 
explosive formulation as laser ignition charge in the 1st stage of laser detonator. Twenty-five laser 
detonators have been fired (table 7) under different thermal environment. This DOP3 grade explosive 
formulation permits totally to master functioning time dispersion. Mean functioning time of laser 
detonator is shortest at ambient temperature (40.4 µs). At low temperature, mean functioning time 
increases (45.5 µs), but still remains compliant with jitter requirement (± 5 µs). At last, this optimized 
explosive formulation DOP3 grade makes it possible to totally resist to high temperature thermal shock 
test. At 70°C, mastering is remarkably perfect, and is still compliant with jitter requirements after hot 
thermal shock test at 110 °C. 

As additional investigation, we have studied functioning time dispersion mastering capacity of 
laser detonator when Nd-YAG solid laser source is replaced by laser diode. Performances of laser diodes 
available in the short and mid term have been explored. So as to simulate these future laser diodes, a 
laboratory 50 W laser diode, fibered on 50 µm has been connected to a 105 µm step index firing optical 
fiber. So, an optical power density of 0.345 MW/cm2 is available to initiate laser detonators. This power 
density is 10 times less than previous optical power provided by Nd-YAG laser source (3.5 MW/cm2). To 
master detonator functioning time with this laser diode appears a priori an objective out of reach. To test 
the time mastering performance, twelve laser detonators (Table 8) have been loaded with the laser ignition 
explosive formulation DOP2 grade A and fired with an optical power density of 0.345 MW/cm2 provided 
by  a 105 µm optical fiber. Firings have been carried out at ambient temperature and after high 
temperature thermal shock test at 70°C. Median functioning time of laser detonator initiated by laser diode 
is around 72 µs. This time is longer than those previously obtained with Nd-YAG laser source, because 
mean optical power provided during laser ignition phase is 30 W in laser diode firings instead of 1000 W 
in Nd-YAG firings. Functioning time dispersion is moreover slightly more important at ambient 
temperature than after hot thermal shock test: that permits to conclude that this optical power density level 
is enough to pass successfully hot thermal test environment. These first experimental investigation results 
are promising on the laser diode capacity to comply with the time dispersion requirement for this Land 
Defense application. 

Detonator Function time Fct (µs) 
Thermal environment Firings 

number Average Standard 
deviation 

Min Fct, Max 
Fct 

Δ = Max Fct – 
Min Fct  

ambient 6 72.7 6.8 66.5 – 85.6 19.1 

5h at 70°C Shot at 20°C 6 71.7 3.0 67.2 - 76 8.8 

Table 8. Functioning time of DOP 2a grade laser detonators initiated by a Laser diode providing 
0.345 MW/cm2 in a 105 µm optical fiber;  

Detonator Function time Fct (µs) 
Thermal environment Firings 

number Average Standard 
deviation 

Min Fct, 
Max Fct 

Δ = Max Fct 
– Min Fct  

ambient 8 40.4 1.8 37.5 - 42 4.5 

5h at 70°C Shot at 20°C 9 41.2 1.1 40 - 44 4.0 

- 40°C 5 45.5 0.6 44.5 – 46.5 2.0 

5h at 110°C Shot at 20°C 3 45.3 2.2 43.5 – 48.5 5.0 

Table 7. Functioning time of DOP 3 grade laser detonators initiated by the Nd-YAG source 



Conclusion – Summary 

This experimental study shows that functioning time reproducibility of laser ignited detonator can 
be controlled under specific conditions. With a free running mode Nd-YAG solid laser source, providing 
optical power density equal to 3.5 MW/cm2 during the laser ignition phase, functioning time dispersion 
less than ± 5 µs has been mastered on the operational temperature range: -40°C, +110 °C. Choice of 
optical dopant and HMX particle size is shown important control parameters of laser ignition sensitivity of 
secondary high explosive formulation. At last, DOP3 grade explosive formulation is strictly compliant 
with Stanag safety requirements to enable in-line use of opto-pyrotechnical detonators. First results 
obtained with high power laser diode show the capacity to reach in short term the same performance level. 
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1. ABSTRACT 
 
As a main actor in missile Safe and Arm Unit mass production, Nexter Munitions has a large interest in the 
development of  advanced solutions for ignition systems.  
As an alternative to conventional safe and arming units (SAU) using complex mechanical systems to 
physically interrupt the explosive train and prevent inadvertent functioning, Nexter Munitions is currently 
studying both solid state firing circuit and its own ITAR-free EFI for in-line ignition system.  
Nexter Munitions is working on self-funded studies and also in the frame of the MCM-ITP to evaluate these 
solutions in order to produce a complete EFI system including command and pyrotechnics devices and to 
offer to its customers a full range of ignition systems. 

2. ROAD MAP – SAU TECHNOLOGIES 
 
The scope of applications and vectors that Nexter Munitions is dealing with is very large: gun fired 
ammunitions SAU, propeller or warhead ignition systems for missile, spatial and aeronautics pyrotechnics 
secured devices. For each of them, particular needs are  specified and adapted technical answers can be 
offered. Nexter Munitions is focusing on the three main technologies that are usually implemented to secure 
the ignition firing train: 

• Pyro-MEMS 
• Solid state slapper 
• Optopyrodetonator 

The following roadmap is a synthesis of the Nexter Munitions vision for the convergence of these 
technologies through the different domains. 
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3. SOLID STATE CIRCUIT 
 
The aim is to replace the spark gap  by a silicon chip : 
a quest for electronic parts through different 
technologies which would be able to fulfil the 
requirements has been conducted. 
The figure hereafter underlines that the thyristor 
technology remains the most adapted part in term of 
power / voltage / fastness / volume. 
 
The MOS or FET transitors don't exceed a few 
hundred Volts and remain very bulky (several square 
centimeter). The bipolar transistors don't allow to feed 
the necessary 3 500 Amperes. 
Moreover, the operating of the thyristor is robust and 
its diffusion through several markets permits a very 
low cost compliant with the "low cost" requirement of 
the study. 
However, the way to trigger a thyristor requires a 
specific safety study during the development of the 
Fuze or the firing units to ensure that the risk thyristor 
auto turns-on is controlled.  
Finally, selection of the thyristor technology is reinforced by the fact that thyristor is already embedded in 
firing function of existing missile fuzes which are in service in the Forces for several years.   
Tests of components and selection  
For our study, we have selected a range of samples of thyristors and we have conducted a comparative 
analysis with the spark gap in reference.  
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The figures hereafter are the results of several tests and measures achieved on different models of thyristors.  

The tests demonstrate that, for one of the tested sample, the thyristor seems to be able to replace the spark 
gap according to the intensity and time to be triggered criteria. 
 

 
Moreover, the selected thyristor offers a reduced volume thanks to its TO220 package. 
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4. PREPARATION OF THE DEMONSTRATION 
 
After the thyristor component had been selected, Nexter Munitions have made a number of trials with this 
thyristor solution.  
It should be noted that the thyristor chip is operating in "avalanche" mode in this application and is not 
reversible. This specificity should not be a problem for the expected fuze function. The firing function in a 
fuze is one shot and the testability of the firing switch at full load is not necessary for a semiconductor 
solution (intrinsic reliability proved by production).  
After about 200 firings, all thyristors have gone into the required avalanche mode, and none have failed 
switch on the high current pulse indicating that this mode of operation probably has comparable reliability to 
fuze requirements.  
Additional tests have also been conducted to verify operation with actual detonators.. 

 
The test configuration was designed to allow the firing unit (capacitor and HT) to be protected when the 
detonator is fired. For non live tests, the detonator was replaced by a shunt and the instrumentation allowed 
the current pulse to be measured.  
These tests permitted the validation of the firing unit before live firings. 
Pulse measurements from these trials can be seen in the previous section of this report. 

5. LIVE TRIALS SETUP 
The live demonstration was originally planned to take place in TME facilities in November 2010. The 
"interfaces" between TME and NMU have therefore been studied and agreed. 
The demonstration was planned to comprise 5 firing of Perkin Elmer Bluechip Detonators furnished by 
TME. To transport the fire unit in the TME facilities, an authorization of exportation was requested by 
Nexter Munitions from the French MOD. 
An illustration of the planned technical layout for the tests are shown below. 

 

Firing Unit  

Detonator connector 

Instrumentation 

Stripline with 
thyristor 
(replaceable after 
each firing) 
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Confirmation of firing is to be achieved with a 1mm thick aluminium target placed after the detonator to 
verify its detonation. The test criteria is detonation or not. The detonation of the EFI is confirmed if the target 
is correctly perforated. 

6. HARDWARE PREPARATION FOR THE TRIALS 
The replaceable elements of the firing unit have been prepared by Nexter Munitions. Hereafter we can see 
the strip lines equipped with the transistor and the connector for the demonstration trials. 
 

 
 
 
 
 

220 V 
power 
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7. TESTS RESULTS 

7.1 TESTS ON BLUECHIP (US) LEEFI DETONATORS 
Nexter Munitions has supplied Perkin Elmer Bluechip Detonators to permit the test firings to be conducted 
in France at the Nexter Tarbes facility. 

 
Two firings have been carried out. The two live firings resulted in explosions (see above picture).  These 
demonstrate the ability of the solid state switch with a Perkin Elmer Blue ChipTM to be fired by the thyristor 
solid state switch at 1800 V and also at 1200 V.  

8. IN-HOUSE ITAR-FREE DETONATOR  
 
In addition to the tests on the BlueChip 
LEEFI detonator, Nexter have also taken 
the opportunity to test the solid state 
switch against an in-house ITAR-free 
EFI. This has been developed by Nexter 
under an internally self-funded study. 
To complete the test firings of the solid 
state switch, six of these Nexter EFI 
detonators were then fired using the solid 
state switch in Tarbes in November 2010. 
In total 6 firings were undertaken at 
1800V, with all detonators firing. 
The six live firings resulted in explosions 
(hole in the target for each firing). 
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1. INTRODUCTION 

Hot bridgewire explosive actuators are used to perform mechanical work, such as the rapid movement of a 
piston to open or close a valve. Explosive actuators are used in jettison systems for missile separation stages 
and aircraft emergency escape chutes. Consequently, explosive valve actuators must be reliable but only 
operate on demand and be safe. The performance on demand can be achieved by the use of sensitive 
energetic materials but such materials may result in unintentional operation and compromise the safety 
characteristics of the device.   

Explosive valve actuators are designed to operate from relatively low level electrical currents (typically a 
few amps with a total energy of the order of tens of milli-joules). Appropriate precautions, either in the 
design or in handling restrictions, must be taken to negate accidental functioning as a result of electrostatic 
discharge. Furthermore, actuators are often deployed in electrically “noisy” environments and so it is 
necessary to include design features to eliminate unintentional functioning as a result of currents induced in 
the firing leads from electromagnetic radiation.  

It can be seen that the need for an electrical firing circuit inherently limits the scope for making intrinsically 
safe electrical actuators. Laser operated actuators provide the opportunity to enhance the safety of devices 
due to the incompatibility of optical firing signals with electrical signals (and noise) and the ability to 
electrically isolate the energetic materials from their environment. 

 

Abstract 

Hot bridgewire actuators are used in a wide range of applications for both civilian and military 
purposes. As with all electro-explosive devices, accidental functioning or duding of a hot 
bridgewire device from unintended electrical currents induced in the firing circuit can never be 
eliminated. However, the use of laser based firing systems provides the means to enhance the 
safety of actuators: the explosive within the device can be electrically isolated from the fireset 
and the environment. 

In this paper the results of studies to characterise the ignition thresholds of formulations based 
on HMX/carbon black are reported. 

To provide a sound foundation for the design and assessment of laser ignited devices a 
detailed study of HMX/carbon black formulations was performed to identify and characterise 
the processes determining the response of formulations containing an energetic material mixed 
with a light absorbing additive. A numerical model which is capable of predicting the effect of 
carbon black concentration and laser pulse length on thresholds has been developed. The 
model has enabled the principal processes determining the ignition thresholds to be identified. 



2. EXPLOSIVE FORMULATIONS 

HMX was chosen as the basis of this 
study as it has been extensively 
characterised: the thermal properties 
have been measured and, in 
particular, a kinetic thermal 
decomposition scheme has been 
developed.  

To enable the effect of particle size 
of an energetic material on the 
ignition thresholds to be determined, two HMX blends were prepared with mutually exclusive particle size 
distributions: the particle size distributions did not overlap. HMX does not absorb in the near infra-red [1] 
and so formulations were prepared by mixing the HMX blends with 1% and 3% carbon black (CB) [2] by 
weight using a wet mix technique. Selected characteristics of the HMX and formulations are summarised in 
Table 2. The specific surface area (SSA) of the carbon black was 76.6 m2g-1 with a particle size of 0.05µm. 

 A disadvantage of using intimately mixed additives, even in 
small quantities, is that they can adversely affect the safety 
characteristics. To illustrate this point the impact 
sensitiveness, Figure of Insensitiveness [3] of the formulations 
used in this study are compared in Table 2. It can be seen that 
relatively small amounts of carbon black can make a 
significant difference. The high melting point carbon black 
particles can be considered to a “grit” contaminant and so a 
decrease in the impact sensitiveness is not unexpected [4]. 

 

3. IGNITION THRESHOLDS 

3.1  EXPERIMENTAL CONFIGURATION 

A laser diode driver unit (Spectra Diode Labs SDL-820-P) was used to determine the amplitude and duration 
of the laser pulses emitted from a 2W quasi-cw gallium/aluminium/arsenide laser diode (Spectra Diode Labs 
SDL-2272-P3) emitting at around 820nm. An optical fibre, “pigtail”, was interfaced to the laser. The pigtail 
was installed by the manufacturers and could not be replaced. To prevent the pigtail being damaged, 
disposable “patchcords” were used to connect the pigtail to the actuator body. The patchcords were step-
index silica optical fibres, with a core diameter of 100 µm and a cladding diameter of 140 µm delivered the 
laser light to the actuator. The fibres were terminated with SMA906 connectors. The laser-pigtail and the 
patchcords were calibrated to enable the power and energy delivered to the formulation to be calibrated. 

The SMA906 connectors were screwed into the test vehicles, made from ferralium alloy (grade 431S29, 
BS970 Part1: 1991). The energetic material was pressed directly onto the face of the optical fibre eliminating 
the possibility of air gaps between the optical fibres and the energetic material. The density of the charges 
was 1.83 g cm3. The charge cavity was sealed with an aluminium disc to provide the confinement required 
for HMX ignition. 

 

 

Table 1: Selected HMX Characteristics 

 Fine HMX Coarse HMX 

Particle Size Distribution/µm Less than 40 75-125(35%) 
600–850 (65%) 

Mean Particle Diameter/µm 20 N/A 

Specific Surface Area/cm2g-1 7090 363 

Table 2: Figures of Insensitiveness 

Composition 
F of I 

(Fine HMX) 
HMX 60 

99% HMX / 1% CB 28 

97% HMX / 3% CB 21 



3.2  EFFECT OF CARBON BLACK LOADING AND HMX PARTICLE SIZE 

The power thresholds determined for the four formulations for a 10 ms pulse are given in Table 3. It can be 
seen that the threshold power may be reduced by reducing the particle size of the HMX or by increasing the 
carbon black loading. 

Increasing the carbon black loading will have three 
primary effects, the absorption efficiency and 
thermal conductivity of the formulations will 
increase and the HMX concentration will decrease. 
The ignition threshold is determined by the 
outcome of the competition between the rates of 
heat generation, due to chemical reaction and light 
absorption, and the dissipation of the heat to cooler 
surroundings. Increasing the absorption efficiency 
will reduce the absorbing volume, increase the 
localised heating and promote ignition. However, this effect will be counteracted by the increase in thermal 
conductivity and the reduction in the HMX concentration. 

At low carbon black concentrations the increase in absorption efficiency dominates and the thresholds 
decrease with increasing carbon black loadings. However, as the carbon black loading is increased, the 
increase in thermal conductivity and decrease in HMX concentration becomes more important and the 
carbon black loading concentration is reached and the thresholds increase. Studies on other energetic 
materials suggest that a rather broad minimum exists in the threshold carbon black loading curve between 
about 1% and 10% [6]. It should be noted that delamination of the material from the surface of a pressed 
charge occurs for formulations containing greater than approximately 3% carbon black [6]. It would thus 
appear that about 3% carbon black can be usefully added to an energetic material. 

The effect of HMX particle size can be determined by comparing the thresholds in Table 3. The thresholds 
decrease with decreasing HMX particle size. The decrease in the ignition thresholds with decreasing particle 
size is consistent with results from similar studies [1]. It has been reported that the thermal decomposition of 
HMX is particle size dependent [ 5 ]. However, there are other factors which will be discussed below. 

 

3.3  EFFECT OF PULSE DURATION: ENERGY AND POWER THRESHOLDS 

The ignition thresholds for the formulations 
were measured as a function of pulse duration 
and are presented in Figure 1 in the form of a 
energy-power threshold curves. For the sake 
of clarity the thresholds for the same 
formulation have been connected by a series 
of lines.  (It was not possible to generate the 
curve for the 99% coarse HMX/1% carbon 
black as the thresholds were higher than the 
maximum output from laser diode). 

 

 

Table 3: Threshold Powers 

Carbon 
Black 

Loading 

Power Threshold (10 ms pulse) / W 

Fine HMX Coarse HMX 

1%  0.15 ± 0.02 0.63 ± 0.04 

3%  0.10 ± 0.01 0.13 ± 0.01 

Figure 1: Power-Energy Ignition Thresholds 



For pulse lengths in excess of about 50ms 
the ignition thresholds are independent of 
carbon loading: both sets of data 
approach a limiting threshold of about 
0.07 W. For pulse lengths below around 
2.5ms a minimum critical energy 
threshold exists which is dependent on 
the carbon black loading. The asymptotes 
are summarised in Table 4. 

The laser energy is absorbed in a volume determined by the absorption characteristics of the formulation. If 
the pulse length is sufficiently short and of a high enough power, thermal runaway occurs before significant 
heat transfer out of the absorbing volume can take place [6]. Increasing the carbon black loading, decreases 
the absorbing volume and increases the deposited energy density. Consequently, the critical energy required 
for ignition is decreased. 

It can be seen from Figure 1 that increasing the pulse length decreases the threshold power. Increasing the 
pulse length increases the total energy delivered to the formulation. Therefore, to re-establish threshold 
conditions the total delivered energy must be reduced, by decreasing the power. There is not a linear 
relationship between threshold power and threshold energy: reducing the power (the energy delivery rate) 
also enables greater delocalisation (due to thermal diffusion) of the heat to occur before sufficient energy can 
be deliver to cause thermal energy. Obviously, there exists a critical power below which ignition will not be 
possible irrespective of the length of the laser pulse (and the total energy delivered) [6].  

The delocalisation of the heat, due to thermal diffusion, will become greater as the pulse length is increased 
and, for sufficiently long pulses, the energy distribution within the charge will be independent of the 
absorbing volume/efficiency. Hence, formulations with different absorbing efficiencies/volumes, provided 
they are not too dis-similar, will have the same critical power thresholds. 

 

4. OPTICAL CHARACTERISTATION 

 

4.1 APPROACH 

The optical properties of HMX/carbon black charges are determined by a number of factors including the 
optical properties of the HMX and carbon black, the ratio of the two components, their particle sizes and the 
spatial distribution within the charges.  

The high adsorption and low reflectance of carbon black is in direct contrast to the high reflectance and low 
absorption characteristics of HMX at the wavelengths of interest. The amount of light scattered by a material 
is strongly dependent on the inhomogeneities and discontinuities within the bulk material [7]. Two 
approaches to describing the optical properties of the formulations were considered: 

a) The discrete particle method in which the interactions of the laser radiation with the individual 
particles of the charge [7] are modelled explicitly. Such a model requires a very detailed knowledge 
of the optical properties of the carbon black and the energetic material and the structure of the 
compact (eg particle size distribution of the two components, shape of the particles). 

b) The effective optical properties method [7] requires the reflection and transmission characteristics of 
the pressed samples are determined as a function of sample thickness. The charges are assumed to be 

Table 4: Energy and Power Asymptotes 

Formulation Energy 
Asymptote / mJ 

Power Asymptote 
 / W 

99% HMX / 1% CB 0.48 ± 0.04 0.07 ± 0.01 

97% HMX / 3% CB 0.27 ± 0.03 0.07 ± 0.01 



homogeneous so that analytic expressions may used to extract the reflectance, absorption and light 
scattering coefficients from the measured data. 

Method (b) was adopted as it was relatively straightforward and could be readily applicable to other 
formulations. If this method was not successful (that is, the required accuracy was not achieved) then method 
(a) would be have been evaluated. 

Initially, the intention was to characterise the absorption profile by measuring both the reflected and 
transmitted light as a function of sample thickness. It was intended to measure the hemispherical reflectance 
and transmission characteristics using a purpose built spectrophotometer [8], see Figure 2. The 
spectrophotometer was based on a 150mm diameter, multi-port integrating sphere (Labsphere Inc., RT-060-
SF) fitted with a silicon detector (Labsphere Inc., UDT-470) couples to a radiometer (Labsphere Inc., SC-
5000). The light source was an 820nm self collimated laser diode (Imatronic, LDM-135).  

 

 

 

 

 

 

 

 

 

 

 

4.2  MEASURED REFLECTANCES 

It was not possible to make films thin enough that 
could be mounted in the spectrophotometer and 
transmit any measureable light. Therefore, the 
spectrophotometer was calibrated with reflectance 
standards and the reflectance characteristics were 
determined and summarised in Table 5. 

The pure HMX compositions reflectivities are very 
high, in excess of 80%, with the fine compositions 
having the higher reflectivity. The higher reflectivity 
of the fine HMX may be attributed to the higher density of grain boundaries and the more polished 
(flatter/glossier) finish that can be achieved with fine particles. 

 

The addition of small amounts of carbon black to an HMX formulation results in a dramatic decrease in the 
reflectivity. To put the effect of carbon black into perspective the reflectivity of pure carbon black (13.3%) 

Table 5: Reflectance Characteristics 

Carbon Black / 
(wt) % 

Reflectance 

Fine HMX Coarse HMX 

0 98 % 87 % 

1 16 % 20 % 

3 15 % 16 % 

100 13 % 

Figure 2: Configuration for Absorption and Reflectance 
Measurements 



[9] is rapidly approached after the addition of only 3% of carbon black. It is interesting to note, in direct 
contrast to the pure HMX formulations, the formulations based on the smaller HMX particle size have a 
lower reflectance and, by implication, a higher absorptivity than the corresponding coarse HMX/carbon 
black formulations. 

From SEM studies of the compositions the sub-
micron (around 0.05 µm) carbon black particles 
coat the HMX. The extent of the coverage of the 
HMX particles can be estimated, simplistically, by 
considering the relative specific surface areas of the 
respective powders, see Table 6. There is a wide 
range in the coverage of the HMX particles among 
the four formulations and these values are used to 
rationalise the reflectivities. 

 

4.3 RATIONALISATION OF THE RESULTS FOR COARSE HMX FORMULATIONS  

It can be seen in Table 6 that for the coarse based HMX/carbon black formulations there is sufficient carbon 
black to form multiple carbon black layers on the HMX particles. Therefore, it may be expected that the 
reflectance would be that of pure carbon black 13% rather than the measured values of 16% and 20% for the 
3% and 1% carbon black formulations. It is believed that this difference could a combination of: 

 The carbon black particles did not uniformly coat the HMX particles. 

 The pressing process caused cracking of some of the larger HMX crystals and exposed uncoated 
surfaces: in studies on plastic bonded HMX explosive charges it was found that HMX crystals may 
crack during pressing [10]. SEM examinations of the pressed surfaces of the formulations 
established the presence of cracked HMX particles (in the coarse compacts). 

 Rearrangement of the carbon black layers (to expose HMX surfaces) during the pressing process. 

It is not possible to assess the relative contributions of the above mechanisms. However, as the carbon black 
content is increased the significance of the above mechanisms will be reduced thus rationalising the relative 
reflectances of the 3% and 1% carbon black based coarse HMX formulations. 

 

4.4 RATIONALISATION OF THE RESULTS FOR FINE HMX FORMULATIONS 

The reflectance of the 97% coarse HMX/3% carbon black is essentially the same as the 99% fine HMX/1% 
carbon black although the calculated coverage values for the 2 formulations are different, see Table 6. 
However, the calculated coverage values in Table 6 for the fine HMX based formulations are for particles in 
isolation. It is likely that when HMX particles with incomplete carbon black coatings were pressed together 
the pressures, required to form a high density compact at 1.8 g/cm3, would cause the carbon black on 
adjacent HMX particles to slide over each other to maximise the coverage of the HMX particles. Thus, in the 
fine HMX based compacts the coverage values would approach 60% and 170% for the 1% and 3% carbon 
black respectively. However, these revised values for the 1% and 3% fine HMX values can not by 
themselves be used to reconcile the differences in the reflectances between for the two formulations and the 
difference in the reflectances between the 2 formulations and the value for carbon black.  

Table 6: Calculated Coating Efficiencies 

Carbon Black 
Doping / wt % 

% Coverage by Carbon Black of 
Compositions based on: 

Fine HMX Coarse HMX 

1 30 530 

3 85 1630 



For light entering an HMX/Carbon Black compact the contribution to the reflectance will be determined by 
the competition between the scattering processes leading to the light being scattered out of the compact and 
scattering resulting to the light impinging and being absorbed by a carbon black particle. The reflectance 
results imply that for the 99% and 97% fine HMX compacts that the degree of scattering is sufficiently high 
that the probability of light (within the compact) being scattered onto a light absorbing carbon black particle 
is comparable for both formulations. 

The reflectances for the 1% and 3% carbon black compacts based on fine HMX are comparable to the 97% 
coarse HMX/3% carbon black compact and less than the 99% coarse HMX/1% carbon black. However, this 
trend does not agree with the coverage values (see Table 6) but can be rationalised in terms of the processes 
discussed above. 

Unlike the formulations based on the coarse HMX crystals, there was no evidence from the SEMs that the 
fine HMX particles cracked when pressed. This was not unexpected as the fracture stress for particles is 
inversely proportional to the square root of the particle diameter and fine HMX particles are less prone to 
cracking. Thus, for the fine HMX compacts, the pressing operations would not have cracked the HMX 
particles exposing uncoated surfaces but would have caused re-arrangement of the carbon black to maximise 
the coating (of the HMX particles). 

The amount of light scattered within a charge based on fine HMX will be greater than in the coarse HMX 
formulations due to the higher density of light scattering interfaces associated with the smaller HMX particle 
size. The reflectances imply that the higher level of internal light scattering in the fine HMX compacts 
increases the chance that the light will impinge on a carbon particle rather than being scattered out of the 
compact compared to the coarse HMX compacts. 

 

4.5 OPTICAL CHARACTERISATION: CONCLUSIONS 

It can be seen from this semi-quantitative analysis that a physics based model capable of describing the 
reflection and absorption characteristics of a material containing a small quantity of a highly absorbing, high 
surface area particles intimately distributed within a “matrix” of a non-absorbing, highly scattering larger 
particles would be extremely complex. A model would have to take into account such factors, coating 
efficiency, the area of uncoated surfaces generated due to particle cracking (when pressed), rearrangement of 
the carbon black coatings (when the formulations are pressed into compacts) and the scattering of the light 
within the compact. The complexity of a physics based model, and the effort required to develop such a 
model may out-way the benefits and not an approach that could be taken for all formulations. 

 

5. NUMERICAL MODELLING 

5.1  APPROACH 

To inform the design process and experimental activities a conceptual model of laser ignition of an actuator 
was constructed, see Figure 3. A laser pulse is transmitted along an optical fibre to the explosive. Some of 
the light is reflected back into the fibre by the explosive and the remainder is scattered within the compact 
and then absorbed (by the carbon black particles) or scattered out of the charge. 



The absorbed energy heats the carbon 
black particles which, through 
conduction heats the surrounding 
explosive and causes the explosive to 
undergo exothermic decomposition. The 
heat is conducted further into the 
explosive charge and back into the 
actuator body. The balance of the 
competition between the heat generation 
and dissipation in a critical volume 
determines if thermal runaway 
(explosion) occurs.  

 

 

5.2  ABSORPTION MODEL 

The scanning electron micrographs identified that the carbon black coated the HMX particles rather than 
occupied interstitial sites in an HMX lattice. Thus a compact of HMX and carbon black was visualised as a 
regular structure comprising spheres of HMX coated with carbon black particles. However, since the particle 
sizes of the HMX and carbon black (20 µm and 0.05 µm respectively) were such that the compact could be 
represented as a series of alternating layers of carbon black and HMX. 

For a laser pulse of known (energy and power) characteristics the absorption profile was calculated thus: 

 The measured reflectances were used to calculate the total energy absorbed within the charge 

 Only carbon black “in line” with the optical fibre absorbed the energy. This is equivalent to 
assuming that the laser beam did not diverge significantly over the absorption depth. 

 The light absorbed at each layer was determined by the product of the incident energy/power and 
the fraction of the HMX surface coated by the carbon black. The fractional coverage was 
calculated from the specific surface area (as measured by an air permeametry technique) of the 
HMX and the cross sectional area of the carbon black. It was assumed that when HMX particles 
with incomplete coatings were pressed together to form a high density compact at 1.8 g/cm3 that 
the carbon black on the adjacent HMX particles would slide over each other to maximise the 
coverage of the HMX particles. 

 

5.3  HMX DECOMPOSITION MODEL 

The HMX decomposition model was developed at AWE based on the approach of McGuire and Tarver [11]. 
It was shown that the decomposition of HMX, although extremely complex, could be described by a 3-step 
decomposition scheme. The scheme comprises an initial endothermic, condensed phase, bond breaking 
process, followed by 2 consecutive endothermic processes. The times to explosion of 0.5” diameter sphere 
were measured and used to evaluate the parameters of the kinetic scheme [12]. The approach is illustrated in 
Figure 4.  

Figure 3: Conceptual Model For A Laser Actuator 



 

 

 

 

5.4 LASER ACTUATOR MODEL DESCRIPTION 

The complexity and non-linear nature of the processes, particularly the chemical decomposition kinetics, 
precluded the development of an analytical model. Consequently, a finite element model was constructed. 

A 2-dimensional geometrical representation of the experimental configuration was constructed with the 
compacts represented as alternate layers of carbon black and HMX, as described in Section 5.2. The model is 
represented schematically in Figure 5. In Figure 5, to convey the concept of the layer structure the 
thicknesses of the layers are not to scale and only some of the layers have been depicted. (It should be noted 
that preliminary calculations indicated the need to include the various components of the optical fibre in the 
model). 

Values for the thermal properties of the carbon black and the components of the optical fibre were taken 
from a thermal properties database [13]. The HMX thermo-kinetic decomposition model parameters, 
appropriate to the HMX particle size distribution, and thermal properties were taken from Reference [12] and 
used without modification. 

The numerical modelling was performed using the 2-dimensional, finite element reactive heat flow code 
TOPAZ2D [14] with an in-house developed chemical decomposition routine. Heat transfer within the model 
was solely by conduction. The criterion for ignition in the model was calculated as localised self-heating 
followed by thermal runaway.  

Figure 4: Kinetic Thermal Decomposition Modelling Approach 



 

 

 

5.5  CALCULATED THRESHOLDS 

The calculated and experimentally determined thresholds are compared in Figure 6. There is very good 
agreement for power levels over 0.1W. The model successfully predicts the minimum energy thresholds 
(corresponding to high power, short duration pulses). The minimum energy asymptotes are primarily 
determined by the absorption model and the HMX decomposition kinetics, see Section 3.3, and so the 
approach to modelling theses processes is validated.  

 

 

The model does not perform so well for laser powers below 0.1 W and over-estimates the thresholds. 
However, interrogation of the sub threshold calculations in this regime revealed significant quantities of 
HMX decomposition intermediates and products in and around the “light absorbing” carbon elements. If this 
occurred in a real system it would result in a build-up of pressure which, in turn, would increase the 
decomposition rate sufficiently to enable thermal runaway to occur: the decomposition rate of HMX is 

Figure 5: Schematic of Laser Actuator 

Figure 6: Experimental and Calculated Thresholds 



pressure dependent [15,16]. It is believed that the cause of the model to over-estimate the thresholds below 
0.1W is a result of the HMX kinetic decomposition model not including a “pressure” dependent rate term. 

The numerical calculations have also identified routes to improving the efficiency of laser actuators. In 
Figure 7 the temperature distribution are shown at various times leading up to thermal runaway for a 0.1W 
laser pulse for the fine 97% HMX/ 3% carbon black formulation. The temperature profiles show that there 
was significant heat flow back into the optical fibre with relatively little being conducted into the epoxy 
adhesive and ceramic ferrule.  

 

 

The partition of the energy between the optical fibre and the explosive charge has been calculated for the two 
fine HMX formulations as a function of pulse length, see Table 7. For both formulations the heat conducted 
into the optical fibre increases with increasing pulse length. Even for 1ms laser pulses the amount of energy 
conducted into the optical fibre is substantial. Compared to the 97% fine HMX/3% carbon black compact, a 
greater proportion of the energy is retained in the 99% fine HMX/1% carbon black compact. In the 99% fine 
HMX/1% carbon black compacts only about 30% of the energy is absorbed at the carbon black layer at the 
optical interface. The HMX between the carbon black layer at the optical interface and the carbon black 
layers acts as an insulator and reduces the energy “lost” to the optical fibre.  Although more energy is 
retained in the 99% fine HMX/1% carbon black compacts it is in a larger volume and so the thresholds are 
higher for the 99% fine HMX/1% carbon black compacts. 

Table 7: Partition of Energy between Optical Fibre and HMX Compact 

Pulse Length / 
ms 

Percentage of Absorbed Energy 

Optical Fibre 
97% fine HMX/3% 

carbon black Optical Fibre 
99% fine 

HMX/1% carbon 
black 

1.0 57 43 20 80 

2.5 58 42 24 76 

5.0 59 41 28 72 

10.0 59 41 32 68 

50.0 62 38 48 52 

Figure 7: Temperature Profiles for 97% fine HMX / 3% Carbon 
Black Model for a Laser Power of 0.1W 



The results of the calculations are consistent with the work of Ewick and Beckman on Ti/KClO4 and CP, 2-
(5-cyanotetrazolato) pentamine cobalt (III) perchlorate (loaded with carbon black) [17]. The ignition 
thresholds were reduced, by approximately 50%, by placing insulating (mylar) discs between the optical 
fibres and the charges. The magnitude of the reduction will depend on the laser pulse length and on the 
carbon black loading. For formulations, where the peak absorption occurs away from the optical 
fibre/explosive charge interface (e.g. 99% fine HMX/1% carbon black) the effect of the insulating film may 
be reduced. 

 

6. CONCLUSIONS 

To understand the physical and chemical processes determining the laser ignition thresholds of formulations 
containing a non-absorbing energetic material formulated with a light absorbing additive the thresholds of 
HMX/carbon black formulations have been studied. A qualitative rationalisation of the critical power and 
energy thresholds and optical properties has been proposed. The qualitative rationalisation has informed the 
development of a simple model to describe the reflectance and absorption characteristics of HMX/carbon 
black formulations. The optical model, together with an HMX kinetic decomposition model, has been 
incorporated into a 2-dimensional finite model which successfully predicts the threshold characteristics for 
laser ignited HMX/carbon black actuators.  

The models reported in this paper have enabled the key processes determining the ignition thresholds of laser 
ignited actuators to be quantified. The areas for improving the efficiency of laser ignited actuators have been 
identified. 

© British Crown Owned Copyright 2011/MOD 
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ABSTRACT 
Cool Gas Generators are an innovative technology that produces pure gas at ambient temperature 

by a self-sustained decomposition of a solid material. This paper will report on the transition 

between research and the first commercial applications of this technology and the challenges that 

have been encountered. The Cool gas Generator (CGG) technology can be applied to any system 

that requires pneumatic (by direct use of the gas) or chemical (be allowing the produced gasses to 

react) energy. Main advantages of the technology are: no pressure or leak during storage, long 

storage lifetime and mass / volume efficiency. The compact storage system allows the 

simplification of gas feeding systems as no high pressure components are required. Furthermore 

the use of multiple CGG’s offers the possibility for a very flexible and adaptable system. 

This paper will describe the technical challenges that have been encountered during the 

development of the technology towards applications. Also attention will be given to non-technical 

obstacles like finance and organizational limitations. Lessons learned and recommendations for 

future technical and business development activities will be discussed, taking into account the 

future applications foreseen for CGG’s. 

 

Keywords: Cool Gas Generators, technology development, commercialization of technology, 

valorisation of technology  

 

 

INTRODUCTION 
At the end of the 1990’s the Cool Gas Generator (CGG) technology was brought to the 

Netherlands by TNO and development towards applications started from the original Russian 

technology base. Expectations were high and commercial success was expected within a few 

years. In 2009 after 10 years of hard work and significant technical 

progress there was still no commercial breakthrough. Like in many 

cases the development of a new technology proved much more 

difficult than expected and Cool Gas Generators encountered the 

“Technology Valley of Death” [1], the difficulties technology 

development encounters when moving from a low technology 

development level in an academic research environment to high 

technology development level when proven in a mass produced 

product in an industrial environment. 

 

The specific case of CGG’s was the subject of an investigation at 

TNO which looked beyond the technology itself [2].  This 

investigation revealed that for successful commercialization of CGG 

technology, not only the technology itself, which is the prime focus 

of a research organization like TNO, is important. The technology 

needs to be developed into products that it answers specific 

commercial market needs and an organization has to be set up with the right experienced people 

to conduct the development and market introduction.  Of course, the finance has to be in place to 
Fig 1: 40 normal liter 

nitrogen CGG used for 

testing at TNO [Philip 

Broos] 
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carry out the work. The last part is not easy as the investments have to be made long before any 

earning and success cannot be guaranteed from the start. 

 

For the CGG technology, developments for space applications have helped a lot in this respect as 

this is one of the few markets where the end-customer provides funding for technology 

development from the research phase until application in missions and is willing to accept the 

risks that go along with it. 

 

Several key technical and non technical developments were identified during the road towards 

commercialization which will be discussed in the remainder of this paper. 

 

CHALLENGE 1: REALIZATION OF THE EXISTENCE OF THE “TECHNOLOGY 

VALLEY OF DEATH” 
The development of Cool Gas Generators was started in the late nineties with great enthusiasm 

and soon the first Dutch build CGG’s were produced and tested. In the mean time applications 

were identified and companies were approached expecting that commercial contracts would soon 

supersede the limited internal funding.  Companies were very interested in the technology, but the 

expected big influx of contracts remained a small stream. A typical reaction was: “Nice, but come 

back when you can make it 10 times as big, five times faster and when it can be produced at 

lower cost than our existing technology”. This led to the realization that there is a big gap 

between early research and commercial products which had to be overcome. As one of the people 

involved later on said: “we went from unknowingly ignorant to knowingly ignorant”. However 

the realization that research and commercial worlds were very different gave us direction to move 

ahead and to start thinking beyond the technology as such. 

 

 

CHALLENGE 2: OTHER GASSES 
The original technology acquired by TNO was for producing nitrogen gas, but soon it was 

realized that by changing the formulation the production of other gasses was possible. Also from 

the first contacts with the industry it became clear that other gasses would better fit to the 

application than nitrogen. 

Early in the development an industrial partner inquired for the development of an oxygen-CGG 

which was developed by TNO. Later on formulations for hydrogen, carbon dioxide and methane 

were identified and development was started when applications appeared. As the raw materials 

for each formulation are different, they 

all have their different characteristics 

in yield, environmental impact and 

mechanical properties. They fit 

different applications and different 

environments. Developing a new type 

of gas generator is a long and costly 

process as it is difficult to predict the 

chemical reactions accurately and 

successive iterations of design and 

testing are needed to fine tune a 

formulation. Sometimes the tests 

produced unexpected results, for 

example a test with a CO2 formulation 

produced unexpected additional 

amounts of oxygen, boosting the 

performance significantly. In other 
Fig 2: cool gas generator for oxygen [TNO] 
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formulation progress proved difficult, the Hydrogen formulation for example only produced 50% 

of its theoretical yield due to incomplete reaction of the different components in the formulations. 

Despite considerable investment, no ways have been found to improve this yield. 

The search for higher performance ingredients and formulations is continuing and this has shown 

an increasing trend in performance of CGG’s and an increasing number of applications. 

 

 

CHALLENGE 3: MATCH YOUR CUSTOMER BUSINESS MODEL 
Two of the markets the team approached early on was those of fire suppression systems and the 

life raft industry. Although much interest was generated, the contacts did not lead to major 

research work. The main reason for this was that the Business model of these sectors did not 

favor an innovation that eliminated maintenance as no maintenance and a long life time is one of 

the main advantages of CGG’s. In these markets the products are sold with a minimum margin 

and earning mainly comes from the yearly maintenance contracts. Furthermore, especially larger 

companies are not willing to give up their existing profit making products for a new innovative 

product unless they are certain that the new product will bring in more revenue.  

From this the team learned that it had to find out what the business model of the company was we 

approached and how we could fit into this model and contribute to the revenues of this company. 

From 2006 onwards this realization evolved into actively writing business plans with companies 

for different CGG applications. Writing a joint business plan with parties in the value adding 

chain is now a standard exercise before development towards a new CGG application is started.  

 

 

CHALLENGE 4: ENVIRONMENTAL TESTING 

The space market was also identified as interesting because the absence of maintenance offered 

advantages for spacecraft and the solid storage of pressurizing gas could greatly simplify 

propulsion systems. Furthermore TNO had a lot of experience in this market. Applications were 

easily identified [3] and development was started in the framework of the Small & medium 

Enterprise / Leading Edge technologies programme together with Bradford Engineering. After the 

successful initial demonstration, the team got the opportunity to fly on the Proba 2 mission. Here 

four CGG’s are used to refill the tank of the cold gas resistojet system four times after the 

propellant in the tank is consumed. The qualification of the CGG for the Proba 2 mission was the 

first time a CGG was subjected to considerable environmental testing, which it survived with 

flying colours. Later, the technology was identified as a possible new inflation method for airbags 

for planetary landing vehicles. In the framework of the Exomars programme, even more rigorous 

testing was done to prove that the technology could survive a bake-out at 125 degrees Celsius and 

could be fired at Martian temperatures. CGG technology is now qualified for use between -40 and 

+50 degrees C and can withstand vibration and shock levels compatible with the launch on a 

Rockot launch vehicle [4], [5]. 

This space qualification under ESA funding was very important for the CGG development. It was 

the first true application of the technology and when it could withstand the rigors of space, it 

would also be able to resist other extreme environments. It made applications in the defence and 

aerospace worlds possible and helped convince interested companies that the technology had 

reached a certain maturity. 

Space applications are still very important for CGG’s as they can directly used in spacecraft as a 

qualified product. Furthermore technology funding from space programmes allow the technology 

to be further developed from which benefit not only space applications but also terrestrial ones. 

 

 

CHALLENGE 5:  LOW COST INGREDIENTS 
During the space development it became clear that the production of CGG’s was very expensive, 
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even for Space standards. In particular there was one component in the original Russian 

formulation that had to be synthesized specifically for the CGG use at a huge cost. It was realized 

that before any commercial application outside space could be attempted this component had to 

be replaced. A separate research programme was started, partly sponsored by Bradford 

Engineering, to find a replacement component. A literature study identified a large number of 

candidates and after successive round of evaluation and testing a new component was identified 

and successfully tested in the gas generator formulation. The component is commercially 

available for several applications, although the application in a solid propellant was new. More 

important, it is a low cost component which was a significant development in the direction of a 

commercial product at a competitive price. 

During the Exomars development work the new binder was also environmentally tested and 

proved to be strong enough. 

In 2009 it became clear that even lower costs CGG’s were needed and this was not possible 

anymore with the nitrogen formulation. After an investigation into potential replacements, a CO2 

CGG formulation was identified which consisted of ingredients that can be purchased at a cost 

that is 5 to 10 times lower than the ingredients for a nitrogen-CGG. However, this comes at a 

price as the yield of a CO2 generator is only 60% of that of a nitrogen generator. Still per normal 

liter of gas produced, the cost can reduced significantly. 

 

 

CHALLENGE 6: PRODUCTION COSTS AND FACILITIES FOR HIGH PRODUCTION 

NUMBERS 
With the space demonstrations under way attention turned again towards terrestrial applications. 

With the new ingredient, raw materials were low cost when purchased in large quantities. 

However, the production methods were not as each CGG was hand made by technicians at TNO. 

In 2006 discussions with industry on innovative fire extinguishers got more serious, but in order 

to be a commercially viable product, the production costs had to drastically reduced. With the 

manual production method the required production numbers needed for the commercial 

applications could never be reached. Furthermore, the cost of each CGG was too high and 

automation of the production was needed to reach the target production cost. Extensive studies 

into large scale production showed that the required commercial cost targets could be reached 

when raw material were purchased at sufficient numbers and the production could be automated 

to a large extend. For this a more industrial scale production plant was needed. This resulted in a 

“chicken and egg” type problem: without low cost production, commercial applications remained 

out of reach but on the other hand a large commercial production was needed in order to pay for 

the investment needed for the facilities. 

The solution was found in building a pilot production plant that was large enough to allow for 

small scale industrial production, but flexible enough to produce small batches of different 

CGG’s for research and development projects. The construction was jointly financed by TNO and 

Aerospace Propulsion Products which was interested in the commercial production of CGG’s. 

The production plant was built at TNO Heimolen near Bergen op Zoom in the Netherlands and 

opened in January 2008. It was qualified for production in the same year. Since 2009 small 

numbers of CGG are being produced in this facility and preparations are under way to start small 

industrial scale production in the coming years. 

 

 

CHALLENGE 7: SCALE UP AND SCALE DOWN 
Until 2005 all CGG’s produced by TNO had the same size and mass. They had a diameter of 4.5 

cm, a length of 10 cm and a mass of approximately 100 grams. Larger CGG’s of several kg were 

available but were bought from Russia. For research purposes, the 100 gram size was good 

enough but different application demanded larger and smaller sizes.  However, it was clear that 
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for commercial products other sizes were needed and that experience had to be build up for 

different sizes of CGG. In 2005 the Dutch microned programme started with the aim to advance 

micro technology in the Netherlands. In the framework of this programme a miniaturized cold gas 

propulsion system was developed for Cubesats (very small satellites of 10 by 10 by 10 cm and 

weighting 1 kg) which was 

fed by 8 CGG of 2 grams. It 

was a great challenge to 

develop CGG’s that were so 

small, but they proved to be 

working fine during testing. 

These CGG’s and the 

propulsion system will be 

demonstrated in space 

during the Dutch Delfi 

N3xT mission planned for 

2012 [6]. 

Scale up was achieved by 

the demands coming from 

helicopter floatation 

devices. For these 

applications, CGG’s with a 

gas yield of several 

hundreds of normal litres (a 

normal litre is one litre of gas at room temperature and 1 bar pressure) to a few normal cubic 

meter of gas, a factor 10 to 100 bigger than tested before. In a special development programme, 

technology for larger CGG’s was developed and tested. As these CGG’s were too big for the 

laboratories in TNO to produce, the newly production facility was used. Large CGG’s with a 

yield of 1.5 normal cubic meter have been tested successfully during the development programme 

for the helicopter floatation systems in 2009 with the possibility for further scale up built in. 

 

 

CHALLENGE 8: CONTROL OF THE BURN-RATE 
When the CGG development was started the burn rate formulation specific and there was little 

knowledge on how to influence it. The first time when a demand for a specific gas production 

appeared was during the oxygen CGG development. It was specified that the device should 

produce 7 normal liters of oxygen for 15 minutes and o lot of effort went into changing the 

formulation to lower the burn-rate to match this requirement. 

For the nitrogen CGG the direction was opposite: the Exomars airbag inflation required an 

inflation time of 5 seconds of an airbag of several cubic meters and the inflation of helicopter 

floats had a similar requirement. Much effort went into finding catalysts and other burn rate 

modifiers that can speed up the chemical reactions inside the CGG without harming the delicate 

balance needed to produce gas at ambient temperature at the end of the generator. 

 

CHALLENGE 9: LOW COST CGG FOR NON-PROFESSIONAL APPLICATIONS 

Most of the applications for CGG were for professional used for example in space, defence or 

aeronautics of professional fire suppression systems. However, in the last few years more 

applications appeared where the CGG came in more or less direct contact with non-trained 

people. This is a potential hazard as the nitrogen CGG contains ingredients that are not 

completely harmless for the environment. Furthermore, the reaction in a nitrogen generator leaves 

a residue inside the CGG that is reactive for a while. This is no problem as the CGG will remain 

Fig 3: two miniaturized cool gas generators with a 50 Euro cent coin 

[Philip Broos] 
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closed and is equipped with measures to seal the material inside from the outside world. 

However, when handled by non-professionals, there is a very small risk that the inside will get 

into contact with the environment and this may cause risks to people. 

The first application where this became apparent was that of Kidsnautique a Dutch company that 

is developing an innovative life vest for children. For this application a no-risk formulation was 

needed that could resist anything children could do with it. The answer was the CO2 formulation 

which does not contain any harmful components and does not produce a reactive residue after 

operation of the CGG. As mentioned before this formulation also had the advantage of the low 

cost of the ingredients but had a lower performance. Therefore the CO2 generator is very well 

suited for mass applications were safety and costs are much more important than performance. 

The nitrogen generator is better suited for professional applications where mass and volume are at 

a premium.  

 

 

CHALLENGE 10: NON-PYROTECHNIC CGG 

During the development of the small gas generator for children’s life vests with Kidsnautique and 

during the development of helicopter floatation devices another challenge appeared. Later on a 

similar problem came up with the micro propulsion system as it had to be used and handled by 

students and the Cubesat regulation excluded pyrotechnic devices. The CGG’s were always 

classified as 1.4S, being the lowest pyrotechnic classification. However, this limits the storability 

and transportability of the CGG’s and might scare off people from using it. Therefore an effort 

was started to find out if and how the CGG could be classified outside Class 1. It turned out that it 

is possible to classify CGG as 9, the same class as airbags gas generators provided that a number 

of tests are passed.  The most important test is the fire stack test where it has to be shown that the 

CGG will only produce cool nitrogen when put into a fire. By designing the CGG such that the 

Fig 4: inflation of a floatation bag with a Cool gas generator [TNO] 
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igniter will always fire first and the propellant will be consumed this test can be passed.  

During the development non pyrotechnic ignition methods were developed using mechanical 

springs that drive a pin onto a percussion cap have been developed. Furthermore, non pyrotechnic 

electric igniters are currently commercially available.  

With the right design changes and the required tests performed operational CGG’s can be 

classified in class 9. Investigations into the most suitable classification for the CGG are ongoing. 

 

CONCLUSIONS 
At this moment, three product developments are underway and production for commercial 

customers is expected to start in 2012. To further improve the commercialization, a new 

company, CGG Technologies B.V., has been created which will be responsible for further 

commercialization of the technology. 

Ten challenges have been identified that were met by the CGG development team over the ten 

years that TNO has been working on the technology development towards commercial 

applications. Most of these were non-technical issues that required a technical solution, but also 

some were non technical in nature and required non-technical solutions. To meet the last category 

the team had to get out of their technical comfort zone and acquire new knowledge in the field of 

market, business and finance. 

Looking back, the following conclusions can be drawn: 

 

1) When TNO acquired the CGG 

technology, the effort it would take 

to develop it into commercial 

products was underestimated due 

to lack of experience and 

knowledge in the field of 

commercializing technology. 

2) In order to be successful, managers 

of companies must be convinced 

by the business case behind the 

technology. The technology itself 

is often not enough.   

3) The “Technology Valley of Death” 

is often viewed as a pure technical 

or financial barrier, but it is more 

than that. One has to realize that 

organizational cultures, business 

models and organization goals 

differ on both sides of the valley 

and they have to be addressed. 

4) These experiences and knowledge 

have been built up over the years 

through close co-operation with 

companies. In this way the CGG 

team has learned that for 

commercializing a technology a 

good balance between market 

needs, organization and people, 

funding and technology is needed. 

Such a balance is needed to 

Fig 5: Cool gas Generators being installed in the  

Proba 2 satellite [ESA] 
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successfully bridge the “Technology Valley of Death”. 

5) The ten challenges are all directly related to the needs of the market itself or of the 

organization that puts them in the market, therefore meeting these challenges is important 

to build the balance described in the previous point. 
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Research of Semiconductor Bridge Plasma with Optical Technique 
ZHANG Lin, Hu Yan, FENG Hongyan, ZHU Shunguan   

School of chemical engineering, Nanjing University of Science & Technology, Nanjing 210094, Jiangsu, China 
 
Abstract: Semiconductor Bridge (SCB) plasma was used as igniter of energetic materials and the 
characteristics of plasma were vital to understand the ignition mechanism. However, owing to little size and 
short duration, the research of SCB plasma was restricted. With optical method the component, radiation 
intensity, size and speed of SCB plasma were studied in this paper. The atomic emission spectra indicated 
that SCB plasma was comprised of aluminum and iron, copper, silicon atom and also copper and silicon ion. 
The radiation intensity increased greatly and reached the highest at the moment of 3μs. Plasma radial and 
axial size were about 500～2000μm and then plasma speed were then induced. At the moment of 1μs, the 
plasma speed in radial direction was about 1Km/s and speed in axial direction 0.7Km/s and reduced the 
minim at 5μs.The results provided instruction for the SCB plasma chemical reaction analysis, bridge design 
and charge condition. Also, the analytical technique was suitable for other transient and small-size plasma 
system.  
Key words energetic materials; SCB plasma; optical technique; plasma component; radiant intensity; plasma 
speed 
 
1 Introduction 

Semiconductor bridge is characterized of low input energy, reliable and available of logic circuit and 
considered as the evolution of “electric explosive device” [1] . The characteristics of SCB plasma are crucial 
for the understanding SCB ignition mechanism. Beson[2] ever calculated the plasma temperature according to 
Planck principle and Jongdae Kim[3] acquired the SCB plasma electron density with the microwave 
resonance probe method. A testing system, by which plasma temperature and electron density Vs time could 
be got simultaneously, has been built based on the principle of atom emission spectral method in our 
group[4,5]. However, the component, size, the temporal and spatial variety of SCB plasma are also very 
important parameters for the research of ignition mechanism. It has been demonstrated that the H atom in 
plasma existed some catalysis reaction for the coal ignition[6]. Li[7] measured the plasma pressure and then 
indicated that the distance between plasma nozzle and explosive particles should be in a reasonable range. 
Richard[8,9] focused on the emission spectra of plasma and draw the conclusion that radiation of plasma was 
the main reason for its advantage. Those researches provided useful information for the understanding 
plasma action mechanism. However, SCB plasma size was small and duration was short, which resulted in 
that SCB plasma couldn’t be studied by those methods above. In this paper, we determined the SCB 
component, irradiant intensity, size and speed with optical technique. These results were meaningful for the 
choose of explosive component, explosive discharge condition and the design of bridge. 
2  Experiments 

The electrical resistance of SCB used in this paper is approximately 1.1±0.1 Ω. Igniter circuit was 
designed by us. The testing system was made of Acton Spectrapro.2750（U.S. Acton Research Corporation）, 
ICCD（1024×1024 pixel）（U.S. Acton Research Corporation）and DG535（U.S.Stanford Research systems）, 
as seen in Fig.1.  Data and graph were processed with software Winspec/32. 
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Fig.1 Illustration of measurement system of SCB plasma spectrum 
 

3  Results and Discussion 
3.1  Emission Spectrum of SCB Plasma 

The duration time of SCB plasma is very short but it can excite the explosive with low energy input, 
which couldn’t be explained by the heat of plasma simply. Is it attributed to catalysis of SCB plasma or other 
chemical effect and there is no attention to this topic. Fig.2 was emission spectrum of plasma and showed 
that there are aluminum, iron, copper and silicon in atomic state while copper and silicon also in ion state. 
This result can be used to connect different explosive component which reacted with SCB plasma with 
variant time and then analysis the chemical effect of plasma with the component or structure of explosives. 
On the other hand, the emission spectrum also provides instruction for the method setup of plasma 
temperature and electron density diagnosis. 
 

 

Fig.2  Emission spectrum of SCB plasma 
 

3.2 SCB Plasma Temperature and Electron Density  
The SCB plasma temperature and electron density were measured with the system set up by ourselves. 

The discharge condition as following: voltage 20 V and capacitance 47μF. The temperature and electron 
density distribution was showed in Fig.3 and Fig.4. It can be seen that the temperature was about 2500-4300 
K and electron density was 1016 cm-3 while the duration time was 60μs. 
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Fig.3  SCB discharge temperature Vs time distribution 

 
Fig.4  SCB discharge electron density Vs time distribution 

 
3.3 SCB Plasma Intensity  

The SCB plasma was produced with intense light while light was also a sort of energy. So plasma 
intensity was paid attention in this research. The graph were collected at the moment of 1 μs，2 μs，3 μs，5 
μs，10 μs，20 μs，30 μs，50 μs when the SCB was excited with the control of DG535. It can be seen in Fig.5 
that the center of plasma was intense ball and the border was plasma plume. It is usually recognized that the 
center were high-temperature plasma made of atom, ion and electron and the plume was made of gases [10]. 

    
t=1μs                t=2μs               t=3μs               t=5μs  

    
t=10μs            t=20μs                t=30μs            t=50μs  

Fig.5  SCB plasma photo at different moment 



 

 
Fig.6  SCB plasma intensity spatial distribution at different moment 

 
In Fig.6., SCB plasma intensity trend in spatial dimension was shown on the  moment of 1 μs，5 μs 

and 50 μs. Based on the result of Fig.5, the mean intensity of SCB plasma was further investigated as in 
Fig.7. It can be seen that the mean intensity increased quickly and then decreased with time variant. At the 
beginning of plasma produced, plasma expansion led to the light increased fast and then dimmed with the 
heat diffusion into the air. At the moment of 3 μs, plasma intensity reached the highest and this time was 
consistent with the fire time. The phenomena indicated that make the time of plasma expansion shorter 
would reduce the SCB input energy further and then help to realize the goal of weapon compact [11]. 

 
Fig.7  SCB plasma mean intensity at different moment 

 
3.4 Calculation of SCB Plasma Speed  

The plasma size was determined according to the border of plasma plume in Fig. 5. and given in Fig 8. 
It can be seen that the plasma size arranged from 500～2000 μm. The size increased and the one in axial 
direction was bigger than that in radial direction before the moment of 3μs. With heat diffusion, the plasma 
became smaller and the degradation in axial direction was more apparent. It was ever reported that the 
plasma in radial direction was bigger but in our research it showed that plasma size in two directions were 
near. So the plasma action in axial direction shouldn’t be neglected both in the consideration of explosive 
discharge and theoretically simulation of plasma diffusion. Moreover, the max size of plasma was 2000 μm, 
which provided instruction for the length of explosive discharge. Whether there was impact effect of SCB 
plasma was a controversial topic and the common pressure sensor couldn’t draw a conclusion since the 
pressure was very slender even it existed. According to the size Vs time variant in Fig.7, the plasma speed 
was calculated by which plasma size was taken differential with respect to time and then data was 
convergence. At the moment of 1μs, plasma speed in radial direction was about 1 Km/s and 0.7 Km/s in axial 
direction. However, the speed decreased fast and even reached negative after the moment of 5 μs because 
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plasma discharge stopped and pressured degraded, which made particles changed its movement direction. 
With the help of this study, the impact effect of SCB plasma would be investigated in detail accompanying 
with other parameters. 

   
 Fig.8  SCB plasma size with respect to time           Fig.9  SCB plasma speed estimation 

 
4 Conclusions 
    With the optical technique, the component, radiant intensity, size and speed of SCB plasma were 
studied in this paper. There are aluminum, iron, copper and silicon in atomic state while copper and silicon 
also in ion state. SCB intensity reached maximized at the moment of 3 μs and then decreased quickly. The 
size of SCB plasma in radial direction was near to the size in axial direction and the max size was 2000 μm. 
The speed of plasma was the highest at the beginning and was about 1 Km/s in radial direction while 0.7 
Km/s in axial direction. With this study, the impact of SCB plasma would be considered in the further. 
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ABSTRACT 
 

An experimental and numerical study has been carried out in order to characterize the response of an 
open-ended steel pipe subjected to blast loading. Two spherical plastrite (PETN based explosive) charges of 
distinct masses, detonated from their center, have been tested at a mid-length cylinder axis. Pressure sensors, 
accelerometers and strain gages have been implemented on the cylinder wall, abreast of the charge center, to 
measure not only the transient solicitation applied to the structure but also the latter mechanical response. In 
addition to these blast tests, numerical simulations, coupling two codes, have been conducted. On the one 
hand, a rapid hydrodynamics code has been used to determine the time evolution of the source term, in this 
case the blast process. On the other hand, the structural response of the cylinder to this source term has been 
evaluated with a finite element code. This paper provides a detailed description of the adopted experimental 
configuration and of the simulation parameters, followed by an analysis of comparisons drawn from both the 
measurements and the calculation results. 
 
 
INTRODUCTION 
 

The explosion phenomenon can be defined as a large scale, rapid and sudden release of energy. It 
essentially results in the propagation of a high speed pressure wave, commonly called a blast wave, and the 
presence of a fireball. The blast wave is generated when the atmosphere surrounding the explosion is forcibly 
pushed back by the detonation gas expansion. Its profile is characterized by a peak overpressure, up to 
several thousands of bar in magnitude, followed by a quasi-exponential time-decay. The loading impulse 
duration is of the order of microseconds. As the blast wave expands, it decays in strength, lengthens in 
duration and slows down, because of both a spherical divergence and the chemical reaction completion. If 
the explosion occurs in a confined space, the containment structure will be subjected to fairly complex 
pressure loading profiles as a result of the blast overpressure reflections off the structure wall. Blast loads 
typically produce strain rates in the range of 102 – 104 s-1. These particularly high strain rates alter the 
dynamic mechanical properties of the confining structures and, accordingly, the expected damage 
mechanisms and failure modes. In addition to its direct main effects, associated with the blast wave, an 
explosion also affects surrounding target structures in a more indirect way, for example through the 
vibrations transmitted and the differential displacements thus induced. A detailed understanding of blast 
phenomena and the mechanical dynamic response of various structural elements is essential within many 
application fields, from the equipment and human safety concerns against terrorist attacks [1] through the use 
of explosives in industry (like hydrospark, explosive cutting or hardening). 
 

This paper is centered around a study carried out in order to explore, experimentally and 
numerically, the mechanical response of a basic geometry confining structure, in this case a cylinder, 
subjected to the detonation of an internal spherical explosive charge. The article is divided into three 
sections. The first two are dedicated to a description of both the experimental configuration adopted for blast 
tests and the computational methods used, not only to predict the blast load on the target structure but also to 
calculate the latter mechanical response. Results inferred from the experimental and numerical approaches 
are then compared and analyzed within the third section. 

 



 
1 EXPERIMENTAL SETUP 
 

The principles of the experimental setup used (Figure 1) are based on a cylinder loaded at its mid-
length axis with a spherical explosive charge detonated from its center. This cylinder is a 1 m long, 600 mm 
external diameter, 20 mm thick open-ended steel pipe. The E355 steel it is made of has a static yield strength 
of 368 MPa and an ultimate tensile strength of 564 MPa. In order to prevent any constraint due to its 
surroundings, the cylinder is in practice remote from the ground and hung on a metallic support base through 
six slings. 

 

Two tests were conducted with distinct plastrite (PETN based explosive) charge masses, in this case 
370 g and 710 g. The explosive charge was positioned at the center of the cylinder, using a rigid PMMA tube 
suspended from the top of the target structure with three metallic winglets. When the charge explodes, the 
lightness of this positioning device guarantees that it will neither damage the inside surface of the test pipe 
nor disturb the measurements done. The charge positional accuracy reached with this device is about 1 mm. 

 

A wide panel of sensors (pressure sensors, accelerometers and strain gages) has been implemented 
on a cylinder wall diameter, abreast of the charge center. The signals they delivered were formatted by 
conditioners and then stored on digitizers. During each test, first, the radial transient solicitation applied to 
the inside surface of the steel pipe was recorded using four nearly evenly spaced PCB Piezotronics pressure 
sensors (3 x PCB M109C11 and 1 x PCB 134A27). They are able to measure pressure levels up to several 
thousands bars with a rise-time of about 1 µs. One PCB Piezotronics accelerometer (PCB M350C02) was 
also screwed on the outside cylinder shell in order to characterize the mechanical response of the target 
structure. It offers a measurement range of ± 50 000 g for a frequency high limit of about 10 000 Hz. To 
finish with the diagnostics, three strain gage rosettes (tee or rectangular ones depending on the shot number) 
were stuck on the pipe’s external wall, spaced 120° apart (Figure 2). In the same way as the accelerometer, 
these strain gages are expected to provide data about the structural response of the blast loaded steel pipe. 
The main characteristics of all the sensors implemented within the blast tests are presented in Table 1. 

 
 

2 NUMERICAL TOOLS 
 

The computational method adopted for the prediction of blast loads on the cylinder is not an Euler-
Lagrange coupled analysis as used by Rushton et al. [2] but instead a two-step uncoupled analysis. Firstly, 
pressure-time histories applied to the cylinder are estimated with a high speed hydrodynamics code: this is 
the determination of the source term, for each experiment. The source term obtained is then introduced in a 
finite-element code to load the inside surface of the pipe and study its mechanical response. 

 

Hydrodynamics simulations are Eulerian simulations in which the considered geometry is 2D-
axisymmetric with a symmetry plane (Figure 3). The model then contains a half-cylinder and a half-charge. 
This half-cylinder is 500 mm long and 20 mm thick, with a 600 mm external diameter. Two simulations 
were conducted according to the experimental configurations previously described. They correspond to a 
370 g and a 710 g plastrite spherical charge. In these models the half-charge is centered in the cylinder and 
500 µm square meshes are used. The explosive charges and the surrounding air are considered to have a 
purely hydrodynamic behavior and the cylinder an elastoplastic one. Fifty tracer particles monitor the 
pressure history all along the cylinder length and are embedded in the Eulerian mesh immediately inside the 
cylinder shell, approximately 1 mm from the internal wall. The tracer particle that lies the closest to the 
symmetry plane is to be compared to the experimental data. 

 

The cylinder dynamic mechanical response is obtained by using an explicit finite-element code in a 
Lagrangian configuration. The geometry is again reduced to a 2D-axisymmetric configuration containing a 
symmetry plane and based on 2.5 mm square meshes (Figure 4). Pressure histories inferred from the 
previous hydrodynamics simulations and monitored by the tracer particles are presented in Figure 5 in the 
case of a 710 g plastrite charge. These pressure profiles are then input in the structural dynamics code. 
Because of similarities between the profiles calculated, only twelve pressure histories among the fifty 
estimated were used. The cylinder is considered to have a purely elastic behavior. We finally calculate 
acceleration evolution at a particular node located on the external surface of the cylinder, the position of 
which corresponds to the location of the accelerometer implemented in the experiment. We also access the 



strain levels (horizontally and vertically) in membrane elements located on the external surface according to 
the position of the gages used in the experiment. 
 
 
3 RESULTS  
 

Figure 6a displays the pressure-time histories inferred from the signals delivered, during shot n°1, by 
the two kinds of pressure sensors implemented within the blast tests, in this case PCB M109C11 and PCB 
134A27 models. The overall shape and amplitude of the profiles obtained are similar, whatever the sensor is. 
In accordance with the technical specifications listed in Table 1, the sensor rise-times also appear to be close 
to each other. As expected, a pressure peak, with a magnitude of ~ 500 bars and with a ~ 50 µs duration, is 
recorded when the blast wave reaches the cylinder shell’s internal wall. The main difference between the two 
profiles presented in Figure 6a lies in the signal noise levels observed. Indeed, the signal acquired by the 
PCB M109C11 element is appreciably noisier than the signal delivered by the PCB 134A27 sensor. This 
dissimilarity can be explained by a structural design which differs fundamentally from one model to the 
other, inducing a wide resonant frequency disparity between the sensors. As specified in Table 1, the PCB 
M109C11 resonant frequency is only about 400 kHz while it reaches 1500 kHz for the PCB 134A27. In 
addition to the noise, the PCB M109C11 response also stands out from that of the PCB 134A27’s because of 
the presence of high amplitude peaks (≥ 200 bars) between 0.3 and 0.4 ms. These peaks have no obvious 
physics based justification and could result from the fact that the sensor starts resonating. A comparison of 
the experimental pressure profile, measured during shot n°1 by the PCB 134A27 sensor, with the solicitation 
predicted numerically is shown in Figure 6b. First, the agreement observed between the different 
experimental results collected using two kinds of pressure sensors (Figure 6a) is an undeniable token of the 
measurements’ reproducibility. Moreover, the results’ reliability is evidenced by the consistency of both the 
experimental and numerical data obtained.  

 

A typical radial acceleration-time history, recorded during shot n°2 (710 g of plastrite), is presented 
in Figure 7a. This signal is characterized by a first impulse, about 40 000 g in amplitude, in sync with the 
shock wave arrival at the cylinder shell. The first impulse is then followed by a succession of oscillations 
with a time-decaying amplitude. As a comparison, the corresponding acceleration profile predicted 
numerically was also drawn in Figure 7a. Numerical simulation accurately reproduces the experimental 
results from the shape, amplitude and time occurrence of the first impulse to the frequency and magnitude of 
the following oscillations. In this same way, Figure 7b shows the velocity time-histories inferred from the 
time integration of the acceleration data plotted in Figure 7a. Once again, experimental and numerical data 
appear to be consistent with each other. In order to supplement the preliminary examination of the raw 
acceleration signal presented in Figure 7a, a frequency analysis of the latter was conducted. Figure 8a 
displays the amplitude spectrum resulting from a Fast Fourier Transform (FFT) performed on the 
acceleration record in full (100 ms duration at the rate of one point per µs). As can be seen, the frequency 
response of the PCB M350C02 accelerometer clearly shows three predominant and well defined peaks 
between 2000 and 4000 Hz. The frequency values associated with these peaks are listed in Table 2 (note that 
the number and the corresponding frequency values of the peaks are similar in shot n°1 and shot n°2). 
Additional numerical results from a modal analysis carried out with a finite-element code have also been 
included. The gap observed between experimental and numerical main frequency values is less than 4%. A 
view of the three predominant natural modes of vibration identified numerically is proposed in Figure 9. 
Considering the experimental design adopted, the third mode is intuitively the most actuated. Actually, the 
frequency it is associated with, in this case ~ 3200 Hz, matches with the highest experimental peak recorded. 
In order to study the amplitude and frequency time-evolution of the three peaks identified experimentally, 
the acceleration signal drawn in Figure 7a was divided into 10 consecutive parts with a ~ 10 ms duration 
each. A FFT was then applied on each part in order to calculate the corresponding amplitude spectra. The 
sampling interval (~ 100 Hz) of the ten spectra obtained was not sufficient to detect a significant peak’s 
frequency shift. However, the peak’s amplitude time-decay, illustrated in Figure 8b, is undeniable. This 
decay is related to an intrinsic property of the target structure indicative of its capability to dissipate energy. 

 

 Figure 10 represents typical normal [3] strain-time histories inferred for the signals delivered during 
shot n°2 by tee and rectangular rosettes stuck on the pipe’s external wall, abreast of the charge center. Figure 
10a shows a horizontal normal strain, measured in a direction perpendicular to the cylinder’s axis (Figure 2). 
Two vertical normal strains, measured in a direction parallel to the cylinder’s axis are plotted in Figure 10b. 
The consistency observed between these two vertical normal strains, derived from two distinct rosettes, 



demonstrates the reproducibility of the strain measurements. As a comparison, the corresponding strain 
profiles predicted numerically were also drawn in Figure 10a and Figure 10b. The numerical profiles are all 
in all similar to the experimental ones. The shape, the amplitude and also the frequency of the measured 
oscillations are fairly accurately reproduced by the calculation. However a recursive slight divergence can be 
noticed in the first part of the signals between calculated and experimental vertical strains. Indeed, in the first 
200 µs interval, the measured vertical strain increases continuously in a quasi linear way. On the contrary, 
the calculated curve hardly deviates from the X-axis for about 100 µs and then decreases significantly. 
Several hypotheses have been raised in order to explain this divergence. First, as far as the blast tests are 
concerned, the accuracy of the relative positioning of the gages against the charge centre and the cylinder’s 
median plane is about a few millimeters. In order to numerically evaluate the impact of this experimental 
uncertainty, vertical strains were calculated using an explicite Lagrangian finite-element code at locations 
with a distance of ± 17.5 mm from the cylinder’s median plane. No appreciable change could be observed on 
the results. As far as the dynamic analysis is concerned, the strain is calculated inside a volume centered on 
the Gauss integration point, in this case a mesh element located approximately 0.5 x mesh size inside the 
cylinder shell, while the measurement is a surface data, done on the cylinder shell’s external wall. As a test, a 
refinement of the Lagrangian mesh was attempted, but without significant effect on the results. The last 
hypothesis raised is related to the source term calculated with an Eulerian rapid hydrodynamics code. This 
source term consists of pressure time-histories monitored by several discrete tracer particles embedded in the 
Eulerian mesh immediately inside the cylinder. The resulting pressure profiles are then input in the explicite 
Lagrangian finite element code in order to evaluate the structure response. However the solicitation applied 
is actually not continuous in space, contrary to what really happens during an experiment. In order to 
examine the influence of the solicitation discretization on the calculated strains, the number of Eulerian 
tracer particles was multiplied by a factor of ten in the hydrodynamics code’s input data file. Like the first 
two attempts, this modification appeared to be inconclusive. The time evolutions of the maximum and 
minimum principal strains measured during shot n°2 are displayed in Figure 11. These evolutions are 
inferred from the signals delivered by the three grids of a rectangular rosette [3]. As a comparison, the two 
normal strain profiles measured at the same time by a tee rosette were also added in Figure 11a and Figure 
11b. Whatever the rosette model is, the quality of the records is similar, with a particularly good signal noise 
ratio. It is interesting to note that the minimum and maximum principal strains appear to coincide 
respectively with the minimum and the maximum of the two normal strains considered. This correlation 
points out the fact that, as could be expected, the principal strain directions match the directions along which 
the two tee rosette grids were stuck; in this case perpendicular and parallel to the cylinder’s axis respectively.  

 
 
 CONCLUSIONS 
 

Blast tests combined with numerical simulations were carried out in order to study an open-ended 
steel pipe subjected to blast loading. The study was essentially centered around three physical quantities: the 
transient pressure applied to the containing structure and the subsequent acceleration and strain undergone by 
this structure. Whatever the measured quantity is, the consistency observed between the data inferred from 
several sensors implemented on a same shot indicates that the experimental results are reproducible. 
Moreover, the two-step numerical analysis conducted appeared to be able to accurately reproduce both the 
shape and the values of the experimental results collected, from the source term to the cylinder’s mechanical 
response. This good agreement between experimental and numerical data is proof of the results’ reliability. 
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Figure 1. Experimental setup used for blast tests. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. Strain gages: models and circuit used. 
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Figure 3. 2D axisymmetric model used in the high speed hydrodynamics simulations. 
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Figure 4.  2D axisymmetric model used in structural simulations. 
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Figure 5. Structure loading using the source term obtained from a hydrodynamics simulation. 
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Figure 6.  Typical time-pressure profiles obtained for shot n°1 (370 g of plastrite). 
 
 
 
 
 
 
 
 

0,0 0,2 0,4 0,6 0,8 1,0
-40000

-20000

0

20000

40000

60000
 PCB M350C02
 Simulation

A
cc

el
er

at
io

n 
(g

)

Time (ms)
0,0 0,4 0,8 1,2 1,6 2,0

-15

-10

-5

0

5

10

15

 PCB M350C02
 Simulation

Ve
lo

ci
ty

 (m
/s

)

Time (ms)

a) Comparison between a typical time-acceleration profile 
measured with a PCB M350C02 sensor and the 

corresponding numerical prediction 

b) Comparison between the time-velocity profiles inferred 
from both experimental and numerical data  

 
 

 
Figure 7.  Typical time-acceleration and time-velocity profiles obtained for shot n°2 (710 g of plastrite). 
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Figure 8. Frequency analysis applied to the acceleration data collected during shot n°2 (710 g of plastrite). 
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Figure 9. Main natural modes identified numerically. 
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Figure 10. Typical time-strain profiles obtained for shot n°2 (710 g of plastrite). 
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Figure 11. Normal and principle strain profiles measured during  shot n°2 (710 g of plastrite). 
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Table 1. Main characteristics of the PCB Piezotronics piezoelectric sensors used. 

 
 
 
 
 
 
 
 
 
 

Experimental data Numerical data  

Frequency Amplitude Frequency of the predominant 
natural modes of vibration 

2374 Hz 1102 1248 2327 Hz 

2828 Hz 582 / 444 480 / 339 2769 Hz 

3232 Hz 1858 2103 3151 Hz 

 
Table 2. Main frequency values evidenced by the amplitude spectra computed from the experimental                                                 

and numerical acceleration data obtained during shot n°2 (710 g of plastrite). 
 
 

 
 

~ 35 mm  ~ 45 mm 
~ 20 mm 

Steel 
pipe 

Steel 
pipe Steel 

insert

Inside 

Inside 

Outside 

Outside Inside 

Steel 
pipe 

PCB M109C11 

PCB M350C02 

Outside 

2 mm 
PCB 134A27 



Explosive Decomposition of PETN Initiated by High-Current Electron Beam 
 

G. Damamme,  V.M. Lisitsyn, D. Malys, V.I. Oleshko 
Tomsk Polytechnic University, 634050 Tomsk, Russia 

Commissariat a l’energie atomique, 75015, Paris, France 
 

 Abstract 
 

High-current electron beams (HCEB) of nanosecond duration in combination with optical pulse spec-
troscopy have found wide application in the research and control of the parameters for different classes of 
solids, explosives (E) among them. By the time extensive experimental material on physical-chemical 
processes in initiating Es has been gained. This kind of the research in high Es has started not so long ago 
[1]. The experimental results of physical-chemical processes in PETN in irradiation by high-current electron 
beam with the density in the range of 0.05 ≤ Н ≤ 60 J/cm2 have been considered in the paper.  

The main purpose of the research was to make a physical model for initiation of detonation in 
PETN in excitation by high-current electron beam. 
 

1. Experimental  
 

The electron beam with the average electron energy of  ∼ 250 keV and current pulse duration at half-
height ∼15 ns was used as the excitation source to study the preexplosive effects (catodoluminescence, frac-
ture, gasification) and detonation of PETN. Powdered tetranitropentaeritrit in the form of pellets d = 0.3 – 2 
mm thick and  ∼ 2 mm in diameter, compacted at 109 Pа were tested. The samples were excited in a vacuum 
chamber at pressure of 10-1 Pa and temperature of 300 K. To study the kinetics of the formation and separa-
tion of PETN explosion fragments two schemes for glow probing and absorption were used (Fig. 1).  

 
 
  

Fig. 1, a Geometry of excitation and recording 
of luminescence and glow of explosive decom-
position products in PETN (α = 45º) 1 is an 
anode, 2 is a collimator, 3 is a sample, 4 is a 
holder; 
 

Fig. 1, b Geometry of excitation and recording 
of the glow of explosive decomposition products 
in PETN (α = 90º) with two obstacles: 1 is a 
sample, 2 is an anode, 3 is a screen, 4 is an ob-
stacle; e is an electron beam.  
 

The surface exposed to radiation was placed at the angles of 450 (Fig.1, а) or 900 (Fig.1, б) to the 
electron beam and the optic axis of the measuring scheme. The measuring scheme (α=450) made it possible 
(without spatial resolution) to record all the types of glow initiated by electron beam both in the solid (lumi-
nescence) and in the region adjacent to its surface (plasma). To measure optical transmission of the explosive 
decomposition products the probe beam of laser radiation was directed at a prescribed distance L (see Fig. 1, 
b) in parallel to PETN irradiated surface (He-Ne – laser, λ=632.8 nm).  

The change in the probing radiant flux advanced through the plasma of the explosive decomposition 
torch was recorded in time after excitation of the sample. To determine the velocity of explosion products 
separation obstacles arranged at different distances L0 from the rear (in respect to the beam) surface of the 
sample were used. The 2.5 times magnified image of the sample was projected on the entrance slit of the 
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MDR-23 monochromator by a lens. The measuring schemes made it possible to successively record the glow 
kinetics or optical transmission of explosive decomposition products of PETN with one photodetector.  The 
signal from the photorecorder (glow or transmission) was recorded by Tektronix TDS 2022 oscilloscope. 
The explosive glow and transmission could be recorded from any region of the sample or any region of the 
plasma torch spread. The sizes of these regions were defined by the width of the monochromator slit and the 
diameter of the stops S1 and S2, which were placed in front of the entrance slit of  MDR-23.  

 
2. Results and Discussion 
 
2.1. Luminescence 
 

The irradiation of dielectrics and semiconductors is followed by intensive pulse cathodolumines-
cence (PCL), which spectral-kinetic characteristics are widely used to control the parameters of the solids.  
Luminescence is considered to be a very informative method to research migration, localization and recom-
bination of electron excitation and can be used to study explosive decomposition and observe defects in the 
energy materials. A typical PCL spectrum in PETN polycrystals measured at the maximal glow intensity at  
Т = 300 К is shown in Fig. 2, а.  

 
 

 
Fig. 2, a. PCL spectrum in PETN polycrystals, 

decomposition in Gaussians (Т = 300 К, 
Н = 0.05 J/cm2) 

 
Fig. 2, b. PCL spectrum in PETN polycrystals at 

the moment of the excitation pulse (Т = 30 К, 
Н = 0.05 J/cm2) 

 
Fig. 2, c. PCL spectrum in PETN polycrystals with 1 ms delay of the excitation pulse 

(Т = 30 К, Н = 0.05 J/cm2) 

The cathodoluminescence spectrum is seen to make a wide nonelementary band, which is defined by 
three Gaussians with the maxima at 3.1; 2.5 и 2.1 eV and half-width at 0.32; 0.64 и 0.42 eV, respectively.  

Figure 2, b shows PCL in the same sample measured at 30 К at the moment of maximal lumines-
cence intensity, and Figure 2, с shows PCL after 1 ms after the excitation pulse. Two Gaussians of the iner-
tia-free PCL peak with the maxima at 3.1 and 2.5 eV and half-width at ~ 0.5 eV were allocated.   

Thus, cathodoluminescence typical for dielectrics was found in PETN. At subthreshold levels of 
electron excitation PETN behavior is similar to that of   dielectrics and semiconductors, where electron-hole 
pairs are effectively formed under irradiation, and part of them radiatively recombines. PCL spectrum in 
PETN in the high-energy region of the spectrum is restricted by the edge of bandgap absorption and monoto-



nously falls into the long wave region up to 750 nm. High initial imperfection of the compacted PETN re-
sults in the formation of wide band emission spectrum. The nature of low inertial and long time lumines-
cence components in PETN is important to find to develop high sensitivity methods to control energy mate-
rials and this requires further investigation.  
  
 
2.2. Fracture and Gasification   
 

Breaking fracture was found on the irradiated surface of the compacted PETN at higher excitation 
levels (Н ≥ 0.3 J/cm2). Multiple initiation by HCEB results in the formation of a crater with the diameter 
equal to the diameter of the electron beam. If HCEB energy density (~ 1 J/cm2) and the number of radiation 
pulses increase, the depth of the crater enlarges, and the crater becomes conic in shape.  
 The preliminary research of the morphology of PETN destruction made it possible to conclude that 
the mechanical fracture of the sample is not the effect of the decomposition chemical reaction in the sample. 
This was proved by the fact that no effects characteristic for BE explosive decomposition (light and sound 
signals, sharp decrease of pressure in the vacuum chamber) as well as no traces of fusion and evaporation of 
the crater surface could be observed. The threshold of the electron-beam fracture of PETN which is close to 
the destruction threshold of any other inert materials in multiple irradiation by HCEB proves this as well. As 
HPEB energy density increased in the range of 0.8 < Н < 3 J/cm2 fragmentation of the sample and fragment 
separation at significant distances could be observed. The microparticles formed as a result of compacted 
PETN pellets fracture projected at significant distances and attached to the experimental chamber windows 
as a result of electrification. It was assumed that fracture and gasification of PETN are the results of the elec-
trical breakdown developing in the sample.  

 
 

 
 

 

 
Fig. 3, a. Geometry of irradiation and the scheme of 
measuring the velocity of ablation products in 
PETN (α = 90º). 1 is an anode, 2 is a collimator, 3 is 
a sample, 4 is a holder,  He-Ne is a helium-neon 
laser 

Fig. 3, b Oscillogram of the change in the intensity of 
He-Ne laser radiation in propagation of PETN abla-
tion products through the probing region: t = 0, cor-
responds to the moment of irradiation by HCEB 
 

 
To study gas-dynamic processes the measuring scheme shown in Figure 3, a, b was used. The com-

pacted PETN sample Ø = 6 mm, h = 1.5 mm in size, where Ø is the diameter of the pellet, h is the thickness; 
and m = 72 mg was fastened above the collimator of the electron beam and excited by HPEB with the energy 
density of 0.8 – 3 J/cm2. At the moment of the excitation pulse action the ablation products were ejected to-
wards the electron beam. To determine the velocity of microparticles ejecting from the irradiation zone He -
 Ne laser beam was directed in parallel to the irradiated surface of the sample. The change of the laser radia-
tion flux in time after sample excitation was recorded. The average velocity of microparticles ejecting from 
the crater (~ 500 km/s) was determined by the change in the intensity of probe radiation indicated in the os-
cillogram. 
 To find out the effect of the parameters of the solid on gas-dynamic properties of ablation products 
the velocity of ablation products separation for various material classes was studied. Thesublimation temper-
ature was found to be the influential parameter for metals. The complementary factor for dielectrics (mono-
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crystals and polymers) is considered to be gas permeability of the material (the probability of the escape of 
chemical decomposition product from the region exposed to radiation onto the solid surface). The compara-
tively low threshold of gas dynamics initiation in different dielectrics makes it possible to consider the elec-
trical breakdown to be the main factor in gasification of the substance in irradiation by electron beam. 
 To research the preexplosive processes in more detail the morphology of fracture and gasification of 
PETN monocrystals with the average sizes of 500 – 700 µm was studied in irradiation by electron beam with 
the energy density varying in the range of 0.1 – 1 J/cm2. Two geometries of sample irradiation were used:   

• the uncovered irradiated surface; 
• the covered irradiated surface (the sample was placed in epoxy resin, the thickness of the polymeric 

layer above the sample did not exceed 100 µ). 
It was found  that the average threshold for PETN monocrystals fracture in the mode of single irradi-

ation makes Н ~ 0.1 J/cm2, that is several times smaller than the thresholds of alkali halide crystal fracture 
(Н ~ 0.3 – 0.6 J/cm2). The data obtained on the destruction morphology of PETN monocrystals testify to 
strong crushing of the sample and formation of great number of various in size (1 – 10 µm) microcrystals. If  
Н ~ (0.5 – 1) J/cm2, the fracture of the epoxy resin covering the sample and ejection of separate fragments of 
microcrystals on an irradiated surface of the sample could be observed.  

 
 

  

  
Fig.4. Morphology of PETN monocrystal fracture (a, b), KCI (c), LiF(d) in 

irradiation by HCEB (Н = 0.8 J/cm2);  

 
 In some cases the ejection of the total mass of the dispersed microcrystal (Fig. 4, a) could be ob-

served. The traces of the epoxy resin fusion and a dark layer as a result of substance heating to high tempera-
ture were observed on the surface of the formed crater (Fig. 4, b). The same regularities could be observed in 
irradiation of the cyclonite covered with epoxy resin. To compare the results the inert LiF and KCI were re-
searched with the same technique. It was found that electrical discharges developing in LiF crystal and the 
epoxy resin surrounding it do not affect the polymeric layer (Fig. 4, c, d). 

Since the average temperature of PETN in the zone irradiated by electron beam is significantly lower 
than the temperature of the flash (588 K), the fracture and gasification of PETN are assumed to be the result 
of the electrical breakdown developing in the sample. The low threshold of the fracture of PETN and cyclo-
nite and of the polymeric layer covering them (if compared to inert materials) indicates that the decomposi-
tion chemical energy in energy materials can effect the dispersion and gasification of the samples. 

 
2.3. Detonation  
 
 The irradiation of compacted PETN samples by electron beam with the energy density of 
Н ~ 60 J/cm2 (q ≥ 6⋅109 W/cm2, W ~ 1 J) causes detonation of PETN. That high density of the flux was 

a 

c 

b 

d 



achieved in the mode of HCEB self-focusing in a vacuum diode of the accelerator. The threshold of PETN 
initiation was determined experimentally by the formation of erosive spots on the surface of metals (Pb, Zn, 
Cu, Fe) which differ in their sublimation temperature, and was calculated by the formulas reported in [3]. 
According to calculations the volumetric energy density in the site of PETN initiation determined with 
Н = 60 J/cm2, ρ = 1.7 g/cm3 and c = 1.67 J/(g⋅К) achieves ~ 1680 J/cm3, the temperature in the surface region 
makes ~ 900 K, and the peak of the shock wave is equal to ~ 109 Pa. 
 Thus, in the region of the electron beam path PETN heats to vaporization temperature and it is found 
under pressure commensurable with the critical pressure of explosives in shock wave initiation. 

To study the kinetics of the explosive glow (EG) and separation of PETN explosion fragments the 
experimental scheme shown in Figure 1, b was used. The sample was placed on the anode with the aperture 
Ø = 1.5 mm in diameter for electron beam advancing. The twice magnified image of the sample and adjoin-
ing it region of PETN explosive decomposition products separation was projected on the entrance of the slit 
of the monochromator MDR-23 by a lens. The explosive luminescence was recorded at 600 nm from the re-
gion allocated in the entrance slit of the monochromator by a stop 15 mm in size along the direction of plas-
ma spread. 
 To determine the velocity of explosion products separation wires Ø = 1 mm in diameter arranged at 2 
and 4 mm from the rear (in respect to the beam) surface of the sample were used as obstacles. Typical oscil-
lograms of PETN explosive glow in free plasma jet spread with two obstacles are shown in Figures 5, a, b, 
respectively. 
 

 
a 

 
b 

Fig. 5. Kinetics glow (a,b) of the explosive decomposition products in PETN (geometry of excita-
tion and recording at α = 900): a is free separation of explosive products; b is separation of explo-

sive products with two obstacles.
 
 The first peak in the oscillograms occurs as a result of slowing-down radiation pulse of the electronic 
accelerator effecting PEM. This peak is the fixed point to record the start of sample irradiation. The second 
peak is EG occurring with the delay of ~ 100 ns after sample irradiation by HCEB. The duration of EL pulse 
at half-height (~ 120 ns) and its amplitude vary by no more than 10 % if the conditions of PETN excitation 
are identical. The average speed of PETN chemical decomposition was calculated by the duration of EG 
pulse and by the sizes of the sample and made ~ 1⋅104 m/s. High speed of chemical decomposition of the 
sample testified to speedy detonation. The initial stages of chemical reaction in the solid (slow ignition and 
detonation with small velocity ~ 1⋅103 m/s) were not found. This can be related to the fact that the duration of 
the above mentioned processes is comparable with the time of the ejection of matter from the region of ener-
gy release. 
 Preliminary measurement (several values at separate wavelengths) testifies that EG spectrum is con-
tinuous in preference. The third and fourth luminescence peaks in the oscillogram (Fig. 5, b) occur when the 
plasma jet formed in PETN explosive decomposition collides into obstacles. As a result part of plasma kinet-
ic energy transforms in optical radiation energy. The average velocity of explosive decomposition products 
separation calculated from the luminescence oscillogram made ~ 5⋅103 m/s.  
 Thus, the electron beam in contrast to laser radiation makes it possible to initiate PETN explosion in 
the sample with the uncovered surface. The most probable explanation of detonation development in PETN 
in initiation by HCEB can be as follows. 
 The energy of the electron beam is practically completely spent on heating of the explosive volume 
limited by the diameter of the beam and the depth of its path in the solid. When the density of HCEB energy 
is sufficient for PETN evaporation, a shock wave is formed. Its amplitude rapidly grows as the density of the 
electron beam energy increases. When the pressure of the shock wave becomes critical, there occurs speedy 



detonation. After explosion in the region of sample localization there appears a dense low temperature plas-
ma bunch expanding in the environment with supersonic speed. The PETN detonation by electron beam 
without suppression of substance separation from the irradiation zone can be initiated due to the volumetric 
character of HCEB energy release. This allows generating a shock wave of critical amplitude at much small-
er energy expenditure in comparison to that by laser pulse. 
 
2.4. Physical Models of PETN Initiation by High-Current Electron Beam 
 
 The experimental findings obtained and the data on fundamental processes in dielectrics occurring in 
HCEB action available in literature make it possible to suggest the following sequence of stages for PETN 
explosive decomposition. 
 In irradiation of PETN (dielectrics) by electron beam with the energy density of Н ~ 0.1 – 0.3 J/cm2 a 
strong electric field is formed in the zone of HCEB deceleration with the following breakdown in the sample. 
The electrical breakdown occurs in the form of anode discharges propagating from the irradiated surface of 
the sample in the region of HCEB negative volumetric charge localization. The local intensity of the field 
before the "streamer head" makes the size of ~ 107 V/cm which results in shock ionization or the tunnel ef-
fect in the solid and to multiplication of nonequilibrium charge carriers. As a result the streamer front forms 
a "hot spot" 10–4 cm in size of strongly excited substance with the concentration of nonequilibrium carriers 
~ 1021 – 1022 cm–3 and specific heat input ~ 104 J/cm3 over the time of ~ 10–11 s. The consecutive generation 
of "hot spots" by the streamer front forms the electrical breakdown channel over the time comparable with 
the pulse duration of HCEB flux. 
 The local energy release in the anode discharge causes crushing and gasification of PETN 
microregions located next to the channels of the electrical breakdown and separation of E micropar-
ticles towards the electron beam. As HCEB energy density grows (Н > 0.5 – 1 J/cm2) E chemical 
energy releasing near to the electrical breakdown channels increases. This was proved by the expe-
riments on irradiation of PETN and inert materials with the covered surface and by the experiments 
where explosives were changed to inert materials. 
 However, particle separation from the zone of E energy release (hydrodynamic unloading) blocks the 
chemical reaction just as it takes place in PETN initiation by laser radiation in the experiments with the un-
covered surface. If the energy density of HCEB increases up to 10 – 30 J/cm2, the energy releasing in the 
anode discharge and the volume of the reacted BE increase, which causes fusion of sites, microsite forma-
tion, growth in temperature and intensity of the explosive decomposition product glow. Further increase in 
HCEB energy density up to Н = 60 ≥ J/cm2 causes the explosion of dispersed and gasified E surface layer 
and formation of the shockwave with the amplitude sufficient for initiation of detonation in the total sample 
mass. 
 Thus, PETN initiation by HCEB includes a number of consecutive stages each of which can be real 
ized if HCEB density achieves a specific threshold: 

1. Electrical breakdown develops in PETN at Н ≥ 0.1 J/cm2 (the initial stage resulting in electron beam 
energy cumulation and "hot spot" formation). 

2. Formation of low-sized sites of chemical decomposition near to the channels of electrical break-
down, dispersion and gasification of E, ejection of the substance from the region of "chemical" heat 
release and inhibiting the chemical reaction 0.5 – 1 J/cm2. 

3. Fusion of primary decomposition sites and formation of a microsite under intensive dynamic load. 
4. Explosion of dispersed and gasified E in the surface region and formation of a shock wave in the 

sample due to the recoil momentum 10 – 30 J/cm2. 
5. Self-sustaining of the explosive decomposition chemical reaction beyond the zone of the electron 

beam energy release (detonation of the total E mass when the shock wave amplitude reaches its thre-
shold value at Н ≥ 60 J/cm2). 
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ABSTRACT  
 
Density Functional Theory (DFT) has emerged as an indispensable tool for understanding the behavior of 
matter under extreme conditions. DFT based molecular dynamics simulations (DFT-MD) have for example 
confirmed experimental findings for shocked deuterium, enabled the first experimental evidence for a triple 
point in carbon above 850 GPa and amended experimental data for constructing a global equation of state 
(EOS) for water, carrying implications for planetary physics. The ability to perform high-fidelity 
calculations is even more important for cases where experiments are difficult, dangerous, and/or 
prohibitively expensive. For solid explosives, and other molecular crystals, similar success has been severely 
hampered by an inability of describing the materials at equilibrium. The binding mechanism of molecular 
crystals (van der Waals’ forces) is not well described within traditional DFT. Among widely used exchange-
correlation functionals, neither LDA nor PBE balances the strong intra-molecular chemical bonding and the 
weak inter-molecular attraction, resulting in incorrect equilibrium density, negatively affecting the 
construction of EOS for undetonated high explosives. We are exploring a way of bypassing this problem by 
using the new Armiento-Mattsson 2005 (AM05) exchange-correlation functional. The AM05 functional is 
highly accurate for a wide range of solids, in particular in compression. In addition, AM05 does not include 
any van der Waals’ attraction, which can be advantageous compared to other functionals: Correcting for a 
fictitious van der Waals’ like attraction with unknown origin can be harder than correcting for a complete 
absence of all types of van der Waals’ attraction. We will list examples from other materials systems where 
this scheme has worked well, and discuss our results for the molecular crystal explosive PETN. 
 
 
INTRODUCTION 
 
In recent years, density functional theory based molecular dynamics (DFT-MD) has been demonstrated to 
accurately predict properties of materials under shock compression.  Specifically, DFT-MD has been used to 
study liquid hydrogen (deuterium) [1], helium [2], carbon [3], water [4-6], quartz [7], xenon [8], and 
hydrocarbon polymers [9]. 
 
Density functional theory based methods have not enjoyed nearly as much success in the study of energetic 
molecular crystals.  The difficulties have been previously discussed by Byrd and Rice [10], and are 
specifically due to the way van der Waals’ bonding is treated, or not treated, by the theory.  Van der Waals’ 
forces dominate the equilibrium volume intermolecular physics of nitrated hydrocarbon (CHNO) explosives. 
However, Mattsson et al. demonstrated successful application of DFT-MD to the study of shocked polymers 
[9], which share similar intermolecular binding with molecular crystal explosives. Their results inspired us to 
investigate using the technique to study the shock properties of secondary explosives such as pentaerythritol 
tetranitrate (PETN). Our calculated Hugoniot for PETN is presented below.  
 
While DFT is formally exact, and equivalent to solving the Schrodinger equation, in practice an 
approximation to the exchange-correlation functional must be chosen.  This choice determines accuracy, and 
should be made with great care. We chose to use the Armiento-Mattsson functional (AM05) [11], which was 
constructed with no empirical parameters.  This functional improves upon the local density approximation 
(LDA) by combining two model systems, the uniform electron gas and the surface jellium [11][12], both 
having known solutions. 
  
The other available ab-initio exchange-correlation functionals (e.g. LDA, PBE) have some amount of 
spurious van der Waals’ like binding. It has been reported by others [10,12], that under strong compression, 
treatment of the weak attractive forces should become less and less significant. We feel that for the research 
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presented here, AM05 is particularly suited due to its unique character of not including any van der Waals’ 
attraction.  That is, the lack of treatment is more tolerable than incorrect treatment. As such, we expect that 
near equilibrium, we will have some error associated with the lack of van der Waals’ attraction, but that at 
some level of compression the error will become irrelevant and the technique will provide accurate results 
for studying material response under strong compression.  
 
METHOD 
 
Our DFT-MD calculations with the AM05 [11] functional were performed using the Vienna ab-initio 
simulation package (VASP 5.2) [13-15], using strictly converged settings [16,17].  The plane-wave cut-off 
was set to 800 eV and k-point sampling with mean-value point (1/4,1/4,1/4) was used.  The reference state 
run (equilibrium volume, 300K) was repeated with (4x4x4) Monkhorst Pack sampling to verify convergence 
of the total energy, which was better than 0.001 eV.  The ionic time-step was set to 0.4 fs.  The tetragonal 
unit cell contains two PETN molecules and a total of 58 atoms.  For the reference state, Vo was chosen to be 
the experimental equilibrium volume (a = 0.93776, c = 0.67075) [18].   
 
The principle Hugoniot was mapped by satisfying the Rankine-Hugoniot (RH) equation, 
 

(U – U0) = ½(P+P0)(V0-V)  
 
where U and U0 are the final and initial internal energies, P and P0 are the final and initial pressures, and V 
and V0 are the final and initial volumes.  Each point was found by setting the volume (V < V0) and 
equilibrating by running an NVT simulation (Nosé-Hoover thermostat) for several thousand time-steps. The 
temperature was then ramped using scaled-velocities at a rate of 0.1 K per time-step.  The thermodynamic 
properties (P and U) were sampled and the RH equation was evaluated for each time-step in the temperature 
ramp.  The temperature where P and U satisfy the equation is the point on the P-V-T Hugoniot.  
Additionally, we ran three NVT runs at temperatures bracketing this point, and data from those runs were fit 
to obtain P(T) and U(T), which were then used to solve the RH equation.  We consider this second method to 
be more accurate, but it requires an estimate of the temperature so that the set of NVT runs are performed 
above and below the point allowing interpolation. For our calculations, there is typically less than a 0.5% 
difference between these two methods except for the lowest and highest values of compression.  For the 
lowest compression the ramped run was started at 300K, very close to the obtained RH point, which didn’t 
provide proper statistical sampling for T lower than TRH.  An analogous explanation is also likely valid for 
the data at the highest level of compression, but further investigation will be required. The advantage of 
interpolating P(T) and U(T) from a set of NVT runs, is that the RH point can be safely bracketed and each of 
those three temperatures sampled for several thousand time-steps. 
 
 
RESULTS AND DISCUSSION 
 
Single-crystal PETN shock- and particle-velocity (US-uP) data taken from the LASL handbook [19] are 
plotted alongside our DFT-MD Hugoniot data in Figure 1. The experimental data, represented by open 
circles, are compiled from three sets of experiments (wedge, quartz impact, and impedance matching).  The 
solid lines are linear fits to the experimental data. To keep the plot from being too muddled, the linear fits are 
shown only in a region of extrapolation. The three experimental data sets were fit separately to illustrate that 
there is a bias in each type of experiment and as a whole to evaluate the validity of using a linear US-uP 
relationship in the modelling of molecular crystal explosives.  Where the data are overlapping, the calculated 
points (red circles) agree extremely well with the experiments, and if the predicted Hugoniot is accurate at 
high pressure, a linear fit fails to adequately describe the shock response of the material over the complete 
range of pressures. 
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Figure 1. Experimental and theoretical US – uP relationship for PETN. The red circles are from NVT ensemble 
DFT-MD calculations, the black open circles are data from the LASL shock handbook, and the blue solid circles 
are from ramped temperature DFT-MD calculations.  The solid lines were fit separately to each type of single-

crystal experiment with blue, green, and orange corresponding to quartz impact, impedance matching, and 
wedge tests respectively.  The dashed line is a fit to a composite of all the experimental data. 

 
It is noteworthy that the calculations provide points in P-V-T space and the RH jump conditions are 
subsequently applied to calculate the corresponding shock- and particle-velocities.  This is reversed from the 
case when shock- and particle-velocities are obtained by experiment and then transformed onto the P-V 
plane, the temperature being left undetermined. With knowledge of the temperature, a complete equation of 
state can be constructed, rather than just the points on the principle P-V Hugoniot.  For comparison, the  

 
Figure 2. The Principle P-V Hugoniot of PETN.  Red circles are the DFT-MD data converted from the 

corresponding points in Figure 2 using the RH jump conditions.  The gray circles are the volume and 
interpolated pressure data directly from the calculation (equivalent to taking P0 = 0). The open black 

circles are experimental data taken from the LASL handbook. 
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calculated and experimental data are shown together in P-V space in Figure 2.  The red circles are our 
calculated Hugoniot points.  The grey circles are pressure and volume data taken directly from the 
calculations.  The red data points can be obtained by one of two paths depending on how you choose to 
conceptualize the problem. The first option is to apply the jump conditions  
 

P = ρ0USuP 
V/V0 = ρ/ρ0 = (US – uP)/US 

 
to the data in Figure 1.  Or secondly, equivalent data is obtained by shifting the grey points by the artificial 
pressure in the equilibrium volume calculation. This pressure, PDFT, represents the van der Waals’ error in 
our equilibrium calculation and is solely a consequence of choosing the V0 as the experimental volume. For 
consistency, when applying the jump-conditions we have set P0 = PDFT instead of setting it equal to zero. 
 
Beyond studying the principle Hugoniot, DFT-MD simulations can be tailored to investigate specific heat, 
diffusion coefficients, anisotropic shock properties, the chemical composition of detonation products, and the 
timescale for chemical reactions.  If the investigation is done under strong compression, the results are 
expected to be accurate. Near equilibrium, where the contribution of van der Waals’ binding cannot be 
neglected, one should be extremely careful how the results are interpreted. 
 
CONCLUSION 
 
As there are currently no DFT functionals that correctly describe van der Waals’ bonding, DFT hasn’t been 
widely used for studying energetic molecular crystal explosives.  However, we have shown that using AM05 
to study the material properties of explosives under compression has great potential.  The calculated 
Hugoniot for PETN is in excellent agreement with the published experimental data.  Moreover, our Hugoniot 
extends to a much higher pressure than what has been measured experimentally.  This work will be expanded 
to develop a complete equation of state and to study the high temperature/pressure behavior of this and other 
molecular crystal explosives. 
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ABSTRACT  
 
Blast waves generated by explosions in the air can cause serious damages even to materials located many 
charge radii from the energetic material. The goal of this paper is to characterise the underlying physics of 
the mitigation properties of aqueous foams.  
 
The heterogeneous two-phase media is made up of gaseous cells enclosed by the liquid phase. This liquid 
matrix is likely to be shattered into a dense spray by the shock impingement. Due to the contrast of 
impedance properties, the two fluids will be in thermo-mechanical disequilibrium, which will be decreased 
by relaxation processes coming from momentum and energy exchanges.  
 
A mathematical representation of this system is derived from an unconditionally hyperbolic eulerian 
multiphase formalism ([1], [2]). In this mathematical model, each phase obeys to its own equation of state. 
The interactions between fluids are described with the help of constitutive relations accounting for the 
medium topology. The flow model ensures the correct estimation of the acoustic impedance of the two-phase 
medium. As for the numerical scheme, Riemann solvers are used to describe the microscopic fluid 
interactions, the summation of which provides the convective multiphase flux.  
 
Three sets of experiments have been done with Plastic explosive in air and in foam. Special care has been 
paid to the sphericity of the detonation and blast propagation [3]. The unconfined case has enabled the 
determination of the TNT blast effectiveness factor. As for the confined case, in the mean field, an 
attenuation of more than ten times of peak overpressure is observed. Attenuation of positive impulses is 
however less marked. The heterogeneity of the two-phase medium has induced modification of the classical 
blast wave structure.   
 
The numerical results for peak overpressure and positive impulse have been compared favourably with 
experiments. Wave diagrams, fluid trajectories and the influence of relaxation processes have been 
examined. 
 
 
 
 
INTRODUCTION 
 
Blast waves resulting from explosions in air can cause serious damages to structures and human being 
located at many charge radii from the explosion point of origin. When the detonation wave propagating 
through the condensed explosive reaches the air interface, an intense shock wave with order of hundred 
atmospheres pressure is propagated radially outwards through the air. It has been shown that the strength of 
the blast wave can be greatly attenuated by surrounding the explosive charge with aqueous foam [4]. In the 
last half century, several laboratories in the world have been conducting experimental campaigns to 
characterise the efficiency of aqueous foam to mitigate blast waves. The goal of this presentation is to 
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understand the underlying physics and to model the multiphase flow resulting from the blast wave/foam 
interaction. 
 
Aqueous foam is a two-phase system in which gas cells are enclosed by thin liquid films [5]. The gaseous 
phase is dispersed in bubbles, whereas the liquid phase is the continuous one. The bubbles take the form of 
polyhedral cells (Figure 1), with liquid surfaces meeting in lines and lines merging at vertices. The lines are 
called Plateau borders, which are channels of finite width and where the liquid is mainly to be found. This 
topological description corresponds to dry foam. As liquid volume fraction increases, Plateau borders swell 
and bubbles progressively recover their spherical shapes. This corresponds to wet foam. Any further increase 
of liquid will allow them to come apart and the foam becomes a bubbly liquid. 
 

 
Figure 1. Structure of dry foam [5] 

 
Aqueous foams are natural but in metastable states. Under high pressure ratio shock wave impingement, the 
liquid matrix is likely to be shattered into more stable droplets [6]. 
 
The understanding and the modeling of shock wave mitigation by aqueous foams present some difficulties. 
The first one is the knowledge of the confinement medium and its thermophysical properties such as cells 
geometry of foams, dynamical viscosity, thermal conductivity and superficial area. The second one is the 
modeling of the multiphase system. The purpose of this paper is to help to understand the mechanisms 
responsible for blast wave mitigation.  
 
Some experimental investigations on the efficiency of aqueous foam have been conducted since the eighties. 
The first important study has been done by the SANDIA national laboratory [4]. This document is like a 
database which gives an interesting idea about capabilities of different foams to attenuate blast waves. In this 
study, the experimental scheme is the detonation of an hemispherical charge of C4 composition which lies on 
the ground. Side-on and reflection pressure, positive impulse and arrival time of blast waves are investigated. 
The weight of HE was of 1 lb except for the calibration tries which was of 0,15 lb. This weight was chosen 
to take into account the gauges capacity to measure the incident blast wave. The comparison of the efficiency 
is done with foams of expansion ratio of 1000, 375, 200, 100, 60, 20 and 10. This important experimental 
campaign allowed the development of empirical relationships for scaled distances between approximately 1 
and 3. This campaign validated the use of the scaled factor W1/3 where W is the explosive mass. They 
determined the presence of an expansion ratio optimum for the mitigation, which is for ER 1:60. ER 
designates the Expansion Ratio. 
 
Other experimental campaigns have been conducted in 2008 at the CEA in France [3]. In this case, a 6.6 kg 
spherical device detonated alternatively in air and in a foam of ER 1:125. The spherical device was 
suspended at a height of 2 m to avoid the interaction of the ground effects on the measurements of the 
incident blast wave. Seven side-on pressure measurements have been made. The experimental results were 
favourably compared to the Kinney & Graham data [7] and to the empirical SANDIA relationships [4]. 
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These two experimental campaigns give some information on the efficiency of foams. For example, the peak 
overpressure is divided by a factor 5 to 10 for scaled distances between 1 and 3. The wave speed is divided 
by 2 but the arrival times are difficult to determine because of the changes of the shock wave structure. The 
slope of the pressure peak is diminished. For these scaled distances, the changes on the blast structure are 
probably due to the momentum transfers between the liquid phase and the gas one.  
 
 
 
 
 
NUMERICAL MODELING 
 
In this study, a multifluid model is developed assuming disequilibrium between pressure, velocity and 
temperature. Indeed, the passage of shock wave over a multiphase system will bring the phases in different 
mechanical and thermodynamic states because of their impedance contrast. Relaxation processes will attempt 
to edge the phases towards equilibrium. The post-shock states of each phase will then relax to a same thermo-
mechanical state at the end of the relaxation zone. The model is derived based on the eulerian balances for 
the volume fraction, mass, momentum and energy of each phase [4]. Under a compact form, the multifluid 
model in spherical coordinates r can be written: 
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where kα , kρ , ku , kE , kP  are respectively the volume fraction, the density, the velocity, the total energy 
and the pressure of each phase. ),,,1( EuW ρρρ=  is the fluid conservative variable, 
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flux. Each phase is governed by its own equation of state. The interfacial variables of the problem are issued 
from the homogenization method Discrete Equation Method (DEM) [8]. geomS  stands for the spherical 

divergence and dS  accounts for the momentum and energy exchanges between phases. For this application, 
the model is composed of one liquid phase and two gases. The first gas is the air which composes the foam 
and the other one modelises the detonation products. The model is unconditionally hyperbolic. An 
asymptotic derivation towards a one velocity one pressure hyperbolic model can be achieved. Its analysis 
shows that the sound speed of the two-phase medium is the non-monotonic sound speed of Wood/Wallis. 
So the equations of states are the perfect gas law for the air, the stiffened gas for the liquid and the Jones-
Wilkins-Lee equation of state for the detonation products. This choice of equation of state is derived from the 
spherical detonation model. The ignition of a spherical device by its center drives to a spherical detonation at 
the interface between the HE and the surrounding medium. A detonation wave has generally a thickness 
between 10 and 100 µm. In this area, the system is in thermo mechanical disequilibrium and a particular 
treatment should be necessary. But in these confinement activities, the modeling is conducted for areas of the 
order of magnitude of several meters. So the approximation of a detonation front without any thickness is 
done. We are considering a model of Chapman Jouguet detonation. In this case, an equation of state like the 
Jones-Wilkins-Lee one is appropriate. This type of EOS is a reduction of a more complex equation issued 
from the isentrope defined by the Chapman-Jouguet state. 
 
Simulations are conducted with a mass equivalent of TNT. So the different coefficients of TNT must be 
known. A JWL equation of state is derived from the following system: 
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Where v and Г0 are respectively the specific volume of the TNT detonation products and the coefficient of 
the JWL state for TNT, e and p designate the internal energy and the pressure of the product gases, eis and pis 
define the internal energy and pressure of the isentropic issued from the Chapman-Jouguet point of TNT. The 
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pressure of the isentrope is derived from the internal energy associated:
dt
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explosive TNT. A, R1, B, R2, k are the coefficients of the EOS dependant from the HE.  The determination of 
these coefficients depends on the knowledge of the Chapman-Jouguet parameters of TNT. 
 
 
 
 
 
 
EXPERIMENTAL SETUP 
 
The Figure 2 depicts the experimental configuration which has been designed with a particular attention paid 
to the sphericity of the air incident blast wave. 
 

 
Figure 2. Experimental configuration of CEA campaign [3] 

 
 
The High Explosive (HE) is packed in a spherical envelope to insure a spherical detonation wave. Its ignition 
is done at its center. The device is placed at a height of 2 meters from the ground to insure the sphericity of 
the incident blast wave. The pressure gauges are placed at the same height as the HE, so that the reflected 
Mach waves from the ground do not alter the duration of the positive impulse. The pressure sensors are PCB 
blast pressure pencil sensors. They are placed on a gantry. The pencils point towards the center of the charge. 
The measurements are done in the direction of the outflow. They are placed between 2 and 5 meters from the 
detonator. 
 
Several sets of experiments were done: important weights of energetic material as well as tiny devices were 
tested. In this paper, we only describe the case of the detonation of a charge of 6.6 kg of Plastrite – a pentrite 
based explosive. A first experiment was conducted in air. The results validate the choice of the configuration 
made earlier. The TNT effectiveness factor was found to be 1.27. Then, a second experiment was done with 
the same mass of HE but the energetic material was confined with an aqueous foam of expansion ratio of 
around 1:125. 
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NUMERICAL RESULTS AND DISCUSSION  
 

The mesh contains 1500 cells for a computational domain of 3.5 m.kg-1/3. The droplet size of the fragmented 
aqueous foam is chosen to be 50 µm and is about the same order of magnitude as the Plateau border radius. 
The aqueous foam is considered to be in atmospherical conditions at sea level. The volume fraction is the 
inverse of the expansion ratio. As for the initial conditions for detonation products, the constant volume 
approach has been used. The initial density of the HE is 1654 kg.m-3 and the detonation energy is 4.18 
MJ.kg-1. The other thermodynamic variables are deduced from the equations of state. 

Overpressure Results 

At first, the experimental overpressures have been compared with the tables given in [6] and reported on 
Figure 3.  

 
Figure 3.  Overpressure ratio comparison between an air explosion and an aqueous foam confined explosion 

 
There is a good agreement between the two sets of data, with a relative effectiveness factor of 1.27 for the 
Plastrite energetic material. It can be seen that for mean field, there is also a good agreement between the 
numerical results and the experimental data. In the studied range, the blast wave overpressure decreases with 
the reduced radius at approximately a power of two. Not shown here, the positive impulse as well as the time 
of arrival and the shock velocity are also compared favourably with experiments. 
Regarding the overpressures when the HE is confined by the aqueous foam, the experimental results are 
fitted by the empirical relations derived from [4]. The numerical results show also a good agreement. The 
ratio of overpressures in the air over those in foams increases from approximately 1 decade to 1.5 decade in 
the range of reduced radius of 1 to 3 m.kg-1/3. This clearly demonstrates the blast mitigation capabilities of 
aqueous foams. 
 
Indeed, the post-shock total energy can be estimated via linearized Riemann invariants and can be shown to 
decrease with an increase of the acoustic impedance of the confining medium. This energy radiates 
spherically, and will result in a lower overpressure. Moreover, a two-phase shock is a composite shock, 
which consists of a shock wave followed by a relaxation zone. The spherical rarefaction will tend to smooth 
the peak overpressure. In addition, the compressibility of the two-phase confinement is mainly driven by the 
gaseous phase. The liquid phase tends to store the kinetic energy given by the spherical shock wave. 
Decreasing the temperature of the gas will also decrease the level of overpressure. 
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Wave diagram 
 
The fireball position, the main shock as well as the subsequent ones are shown in Figure 4 in the case where 
the detonation takes place in air.   

 
Figure 4.  Wave diagram of shocks and fireball interface in air 

 
 
As the acoustic impedance of air is very low compared to that of the detonation products, the shock wave in 
air starts with an initial strength well below that of the high pressure volume and very shortly decays with the 
spherical divergence. This shock is mainly responsible for the maximum overpressure seen by the pressure 
gauges. Between the outward moving shock and the inward rarefaction wave, a second shock develops and 
begins to grow inward from the fireball interface while the latter moves out in general expansion. This 
inward secondary shock then implodes and reflects on the origin. At that time, the fireball is ending its 
expansion and is beginning to shrink. The detonation products are still cooler than the air immediately 
outside. Thus the reflection from the secondary shock gives rise to rarefaction waves. Like in the initial 
rarefaction waves, they are followed by a third shock. Then this complex shock inverts the fireball velocity 
abruptly. The succession of shocks continues in this fashion until the energy of the detonation products is 
dissipated. The origin of these inward shocks lies in the necessity of a compression wave at the junction 
between a spherical rarefaction wave moving away from a spherical shock wave [9].  
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Figure 5.  Wave diagrams of shocks, fireball and liquid/gas interfaces in aqueous foam 

 
In the same way as previously, the wave diagram presented in Figure 5 is in the case of aqueous foam 
confinement; it shows the different shocks as well as the liquid and gaseous interfaces. Indeed, the liquid 
phase has its own dynamics and own velocity. The same global features of inward and outward shocks are 
found as compared to the air configuration. However, there is another interface. During the first phase of 
expansion, the liquid and gas fluids of the aqueous foam have approximately the same velocity. Then the gas 
slows down with spherical divergence. But as the liquid inertia is greater than the gas one, its final abscissa is 
greater. The liquid is then projected at a greater distance than the gas. The aqueous foam and the fireball are 
thus separated. The secondary shock reflects on this liquid interface. A weak compression wave is 
transmitted to the foam and a shock gets reflected in the gaseous phase which lies between the aqueous foam 
and the fireball. More complex dynamics of reflected and transmitted shocks will ensue with the presence of 
this gap.  
 
The final position of the fireball in the air configuration is slightly greater than in the foam configuration, as 
the foam density is greater. Moreover, the dynamics are also different. In air, after an initial phase of 
expansion, the fireball shrinks before being impacted by the secondary shock, which inverts its velocity. In 
the second case, as the acoustic impedance of the foam is greater, the initial velocity of the fireball is less 
important. The secondary shock impacts the interface at the same time as the contracting phase begins to 
occur. In addition, the time at which the secondary shock implodes on the origin is shorter because the 
rarefaction waves are weaker in the first instants. As a consequence, the oscillating character of the fireball in 
the air will be more marked than in the confinement case in the first period of expansion shrinking. Then the 
internal wave pattern into the gap, that is the multiple goings and comings of the different 
compression/expansion waves into the gap will smoothen the evolution of the position of the fireball towards 
its end position. The dynamics of the liquid and gaseous phase are also different in the far field. A pair of 
lagrangian probes for the liquid and gas, respectively in blue turquoise and red were initially placed at a 
reduced radius of 1.3 m.kg-1/3. After the passage of the primary shock wave, the gas is put in motion. The 
liquid will then be put into motion by the gas phase. So after an initial expansion phase, the gas velocity will 
fall during the shrinking phase. However, due to the greater liquid inertia, the distance travelled by droplets 
will be in the end greater than the gas particle. The trajectories of the liquid and gas can clearly be seen to be 
intertwinned. The velocity of the fireball in the first stage of expansion is lowered with the aqueous foam 
confinement. It acts as a piston on its environment. The time during which this piston is maintained is less. 
This will result in a lower overpressure field. In addition, the gap between the aqueous foam and the fireball 
acts as a buffer. 
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CONCLUSION 
 
A multifluid formalism is used to describe an aqueous foam as a dense two-phase medium. After shock 
impingement, the initially encapsulated gas pores and liquid ligaments become respectively the carrier phase 
and the dispersed phase composed of liquid droplets. Conventional constitutive relations for gas-droplets 
have been used to describe the inter-phase exchanges within a multifluid approach. A good agreement 
between the numerical results and the experimental data is obtained. 
 
Moreover, the particularities of the two-phase wave diagram in comparison to the air configuration have 
been discussed. A gap is created between the fireball and the two-phase media. Liquid and gas trajectory 
paths are intertwined. This emphasizes the non-equilibrium effect of the aqueous foam under shock 
impingement and its blast mitigation capabilities. 
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Initiation of silver azide by the three types of action: laser pulse radiation, pulsed electron accelerator 

and accelerated particles results in similar regularities of explosive decomposition. All the initiation types 
mentioned create local short-time compression at 10-300 GPa. Local compression of the sample is suggested 
to be the condition for explosive decomposition initiation. 

The deformation of the crystal lattice causes the change in quantitative parameters: the total energy of 
the crystal Etot, band gap width Eg, charges of Ag, N2, N1 atoms, overlapping population between them РАВ. 
Assume that the energy stored under deformation is the deformation energy ΔED. If the total deformation 
energy is transmitted to the electron subsystem, than in case the condition ΔED > Eg is fulfilled, the transition 
of the electron from the valence band in the conductivity band is probable. This results in the formation of 
electrically neutral atoms and molecules. Consider the energy difference Ei = ΔED > Eg as the energy for 
reaction initiating. To start the explosive decomposition it is to be positive. 

The reaction 2Ag + 2N3 → Ag2 + 3N2 is known to be accompanied by the energy release of 10.3 eV. 
The energy balance of the process 2AgN3 → Ag2 + 3N2 is characterized by the decomposition energy ED 
which depends on the lattice deformation. 

The dependences of ΔED and Eg for crystal deformation in different directions have been calculated. It 
was shown that in the uniform compression of the sample the limiting factor for the decomposition reaction 
is the initiation energy at 76 GPa. For uniaxial deformation this threshold decreases: in compression along a-
axis it makes 41 GPa, and along b-axis it equals 68 Pa. The decomposition can be initiated by deformation 
which changes the shape of the sample without change in its volume. Thus, shear deformation in a,b plane 
can start decomposition if the shear deformation angle is equal to 10°. 

 
INTRODACTION 
 
Earlier it was shown [1] that initiation by pulsed laser, electron radiation of nanosecond duration and 

by accelerated particles as well results in absolutely similar regularities of explosive decomposition in silver 
azide. All the mentioned types of initiation make local regions of compression and this made it possible to 
suggest that explosive decomposition can be initiated under local deformation of the sample. 

All the external energy impacts can be reduced to one type, i.e. pressure. Thus, in the experiments [1] 
with accelerated microparticles the pressure in the region of the interaction of the particle with the sample 
made 1.7·1010 Pa. In the experiments with accelerated electrons the streamers and electrical breakdown of the 
solid could be observed at the energies of 10 ns pulse more than 0.1 J/cm2. In the region of the streamer and 
electrical breakdown the local pressure can equal 1010 Pa in the volumes with the radius no less than 1 μm. 
At high densities of laser irradiation the local heating to high temperatures in the region of inhomogeneous 
medium 0.1 μm in size, deformation of the sample and local heating and  generation of compression pulses 
could be observed. At irradiation density more than 2.5·107 W/cm2 optical breakdown can develop in the 
sample which results in generation of compression pulses. At Р ~ (1.5÷3)·1011 Pa in the local regions shock 
waves are created. 

It is clear that deformation caused by external pressure and subsequent fracture of the solid refers to 
the processes with a complicated behavior of the system at microscopic (atomic) level. Therefore, the 
processes can be researched only on the basis of correct description of the kinetics of  physical-chemical 
processes occurring in the deformed solid.  

The main problem of the solid stability is the mechanisms of interrelation of the processes and 
physical-chemical properties of the material. 

Interrelation between structural properties of the material and its dynamic strength can be observed 
when nucleation and increase in the number of defects are not considered to be a dominating factor for 
deformation and fracture. This can specifically occur if the stressing velocity exceeds the velocity of the 
increase in defect concentration. By the order of the value it is supposed to be equal to the sound wave 
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velocity, i.e. make 103-104 m/s. The paper considers high velocity deformation stressing for the silver azide 
crystal lattice when the processes of its relaxation can be neglected. 

Even at comparatively small strains highly nonequilibrium localized regions where external excess 
energy generates are formed in the solid. This excess energy referred to as deformation energy will also 
dissipate in the regions of final volumes. The characteristic sizes of these regions can be measured if we 
know the elastic properties of the material. Dissipation of the energy stored will define the mechanisms of 
the solid-phase decomposition in silver azide. 

Dissipation of the deformation energy can excite the electron subsystem of the crystal. The concept of 
electron transfer from anions to cations and formation of neutral azide molecules and complexes of silver is 
considered conventional. The key parameters of these processes are considered to be the width of the energy 
bands and values defining the chemical bond. The research of the change in the parameters under pressure 
and energy evaluation of decomposition reaction probability has been considered. 

 
CALCULATION METHOD 
 
AgN3 possesses an orthorhombic lattice with a spatial symmetry group Ibam and two formula units in 

the elementary cell. The parameters of the structure are determined in [2]: a=5.6 Å, b=5.98 Å, c=5.998 Å. In 
a linear azide-ion the distances between central (N2) and end (N1) nitrogen atoms make 1.188 Å. The 
shortest distance between silver Ag and N1 atoms equals 2.559 Å. The structure of the lattice is layer: 
positively charged cation planes alternate with negatively charged anion planes along с axis. 

Elastic and electron properties were researched by the theory of local density functional with a 
generalized gradient approximation of exchange-correlation potentials Perdew J.P-Wang Y. [3] (PWGGA), 
programmed code CRYSTAL06 [4] with bases for Ag - (1s)2(2sp)8(3sp)8(3d)10(4sp)8(5sp)0(4d)9(5d)0(6sp)2, 
N - (1s)2(2sp)5(3sp)0(3d)0 [5]. 

Deformations of the crystal lattice were made by the change in the basis vectors of the lattice 
( )321 ,,=⋅=′ iaDa ii

rtr , where the deformation matrix ε+=
ttt

1D  was determined via the deformation tensor of 
an explicit type defined, as an example, in [6], and in a short-form it has the form of 

( )654321 eeeeee ,,,,,=ε . According to the model of high-velocity stressing the geometry of the crystal 
lattice after deformation was not optimized. 

According to the main thermo-dynamic relation for deforming solids restricting (due to small 
deformation) by the quadratic terms of series the dependence of the total energy of the crystal at zero 
temperature can be written as 
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where E(V) is the total energy of a not deformed crystal with the volume of the cell V, Сij  is the tensor of 
elastic constants, σi is stress tensor. The matrix of the elastic constants is determined as the second derivative 
of the total energy (1) related to the unit of the volume at zero deformation, and the stress tensor is 
considered to be the first derivative of the total energy. The calculated energy values interpolated by 
polynomials of the third power ( ) 3

3
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210 yaaaaE +γ+γ+=γ , which allows to simply determine the 
corresponding derivatives. 

In orthorhombic crystals the tensor of elastic constants has nine independent components. To 
determine the components the calculation to be performed for nine different deformations which were 
selected according to [6] as ( )0001111 ,,,,,γ+=D , ( )0001112 ,,,,, γ+=D , ( )00011131 ,,,,, γ+=D , 

( )0001114 ,,,,, γ−γ+=D , ( )0001115 ,,,,, γ−γ+=D , ( )0001116 ,,,,, γ−γ+=D , ( )0021117 ,,,,, γ=D , 
( )0201118 ,,,,, γ=D , ( )γ= 2001119 ,,,,,D , and the values γ ±0.005, ±0.01, ±0.02, ±0.03 were used. For the 

uniform compression the matrix was taken as ( )0,0,0,1,1,1 γγγ +++=VD , and the dependence of energy 
on the volume was determined by Birch equation [7] of the third order 

( )
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
⎟
⎠

⎞
⎜
⎝

⎛−⋅
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−⎟

⎠

⎞
⎜
⎝

⎛+′
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−⎟

⎠

⎞
⎜
⎝

⎛⋅+=
32

0

232
0

0

332
000

0 4611
16

9
V
V

V
V

B
V
VBV

EVE , (2) 

where B0 is the volume elastic modulus, 0B′  is its first derivative with respect to pressure, V0 is equilibrium 
volume, and Е0 is equilibrium energy. The pressure, therefore, can be calculated by the formula 
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The calculated equilibrium volume appeared to be 102.9 Å3, which 2.4% larger than the experimentally 
obtained value. 

 
ELASTIC PROPERTIES OF SILVER AZIDE 
 
The elastic constants calculated for the experimentally determined geometry are anisotropic. 

Therefore, the calculated sound velocity values for different directions and polarizations appear to be 
different as well (Table 1). In the Table ρ is the crystal density where the calculated value equal to 4.924 
g/cm3 was used. It is apparent, that the propagation of deformation elastic waves as well as that of detonation 
waves is anisotropic. 

 
Polarization dependences of the sound in silver azide   Table 1 

D i r e c t i o n  M o d e  P o l a r i z a t i o n  
S o u n d  v e l o c i t y  

F o r m u l a  V a l u e ,  
m / s  

[ 1 0 0 ]  L o n g i d u d i n a l  [ 1 0 0 ]  ρ/11C  8 4 9 7  

 T r a n s v e r s e  [ 0 1 0 ]  ρ/66C  6 8 8 0  

 T r a n s v e r s e  [ 0 0 1 ]  ρ/55C  1 5 5 9  

[ 0 1 0 ]  L o n g i t u d i n a l  [ 0 1 0 ]  ρ/22C  6 3 2 6  

 T r a n s v e r s e  [ 1 0 0 ]  ρ/66C  6 8 8 0  

 T r a n s v e r s e  [ 0 0 1 ]  ρ/44C  6 2 1  

[ 0 0 1 ]  L o n g i t u d i n a l  [ 0 0 1 ]  ρ/33C  4 5 1 3  

 T r a n s v e r s e  [ 1 0 0 ]  ρ/55C  1 5 5 9  

 T r a n s v e r s e  [ 0 1 0 ]  ρ/44C  6 2 1  
 
The velocity of the sound waves is considerably great for the direction [100] and it exceeds the values 

of the velocities for other both longitudinal and transverse directions. 
Anisotropy of the elastic constants can be interpreted by a specific character of the chemical bond, 

which is covalent inside the anion and it is ion-covalent for the anion–cation. This is testified by large 
population of the overlapping inside the anion PN1-N2 (0.416 е, where е is an electron charge) and weak 
population of the overlapping between the atoms Ag and N1 (0.054 e) and the maps of the deformation 
density distribution obtained by the subtraction of the spherically symmetric atomic planes from the crystal 
superposition presented in Figure 1. 

 

 

 
 
 
 
 

Fig. 1. Distribution of the deformation density in the 
anion plane of silver azide. The negative values of 

density are plotted in dashed lines, the positive values are 
dashed in continuous lines and the null contour is in bold. 
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The distribution of the density shows that as a result of interaction of atoms the charge leaks in the  
interatomic bond region and in the antibound region beyond the end nitrogen atoms. If the density increases 
the size of the interatomic region reduces and bonding electrons are pushed out in the antibound region and 
this finally results in the chemical bond breakage. 

In the experiments, as a rule, not mono- but polycrystals in the form of aggregated mixture of 
randomly oriented crystal grains are tested. The material properties at this become isotropic. Therefore, we 
face the problem of the correct averaging of the elastic properties of monocrystals, which can be solved by 
well-known Voigt-Reuss-Hill [8] procedure. The procedure was used to determine the volume modulus of 
elasticity В (100.7 GPa), shear modulus G (39.9 GPa), Young modulus Е (105.8 GPa), Poisson ratio μ 
(0.325) with respect to known elastic constancies. 

Since the energy stores due to both volume deformation and shear deformation, the characteristic size 
of the regions of excess energy storage is proportional to GB 34+ . At the same time only shear stresses 
are responsible for dissipation of the excess energy in the deformed solid, therefore, the characteristic scale 
of energy dissipation in decomposition of strongly nonequilibrium regions is proportional to G. Thus, the 
dimension of the regions for energy localization stored by the deformed solid due to external forces Df will 
be equal to their ration which makes 3.86. 

In [9] it was found that as the dimension Df of the regions of the stored energy localization grows, the 
anharmonicity of the lattice vibration increases. The anharmonicity of the lattice vibration defined by 

Grüneisen parameterwhich is determined in [10] as ( )
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The calculated value Dγ  for silver azide makes 1.94, and longidudinal sound velocity vL and transvese 
sound velocity vT are equal to 5592 and 2848 m/s, respectively. 

 
SHOCK DEFORMATION MECHANISM 
 
In high-velocity deformation when the velocity of the process exceeds the velocity of relaxation it can 

be assumed that all the stressing energy is used for elementary fracture acts (interatomic bond breakage, 
elementary shear) without dissipation, i.e. adiabatically. The lower velocity of mechanical and thermal 
relaxation and energy dissipation if compared to the velocity of deformation and fracture causes quasi-
microscopic fracture when the expenditure of energy will be defined by fundamental energy physical-
chemical parameters of the solid. 

The deformation of the crystal lattice changes the  quantitative parameters: the total crystal energy Etot, 
width of its band gap Eg, atomic charges QAg, QN2, QN1determined by the Mulliken scheme, population of the 
overlapping between them РАВ. It increases the energy of the crystal lattice by the value of   

{ }( ) ( )0VEeVEE totitotD −=Δ , ,     (4) 
which can be assumed as deformation energy. Assume that all the stored energy is transferred to the electron 
subsystem which excitation leads to transition of the electron from the valence band to the conduction band. 
In a separate molecule it is equal to the width of the band gap. Within the limits of the decomposition 
reaction this is the first stage of the process which results in formation of electrically neutral atoms and 
molecules 

00
33 AgAgNN →++→ +− ee, .    (5) 

From the point of view of the chemical bond this implies bond breakage between the anion and cation 
which is characterized by the population of overlapping PAg-N and nulling of the effective charge of the 
cation (it is equal to the charge of the anion with an opposite sign). The energy condition of the reaction is 

gD EE >Δ . Assume the energy difference gDi EEE −Δ=  as the energy of reaction initiation. To initiate the 

reaction iE  is supposed to be positive. 
Next, as it is known, the complexes are formed from neutral Ag atoms and N3 molecules 

223 N3AgN2Ag2 +→+ .                                                         (6) 
This reaction is followed by the energy release of 10.3 eV. The energy balance of the process 

223 N3AgAgN2 +→  will be described as follows  
( ) ( ) ( )gas

2
mol
2

solid
3 N3AgAgN EEEE totd +−= ,                                             (7) 
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which will be referred to as decomposition energy. This process is probable in principle if the energy value is 
positive. The reaction (6) implies the breakage of the chemical bond inside the azide-ion which is 
characterized by the populations of overlapping PN1-N2 and PN1-N1. 

In the uniform compression with the increase in pressure all the interatomic distances reduce, 
repulsion forces increase and the total energy of the crystal grows. Figure 2 presents the dependence of the 
decomposition energy Ed and initiation energy Ei on pressure P. It is seen that the deformation energy 
corresponding to the pressure of 15 GPa is sufficient to initiate the decomposition reaction (6). However, the 
limiting factor in this case is considered to be the initiation energy which positive values are possible only at 
pressures exceeding 76 GPa. 

 

 
 
The values of the parameters of the chemical bond – charges and populations – appear to be sensitive 

to pressure as well. The silver charge with the increase in pressure decreases under the law close to the liner 
law (Fig. 3). The positive charge of N2 atom at this increases, and the charge of N1 atom decreases. Thus, in 
hydrostatic pressure the system tends to electrically neutral charges of anions and cations which, in toto, 
contributes to the decomposition model. 

 

 
Fig. 3. Dependence of the effective atomic charges on hydrostatic pressure. 

 
The population of overlapping between Ag and N1 atoms at pressure higher than 15 GPa changes 

weakly. PN1-N2 when it is higher than 15 GPa reaches its saturation and in the sequel it slightly decreases. On 
the other side, the negative population of overlapping between N1 atoms with the growth in pressure 
increases virtually under linear law. At pressure higher than 75 GPa it starts to exceed the positive 
epopulation of overlapping between N1 and N2 atoms, which in its turn can imply that the repulse forces 
between negatively charged N1 atoms start to prevail over the attraction forces N1-N2 and the bond in the 
azide group can break. This can be caused by the reduction of the bond region/gap and increase in the 
number of electrons in it which increases their interaction energy and leads to their expulsion to the 
peripheral regions. 

Figure 4 shows the dependences of decomposition and initiation energies for uniaxial deformations 
D1-D3 on pressure, stress-strain сжатия-растяжения D4-D6 on the value γ  and shear deformations D7-D9 on 
the rotation angle ϕ . 

The fastest techniques to start the decomposition is considered to be uniaxial deformation along а – D1 
axis. In this case Ed will be positive at pressure of 8.7 GPa, whereas, for D2 it will be positive at 11.9 GPa. 
However, the restricting factor here as well as for hydrostatic compression will be initiating eaction, which 
for D1 produces the pressure value of 41 GPa, and for D2 this value makes 68 GPa. 

 
Fig. 2. Dependence of the decomposition energy Еd and 

initiation energy Еi on hydrostatic pressure P. 
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Fig. 4. Dependences of the decomposition energy Ed initiation energy Ei for deformations D1-D3 on pressure, 

D4-D6 on the deformation value γ and D7-D9 on the rotation angle φ. 
 

It is to be noted the linear character of the dependence Ei(P) for D3 deformation, which is caused by 
the complicated dependence of the deformation energy and width of the band gap Eg. However, under this 
linearity the critical pressure makes 123 GPa, which according to our estimations is beyond the yield of the 
solid. 

 
CONCLUSION 
 
Initiation of silver azide by pulsed laser, pulsed electron accelerator and accelerated microparticles 

results in similar regularities of the explosive decomposition. The quantitative index/indicator of the action - 
давление – in the experiments with accelerated microparticles is considered to be equal to ~17 GPa, with 
accelerated electrons it can reach 10 GPa, and at high densities of laser irradiation more than 2.5·107 W/cm2 
there occur shock waves which correspond to pressures of 150-300 GPa. Thus, all the mentioned types of 
action make in the sample local compession regions, and this makes it possible to suppose the initiation of 
explosive decomposition is probable under local deformation of the sample. 

In the assumption that in high-velocity deformation when the velocity of the process exceeds the 
relaxation velocity all the energy of stressing is spent/consumed on elementary acts of fracture (interatomic 
bond breakage) , i.e. adiabaticallyand is transferred to the electron subsystem which excitation results in the 
transition of the electron from the valence gap to the conduction gap. For the decomposition reaction this is 
the first stage which leads to the formation of electrically neutral atoms and molecules. From the energy 
viewpoint it can be characterized by the difference in energy deformstion and width of the bad gap 
характеризовать разностью энергии деформации и ширины запрещенной зоны, i.e. the energy of 
reaction initiation, and for the start of the reaction it is supposed to be positive. Next from the neutral Ag 
atoms and N3 molecules the complexes Ag2 and N2 are formed and the energy balance of the process will be 
defined by the decomposition energy which can be defined as the difference of the total energy of the crystal 
and that of the products formed. This process is also principally possible if this value is positive. 

In uniform compression the restricting factor is considered to be the initiation energy and its allowed 
value is probable at pressure of 76 GPa. For uniaxial deformations this threshold decreases, and in 
compression along а axis it makes 41 GPa and along b axis it equals 68 GPa. The decomposition reaction 
can also be initiated by deformation which are followed by change in the form but not in the volume of the 
solid. Thus, the shear deformation in ab plane can start the process at the angle of 10°. 
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Explosive initiation energy threshold for volumetrically compacted powders of PETN (5·108 N/m2) 

influenced by 266 nm laser radiation (spectral region of bandgap absorption) has been measured. The 
kinetics of the explosive decomposition has been studied. The conditions for realization of low-threshold 
explosion decomposition have been provided. A thermal-site model of laser initiation of the explosion in the 
bandgap absorption spectral region is proposed to explain the experimental results. 

 
INTRODUCTION 
 
It is well-known [1] that initiation of compacted PETN powders from uncovered surface of the sample 

by laser radiation pulse corresponding to the transparent spectral region with the intensity below the 
threshold of powerful shock waves formation was found ineffective. The reason of this inefficiency is 
considered [2] to be the occurrence of high temperature gradients leading to fast gas-dynamic unloading of 
the decomposition center in the near-surface layer. 

The protective glasses [2–5] were used to initiate the decomposition process by nanosecond laser 
pulse. According to [2] the glasses impede gas release from the initial decomposition center, increase 
pressure above the explosive surface and increase the burning speed. The bigger the force for the glass to be 
pressed to the explosive surface, the less its porosity and gas permeability, hence, the faster the critical 
pressure required for initiation is obtained, and the sensitivity of the explosive becomes higher, as it was 
experimentally observed in [3, 4]. 

These are the basic features of laser initiation in the transparent spectral region of PETN. It is possible 
to assume, that these features are to be observed in initiation in the spectral region of bandgap absorption due 
to a high absorption index μ (cm-1). In addition the absorbed laser energy is distributed in the near-surface 
layer h ~ 1/μ under Bouguer-Lambert-Beer law, in contrast to the transparent spectral region where this law 
is not follows [6], and the maximal energy release takes place on the explosive surface. 

Thus, it is possible to expect substantial growth of temperature gradients, faster gas dynamic 
unloading of the decomposition center and deterioration of initiation conditions for the uncovered surface of 
the sample in the spectral region of bandgap absorption. However, if the surface is covered strong bandgap 
absorption can make an effect similar to introduction of absorbing impurities when initiating in the 
transparent spectral region [2], i.e. to increase explosive sensitivity. 

The behavior of volumetrically compacted PETN powders in irradiation by laser pulse in the spectral 
region of bandgap absorption has been investigated experimentally and by means of numerical modeling. 

 
EXPERIMENT 
 
A laser stand which is a modernized version of the setup described in [7] was used. The stand provides 

multiparameter measurement of the processes accompanying the explosive decomposition. Pulsed YAG:Nd-
laser operating at the fourth harmonic of the radiation corresponding to the spectral region of PETN bandgap 
absorption (λ0 = 266 nm, μ ~ 105 cm-1, τi = 8 ns, pulse energy upto 170 mJ) was used. 

PETN powder (dispersion is 6000 cm2/g) were placed into press-form made of tool-steel with 
radiation-transparent window (10 mm thick quartz or glass plates). It was uniformly pressed by 5·108 N/m2. 
Press-form was placed on the input of acoustic detector. The whole cell was placed into special hydraulic 
press which allows influencing on sample and detecting glowing from it. Samples were influenced by 10 ns 
laser pulse which was focused into 1 mm spot when the sample diameter made 3 mm. 

Scheme of experimental cell presented in Fig. 1. 



 

Fig. 1. Experimental cell scheme 

1 – Dove prism; 2 – interference mirror; 3 – forming diaphragm; 4 – turning Al-mirror; 5 –objective; 6 – 
press cover; 7 – transparent cover; 8 – PETN sample; 9 – press-form; 10 – puncheon; 11 – acoustic input; 

12 – acoustic detector case; 13 – PZT-19 element; 14 – brass damper; 15 – pressing plate 

Laser radiation was split by Dove prism 1 and directed by interference mirror 2 (reflection is 99%) to 
forming diaphragm 3 which singled out central part of laser beam. Quartz objective 4 (corrected to spherical 
aberrations) formed magnified image of diaphragm 3 on the sample 8 surface. This scheme allowed forming 
homogeneous (meaning energy density) spot 1 mm diameter. 

Another advantage of projecting scheme is that it allows detecting glowing from the influenced area of 
the sample only. Glowing light (green arrows and lines in Fig. 1) falls through objective 4 on the diaphragm 
3 which in this case plays role of spatial filter. As the light transmits through mirror 2 it goes to detecting 
channel I. This channel included monochromator, colored filters and two photodetector (photomodules 
H-5773 by Hamamatsu). There was an opportunity to measure the glowing kinetics in two different spectral 
regions at once within spectral range 400…800 nm. Results of measuring in this channel allowed 
investigating the explosive decomposition glowing kinetics. 

Channel II included projecting scheme (quartz objective, field-view stop) and photodetector (also 
Hamamatsu photomodules). Set of colored filters and interference mirror for laser radiation were used to 
block the reflected laser radiation. All sample glowing could be detected by this channel (from the laser 
radiation influence area and beyond it). Magnification of the scheme could be changed within 0.5…5.0. That 
allowed observing 1 to 10 mm area. This channel had maximal sensitivity to obtain thresholds of 
luminescence of samples, optical breakdown on its surface and other pre-explosive phenomena. It is also 
allows to detect glowing of decomposition products during its expansion. 

Oscillograph WJ-314 (by LeCroy) startup initiated by laser pulse detector. Part of laser beam reflected 
from the output side of Dove prism 1 and fell onto vacuum photodiode with time resolution ~0.1 ns. Laser 
pulse imaged on the one of oscillograph channels and played role of reference signal. Light intensity 
decrease was made by neutral filters for all light channels. Time resolution of all photodetectors made ~1 ns, 
for acoustic detector ~5 ns. All signals were snapped to laser pulse maximum with accuracy less than 10 ns. 

In conditions of volumetrically compacted PETN powders the initiation followed by the explosive 
glow, pulse pressure and destruction of the assembly could be observed. The energy threshold for initiation 
at 50% probability was H05 = 12 ± 4 mJ/cm2. Initiation for the uncovered sample surface failed at the 
initiation level of exposure up to 1 J/cm2 (due to the limited setup capacity). 

The kinetics of the explosive decomposition process at initiation threshold is presented in Fig. 2. The 
duration of the induction period is about 8 μs for the duration of the explosive glow flash of about 5 μs. 



 

Fig 2. Kinetics of PETN initiation process influenced by 266 nm laser radiation: 

1 is the oscillogram of the explosive decomposition glow from irradiated region, 
2 is the oscillogram of the explosive decomposition glow in the panoramic review, 

3 is a signal of the acoustic detector, 4 is the position of the laser pulse. 

It is obvious that low-threshold initiation in these experimental conditions was realized. It is to be 
noted that PETN sensitivity at the spectral region of bandgap absorption close to the sensitivity of lead azide 
(10 mJ/cm2), measured in same experimental conditions [8]. This fact suggests that the sensitivity of 
explosives of different classes depends on experimental conditions. Thus, the sensitivity of explosives is an 
"absolute" value. It is quite possible that the “absolute” sensitivity of high explosives may be higher than that 
for priming explosives. 

 
SIMULATION 
 
Problem of possibility of high temperature explosion initiating area forming looks interesting if laser 

radiation absorbs in the near-surface layer of explosive. Also, trying to explain experimental results from the 
high-temperature explosion initiating center look interesting. 

The problem of explosives ignition in spectral region of bandgap absorption is shown in Fig. 3. 

 

Fig 3. Model of heating of two-layer system: 1 is the transparent layer, 2 is the absorbing layer, x is axis 

Surface of explosive covered with transparent dielectric (for incident laser wavelength). It is accepted 
that heat-conductive and optical contact between explosive and transparent dielectric is provided. This 
problem was numerically simulated and solved for lead azide [9]. For volumetrically compacted PETN 
powders assumption of solid-state reaction can be considered as the closest to experimental conditions 
proposition. Mathematically, the problem of PETN ignition in a solid-state approximates with formulas: 
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T is current temperature, T0 is initial temperature, t is time, х is axis with 0-point on the boundary of two 
semi-areas, λ is heat-conductivity, с is specific heat capacity, ρ is density, α = λ/cρ is thermal diffusivity, Q is 
heat effect, k0 is pre-exponential factor, E is activation energy, η is part of burned-out explosive, R is 
universal gas constant, τi is pulse duration, q0 is incident power density, indexes “1” and “2” mark the 
parameters of the transparent and absorbing area, respectively. The formulas above were written in finite 
differences way and numerically integrated using four-point pattern. Accuracy of numerical solutions was 
~4%. 

If the absorption of laser radiation occurs at the ~1/μ depth we can expect forming of the thermal area 
in the thin near-surface layer of explosive. However, during formation process of thermal center part of the 
heat transmits to transparent “covering” and reduces initiating ability of “explosive”. In such case it is 
important to know the parameters of the thermal center (shape and position, temperature, size). These 
parameters determine the crucial conditions for laser explosion initiation in products with transparent input 
for radiation. 

It was found from the simulation that high-temperature explosion initiating area forms in the near-
surface layer of the 2-nd medium. Its shape and position depend on laser pulse duration and absorption 
index. 

  

Fig 4. Temperature profiles of the two-layer system heating by the end of the pulse duration: 
a) τi = 10 ns, b) τi = 1 μs, μ [cm-1] = 106 (1); 105 (2); 104 (3); 103 (4) 

Temperature profiles by the end of laser pulse presented in Fig. 4 without taking into account chemical 
reaction for the 2-nd medium. The absorptive medium has PETN parameters (с2ρ2 = 2.9 J/(cm3·K), 



α2 = 0.6·10-3 cm2/s) and contacts with quartz glass (с1ρ1 = 1.9 J/(cm3·K), α1 = 6.9·10-3 cm2/s). It is known that 
absorptive medium heating is proportional to absorption index. Different energy densities were chosen to get 
one adiabatic temperature increase for different absorption indexes 
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That was also made to compare one-scaled temperature profiles. 
Dependence of maximal temperature of explosion intiating area on laser pulse duration and absorption 

index of 2-nd media presented in Fig. 5. It is shown that for short laser pulses maximal temperature is 
proportional to absorption index. Increase of laser pulse duration makes the maximal temperature 
independent of it and forms AB-assimptotic which can be described by formula: 
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k  – proportion between termal activities of quartz medium and PETN-medium. 

 

Fig 5. Maximum temperature of heating center by the end of the laser pulse duration 
q0 = 106 W/cm2, 1/µ [cm] = 10-6 (1), 10-5 (2), 10-4 (3), 10-3 (4) 

Explosion initiation energy thresholds defined from time and spatial temperature profiles. Minimal 
power density was taken as the energy threshold if stationary decomposition wave front velocity could be 
obtained in the graph (Fig. 6, a). 

 

 

 

 

Fig 6. Time-and-spatial temperature profiles (a) and time-and-spatial burnout profile for PETN (b) 
μ = 105 sm-1, Н0 = 55 mJ/cm2, τi = 10 ns 



According to numerical simulation results threshold energy density makes 35...55 mJ/cm2 for 
106...105 cm-1 solid-state approximation. This value is 3 times more than that in experiment (Fig. 7). 

 

Fig 7. Dependence of explosion initiation energy theresold of PETN (graph 1) and temperature of heated 
area by the end of laser pulse (graph 2) dependences on absorbtion index (laser pulse duration is 10 ns) 

One of the possible cause of difference between simulation result and experiment result can be 
incorrectness of usage the same thermokinetic constants of PETN as for low temperatures and atmospheric 
pressure, so for high temperatures and high sample’s pressures. 

Thus, proposed solid-state high temperature initiating microarea model of explosion intiation for 
“zone-to-zone” radiation absorption can qualitatively explain uniformly pressed PETN behavior and can be 
used to interpret the experiment results. 
 

RESUME 
 

• Explosive initiation energy threshold for volumetrically compacted powders of PETN (5·108 N/m2) 
influenced by 266 nm laser radiation (spectral region of bandgap absorption) has been measured. 

• The conditions for realization of low-threshold explosion decomposition have been provided. The 
energy threshold was about 12 mJ/cm2. 

• A thermal-site model of laser initiation of the explosion can explain the experimental results. 
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1) INTRODUCTION 
The constitutive law for a material is an essential component of its model, whether in experiments at low 
pressure or detonation. We need a good knowledge of the associated parameters on the entire range in 
pressure. However, they are usually determined by experiments at low or ambient pressure, different from 
pressures in detonation (1 to 30 GPa, or even beyond). Particularly in the Steinberg Cochran Guinan law 
(SCG) [1], the variation of shear modulus as a function of pressure (G'P parameter) is adjusted only on a 
restricted domain. 
This is therefore to design an experiment so that an observable is sensitive to this parameter. The 
development of plastic instabilities by an isentropic compression, as proposed by Barnes and his team [2], is 
a solution to validate the modeling of the constitutive pressures and strain rates of interest (~20 GPa, 
104-5 s-1). 
Here we present its adaptation to our problem and the first experiments on a material of interest for studies at 
the CEA: pure gold. 
 

2) PRINCIPLE OF THE EXPERIMENT, CONSTRAINTS ON DIAGNOSTICS 
The detonation products of a plane wave generator (PWG) in open space generate isentropic compression on 
the back face of a sample. Calibrated perturbations, previously machined on the face, grow under the effect 
of the compression. 
The growing of the perturbations is characteristic of the constitutive material in its initial metallurgic 
conditions. It is thus particularly sensitive to parameter G'P of pressure sensitivity in the SCG law. 
Monitoring the development of the perturbations should be ensured through the detonation products from the 
PWG, with diagnostics that do not change the running. 

 
Non-intrusive observation by shadowgraphy is well suited for this 
observation. The opacity of the detonation products guides us 
towards a diagnostic of X-ray shadowgraphy. 
 
X-ray sources are available, with the characteristics expected for this 
measurement: 

- moderate energy spectrum (median energy ~80 keV), 
- remote head generator to facilitate the implementation as 

close as possible to the object, 
- flash of a few tens of nanoseconds to reduce motion blur of 

the target on the measurement (flight speed of the target 
from the simulation: about 1000 m / s). 

 
The first simulations performed in this configuration highlight a 

global deformation of the target: edges hide the base of the perturbations on the measurement. A study is 
necessary to optimize the geometry. 
 

3) EXPERIMENTAL DEVELOPMENT PROGRAM 
The development of the configuration has required many simulations to define the geometry of the target 
with its support. The reliability of the solution was based on confidence in the results of simulations of 
unconventional configurations. We have tested it with three experiments to validate the capabilities of codes 
to predict the deformation of the sample: two experiments on copper targets with different geometries 
without perturbation (plane target versus bulged target), a third experiment on a target with perturbations 
machined to assess their effect on the global bending. Diagnostics were established to measure the bending 
of the target in a given plane. 
 

HE (PWG)

Bended target

Detonation
gas

Observable :
partially masked

by the bended target

 
Figure 1: design for the 

experiment. 



 
The results of the experiment for a plane target, shown in Figure 2, show a good agreement with simulations 
on a central area of the sample up to a radius of 10 mm. They confirm that the bending of the target masks 
completely the base of the perturbation that would be machined on the opposite side of the target. 
The optimization has focused on the target and its support. Several geometries have been defined by 
simulations. We present, in Figure 3, different geometries; the design has evolved into two-dimensional 
geometries with rotational symmetry on targets of reduced diameter with a central perturbation. 
The principle of the support is to maintain the target in a light ring, itself bound by a heavy guard of large 
diameter (adapter). The ring flies under the effect of the detonation products, faster than the target which is 
heavier. 
We have validated this concept by performing an experiment on a plane target in copper, with a ring in 
aluminum and an adapter in tungsten. A radiographic measurement is shown in Figure 4. 

 

The geometry of the target and the shape of the perturbation have been optimized for a target of pure gold. 
The rotational invariance makes possible multiple axes of radiographic measurements around the target: 
three axes of measurement are tested for a multi-time observation of the sample and the evolution of the 
perturbation (Figure 5). 
A comprehensive validation experiment was performed on a pure gold 
target (Figure 6). The shape and dimensions of the central perturbation 
were studied to increase the sensitivity of its development to the G'P 
parameter. 
We present, in Figure 7, a prediction of radiographic measurement and 
three experimental measurements. The shape of the target and the 
perturbation has been compared with predictions. 
An observation of the perturbation at several instants is done to estimate 
the parameter value G'P = 1.0 ± 0.7, taking into account the experimental 
uncertainties in determining the growing speed of the perturbation 
between two measurements (± 0.04 mm / µs). 
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Figure 5: configuration with three axes of radiographic measurement (on the left location). 

Appropriate protections have been tested and validated to ensure the absence of aggression on the 
detectors. Photograph of the setup (on the right location). 
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Figure 2: curvature of the 
target in plane geometry - 
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Figure 6: target of 

pure gold, Gaussian 
perturbation  



 

 
4) SENSITIVITY STUDY 

An additional study was undertaken to assess the sensitivity of 
the experimental results on the models and parameters of 
simulation. We have tested in particular the effect of modeling 
the explosive on the growing of the perturbation. Three 
models were tested, indexed 1 to 3. The velocity of the target 
is compared with Doppler measurements performed on the 
front of the target in the previous experiment. Best agreement 
is obtained with models 1 and 3 (see Figure 8 upper) which 
are equivalent to simulate the flight of the sample. 
The length of perturbation over time (see Figure 8 lower) 
shows that both models can reproduce the experiment with 
different values of G'P: 1.0 and 1.4 for simulations with 
models 1 and 3 respectively. 
This example introduces a sensitivity of the experiment to 
other parameters that G'P and experimental uncertainties. This 
study has to go on to estimate the overall uncertainties of 
restitution. 
 

5) CONCLUSION 
We have developed an experimental structure sensitive to the variation of shear modulus as a function of 
pressure, to characterize the behavior of a material. This experimental structure is available to characterize 
other materials; experiments are planned. 
A further study of sensitivity gave us initial results: uncertainties estimated seem to be not so efficient for an 
absolute parameter determination. It must go on to estimate the overall uncertainty on the characterization of 
materials by this experimental structure. 
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Figure 7: radiographic measurements at 3 instants on pure gold target with Gaussian perturbation – 

measurement and prediction at one time of observation (top); experimental shapes, overlay 
simulated vs. experimental shapes (middle); determination of the parameter G’P from the 

measurement uncertainties associated with experimental results (bottom). 
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ABSTRACT 
 

Detonation excitation for uncovered compacted powders of tetranitrate pentaerythrite (PETN) under 
laser radiation influence was obtained firstly in [1]. Laser radiation there belonged to transparency spectral 
region of PETN, radiation energy density was 104 J/cm2 and laser pulse duration was 30 ns. It was shown 
that mechanism of detonation excitation is the shockwave formation under laser radiating. According to [2] 
the reason for high-threshold explosion of uncovered PETN samples is intensive gas-dynamic unloading of 
decomposition site through the irradiated surface of the sample. For low-threshold realization shielding 
glasses uses [3]. Their role is to prevent gas-dynamic unloading of the site (as proposed in [2]) which leads 
to gas pressure increase in the site, increase of decomposition velocity and explosion realization. 

In the paper results of experimental research of PETN threshold energy density (TED) for explosion 
initiation and kinetics to different wavelengths (1064 nm and 532 nm) of laser radiation were studied when 
the samples were uniformly pressed with pressure 0.5 GPa. TED made 60 ± 15 mJ/cm2 for 1064 nm 
wavelength and 55 ± 13 mJ/cm2 for 532 nm wavelength. The explosion delay time was measured also and 
made 8 µs for 1064 nm wavelength and 10 µs for 532 nm. 

Since the average heating temperature under laser radiation makes 0.5 K, the mechanism of the low-
threshold explosion initiation discusses. The microsite heat model of explosion initiation proposes. 
According to this model laser radiation absorbs by small impurities within the PETN volume. 
 

INTRODUCTION 
 

Since PETN is one of the most transparent explosive [5, 6] for laser radiation, there comes a 
question – what is the mechanism of its explosion initiation? It is especially actual for regimes of initiation 
where high-sensitivity can be obtained. According to [6] pulsed explosion inititation for PETN influenced by 
1064 nm laser radiation (1-st harmonics of YAG:Nd-laser) is connected with photoexcitation (“…the 
creation of actual electron excitations…”). This conclusion based on two facts found by authors of [7]. The 
first fact is the faint absorption line presence within the 970…1070 nm spectral region with maximum in 
1020 nm. Threshold energy density for this spectral region made 1 J/cm2 (1064 nm). The second fact is the 
impossibility to initiate PETN by 2-nd harmonics of YAG:Nd-laser radiation (532 nm) with energy density 
upto 10 J/cm2. According to [7] this fact explains by absence of absorption line in this spectral region. 

The hypothesis about photoexcitation looks unpersuasive because it is known [3] that PETN 
excitation by 693 nm (ruby laser) is so effective as that for 1064 nm. But 693 nm is beyond the faint 
absorption line of PETN. 

According to [4] explosion initiation of PETN causes by optical macro-breakdown which 
takes place in the near-surface layer of explosive and happens in the moment of influence. In [4] 
surface of sample was covered without pressure by transparent glass. Threshold energy density in 
these conditions made 20 J/cm2. 

Absence of common opinion about laser pulsed explosion initiation mechanism for PETN (for 
transparency spectral region of it) makes this work actual. 
 

METHOD AND EQUIPMENT 
 

In this paper the results of sensitivity of PETN powders to laser radiation of 1064 nm and 532 nm are 
presented. 10 mg of PETN powder (dispersion is 6000 cm2/g) were placed into press-form made of tool-steel 
with radiation-transparent window (10 mm thick quartz or glass plates). It was uniformly pressed by 



5·108 N/m2. To exclude the influence (heating) of steel puncheon surface it was covered by thin layer of 
MgO powder. Press-form was placed on the input of acoustic detector (3 mm-thick metal electrode 12). 
Acoustic delay was measured before the experiment and made 1.68 µm. This entire cell was placed into 
special hydraulic press which allows influencing on sample and detecting the glowing from it. Samples were 
influenced by 10 ns laser pulse which was focused into 1 mm spot when the sample diameter made 3 mm. 

Scheme of experimental cell presented in Fig. 1. 

 

Fig. 1. Experimental cell scheme 

1 – Dove prism; 2 – interference mirror; 3 – forming diaphragm; 4 – turning Al-mirror; 5 –objective; 6 – 
press cover; 7 – transparent glass plate; 8 – PETN sample; 9 – MgO layer; 10 – press-form; 11 – puncheon; 

12 – acoustic input; 13 – acoustic detector case; 14 – PZT-19 element; 15 – brass damper; 
16 – pressing plate 

I – channel which detects glowing from influenced area only; II – channel which detects glowing of sample 
during the decomposition; III – channel which detects the acoustic signal 

Laser radiation (red arrows and lines in Fig. 1) was splited by Dove prism 1 and directed by 
interference mirror 2 (reflection is 99%) to forming diaphragm 3 which singled out central part of laser 
beam. Quartz objective 4 (corrected to spherical aberrations) formed magnified image of diaphragm 3 on the 
sample 8 surface. This scheme allowed forming homogeneous (meaning energy density) spot with sharp 
edges and 1 mm downto 10 µm (for 1064 nm) and 3 µm (for 532 nm) in diameter. These values close to 
diffraction limit for laser beam. 

Another advantage of projecting scheme is that it allows detecting glowing from the influenced area of 
the sample only. Glowing light (green arrows and lines in Fig. 1) falls through objective 4 on the diaphragm 
3 which in this case plays role of spatial filter. As the light transmits through mirror 2 it goes to detecting 
channel I. This channel included monochromator, colored filters and two photodetector (photomodules 
H-5773 by Hamamatsu). There was an opportunity to measure the glowing kinetics in two different spectral 
regions at once within spectral range 400…800 nm. Results of measuring in this channel allowed 
investigating the explosive decomposition glowing kinetics. 

Channel II included projecting scheme (quartz objective, field-view stop) and photodetector (also 
Hamamatsu photomodules). Set of colored filters and interference mirror for laser radiation were used to 
block the reflected laser radiation. All sample glowing could be detected by this channel (from the laser 
radiation influence area and beyond it). Magnification of the scheme could be changed within 0.5…5.0. That 
allowed observing 1 to 10 mm area. This channel had maximal sensitivity to obtain thresholds of 
luminescence of samples, optical breakdown on its surface and other pre-explosive phenomena. It is also 
allows to detect glowing of decomposition products during its expansion. 



Oscillograph WJ-314 (by LeCroy) startup initiated by laser pulse detector. Part of laser beam reflected 
from the output side of Dove prism 1 and fell onto vacuum photodiode with time resolution ~0.1 ns. Laser 
pulse imaged on the one of oscillograph channels and played role of reference signal. Light intensity 
decrease was made by neutral filters for all light channels. Time resolution of all photodetectors made ~1 ns, 
for acoustic detector ~5 ns. All signals were snapped to laser pulse maximum with accuracy less than 10 ns. 

To change the wavelength from 1064 nm to 532 nm interference mirror 2 changed. For every 
wavelength the splitting coefficients were measured (to link the energy measurer data with incident energy). 

Threshold energy density defined as it is described in [8–10]. According to it threshold energy density 
H05 and threshold energy W05 defines from dependence of relative frequency curve on energy or energy 
density on the sample surface. In 50%-probability point curve has its maximal derivative (most crucial 
changing of explosion probability to little changing of influence). Energy or energy density which 
corresponds to this point is the threshold energy and threshold energy density. 25-30 repetitions were made 
for every energy density value to make the graph. 

Explosion delay time was defined through acoustic signal and glow signal delay times (with taking 
into account their channel delay times). 
 

EXPERIMENT RESULTS 
 

As it is presented in Fig. 1 laser radiation influenced on sample through the glass plate 7. It was 
possible in the experiment to provide air gap between the plate 7 and the sample 8 (uncovered surface 
influence regime). It is to be noted that it was impossible to excite the explosion for compacted to 5·108 N/m2 
PETN samples with uncovered surface even if the incident energy density made upto 20 J/cm2 (for the 1-st 
harmonics of laser, maximal value in our experiment). When the energy density was more than 1 J/cm2 there 
was optical macro-breakdown on the surface of the sample which accompanied with “fire-tongue” and loud 
clap. When the energy density decreases the glowing signal decreases non-linearly as it is shown in Fig. 2, 
graph 1. The minimal energy density which allows detecting it is 3 mJ/cm2 (level of reliably detecting 
signal). 

 

Fig. 2. Dependence of glowing intensity on the incident laser energy density (channel II data) 

1 – glowing intensity within 650-750 nm for 1-st harmonics; 2 – glowing intensity within 650-750 nm 
for 2-nd harmonics; 2’ – glowing intensity within 350-450 nm for 2-nd harmonics 

Glowing signal had sharper rising edge in contrast to laser pulse front. This signal appeared in the 
maximum of laser pulse signal which means it has the delay time ~10 ns or less. Its duration was the same as 
for laser pulse if energy density was less than 50 mJ/cm2. Falling edge of signal lengthened upto 200-500 ns 
if energy density increased from 50 mJ/cm2. 



If incident energy density was more than 100 mJ/cm2, repetition of influence lead to decrease of signal 
amplitude. Probably, this “burnout effect” is connected with decomposition of laser energy localization 
centers. 

Analysis of graphs in Fig. 2 means that it can be optical micro-breakdown found (graph 1) and its 
threshold energy density close to some mJ/cm2. Clear non-linear dependence of glowing intensity amplitude 
on laser energy density testifies to it. Intense statistical spread of glowing amplitudes for low energy 
densities and results of spectrum measuring within 200…850 nm also testifies to this. Thus it is possible to 
mark out three fields on graph 1. They are micro-breakdown realization field (1-100 mJ/cm2), transmitting 
field (0.1-1.0 J/cm2) and field where H is more than 1 J/cm2. 

Intensive glowing within 600…800 nm spectral region was observed when samples were influenced 
by second harmonics of laser radiation (see Fig. 2, graph 2). Signal shape and position corresponds to those 
for laser pulse. This glowing has its own features. Its amplitude is proportional to incident energy density and 
exceeds signal amplitude in case of 1-st harmonics influence for five orders of the value (if energy density 
less than 1 mJ/cm2). It is not clear what causes this glowing. It is obvious it is not optical breakdown signal. 
But it can be luminescent signal caused by laser radiation with quantum energy 2.34 eV. Linear dependence 
of its amplitude on energy density, spectrum of glowing and no intense statistical spread of signal testify to 
it. But there are two experiments which contradict proposition about luminescence. In the first experiment 
pressed powders of MgO were studied in the same experiment conditions. It was found that the same 
character glowing takes place for MgO which has a little smaller amplitude. Since MgO bandgap is much 
wider than PETN (~8 eV), this experiment contradicts to luminescence hypothesis. Idea of the second 
experiment brings us to conclusion that for high energy densities of laser radiation (>10 mJ/cm2) graph 2 
should have tendency to merge with graph 1. But it doesn’t takes place. So, the question about this glowing 
stays open. 

Glowing within 200…500 nm spectral range was found (see Fig. 2, graph 2’) with characteristics 
which close to those for the 1-st harmonics of laser radiation (see Fig. 2, graph 1). Thus it is possible to 
propose that threshold energy densities for breakdown realization for the 1-st and 2-nd harmonics of 
YAG:Nd laser are close to each other. 

Micro-breakdown presence indicates the possibility of high-temperature microsites forming during 
laser radiation influence within the PETN volume. But it is not clear if these sites able to initiate the 
decomposition reaction. This problem can be solved if we compare threshold energy density of micro-
breakdown and explosion initiation threshold energy density for PETN. To exclude “burnout effect” 
influence on threshold energy densities every laser shot was made to the not-yet-influenced sample’s place. 
Results of explosion initiation energy density threshold study presented in Fig. 3 (graph 1). 

 

Fig. 3. Dependence of explosion initiation energy density threshold 
and samples density on PETN powder pressure 

It is shown that sensitivity of PETN samples rise for three orders of the value with pressure increase 
within (2·107…2.5·108) N/m2 limits. At the same time samples density sharply increases and the porosity of 
explosive decreases. For the bigger that 4·108 N/m2 pressure sensitivity of PETN doesn’t change. It is to be 
noted that sample’s density (and porosity, as consequence) doesn’t change as well. Thus, there is a 
correlation between threshold energy density and uniform pressure for samples and its porosity. 



Typical oscillogram of decomposition process kinetics for the near-threshold energy density 
and high pressure presented in Fig. 4. 

a) 

 

b) 

 

Fig. 4. Typical oscillogramms of decomposition process of PETN 
influenced by 1064 nm (a) and 532 nm (b) laser radiation 

1 is the signal from laser beam influence region, 2 is the signal from the whole sample, 3 is the acoustic 
detector signal, 4 is the laser pulse signal  

It is clear that main kinetic characteristics of explosive decomposition doesn’t differ for both 1-st and 
2-nd harmonics of laser radiation. The explosion delay time made 5-10 µs when influencing energy density 
close to threshold and it is three orders of the value longer than laser pulse duration. If incident energy 
density increases the explosion delay time decreases. Explosive decomposition glowing duration makes 5 µs 
and this value weakly depends on experiment conditions. 

When the explosion excites by 1-st harmonics only one glowing peak takes place. But when the 
explosion excites by 2-nd harmonics two of them take place. First of them is probably luminescent signal 
and the second is explosive decomposition signal. Luminescent signal has shorter duration and higher 
intensity than explosive decomposition signal. Absence of first peak during 1-st harmonics excitation is 
connected with relatively low amplitude of micro-breakdown. It is to be noted that acoustic signal from the 
sample (which means the pressure increase in the influenced area of explosive) takes place earlier than 
explosive decomposition glowing signal. 
 



DISCUSSION OF RESULTS 
 

To interpret results of experiment correctly some point should be taken into account. Explosion 
initiation threshold and its dependence on experiment conditions are the most informative parameters for 
making the model of studying process. The most adequate models should base on experiments where the 
minimal explosion initiation threshold has been obtained. All side effect influence excluded in this 
experiment conditions and possibility to find out the factor which requires minimal influence. As it presented 
in Fig. 3 the minimal explosion initiation energy threshold is obtaining when uniform pressure of sample 
more than 4·108 N/m2. Minimal gas-dynamic unloading from the active zone can be obtained for these 
pressures. Threshold energy density made 60 ± 10 mJ/cm2 for 1064 nm and 55 ± 10 мДж/см2 for 532 nm 
laser radiations. 

As it is required in [9 - 11] the absorbed volumetric energy density should be evaluated for threshold 
levels of influencee to understand the mechanism of explosion initiation 

FH ⋅⋅= μω 0505  

Here μ (cm-1) is the absorption index of explosive, F – proportion coefficient between irradiance inside the 
light-scattering sample and irradiance on its surface. Since μ of PETN with dispersion 6000 cm2/g is 0.1 cm-1 
[6] and F ≈ 12 [8], the absorbed volumetric energy density makes 0.05 J/cm3 and maximal heating 
temperature T is 0.02°K (if it evaluates at formula )/(05 ρω ⋅= cT  where c is specific heat capacity which is 
equal to 1.672 J/(g·K) [12] and ρ is sample’s density). It became obvious than neither heating nor 
photochemical decomposition unable to provide system instability with this values of ω05, T. Thus, it is 
difficult to explain the result obtained without accepting the presence of laser energy localization 
mechanism, i.e. “hot spot” forming mechanism. Results of optical breakdown study (see Fig. 2, graph 1 and 
graph 2’) shows that localization of laser energy is possible in the explosive microvolumes. Thus, we accept 
that there are optical micro-defects with character size of 10-5 cm present in PETN volume. They can be 
sooth absorptive impurities. Moreover, spatial heterogeneity of radiation field (speckle structure) in the 
sample volume (which is typical scattering medium with density packing of scattering centers) will promote 
the localization process. It is known that typical speckle size is λ0/2π where λ0 is radiation wavelength and 
field intensity in it can be 10 times more than average intensity. In our case typical speckle size is ~10-5 cm. 

Re-evaluation of the local temperature of impurity with typical size R0 = 10-5 cm in adiabatic 
conditions 
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Here F1 – coefficient of increase of intensity increase in speckle volume, σ – absorption cross-section of 
microsite. If we accept σ = 1, F > 10 then Т ≥ 104 К. If we take into account heat-conductive-unloading 
during laser pulse influence (heat-conductivity 1.4·10-4 cm2/s) then average temperature makes near 2000 K. 

Thus, it is possible to create hot microfields with high enough temperature to initiate explosive 
decomposition of PETN. This “hot spots” can form as during optical breakdown in the microvolume of 
PETN so the result of heating of absorptive impurity (for example, sooth impurity) with optical breakdown 
realization near of it. Second proposition looks more probable. The fact that threshold of microbreakdown of 
PETN is 10 times smaller than explosion initiation threshold pretends to be experimental proof of high-
temperature initiation centers forming in explosive during laser radiation influence. 

It is easy to understand the dependence of explosion initiation threshold energy density on pressure of 
the sample if we accept the microcenter model. Gas-dynamic unloading of those centers into pores decrease 
temperature of initiation center and results in low sensitivity of low-pressed PETN. Since PETN is the 
explosive which decomposes in the gas phase unloading of its initiation centers starts on evaporation stage 
and reactions stage. It can be the explanation of the fact that it is almost impossible to initiate uncovered 
samples of PETN [1] because unloading can realize through their uncovered surface. The higher pressure on 
PETN samples, the smaller volume of pores, and the lower gas-permittivity of surface and higher the 
sensitivity of explosive. When there are no pores in the sample and pressure is equal to pressure in the 
initiation field (which is limited with laser beam diameter and radiation penetration depth) the low-threshold 
initiation takes place and explosion initiation threshold doesn’t depend on sample’s pressure (see satiety part 
of graphs in Fig. 3). 

It is to be noted that kinetic parameters of explosive decomposition (Fig. 4) doesn’t contradict 
presented views. But they need to be analyzed in detail because of long explosion delay. Numerical 
simulation of single initiation center forming and development is required like in [13, 14]. Simulation of 



development of “macro-center” which forms as the result of some impurities heating [15] or some optical 
breakdowns is required too. This kind of simulation (high-temperature micro-center model) was performed 
for lead azide explosion initiation and adequate agreement of simulation and experimental results was 
obtained. But it is impossible to apply this model to PETN without taking into account heat averaging 
processes in the volume of sample which is limited by laser beam diameter and radiation penetration 
depth [2]. 

Thus, the proposed model can explain PETN behavior under laser radiation influence qualitatively. 
But it cannot pretend to be working hypothesis and requires further experimental and simulative research. 
We plan to continue this work. 
 

CONCLUSIONS 
 

1. Research of PETN powders for laser radiation of its transparency spectral region we made within the 
wide samples pressure range. It was made for covered by transparent plate and uncovered samples 

2. For weakly pressed samples (< 5·107 N/m2) high threshold explosion initiation takes place. It 
connected with high gas-permittivity of sample surface, pores presence in sample volume and brings to 
intensive gas-dynamic unloading 

3. For high pressures (> 5·108 N/m2) low-threshold explosion initiation takes place. Transition to this 
regime is connected with excluding gas-dynamic unloading of initiation center 

4. The results can be explained within high-temperature micro-center model of laser explosion initiation 
of explosives 
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Diamond is the hardest known material and due to its remarkable mechanical properties, it has 
been widely studied both experimentally and theoretically over the last decade. Yet a lot remains to 
be understood from diamond behaviour, in particular in the high temperature and high pressure 
region of its phase diagram. Experimentally such regimes may only be reached using shock 
compression, motivating a number of experimental studies. From the theoretical point of view, 
reactive empirical potentials dedicated to carbon such as REBO [1] or LCBOPII [2] are interesting 
alternatives to the computationally expensive ab initio and Tight Binding methods. Previous 
theoretical studies combining DFT calculations and REBO simulations aimed at elucidating the 
behaviour of shock compressed diamond along the [110] and [111] directions [3-5], showing a two-
wave structure for moderate shock compression regimes (up to 15%), an anomalous elastic 
behaviour at intermediate compression regimes (20% to 25%) and fully plastic behaviour at larger 
compression ratios. In this communication, we will present the performances of the reactive 
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properties of the shocked states in comparison with recent experimental data [6]. We will also 
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the plastic deformations in the shock compressed material.  
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ABSTRACT  
 
The self-propagating reactions in Al/Ni reactive multilayer foils were numerically investigated using finite 
difference method. The reaction temperature, reaction velocity as well as the morphology and width of the 
reaction zone were studied and discussed in detail. Results indicate that the reaction in Al/Ni multilayer foils 
with a 5 nm Al layer thickness needs 0.01 ms to form a self-sustaining reaction and the duration would 
increase as the individual Al layer thickness increases. Additionally, the width of the reaction zone increases 
until a self-propagating reaction forms, thereafter, the width remains a constant. Furthermore, the reaction 
front appears U shaped due to the existence of the premixing layer, which agrees with experimental results. 
KEYWORDS: reactive multilayer foil, reaction zone, numerical simulation, self-sustaining combustion, 
Al/Ni 
 
 
1. INTRODUCTION 
 
Reactive multilayer foils are extensively studied in the last decades due to their potential utilization in 
applications such as ignition[1,2,3] and joining[4,5]. A predominant advantage is that the performance of 
reactive multilayer foils can be tailored by varying the individual layer thicknesses and overall thickness of 
the foil. Therefore, a great deal of work has been done regarding the relations between reaction temperature, 
reaction velocity, etc and the layer thickness of reactive multilayer foils. Among the hundreds of reactive 
multilayer systems, Al/Ni binary system was most thoroughly studied. The reaction velocity in Al/Ni 
multilayer foils plays an important role in characterizing the performance of the foils and has been studied 
worldwide. Considering the high economic and time cost in preparing Al/Ni multilayer foils, an analytical 
model that was capable of calculating the reaction velocity of multilayer foils with identical individual layer 
thickness was proposed by Mann et al[6]. However, in most circumstances, the individual layer thicknesses of 
the constituents are unequal (guarantee that all constituents are reacted) so as to obtain optimum energy 
performance. Hence, an extended model accoounting for reactive multilayer foils that have different layer 
thicknesses was proposed[7]. And good accordance between calculation data and experimental results was 
obtained. 
Nevertheless, analytical studies is only capable of calculating the reaction velocity, while the information in 
the reaction region, such as width and morphology of the reaction region, remains a mystery. Numerical 
simulations could help us obtain the aforementioned information. Accordingly, Jayaraman et al[8,9] utilized a 
numerical method to investigate the reaction velocity of self-sustaining combustions in Al/Ni multilayer 
foils. Meanwhile, the numerical results also showed that the reaction couldn’t self-sustain at low ambient 
temperature, and the width of the reaction region varies with time. However, in these investigations, little 
information is provided on the growth of the reaction region during the combustion process in Al/Ni 
multilayer foils. 
The present study attempts to give insights into the diffusion processes of the self-sustaining combustions in 
Al/Ni multilayer foils using a finite difference method. Furhtermore, the variation of the morphology and 
width of the zone with reaction time is investigated and discussed. 
 
 
2. DESCRIPTION OF PHYSICAL MODELS 
 



Al/Ni reactive multilayer foils when ignited at one end undergo constituents intermixing, releasing a large 
amount of heat, and the releasing heat in turn causes the reaction region to self-propagate at a stabe velocity 
vx in negative x direction, as shown in Fig. 1. 

 
Fig. 1 Schematic of a self-propagating multilayer foil 

The physical process can be divided into two separate processes: the thermal conduction along the foil and 
the atomic diffusion vertical to the foil, which can be described by two coupled equations[6], 
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Where t is time, s; C is composition; D is coefficient of atomic diffusion, m2/s; ρ is density, kg/m3; cp is heat 
capacity, J/kg·K; x is x coordinate; κ is heat conductivity, W/m·K; T is reaction temperature, K; Q is the 
generation heat, J. 
The composition profiles for pure reactants are defined as C=1 and C=-1, and the composition profile for the 
fully mixed products is C=0. Generally, reactive multilayer foils are prepared by alternatively depositing two 
materials onto a substrate; therefore, the initial composition presents a periodic profile, as shown in Fig.2. It 
is noteworthy that part of the constituents may have already been pre-mixed during deposition, accordingly, 
a premixing layer exists at the interface of the constituents. In this study, a linear premixing is proposed and 
the premixing layer thickness is w. b and δ are the layer thickness ratio (defined in our earlier work) and 
individual layer thickness of Al, respectively (Fig. 3). 

 
Fig. 2 Periodic layer structure of a reactive multilayer foil scanned using SEM 



 
Fig. 3 Linear premixing composition profile of multilayer foils 

 
 
3. NUMERICAL SIMULATION 
 
Finite difference method is used to solve the coupled equations. The computation domain accounts only for 
an individual Al layer, and it is divided into M×N cells with cell size Δx×Δy in x and y direction. The time 
step size is Δt, while the number of the substages is n. 
The broad scale difference between the foil length (millimeter scale) and the layer thickness (nanometer 
scale) causes the problem to be very stiff. To simplify the problem, the influnece of heat losses and reactants 
melting are neglected. An implicit explicit method is proposed to solve the stiff problem. More specifically, 
an implicit Crank-Nicholson scheme was applied in y direction and an explicit scheme in x direction. 
Accordingly, the coupled equations are written as, 
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Where Q  represents the cross-sectional average heat energy, thermodynamic studies of Al/Ni multilayer 

foils show a parabolic relation between the generating heat and its composition profile[11], therefore, ( )Q C  

can be expressed by ( ) 2

0 0   p fc T T Cρ− − [6]. C is the cross-section average concentration and can be 

expressed by 
0

1 ( , , )C x y t dy
δ

δ ∫ , where Tf0 is adiabatic reaction temperature, K; T0 is initial temperature. K. 

The serial algorithm for the numerical solution of the problem is performed as follows:  
1) initialize the temperature at the next time step;  
2) update the concentration distribution at the next time step using the temperature obtained in step 1;  
3) update temperature at the next time step using the concentration distribution obtained in step 2;  
4) repeat computational steps 1-3 unless the difference between the temperature obtained in step 3 and 1 is 
lower than a pre-specified temperature error Ttol. 
In the present study, the length of Al/Ni multilayer foils is set to be L=10-3 m. And the initial temperature of 
the foils is ambient temperature. The multilayer foils are ignited using a thermal pulse; the igniting 
temperature Ti =1300 K and the temperature profile has a width of 20 µm. The premixing layer thickness can 
be obtained using DSC, according to Gavens’ work, the overall premixing layer thickness for Al/Ni 
multilayer foils is 1.2 nm[12]. However, DSC experiments give an ideal premixing layer thickness instead of a 
linear one, therefore, w=0.5 nm is applied for all calculations in this study. Since the concentration and 
temperature flux vanishes at the left and right boundaries and the constituents are fully reacted at the upper 
and lower boundaries due to premixing. Therefore, the following boundary conditions are imposed: 
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second-order centered differences. Cell sizes Δx×Δy are 5 µm×0.5 nm and time step size Δt is 0.1 µs unless 



specially defined. The temperature error Ttol is 5 µK. Other computing parameters are listed below: ρ=5800 
kg/m3, cp=830 J/kg•K, λ=2.18×10-5 m2/s, D0=2.18×10-6 m2/s, E=137 kJ/mol, Tf0=1958 K. 
 
 
4. RESULTS AND DISCUSSION 
4.1 REACTION TEMPERATURE 
 
The variation of reaction temperature with time represents the formation and propagation of the reaction in 
multilayer foils. Therefore, reaction temperature profiles during the combustion process were studied. The 
calculation results showed that the temperature profiles are similar to each other for Al/Ni multilayer foils 
that have different layer thicknesses. The temperature profiles at the following time steps for Al/Ni 
multilayer foils (δ=10 nm) were shown in Fig. 4. 

 
Fig.4 Temperature profiles of Al/Ni multilayer foil 

As shown in Fig. 4, the temperature at the igniting end raised up to 2100 K immediately due to fast 
intermixing between aluminum and nickel atoms. The high thermal energy propagates into the un-reacted 
area resulting from the thermal conduction along the foil. The reaction hasn’t reached a stable state until 
t=0.008 ms, thus, the reaction might be oscillatory in this regime. At t=0.01 ms, enough heat is released to 
sustain the reaction, a stable self-propagating reaction is formed. The temperature profile curves are almost 
identical to each other at any cross sections thereafter. The maximum temperature is up to 1900 K, which 
agrees with the reaction temperature. Resultantly, the propagating history of maximum temperature can well 
represent the propagating history of reaction region. 
Meanwhile, the calculation also revealed that the time for combustions in Al/Ni multilayer foils that have 
different layer thicknesses to form a self-sustaining combustion is different, and the time would increase as 
the individual Al layer thickness increases. For example, the time-to-stable combustion is 0.1 ms for Al/Ni 
multilayer foils when their layer thickness is 20 nm, which is ten times longer than the multilayers whose 
layer thickness is 10 nm. 
Furthermore, the reaction temperature profile curve at the cross section 190 µm distance away from the 
ignition end of Al/Ni multilayer foils (δ=10 nm, w=0.5 nm) was shown in Fig. 5. 
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Fig. 5 Temperature-time curves 



As shown in Fig. 5, the reaction temperature rapidly rises up to 800~1000 ℃ from ambient temperature from  
initial time to 0.0235 ms due to the intermixing between aluminum and nickel atoms. Then, the reaction 
temperature rises to the peak temperature (1800 �) in 0.0001 ms, which agrees with the experimental results 
obtained by Tamburini et al[15]. The reaction temperature would immediately reduce to a stable value (about 
1400 �). However, experimental reaction temperature profiles of Al/Ni[15] and Al/Ti[16] multilayer foils 
showed that the temperature would drop down to below 1000�. This inconsistency might be caused by 
neglecting the influence of heat losses (surface radiation, etc) and reactants and product melting. 
 
 
4.2 REACTION REGION 
 
The self-sustained combustion in Al/Ni multilayer foils macroscopically appears as a reaction region 
propagating at a fixed velocity along the foil. The reaction temperature profiles (Fig. 3) showed that the 
temperature in the reaction region could reach up to 1900 K. The reaction region is a place in which 
aluminum and nickel atoms are intermixing under thermal impulses. Therefore, the reaction region can be 
represented using the concentration gradient in Al/Ni multilayer foils. 
The concentration distribution in Al/Ni multilayer foils at different time steps were numerically investigated 
so as to obtain information of interests in the reaction region. Since the width of reaction region is only 
several micrometers, therefore, a much smaller cell sizes (1 µm×0.5 nm) were applied; correspondingly, the 
time step size is set as 4 ns. Considering that Al/Ni multilayer foils that have smaller layer thicknesses can 
form a stable combustion in a much shorter time, the overall time that needs to be calculated can be shorter. 
Moreover, δ=5 nm was used in this section. The concentration distribution in an individual aluminum layer 
at different time steps was shown in Fig. 6. 

 
(a)                                                                        (b) 



 
(c)                                                                (d) 

Fig. 6 The concentration distribution of aluminum atoms in Al/Ni multilayer foil 
(a) t = 0.002 ms (b) t = 0.005 ms (c) t = 0.011 ms (d) t = 0.016 ms 

The Level label in Fig. 6 represents the concentration of aluminum at location (X, Y). The concentration at 
the bottom contour is 0, thus, the constituents were fully reacted at this curve, meaning this line is the end of 
the reaction region; whilst the concentration at the top curve is 1, meaning that the un-reacted foil and the 
reacting foil are seperated by this curve; accordingly, it’s the reaction front. As shown in Fig. 6, the 
concentration distribution in the reaction region is a linear one, and the contour curves joins the premixing 
curves, indicating that the linear distribution of the concentration is caused by the linear premixing. 
Additionally, concentration gradients both along the foil and vertical to the foil were observed in the reaction 
region, resulting in a U-shaped reaction region, which is in good accordance with the experimental results 
(Fig. 7) [13]. 

  
Fig. 7 The morphology of reaction zone scanned using SEM 

Earlier experimental results also showed a linear distribution of nickel concentration at Al/Ni interfaces, as 
shown in Fig. 7, which gives evidence to the above-mentioned assumption that the premixing is linear. 
As shown in Fig. 6, the width of the reaction region is 2 µm at 0.002 ms; while at 0.005 ms, the width 
increases to 3 µm, and remains 3µm ever since. The oscillation in reaction width is caused by the high 
temperature excursion at the beginning of the reaction. 
 
 
4.3 REACTION VELOCITY 
 
The reaction velocity can be calculated using a function of the temperature acceleration rate ( )T t∂ ∂ . The 
point at the length of the foil where highest temperature acceleration rate RTmax stands is the place at which 
the combustion front reaches. Fig. 8 shows the temperature acceleration rate profiles of the self-sustaining 
combustion in Al/Ni multilayer foils (δ=5 nm, w=0.5 nm) at 0.07 ms. 
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Fig. 8 Schematic of temperature acceleration along the length of Al/Ni multilayer foil 

As shown in Fig. 8, the reaction region takes place at around 400 µm in the length of the multilayer foil at 
0.07 ms. As a matter of fact, it was observed that the place where RTmax and the combustion front stands is 
identical by comparing their cell numbers. Therefore, the temperature acceleration rate reaches its maximum 
(up to a value of 10 GK/s) at the combustion front. Additionally, results show that the temperature at the 
combustion front is lower than that at the end of the combustion region, meaning that the maximum reaction 
temperature presents at the end of combustion region, which is in accordance with the assumption proposed 
by Weihs[15,16]. 
Fig. 9 illustrated the displacement profiles of the maximum temperature acceleration rate RTmax of Al/Ni 
multilayer (δ=20 nm, w=0.5 nm). 
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Fig. 9 Relation between displacement of RTmax and time 
Reaction velocity can be calculated using the displacement of RTmax and time curves. As shown in Fig. 9, the 
reaction region becomes self-propagating since 0.05 ms, and the reaction velocity Vx is 6 m/s. Reaction 
velocities of the self-sustaining combustion in Al/Ni multilayer foils that have different individual aluminum 
layer thicknesses were numerically calculated using the aforementioned method and the numerical results 
were compared with earlier analytical data[10] and Duckham’s experimental results[17] (Fig. 10). 



 
Fig. 10 Dependence of propagating velocity on individual Al layer thicknesses 

As shown in Fig. 10, similar dependences of reaction velocities on individual Al layer thicknesses were 
observed for numerical and analytical results. Additionally, the numerical results agreed with analytical data 
when the layer thicknesses lie far away from the critical thickness, while at around the critical thickness, the 
numerical results were generally 2 m/s lower than analytical ones. Meanwhile, results showed that Al/Ni 
multilayer foils (w=0.5 nm) couldn’t form a self-sustaining combustion when its layer thickness was below 3 
nm. The inability of self-sustaining was caused by the extremely large w/δ ratio. When w/δ exceeds a critical 
value, only a relatively small amount of energy could be generated which is far from enough to sustain the 
combustion. Further work was carried out to seek the critical value. When w=1, the smallest layer thickness 
is 5 nm, implicating that the critical w/δ value is 0.2. Therefore, it can be deduced that a self-sustaining 
reaction can be formed only when the overall premixing thickness is below 40% of the overall foil thickness. 
The influence of premixing on reaction velocities has been investigated analytically and numerically earlier. 
Herein, the influence of premixing on reaction velocities of Al/Ni multilayer foils (δ=30 nm, 60 nm and 70 
nm) was briefly studied, and the results were shown in Fig. 11. 

 
Fig. 11 Effects of premixing thickness on propagating velocity of Al/Ni multilayer foils 

As shown in Fig. 11, the presence of premixing will undoubtedly decrease the reaction velocity. However, 
the reaction velocity of Al/Ni multilayer foils (w=1 nm) was approximated equal to that of Al/Ni multilayer 
foils (w=2 nm) when the layer thickness is 70 nm. Therefore, the influence of premixing on the reaction 
velocity is not significant when the individual layer is thick enough, and as the individual layer thickness 
continues to increase, eventually, the influence will be neglectable. 
 
 

5．CONCLUSIONS 

 
The diffusion process of self-sustaining combustions in Al/Ni multilayer foils were numerically studied by 
solving coupled equations of heat conduction and atomic diffusion using a finite difference method. The 
following conclusions were obtained: 
(1) The duration to form a self-sustaining combustion varies with the individual layer thickness of Al/Ni 

multilayer foils. 



(2) The concentration in the combustion region is a linear distribution, and presents a U-shape, which 
provides evidence for the linear premixing assumption. 

(3) The width of the reaction region increases until a self-sustaining combustion is formed, and the width 
will not change thereafter. 

(4) The combustion will not self-sustain when the overall premixing thickness exceeds 40% of the overall 
foil thickness. 
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ABSTRACT  
 
The process of combustion in air for aluminum nanopowders (nAl), micron-sized powders of aluminum 
(μAl), titanium (μTi) and zirconium (μZr) was accompanied by metals intensive reaction with N2 and 
subsequent stabilization of the nitride phases (from 37 % wt. of ZrN for μZr combustion to 72 % wt. of AlN 
for nAl combustion) in the condensed combustion products (CCP). The combustion process, composition 
and structure of CCP of nAl, μAl, μTi, and μZr were studied in the work. Scanning electronic microscopy 
(SEM), X-ray diffraction (XRD), energy dispersive (X-ray) spectroscopy (EDX), and chemical analysis 
were performed on both initial powders and CCP. The combustion mechanism for the studied metal 
powders was experimentally proved. The formation of a large amount of non-equilibrium products (AlN, 
ZrN, TiN) instead of oxides in air is the special feature of the above mentioned experimental conditions. 
Nitrides formation in air was defined by high-temperatures and high burning rate during combustion of 
powdery Al, Ti and Zr. 
 
INTRODUCTION 
 
Metal powders have been widely used as high-enthalpy fuel in energetic systems of various types 
(propellants, combustion synthesis, explosives, thermites, etc.) last 70 years [1, 2]. That is why interest in 
the combustion mechanism of metal powders continues to grow ([3, 4] and refs.). Many researchers 
reported the characteristics (burning rate, combustion temperatures, and brightness at each stage) of the 
combustion process for the micron-sized powders and nanopowders in numerous oxidizers [5, 6]. However, 
chemical mechanism of powdery Al, Ti and Zr interaction with air (21 % vol. O2 and 78 % vol. N2) under 
the fast metal particles heating in the combustion wave is still to be studied [7]. Recently described unusual 
combustion regimes [8] are to be studied in detail. Generally, heterogeneous reactions of metal particles in 
gases represent the process of two or more stages with the formation and decomposition of plenty of 
products in different oxidizing media [1].  
 
The possibility of AlN traces stabilization in CCP of μAl combustion in air was described in [9] and the 
theoretical explanation of the AlN formation and its subsequent oxidation to Al2O3 was proposed [10]. 
Recently, the role of nitrogen in the combustion of μAl was recognized as significant [11]. A determining 
role of nitrogen in the combustion reaction of nAl in air was established [12]. The BN in CCP of boron-
containing propellant was found [13]. TiN evidently exists in CCP of μTi burned in air [14]. Reaction of 
metals with N2 significantly reduced the combustion enthalpy [15] in comparison with oxidation (Table 1). 



 
 

 2 

For Al, Ti and Zr enthalpies of nitride formation are less than corresponding enthalpies of oxide formation 
by 2.6, 2.9 and 3.0 times, and, thus, nitrides are less preferable in terms of thermodynamic properties.  
 
The nAl and μAl burning in air accompanied by AlN stabilization in CCP [16] suggest the existence of 
nitrides in trace concentration in CCP of aluminized propellants [17, 18], which is important for solid 
rocket motors design. The chemical mechanism and common rules for the formation of a large amount of 
nitrides in fast reactions (combustion) of nAl, μAl, μTi, and μZr with atmospheric nitrogen was discussed 
in this work following the concept of [19]. 
 
EXPERIMENT  
 
Powders characterization 
The micron-sized powders μAl, μTi and μZr, purchased from “RUSAL” (Russia) and nAl, produced with 
electrical explosion of wires (EEW) method (Applied Powder Technology Co., Russia) [20] were used in 
this work. The characteristics of the powders are summarized in Table 2. The technique for the nAl 
production by EEW and subsequent passivation as well as nAl characterization was discussed in [21]. The 
nAl, passivated by slow oxidation in air, was used in this work. The nAl and μZr powders contain 1.5 % wt. 
and 1.3 % wt. of dissolved hydrogen (RHEN 602 analyzer, UK) accumulated during the storage time [22] 
(see Table 2). Dissolved hydrogen release for nAl and μZr and bayerite decomposition on the surface of 
aluminum nanoparticles [23] by fast heating can determine low ignition temperature for nAl and μZr 
powders [24,25]. The properties of the used μAl (Russian trade mark ASD-4) were comprehensively 
described in [17, 26]: powder ASD-4 was obtained by sputtering of commercially pure aluminum melt with 
an inert gas in liquid hydrocarbon. 
 
Powders combustion 
Not-pressed powdery cone-like samples of equal weight (4 g) were burned in air in a self-sustaining mode. 
The experimental setup was previously proposed in [12]: powders with the defined apparent density (Table 
2) were poured onto a steel plate (Fig. 1) to form a cone-like sample. The combustion experiments were 
carried out in static air with the initial temperature T = 25 °C, RH 60 % and pressure P = 0.1 MPa. Ignition 
of powders was initiated with the heated tungsten wire from the top of the cone-like samples. Plots of the 
burning temperatures (Fig. 2) were measured using W/Re5-W/Re20 thermocouple (d = 200 μm). The 
thermocouple was placed into the geometric center of the sample. Video camera “Samsung 1150” was 
employed for visualization of combustion process.  
 
Condensed combustion products characterisation 
The compositions and structure of the CCP were studied by SEM-EDX (JEOL 6500 F, Japan), XRD 
(Rigaku-MAX B diffractometer, Japan), chemical analysis using the Kjeldahl method (bound nitrogen 
content), and the volumetric method (residual metal content) [18]. 
 
RESULTS  
 
Combustion process 
The ignition temperature was T~1000 °C (igniting tungsten wire temperature) for sustainable self-
propagating combustion wave existence [27]. The combustion process occurred in air for the four studied 
powders (nAl, μAl, μTi, μZr) similarly to a non-stationary self-propagating process after the local ignition 
(Fig. 3). The bright combustion zone propagated through the whole volume of nAl and μAl cone-like 
samples after the primary burning spots had overlapped (fingering combustion regime, refer to [8]). The 
burning process was very fast for μTi  and μZr without initial burning spots propagation (see Fig. 2). The 
bright stage of the combustion was followed by sample cooling, when the main part of the metal had 
already reacted. The maximum burning temperature (Tb

max) achieved during the combustion process was 
lower than the boiling point for all metals, except aluminum (see Table 1): nAl (Tb

max = 2442 °C), μAl 
(Tb

max = 2211 °C), μTi (Tb
max = 1361 °C), and μZr (Tb

max = 1544 °C) (Fig. 2). The powders combustion was 
accompanied by a flame torch (Fig. 3) of the volatile products – most probably Al2O, AlO2 and AlO [28], 
TiO [29] and hydrogen, accumulated in μZr powder (in the form of ZrH2 [30]).  
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Condensed combustion products 
After combustion and cooling, the cakes of CCP (Fig. 3) were collected, milled in a ball mill during 3 min, 
homogenized and analyzed. The peaks of nitrides were the highest one on XRD patterns for three studied 
metals after unburned metals (Fig. 4 and Table 3), while nitrides can stabilize with much lower yield for 
other burning conditions in air [14, 31].  
 
nAl. The peaks of α-Al2O3 and spinel phase Al3O3N appeared on XRD patterns along with AlN (Fig. 4, a 
and Table 3). Anisotropic needle-like crystals of the combustion products contained a significant amount of 
bound nitrogen (AlN, 34 % wt. of N, and Al3O3N, 6 % wt. of N), according to XRD and EDX (see Table 
3). The content of bound nitrogen for CCP of nAl was 30 % wt. (EDX data), that was by 1.5 times more 
than the content of bound oxygen. The needle-shaped crystals were mainly represented by AlN phase (Fig. 
5, a), coated with oxynitride Al3O3N [32] – the phase which is more stable to oxidation than AlN [33].  
 
μAl. The same combustion scenario for both nAl and μAl was confirmed by the composition of CCP: AlN 
peaks on XRD patterns were the most intensive (Fig. 4, b). The amount of unburned Al was higher for μAl 
(13 % wt.) compared to nAl (8 % wt.), which was explained by 45 times larger initial particles size (see 
Table 2)  and much lower burning rate (see Fig. 2) for μAl powder in comparison with nAl. The quantity of 
needle-like crystals was much lower for CCP of μAl, according to SEM (Fig. 5, b).  
 
μTi. The XRD data of CCP for μTi are presented in Fig. 4, c. The composition of CCP contained the 
following phases: Ti, TiO2 (rutile), TiN (see Table 3). According to the XRD pattern, the height of 100 % 
peaks of metallic Ti and TiN were approximately the same because of the high level of incomplete 
combustion. There were no other phases of titanium oxides except TiO2 (rutile). In accordance with SEM, 
the CCP of μTi consisted of fused aggregates (Fig. 5, c) formed from the melt, while the initial Ti particles 
were spheroidal. 
 
μZr. The combustion products of μZr consisted of ZrN, Zr, and ZrO2 (cubic and monoclinic), according to 
XRD pattern. There was a large quantity of unburned zirconium in the CCP of μZr, while the intensity of 
100 % peak of ZrN was maximal (Fig. 4, d). The particles of CCP of μZr were the volume agglomerates of 
irregular shape (3 to 10 μm in diameter). Thus, high-porous sponge of CCP was evidently formed from gas 
flux (Fig. 5, d). 
 
DISCUSSION  
 
Aluminum powders combustion  
The spherical particles of nAl transformed into the needle-like crystals (length of several tens microns) after 
combustion (Fig. 4, b). The process of their formation was associated with the involvement of gaseous 
intermediate products [12, 34]. Needle-shaped crystals of CCP were grown by “vapor-liquid-crystal” 
mechanism [35]. The mechanism of AlN crystals growth by combustion in air is typical for Al and 
consistent with "vapor - liquid - crystal" scheme [36]. The same combustion scenario was realized for μAl 
powder with the lower conversion degree (see Table 3) and lower burning temperatures (see Fig. 2). 
 
Titanium powders combustion  
The combustion wave propagated at a high rate (Fig. 2) and covered the entire surface of μTi sample after 
~1 s; the sample temperature increased up to the maximum in ~2 s. The spread of the heat wave was 
accompanied by bright glow, whistling sound and sparkling during the wave propagation through the 
sample. The combustion temperature for μTi increased sharply after the ignition in air. The combustion 
process occurred in the mode of thermal explosion (see Fig. 2) [37].  
 
The porous cakes of CCP of μTi in air had yellowish-golden colour of TiN (see Fig. 3). The portion of the 
Ti, involved into the reaction with air, transformed mainly into the TiN (see Fig. 4, c). The chemical 
reactions, considered for the Ti combustion in air, are summarized in Table 4. The composition of the CCP 
was determined by the process of TiN formation. In fact, oxygen-of-air played a significant role only on the 
ignition stage (eq. 1). Afterwards the parallel reactions occurred (eqs. 2–8). After ignition, solid Ti started 
to react with oxygen with intensive heat release (eq. 1). The heat quasi-adiabatically consumed the solid Ti 
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melting (eq. 2). Then liquid Ti reacted with nitrogen-of-air with TiN formation (eq. 8). The other probable 
route for TiN formation was the reaction of strong reducing agent TiO (eq. 5) with nitrogen (eq. 7). The 
reactions (eq. 7) and (eq. 8) resulted in the high yield of TiN in the CCP. 
 
This mechanism was confirmed by a SEM image of the CCP of μTi (Fig. 5, c). They were formed through 
a liquid phase. The dynamics of phase formation in the combustion wave of the “Ti–N2” and “Ti–air” was 
investigated in [38]. It was shown there that TiN synthesis during Ti combustion in air seemed difficult, 
because an oxynitride phase appeared on the sample surface almost immediately after TiN formation. It was 
also claimed that even in case of TiN formation it was further oxidized to TiO2 due to high oxygen 
reactivity. In contradiction to [38], 45 % wt. of crystalline TiN in CCP was found in this work (see Table 
3).  
 
Zirconium powders combustion  
The samples of µZr blazed up immediately after ignition. The bright white glow was visually observed. A 
low-temperature stage was very fast (less than 1 s) and the process transferred into a high-temperature stage 
(thermal explosion). Then afterburning and cooling-down took place (the third stage). The hydrogen, 
contained in the surface layer of µZr grains (see Table 2), could evolve from the metal particle, and H2 
could be ignited first during powder ignition. Thus, the fastest stage of μZr combustion was hydrogen 
burning, followed by the reaction of Zr with nitrogen and oxygen. The same process of H2-release from the 
AlH3 powder and subsequent burning as a torch was described in [39]. Fragility and sponginess of cakes of 
CCP for μZr appeared due to the gaseous products formation. Zirconium oxynitrides are not stable and, 
thus, have not been registered on XRD pattern (see Fig. 4, d).  
 
Common scenario of Al, Ti, Zr powders combustion  
The formation of a large amount of metal nitrides (see Table 3) by combustion of Al, Ti, Zr powders in air 
was experimentally proved in this work. The main question in the mechanism of nitrides formation in air 
was: why did metal react with the “inert” nitrogen instead of reactive oxygen. It is known that nitrides 
intensively react with oxygen to oxides formation, even if the traces of oxygen appear [40, 41]. The high 
yield of nitride phases for the CCP of Al, Ti, Zr powders can be possible due to the high cooling rate of 
formed nitrides (hundreds K/s) below their temperature of oxidation. The products of slow oxidation (10 
K/min) for the studied metals in air contained no nitrides. They are completely oxidized (see Table 3).   
 
Stage I (ignition and surface burning of particles). After ignition, a metal particle was oxidized from 
the surface with almost no changes in its morphology. So, the oxygen diffused through the oxide layer 
on the particle surface afterwards. The combustion of hydrogen accumulated in nAl and μZr particles 
during their storage provides very low temperatures of particles ignition (Тign ≈ 410 °С for nAl [16] 
and Тign ≈ 290 °С for μZr [42]). Hydrogen burning induced additional heating of particles during the 
first stage of combustion. Local quasi-adiabatic heat accumulation in a small plot (up to few μm3) 
heated the metal until the melting temperature was achieved (see Table 1). Also, reactions of 
metals with volatile compounds started to play a significant role.  
 
Stage II (heterogeneous combustion). When the particle temperature became higher, the volume of 
liquid metal increased, the oxide film burst and the melted metal flew out. Fast reaction of metal melt 
with air occurred, and this process was accompanied by a rapid temperature growth. The high 
brightness of the combustion zone and a flame torch over the sample indicated the gaseous products 
release (metal vapors and suboxides [43]). Thus, oxygen is consumed mainly for the reaction with 
melted metal with further suboxides formation. Liquid metal and gaseous or liquid suboxides 
further directly react with nitrogen to solid nitrides formation.  
 
Stage III (cooling and crystallization of CCP). Considerable part of CCP was stabilized in the form of 
anisotropic crystals of different size. The mechanism of growth for needle crystals of CCP for nAl 
corresponded to the “vapor-liquid-crystal” mechanism. The formation and stabilization of nitrides during 
combustion of metal powders in air is a key feature not only for Al, Ti and Zr (this work), but also for La 
[44], Si [45], Ga [46], and B [13].  
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CONCLUSION 
 
It is shown that for the cone-like sample geometry of metal powder on a metal substrate the heat and mass 
transfer conditions were conducive to the fact that the interior of the sample became oxygen-depleted 
enough for the nitrides to be formed at elevated temperatures by combustion. Those conditions were 
maintained for a sufficient period of time to cool the nitrides before they could oxidize. This effect is 
entirely determined by the heat transfer conditions of the metal powders and, thus, combustion products had 
completely different composition and morphology compared to slow oxidation where oxides in air form 
only [47]. It is reasonable that a sufficiently small and porous sample would oxidize completely (no 
nitrides) [48]. In future, it would be of interest to develop a robust particle combustion model for an 
environment that is oxygen-starved, e.g. becoming more nitrogen rich over the duration of particle 
combustion [49]. 
 
The combustion model developed by this work addresses mainly the bulk samples and considers the 
characteristics of the metal powders used. Crystalline nitrides were the main phase of CCP for Al, Ti and Zr 
combustion in air. The effects of nitrides formation by powdery metal burning in air could be used as a 
novel method of atmospheric nitrogen fixation [50] assuming metal industry waste usage [51] as a raw 
material for the nitride preparation under combustion. 
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NOMENCLATURE 
ASD-4  - aluminum spherical dispersed; 
nAl – aluminum nanopowder; 
μAl, μTi, μZr – micron-sized powders of Al, Ti and Zr; 
BET – Brunauer-Emmet-Teller method; 
CCP – condensed combustion products; 
DTA-TGA – differential thermal analysis-thermogravimetric analysis; 
EDX – energy dispersive (X-ray) spectroscopy; 
EEW – electrical explosion of wires; 
Me – metal; 
RH – relative humidity; 
Ssp - area of the specific surface; 
TGA – thermogravimetric analysis; 
TEM – transmission electron microscopy; 
XRD – x-ray diffraction. 
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Table 1. 
Thermodynamic properties of metals, theirs oxides and nitrides at 25 °C and 0.1 MPa 

Metal Metal 
melting 

temperature, 
°С 

Metal 
boiling 

temperature, 
°С 

Enthalpy of oxide 
formation, kJ/(mole 

Me) 

Melting temperature 
of oxide, °С 

Enthalpy of nitride 
formation,  

kJ/(mole Me) 

Al 660 2250 –838 (Al2O3) 2044 (Al2O3) –319 (AlN) 
Ti 1671 3620 –944 (TiO2, rutile) 1870 (TiO2, rutile) –323 (TiN) 
Zr 1855 4409 –1100 (ZrO2) 2170 (ZrO2) –371 (ZrN) 

 

Table 2. 
 Characteristics of metal powders (in brackets – methods of analysis for each parameter) 

Powder Apparent 
density, 
g/cm3 

Metal 
content 
(EDX, 
XRD, 

volumetric 
analysis), 

% wt. 

Area of 
the 

specific 
surface 
(BET), 
m2/g 

Mean-
surface 
particle 
diameter 

(calculated 
from BET), 

μm 

Oxide 
content 
(EDX, 
XRD, 
DTA-
TGA), 
% wt. 

Oxide 
layer 

thickness 
on 

particles 
(TEM), 

nm 

Concentration of 
the dissolved 

hydrogen in the 
powder (melting 

in inert 
atmosphere), % 

wt. 
nAl 0.20 91.2 10.5 0.22 5.1* 2 1.50
μAl 0.90 98.5 0.4 10 1.5 18 0.45
μTi 1.14 99.8 0.1 22 0.2 20 0.03
μZr 1.86 98.6 0.6 15 1.4 22 1.30 

 
* adsorbed gases content was 2.2 % wt. (by TGA data) 
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Table 3. 
 Composition of condensed combustion products of metals in air (in brackets – methods of analysis for each 
parameter) 
 

Powder Content of 
element in CCP 
(EDX), % wt. 

Crystalline phases in 
CCP (XRD), % wt. 

Bound 
nitrogen 
content 

(Kjeldahl 
method), 

% wt. 

Residual 
metal 

content 
(volumetric 
method), % 

wt. 

Phase composition 
of the condensed 

products after slow 
heating (10 K/min) 
in air up to 1200 °C 

(XRD) O N Me 

nAl 20 30 50 AlN (72), α-Al2O3 (5), 
Al3O3N (15), Al (7) 

22 8 α-Al2O3 

μAl 8 21 71 AlN (62), α-Al2O3 (15), 
Al3O3N (19), Al (12) 

18 13 α-Al2O3 

μTi 7 12 81 TiN (45), TiO2 (rutile) 
(15), Ti (40) 

n/a n/a TiO2 (rutile) 

μZr 8 15 77 ZrN (27), ZrO2 
(monoclinic) (18), ZrO2 

(cubic) (7), Zr (48)  

n/a  n/a ZrO2 (monoclinic  
and cubic) 

        
 
Table 4. 
Chemical reactions of Ti combustion in air 

Burning stage Chemical reaction № 

I molkJНTiOОTi sgs /944; 0
298)(2)(2)( −=Δ→+  (1) 

II 

molkJНTiTi ls /19; 0
298)()( +=Δ→  (2) 

molkJНTiOОTi sgl /939; 0
298)(2)(2)( −=Δ→+  (3) 

molkJНTiOTiОTi lsl /40; 0
298)()(22

1
)(2

1 −=Δ→+  (4) 

molkJНTiOTiO ls /67; 0
298)(2)(2 +=Δ→  (5) 

molkJНTiOОTi sgl /519; 0
298)()(22

1
)( −=Δ→+  (6) 

molkJНOTiNNTiО gsgl /181; 0
298)(22

1
)()(22

1
)( +=Δ+→+  (7) 

molkJНTiNNTi sgl /338; 0
298)()(22

1
)( −=Δ→+  (8) 

III 

molkJНTiTi sl /19; 0
298)()( −=Δ→  (9) 

molkJНTiOTiO sl /67; 0
298)(2)(2 −=Δ→  (10) 

molkJНNTiOOTiN gsgs /625; 0
298)(22

1
)(2)(2)( −=Δ+→+  (11) 
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FIGURES 

 

 

 

 
 

Fig. 1. Experimental setup for metal powders burning in air: 1 – ignition wire (red circle below – ignition 
area); 2 – powder; 3 – thermocouple; 4 – metal target; 5 – photo camera.  
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Fig. 2. Plots of the temperature of metal powders (4 g) while burning in air. 
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Burning stage 
Powder  

nAl μAl μTi μZr  

I 

8 sec 58 sec 
 

2 sec 

 
 

2 sec 

 
 
 
 

1 cm 

 

  II 

 
32 sec 

 

144 sec 15 sec 5 sec 

 

III 

65 sec 200 sec 32 sec 

 

20 sec 

 

Fig. 3. Photo images of metal powders combustion in air. Each image was made at the time shown below (time after ignition, 
see also fig. 2). Burning stages: 
I - ignition and surface burning of particles (only for nAl and μAl),  
II – heterogeneous combustion (at a maximal temperature), 
III – cooling and crystallization of CCP. 
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a      

 

 
b 

Fig. 4. X-ray diffraction patterns of the CCP of metals in air (CuKα irradiation): a) CCP of nAl ; b) 
CCP of μAl. ICDD PDF2 No: TiN (06-0642), Ti (05-0662), TiO2 (rutile, 21-1276), AlN (25-1133), 
Al2O3(α-, 46-1212), Al3O3N(36-0050), Al (04-0787), ZrN (35-0753), ZrO2 (cubic, 13-0307), ZrO2 
(monoclinic, 37-1484), Zr (05-0665). 
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c 

  
d   

 

Fig. 4. X-ray diffraction patterns of the CCP of metals in air (CuKα irradiation): с) CCP of μTi; d) CCP of 
μZr. ICDD PDF2 No: TiN (06-0642), Ti (05-0662), TiO2 (rutile, 21-1276), AlN (25-1133), Al2O3(α-, 46-
1212), Al3O3N(36-0050), Al (04-0787), ZrN (35-0753), ZrO2 (cubic, 13-0307), ZrO2 (monoclinic, 37-1484), 
Zr (05-0665). 
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 a  b 

d  c 

Fig. 5. SEM images of the CCP of metals, burned in air: a) CCP of nAl ×1900; b) CCP of μAl ×1900; 
c) CCP of μTi ×1000; d) CCP of μZr ×3000. 
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ABSTRACT  
 
Phosphorus-based nanothermites (PNT) are a new generation of energetic materials made of metal oxide 
nanoparticles mixed with red phosphorus particles [1,2]. Depending on the nature of the metal oxide used, 
the combustion may be a simple incandescence (e.g. Fe2O3/P) or a real deflagration (e.g. CuO/P). This leads 
to a question of great importance for the development of applications: is it possible to control the combustion 
rate of P-NT and how?  
For this purpose, poly-oxide PNT were prepared from mixtures of Fe2O3 and CuO nanoparticles. The 
phosphorus proportion by weight was kept constant while the Fe2O3/CuO ratio was varied. These 
nanothermites will be further referred as FCxP, where x is their CuO content by weight in percents. The 
combustion of FCxP was studied (i) on pellets fired with a laser and (ii) on powders confined in glass tubes. 
The propagation of the combustion was observed by high speed video. It was found that the combustion rate 
of non-confined pellets linearly increases with CuO content. Experiments performed in tubes showed that the 
confinement accelerates the combustion rate which then varies according to a parabolic law. The mechanism 
accounting for the propagation of the combustion has been investigated and correlated to the morphology of 
FCxP. 
The sensitivity to friction can be tremendously varied through the ratio Fe2O3/CuO, from less than 5 N 
(FC80P) to more than 360 N (FC0P). The sensitivity to impact is very low (> 49 J) for the smallest CuO 
contents (0 to 20 wt-%) while the maximal impact sensitivity (22 J) is observed for FC60P.  
In the light of these results, it can be assumed that the use of metal oxide mixtures to formulate PNT permits 
(i) to vary the combustion rates in a wide range and (ii) to tune the sensitivity to mechanical stress.  
 
 
1 INTRODUCTION 
 
The use of phosphorus as fuel in thermite compositions for pyrotechnical delays was claimed by Hale et al. 
in an ancient American patent [3]. The combustion rates of the compositions mentioned in this document 
were measured in tubes and typically ranged from 1.5 mm/s (Fe3O4/P) to more than 5 cm/s (Ag2O/P). These 
astoundingly low propagation rates can be attributed to the use of micrometric oxide particles. The 
formulation of P-thermites from metallic oxide nanoparticles was investigated for the first in our laboratory 
and has permitted to extend significantly the range of combustion rates that can be reached with classical 
P-thermites. Furthermore, the combustion rates can be finely tuned by using mixtures of metallic oxides 
nanoparticles. This method is illustrated here by the use of n-Fe2O3/n-CuO mixtures which permits to prepare 
FCxP with combustion rates situated between those of PNT prepared from these pure oxides. The reactive 
performances –i.e. the decomposition rate, the activation energy- of FCxP were studied according to their 
CuO content. The combustion tests were carried out on pellets and powders confined in glass tubes. These 
experiments have led to propose a combustion mechanism which correlates the composition of FCxP with 
their macroscopic reactivity.  
The sensitivity of new energetic materials as PNT to various stresses is a decisive criterion for their 
integration in systems produced at industrial scale. In a previous study [2], we had shown that Fe2O3/P 
mixtures can be considered insensitive to impact (> 49 J) and friction (> 360 N) compared to CuO/P 
compositions (39 J; 8 N). FCxP family was born from the idea of taming the sensitivity of CuO/P mixtures 
by the addition of Fe2O3.  



 
 
2 EXPERIMENTAL SECTION 
 
2.1 Nanothermites preparation 
Oxide nanopowders and red phosphorus (99%) used to prepared FCxP were purchased from Aldrich. All 
FCxP compositions were formulated with the same phosphorus content (20 wt-%). The copper oxide content 
was varied from 0 to 80 wt-% and is indicated as x in the name of the composition. The iron oxide content is 
given by the difference (80 – x). FCxP were typically prepared as follows: each component was weighted 
and introduced in a pear-shaped flask in order to have 3.0 g of composition. Hexane (60 mL) was added to 
powders and the mixture was performed by the sonication of the medium for 15 min in a bath. The liquid 
phase was subsequently evaporated at 80°C. The final drying step was carried out at the same temperature by 
applying a reduced pressure (< 2 mbar) for 1 h.  
 
2.2 Nanothermites characterization 
The sensitivity thresholds of FCxP to impact and friction were classically measured on loose nanothermite 
powders with a BAM fallhammer and a Julius-Peters apparatus, respectively. For the impact tests, papers 
disks were used to clearly discriminate between go and no–go experiments.  
The method used in our lab to determine unconfined combustion velocities is called Time-Resolved 
Cinematography (TRC) and has first been described by Granier et al. [4] To carry out this experiment, the 
FCxP powder was first compressed in 100 mg pellets with a diameter of 4 mm. The pellet is ignited by a 
CO2 laser (λ = 10.6 μm, P = 7 W) focused on its surface. FCxP combustion was recorded by a 
perpendicularly positioned high-speed Photron camera running at 1000 fps. At the same time, the optical 
power arriving on the sample and the light output of the combustion was recorded on an oscilloscope, which 
gave the temporal resolution. The thermal activation energy Ea was calculated by integrating the optical 
power along time from the opening of the shutter to the first light emission detected by the photodiode.  
The combustion rates of confined FCxP powders were also measured in transparent glass tubes having an 
internal diameter of 5.7 mm and a wall thickness of 1.6 mm. One of the extremities of the tubes was plugged 
with wax. Afterwards the tubes were filled with multiple layers of FCxP compositions, starting from the 
most reactive to the less reactive one:  
Tube 1: Wax plug / FC30P / FC20P / FC10P / FC0P / Open side (Total length: 110.4 mm) 
Tube 2: Wax plug / FC60P / FC50P / FC40P / FC5P / Open side (Total length: 115.9 mm) 
Tube 3: Wax plug / FC70P / FC0P / Open side (Total length: 59.9 mm) 
A chemistry clamp fixed on a support was used to maintain horizontally the tubes during the combustion 
tests. The flame of a butane torch was used to ignite each pyrotechnic chain. The propagation of the 
decomposition was observed with a high speed camera running at 4000 fps.  
 
 
3 RESULTS AND DISCUSSION 
 
The reactivity of Fe2O3 / P and CuO / P systems has been detailed in recent papers [1,2]. The main results 
will be summarized here for more clarity. Fe2O3 / P thermites decompose by an incandescence process when 
they are ignited by a thermal stress. Their combustion mainly gives magnetite (Fe3O4) monoliths indicating 
that the initial Fe2O3 is partly reduced by phosphorus. Conversely, the reaction of CuO / P is very intense and 
leads to the formation of copper droplets and several gaseous species such as phosphorus pentoxide.  
 
3.1 Combustion of FCxP pellets 
The activation energy of the combustion of FCxP seems to be relatively independent of the nature of the 
oxide phase (Figure 1). According to Barin [5] red phosphorus sublimates at 704 K (Hsub = 128.74 kJ/mol), 
while pure CuO and Fe2O3 decompose at 1397 and 1735 K respectively. The most likely mechanism is the 
inflammation of phosphorus vapours in the contact with oxygen from the atmosphere or present in the 
porosity of the pellet. The energy released in this initial step triggers the subsequent reaction of phosphorus 
with the oxides. This phenomenon accounts for the fact that the activation energy of FCxP does not 
significantly vary with the composition.  
The combustion rate of FCxP increases approximately linearly with their CuO content. The combustion of 
FC0P leads to magnetite monoliths. The reaction products probably melt during the combustion but they 
quickly solidify. In the presence of CuO (5 - 20 wt-%), droplets are expelled from the magnetite monolith 



and coalesce on its surface. This mechanism is attributed to the shrinkage of the magnetite structure during 
cooling. In the intermediate formulation domains (30 - 60 wt-% of CuO) the combustion mainly gives a 
single droplet of viscous “magma”, indicating that the energy released by the combustion is high enough to 
melt all the species produced by the reaction. Further increase of the CuO content results in a higher fluidity 
of the magma. The projection of the liquid phase due to the formation of gaseous species, which is already 
significant for FC70P, is accentuated in the case of FC80P.  
 

 
Figure 1: Study by TRC of the evolution of the activation energy and the combustion rate of FCxP pellets 

according to their CuO content.  
 
3.2 Combustion of FCxP in glass tubes 
The combustion rates of FCxP in glass tubes are systematically higher than those measured on pellets. This 
“acceleration” effect is due (i) to the higher porosity of non-compressed FCxP powders (84 - 86%) compared 
to the one of pellets (43 - 48%) and (ii) to the influence of the dynamic pressure induced by the confinement. 
The increase of the combustion rate with the CuO content follows an ideal parabolic law. The analysis of the 
curve reveals three composition domains (Figure 2): 
- Domain 1: The combustion rate linearly varies with the CuO content (0 - 36 wt-%), 
- Domain 2: A clear increase in the slope is observed when CuO content is between 36 to 62 wt-%, 
- Domain 3: A runaway of the combustion rate is observed (62 to 80 wt-% of CuO).  
The migration of the combustion front through unreacted FCxP occurs at constant rate when x values are 
below 62 wt-%. Higher CuO contents lead to a linearly accelerated combustion. A careful analyse of high 
speed video sequences has revealed that gaseous species - probably P2O5 - condense on the tube walls in the 
upstream zone of the combustion front and thus sensitize the unreacted composition. In the case of FC70P 
and FC80P, the deflagration speed measured at the plugged extremity of the glass tube depends on the length 
of the powder column. For instance, the instant speed of a FC70P (5.7 x 36.4 mm) system is only 1.3 m/s. 
With a FC80P (3.34 x 47.9 mm) system, this value reaches 64 m/s with an acceleration rate of 0.7 m.s-1 per 
millimetre of composition. The use of tubes with meter lengths could permit to elucidate if a stationary 
deflagration is obtained or if a transition from deflagration to detonation happens.  
 
3.3 Study of the combustion mechanism 
In FCxP, phosphorus particles are enclosed in a layer of Fe2O3/CuO mixture. An external heating causes the 
evaporation of phosphorus which ignites in contact with the oxygen present in the interparticle voids. The 
exothermicity of this reaction initiates the thermite redox process which subsequently provides the necessary 
energy for its self-sustained propagation. In order to understand the combustion mechanism of FCxP, the 
behavior of binary systems FC0P and FC80P must be first discussed. According to Pascal et al [6] iron(III) 
oxide dissociates in magnetite (Fe3O4) and oxygen at high temperature (1100 - 1500°C). This oxygen loss 
more readily occurs in an inert atmosphere than in presence of oxygen. In our case, the presence of 
phosphorus in excess shifts the equilibrium to the formation of magnetite. It can be however noticed that in 
the experimental conditions used phosphorus does not reduce magnetite in iron. Copper(II) oxide is far less 



stable than Fe2O3 as it dissociates in Cu2O and oxygen below 1000°C. The thermogravimetric analysis (Ar, 
5 K/min) of the CuO nanoparticles used to prepare FCxP has shown that the transformation in cuprous oxide 
takes place between 717°C and 884°C. In the presence of reducing substances as phosphorus, Cu2O is easily 
reduced in copper. The thermodynamical properties account for the best reactivity of FC80P in comparison 
with the one of FC0P. 
The three combustion domains represented on figure 2, can be correlated to the surrounding of CuO particles 
- or aggregates - in the oxide mixture. For x values smaller than 36 wt-% (Domain 1), CuO domains are 
totally separated from each other by a layer of Fe2O3 particles and the decomposition of a given domain has 
no incidence on its nearest neighbors. When x is between 36 and 62 wt-% (Domain 2), CuO domains are still 
spatially independent but their decomposition exert an influence on the next unreacted domains, resulting in 
jumps of the reaction between successive CuO domains. For higher CuO contents (Domain 3), a continuum 
between the CuO regions is formed and a deflagration process can occur. In these compositions, Fe2O3 can 
be considered as a simple heterogeneity that has minor incidence on the reactive behavior of the FCxP.  
 

 
 
Figure 2: Evolution of FCxP combustion rate measured in glass tubes according to their CuO content. 
Fe2O3 : CuO are given in terms of nanoparticle ratio.  
 
3.4 Evolution of FCxP sensitivity thresholds 
FCxP are relatively insensitive to impact - their ignition threshold is up to 22 J (Figure 3). Interestingly, the 
ternary mixture is more sensitive than the FC80P when the CuO content is between 45 and 80 wt-%. The 
impact sensitivity curve is divided in three domains which fit well with those identified for the combustion 
(Figure 2). In the first domain (0 < x ≤ 20 wt-%), FCxP are insensitive to impact and behave as the binary 
Fe2O3/P mixture because Fe2O3 entities totally encapsulate CuO domains. In the second domain 
(20 < x ≤ 60 wt-%), the impact sensitivity strongly increases. This sensitization is attributed to the synergy of 
two effects. Upon impact Fe2O3 nanoparticles - the harder phase of FCxP - penetrate into phosphorus thus 
creating a high density of hot spots. The heat locally released ignites the neighbouring CuO domains which 
are all the more numerous that CuO content increases. In the third domain (60 ≤ x ≤ 80 wt-%) the sensitivity 
clearly decreases. This desensitization is due to the fact that Fe2O3 domains are totally enclosed by CuO 
nanoparticles, which limits their interaction with phosphorus.  
The friction sensitivity of FCxP systematically increases with their CuO content. This sensitization is 
considerable for the compositions with 5 to 30 wt-% of CuO; it seems to follow a slight linear increase 
afterwards. The compositions containing more than 60 wt-% are so sensitive that their sensitivity to friction 
(< 5 N) cannot be accurately measured with a classical Julius-Peters apparatus. The evolution of the 
sensitivity to friction seems to be strongly correlated to the contact of CuO phase with the surface of 
phosphorus particles. The sensitization to friction is observed even for small contents of CuO (x > 5 wt-%). 
This effect is due to the fact that oxide particles are moved by the friction stress on the surface of phosphorus 
particles. This movement considerably increases the probability that CuO domains scratch the surface of 
underlying phosphorus particles.  
 



 
Figure 3: Evolution of the sensitivity of FCxP to impact and friction according to their CuO content. 
 
 
4 CONCLUSION 
 
The use of mixtures of metallic oxide nanoparticles is a way to tune the performances and the sensitivity of 
phosphorus-based nanothermites. This concept was illustrated by the study of the reactivity of ternary 
nanothermite compositions (n-Fe2O3 / n-CuO / P). The combustion rates of FCxP pellets range from 0.7 to 
9.7 cm/s. Depending on their CuO content, confined FCxP powders may burn (1.2 to 39.2 cm/s, 
x < 62 wt-%) or deflagrate (x > 62 wt-%). All FCxP compositions have a low sensitivity to impact. The 
sensitivity thresholds to friction strongly decrease with CuO content, they vary from more than 360 N 
(x = 0 - 5 wt-%) to less than 5 N (x = 60 - 80 wt-%).  
The FCxP family has tuneable properties that open new horizons for applications in the fields of 
pyrotechnical delays (low x) or igniters (high x). Preliminary experiments carried out at the ISL with these 
materials have confirmed their promising potential for such applications.  
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ABSTRACT  
 
In the period from 2006 to 2009 the prototype of a small installation was already capable producing up to 2 g 
nano RDX per hour in a batchwise mode by atomizing a RDX-acetone solution. Particles with diameters 
from 160 nm to about 2 µm were formed by this method. As a result of the permanent optimization a new 
process was developed which can be easily adapted to an industrial scale or existing plants can be retrofitted.  
 
An improved spray technique is used for the atomization of RDX-acetone solutions. Preliminary tests 
performed with solutions of oxalic acid in acetone led to the formation of particles with diameters from 30 to 
60 nm and heights between 5 and 10 nm. First experiments with RDX-acetone solutions already showed the 
formation of polydisperse nanopowders. The particle diameter ranged from 90 to 400 nm. Occasionally 
particles with diameter up to 4µm were found. It is assumed that residual moisture promoted the 
recrystallization of the nanoparticles.      
 
The good solubility of RDX in acetone (15,3 g/100 g acetone at 60 °C) provides the opportunity of high 
production rates; furthermore the use of acetone and similar solvents allows the nanocrystallization of a wide 
range of organic and inorganic compounds. 
 
Separation of the nanoparticles is achieved by axial cyclones operating in a semi-continuous mode what a 
continuous operation of the installation permits. 
 
 
1     INTRODUCTION 
 
The decrease of the vulnerability and sensitivity of munitions, first initiated by the USA, was the 
consequence of a series of tragic accidents that occurred during the 1960s on US aircraft carriers and land 
bases [1]. In most of these accidents a primary event, the detonation of munition or a fire, resulted in a chain 
reaction with growing magnitude. Till this day, high explosives like TNT, RDX, HMX and PETN are used 
as filling for most types of grenades and rockets. It is common technique to decrease the impact and friction 
sensitivity of the energetic material by mixing it with a few percent of wax or binder. This treatment allows a 
significantly reduction of the sensitivity but is also accompanied by a noticeable loss of power.  
 
The process that precedes an explosion is the focus of research for research teams worldwide for many years. 
The well known “hot spot theory” states that under the influence of external stimuli the detonation originates 
from inhomogeneities, the so called hot spots, in the energetic material. In 1982 Zygmut [2] supposed the 
presence of external and internal hot spots. According to his work crystal defects, cracks or inclusions are 
classified as internal hot spots, whereas the grain boundaries are defined as external hot spots. He showed 
that “the filling of the explosive with water causes the extinguishing of the external hot spots” [2, p. 109]. 
According to various authors the number of crystal defects and inclusions can be reduced by controlled 
recrystallization or particle size reduction. In this work the recrystallization process will not be described 
further. In the past years numerous techniques and processes for the preparation of submicron explosives 
were published [3-7]. According to these authors the presence of a defect or an inclusion in a small particle is 
more improbable than in larger particles, and therefore nano explosives are supposed to be less sensitive to 
external stimuli than equivalent micrometric explosives. Furthermore by decreasing the particle size the 
influence of certain particle properties becomes more important and can open new fields of application.    

1 



In this work we present the latest results in the field of the nanocrystallization and we will give a short 
outlook to the materials that were obtained by a novel nanocrystallization process.   
 
 
2     PREVIOUS WORK 
 
A small installation (fig. 1) capable of producing several grams of nano-RDX per hour was developed and 
patented in 2007 in the ISL [7, 8]. By means of ultrasonic transducers a solution of acetone-RDX is atomized 
into a fine mist, afterwards a nitrogen flow carries the aerosol into a heated tube. Subsequent evaporation of 
the solvent causes the RDX to crystallize and to dry. The separation of the solid particles from the gas flow is 
achieved by an electrical precipitator at a voltage between 8 - 15 kV. To avoid condensation of the solvent 
the precipitator must be heated above the boiling point of the solvent. The remaining gas flow passes the 
precipitator and the acetone finally condenses in a cooler. 
 

 
Figure: 1 – Schematic drawing of the previous installation with 1- atomization vessel, 2- reservoir for the                 

explosive solution, 3- evaporation oven, 4- electrical precipitator, 5- condensers, 6- fan 
 
 
A parametric study performed in 2009 revealed that the particle size of the RDX was mainly influenced by 
the droplet size of the aerosol and the speed of evaporation. Attempts were made to increase the production 
capacity by increasing the number of transducers but it was found that the high energy input and the negative 
mutual influence of the transducers resulted in a noticeable drop of performance. Furthermore, the speed of 
evaporation, controlled by the oven temperature, is limited by the thermal stability of the product. Due to the 
construction of the electrical precipitator the removal of the nanoparticles was a time-consuming and 
awkward work where considerable amounts of product were lost.  
  
In the course of the permanent optimization of the nanocrystallization process an improved atomization and 
separation process was developed which is currently examined for patenting. The novel process shows clear 
advantages over the previous technique especially in view of the preservation of the nanostructures, 
separation of the nanoparticles and upscaling to industrial scale. Separation of the nanoparticles from the gas 
flow is achieved by a cyclone where the particles deposit by means of the centrifugal force. Inside of the 
cyclone the particles deposit in a specific area, this makes a quick removal of the product and cleaning of the 
cyclone possible. Parallel connection of several cyclones allows a continuous operation of the installation. 
During the last 12 months an installation on a laboratory scale was developed that was successfully used for 
the nanocrystallization of oxalic acid, RDX, TNT, CL20 and a composition of RDX/TNT 50/50. Until now 
production capacity of the pilot plant is about 1 g/h but should be significantly increased after optimization 
of the process. 
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3     RESULTS AND DISCUSSION 
 
3.1     RDX/TNT COMPOSITES 
 
 
RDX and TNT compositions are widely used in military applications. Pure RDX is one of the most powerful 
explosives. The relatively high sensitivity to impact and friction and its powdery state make it necessary to 
mix it with less sensitive components to enhance its manipulation and profit from its explosive power. RDX 
is often embedded in a matrix of molten TNT. Depending on the mixing conditions (impeller speed, 
temperature, water content, air) the distribution of the RDX particles in the TNT matrix can vary [9].  
 
The simultaneous nanocrystallization of acetone-RDX/TNT solutions with varying composition shows the 
advantages of nanocrystallized materials over mechanical mixed compositions. This work was performed by 
using the initial nanocrystallization technique developed in the ISL. The explosive-acetone solutions were 
atomized by means of ultrasonic transducers and the dry particles were separated by the electrical 
precipitator. The initial solution in all experiments consisted of a 1 wt-% explosive-acetone solution with 
varying ratios of RDX/TNT. The mass ratios of RDX/TNT in the different solutions were: 30/70, 50/50 and 
70/30. Due to the close boiling point of the solvent and the low melting point of TNT the oven was only 
heated to about 90 °C, the temperature and voltage in the electrical precipitator was kept constant at 65 °C 
and 9 kV, respectively.  
 
The production capacity of nanocrystallized product ranged from 1,3 to 3,3 g/h. HPLC analyses were used to 
check that the ratio of RDX/TNT before and after the nanocrystallization was unchanged. The 
nanocrystallized compositions were characterized by optical microscope, atomic force microscopes (AFM) 
and Raman spectroscopy. Furthermore their sensitivity to impact and friction was measured. 
 
The final product had a very homogeneous appearance and sawdust like structure (fig. 2a). The observation 
of a small sample spread on a mica plate revealed the presence of two dominating structures: submicron 
circular particles which were later identified as RDX and micrometric needles of TNT. The particles could 
be distinguished by optical microscopy with matching refractive index [10]. A sample of the nanocrystallized 
product was placed under the microscope and a few droplets of a liquid with the same refractive index as 
RDX was added. This treatment let the RDX particles appear transparent while the TNT remained visible. 
The needle length in these nanocrystallized compositions ranges from 10 to 50 µm.   
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(a) (b) 

x100 

          

(c) (d) 

Ø = 6 mm      h = 12 mm 

RDX/TNT 
50/50 

RDX/TNT 
70/30 

                    RDX/TNT 
                     30/70 

 
Figure: 2 – (a) image of the final product: nanocrystallized RDX/TNT 30/70; (b) microscope image of 
nanocrystallized RDX/TNT 30/70; (c) microscope image with matching refractive index; (d) cylinders of 
compressed nanocrystallized RDX/TNT 
 
Cylinders and pellets with different diameters and heights could be pressed without the use of any binder. 
These pellets were extraordinary stable against mechanical influences and could be an alternative to the 
melting process of cast charges.  
 
It is assumed that the difference in size between the RDX and TNT particles is the consequence of the higher 
solubility of TNT in acetone. According to the Encyclopedia of explosives and related items [11, 12] the 
solubility of RDX and TNT in 100 g acetone at 20 °C is 6,8 g and 109 g, respectively. During the 
evaporation of the solvent the different solubilities of the explosives lead to different supersaturation rates 
and therefore have a direct influence to the particle size. 
 
For comparison, equivalent micrometric RDX/TNT compositions were prepared. Pure TNT was intensively 
milled with a mortar and then mixed with commercially available 5µ-RDX. These compositions were placed 
for about 6h in a tumbler to ensure a good mixing. The particle size of the milled TNT was determined by 
optical microscopy with matching refractive index. Needles and spheres of TNT in the micrometric range 
could be found in the sample. The median length of the needles was between 5-10 µm, whereas the sphere 
diameter is about 3 µm. Pellets (Ø = 4 mm, h ~1-2 mm) of compressed micrometric RDX/TNT were less 
stable towards mechanical stress (they broke after compression) than the nanocrystallized product.   
 
The distribution of TNT and RDX in the pellets was determined by means of its Raman spectra. In an area of 
100 µm x 100 µm every 9 µm, overall 120 measuring points, the Raman spectra were measured at a 
wavelength of 514 nm and plotted in a map (fig. 3).  
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TNT  
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RDX  
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Figure: 3 – Distribution of RDX/TNT 50/50 in compressed pellets of (a) micrometric RDX/TNT and  
(b) nanocrystallized RDX/TNT. 

 
It can be clearly seen in figure 3(a) that the micrometric composition contains regions with high 
concentration of RDX and TNT, whereas the dominating reddish color in figure 3 (b) indicates an overall 
similar distribution of RDX and TNT. 
 
The sensitivity to impact and friction, according to the BAM (Bundesanstalt für Materialprüfung) directive, 
of the nanocrystallized and the micrometric compositions are listed in table 1.  
 

Sensitivity 
to friction [N] 

RDX/TNT 
30/70 

RDX/TNT 
50/50 

RDX/TNT 
70/30 RDX 

nano-RDX/TNT 144 
(discoloration)

120 
(discoloration)

144 
(discoloration) 

168 
(crackling) 

micro-RDX/TNT 96 
(discoloration)

96 
(discoloration)

72 
(discoloration) 

160 
(crackling) 

Sensitivity 
to impact [J] 

RDX/TNT 
30/70 

RDX/TNT 
50/50 

RDX/TNT 
70/30 RDX 

nano-RDX/TNT 7,35 4,9 2,94 3,92 
micro-RDX/TNT 12,26 9,81 5,89 2,45 

 
Table: 1 – Sensitivity to impact and friction of the micro and nano RDX/TNT composites 

 
The results from table 1 indicate that the nanocrystallized composition is at least 25 % less sensitive to 
friction than the micrometric reference product but on the other hand is more sensitive to impact. It is 
assumed that the needle-like structure of the TNT, which is more pronounced in the nanocrystallized 
products, presents the weakest link in the RDX/TNT composition and may react more sensitive to impact 
than common TNT.  
 
The large TNT needles and the submicron RDX particles exhibit a disadvantage of the initial 
nanocrystallization process. Due to the relatively slow evaporation of the solvent and the different 
solubilities a uniform particle size distribution in a mixture of different components is difficult to perform. It 
is assumed that increasing the evaporation speed should noticeably reduce the margin of the particle size 
distribution. For this purpose 100 mL of a 1 wt-% explosive-acetone solution with equal amounts of RDX 
and TNT were nanocrystallized by the novel nanocrystallization process, afterwards the particles were 
characterized by optical microscope, Raman spectroscopy, AFM and differential scanning calorimetry 
(DSC).  
 
Microscopic evaluation of the particles revealed that a large amount of micron particles is still present after 
the nanocrystallization even though they are significantly smaller than before. By means of their Raman 
spectra the particles could be classified. As before, RDX formed submicron spherical particles, whereas TNT 
formed larger particles with an irregular shape. The needle-like structure of TNT was not observed. The 
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largest particles that were found under the microscope were about 10 µm long and about 5 µm wide. A pellet 
with 4 mm diameter and 2 mm height was pressed and examined with the AFM (fig. 4). 
 

 
1 µm 

 
   

Figure: 4 – AFM images of pressed nanocrystallized RDX/TNT 50/50 
 

It can be clearly seen how numerous submicron spherical RDX particles (Ø< 350 nm) enclose a handful of 
considerably larger particles (Ø 500 – 1000 nm) which are supposed to be TNT.  It also can be seen that the 
nanostructure was not altered by the compression. 
 
The decomposition signals of the three samples, two nanocrystallized and the micrometric reference, are 
shown in figure 5. About 1 mg of every sample was weighed into a gold plated crucible and hermetical 
sealed. The crucibles were heated from 25 °C to 400 °C with a heating rate of 5 K/min. A noticeable 
difference between the nanocrystallized and the micrometric sample can be observed. In the first case the 
decomposition signals of RDX and TNT are nearly completely superposed, whereas a clear separation of two 
signals can be observed in the reference sample.   

 

nanocrystallized RDX/TNT 50/50 
prepared by the initial process 

 
 nanocrystallized RDX/TNT  50/50 

prepared by the novel process 

micrometric RDX/TNT 50/50 
reference sample  
 

 

Figure: 5 – DSC diagram of RDX/TNT 50/50 composites: red: nanocrystallized after the previous 
technique, blue: nanocrystallized after the novel process, black: micrometric reference sample. 

 
On the basis of the DSC diagram it can be assumed that with melting of the TNT the micrometric 
composition separated into a two phase system, namely liquid TNT and solid RDX, where the single 
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components decomposed mostly independent from each other. The slight overlapping of the two signals may 
be caused by the dissolution of small amounts of RDX in the molten TNT (Solubility: 4,4 g in 100 g at                
80 °C). 
 
A significant interaction between the single components can be observed for the nanocrystallized samples. 
The strong superposition of the decomposition peaks suggests that the system is homogeneous. It is assumed 
that after the melting more RDX dissolves in the TNT due to its increased solubility. 
 
In further studies the examination of the interaction of RDX and TNT, its thermal behaviour and its 
desensitization are planned.  
 
3.2     CL20 
 
Nanocrystallization of CL20 was performed after the novel atomization process. In all experiments a good 
crystallization behaviour could be observed. Figure 6 shows the deposit of submicron CL20 in the coil of a 
cyclone, SEM and AFM images revealed a particle size distribution between 50-500 nm. 
         

          

(a) (b) 

 
Figure: 6 – (a) Deposit of submicron CL20 in a cyclone; (b) SEM image of compressed CL20 

 
By means of its Raman spectrum the polymorph configuration of the CL20 was determined. Single particles 
and agglomerates were measured at a wavelength of 514 nm. According to the work of Goede [13] the 
Raman spectrum in the spectral region 750-880 cm-1 can be used to determine the polymorph. The three 
characteristic peaks that were found in the spectral region 780-840 cm-1 are an indicator for β-CL20 (fig. 7) 
which is one of the less stable polymorphs of CL20 and therefore unwanted. Minor changes in the operating 
conditions of the synthesis permit to produce the α-polymorph with a high selectivity.     
  
 

             

(a) (b) 

Figure: 7 – Characteristic peak sequence of (a) β-CL20 and (b) α-CL20 in the range 750-880 cm-1      
 
 

The sensitivity to impact, friction and electrostatic discharge (ESD) was measured and compared with values 
found by the SNPE (tab. 2). 
 

7 



 
 Impact [J] Friction [N] ESD[mJ] 

nano β-CL20 <1,56 >28 
(discoloration) 168,59 

micro β-CL20 2,0 ± 0,7 79 ± 17 
(crackling) 150 – 385 

 
Table: 2 – Sensitivity to impact, friction and electrostatic discharge of nano β-CL20 

 
As can be seen from table 2 the sensitivity to impact and electrostatic discharge of the nano β-CL20 is in the 
same order as the micrometric product but the friction threshold for the nanocrystallized CL20 is nearly three 
times lower. At this point the type of reaction has to be taken into consideration. From 28 to 192 N the only 
reaction of submicron CL20 is a discoloration whereas the first reaction of the micrometric product is a 
noticeable crackling. 
 
After the synthesis of the β- and α-polymorph, efforts are made to synthesize the ε-polymorph, which has the 
highest density and is the thermodynamically most stable polymorph. Furthermore the characterization of the 
different submicron polymorphs and the preparation of energetic CL20 composites are planned.     
 
 
4     CONCLUSION 
 
In this work, we have demonstrated the progress in the nanocrystallization processing of energetic materials 
in the ISL. The initial process, developed in 2006, was extensively investigated in the past years. A 
parametric study performed in 2009 revealed several disadvantages of this initial technique. As it turned, out 
increasing the production capacity by increasing the number of transducers is the wrong approach. The use 
of multiple transducers had an opposite effect and led to a significant decrease of the atomization rate. 
Furthermore the removal of the separated particles necessitated the shutdown and a partial disassembly of the 
installation.  
 
The continuous optimization of the atomization and separation techniques led to the development of a novel 
nanocrystallization process that has outstanding advantages over the previous technique. With the novel 
process, which is currently examined for patenting, the operating conditions prevent particle growth 
mechanisms like Ostwald ripening or sintering. In addition, it can be transferred to an industrial scale. The 
separation of the particles is carried out in a cyclone. The advantages of the cyclone over comparable 
systems are its functional principle which does not require an external energy source and its simple 
construction. Multiple cyclones installed in a row can operate in a continuous mode. 
 
It was shown that the nanocrystallization of RDX and TNT compositions results in a product with a high 
homogeneity which can not be obtained by mechanical mixing. Nanocrystallized compositions have an 
excellent compression behaviour. Cylinders and pellets with different heights and diameters could be 
prepared by simple compression of the powder without the use of any wax or binder. These pellets were 
more stable than equivalent pellets from micrometric compositions and could be an alternative to cast 
charges. By means of the Raman spectra it was shown that RDX and TNT are more homogeneously 
distributed than in a reference sample with micrometric components. The sensitivity to friction of the 
nanocrystallized compositions is at least 25% lower than the sensitivity of the reference sample, conversely 
the sensitivity to impact increased noticeably. It is assumed that the long TNT needles may present an impact 
sensitive weak point. 
 
For the first time CL20 was nanocrystallized in the ISL. According to the first results CL20 shows a good 
crystallization behaviour. By means of the Raman spectrum the β-polymorph could be identified. Minor 
changes in the operating conditions subsequently led to the formation of the α-polymorph. The sensitivity to 
impact, friction and electrostatic discharge of submicron β-CL20 was measured and compared with values 
from the SNPE. The sensitivity to impact and electrostatic discharge of submicron β-CL20 is in the same 
order as micro β-CL20 but a noticeably increase in the friction sensitivity could be observed. The only 
reaction of submicron β-CL20 at a force between 28 - 192 N is a simple discoloration, whereas at a force of 
about 79 ± 17 N micro β-CL20 already reacts with a noticeable crackling. 
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ABSTRACT  
 
Pyrotechnics consist of a mixture between a carbon rich compound called reductant (fuel) and an oxygen 
rich compound called oxidizer. In a macroscopic pyrotechnic composition oxidizer and reductant generally 
have particles size of more than 1µm. The use of nanostructured materials is expected to increase intimate 
contact between reductant and oxidizer, and therefore, modify the energetic performances and the sensitivity 
of the nano composition compared to its macroscopic equivalent. In the case of an energetic molecule (RDX, 
HMX), the challenge is to nanocrystallize the molecule using an appropriate structuring matrix. The goal is 
to decrease the sensitivity of the energetic molecule to obtain a powerful desensitized compound. 
In the course of this study, energetic materials have been formulated using different reductant matrix 
(hydrodispersable polymers, organogels whether functionalized or not with nitro groups) and Ammonium 
Perchlorate as oxidizer or RDX as energetic molecule. The aim consisted in formulating energetic materials 
containing whether AP or RDX particles from 50 to 500 nanometers surrounded by reductant. The reductant 
matrix itself should be organized on the hundred nanometer scale in a mass ratio of 20 to 35%. 
The obtained nanocompositions were characterized using differential scanning Calorimetry (DSC), scanning 
electron microscopy (SEM), atomic force microscopy (AFM), X-ray powder diffraction, drop weight impact, 
thermomechanical test and closed chamber combustion. Strong correlations between the nanostructure of 
these compositions and their energetic performances have been demonstrated. For example, 
nanocompositions have shown better combustion performances than there equivalent macrocompositions, 
with no degradation of their impact and thermal sensitivity properties. 
 
 
INTRODUCTION 
 
An outbreak of nanosciences (nanocomposition, nanomaterial, nanoparticle) has been operating for at least 10 
years in applications of everyday life (car industry, optical glass, building trade, food packaging). The 
properties of nanomaterials are related to one main property which is the surface area. 
In the field of energetic materials, we are following a permanent quest for safe and reliable matter for 
propulsion or explosive purposes. With the improvement of energetic devices compactness, we search 
compact and high performance energetic materials as well as an alternative to new energetic molecules which 
are often difficult to synthesize and high cost. Therefore we came interested in the preparation and 
characterization (structure, thermal behavior, sensitivity, energetic performances), of organic nanoenergetic 
compositions (reductant matrix/oxidizer or nanostructuring reductant matrix/sensitive energetic molecule). 
Beside studies on nanometals [1], or inorganic nanoenergetic compositions [2], little work has been published on 
hybrid [3] or even pure organic [4]. According to these studies organic nanoenergetic compositions are part of 
fundamental search. In this search, sol-gel chemistry seems to be a good answer to prepare nanostructured 
materials.  
We first focused our attention on the use of an appropriate reductant matrix able to constrain the oxidizer or 
explosive molecule to nanostructure according to a suitable process. Later we developed new organogel 
matrix functionalized with nitro groups. Finally we performed energetic characterizations on the 
nanomaterials prepared to conclude whether yes or not nanoenergetic materials have an interesting energetic 
potential compared to their macroscopic equivalent.  
 
1. EXPERIMENTAL 
 
The materials we prepared consist in the nanodispersion of Ammonium Perchlorate (AP) or RDX 
nanoparticles (called charge) in a reductant matrix. The key point is to find or synthesize the reductant matrix 
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that will be able to constrain the charge to organize itself on the nanoscale. The different reductant matrix we 
tried are: hydrodispersable polymer and organogel.  
 
Hydrodispersable polymer 
Once the polymer (starch) was dispersed in water, a saturated aqueous solution of AP was added so that 
oxidizer molecules could disperse inside the branch of the polymer (figure 1) 

 
Figure 1 : dispersion of oxidizer among hydrodispersable polymer 

 
Dispersions thus obtained were dried using freeze drying (the round bottom flask containing the solution was 
dipped into liquid nitrogen and placed on the freeze dryer). At the end of drying, a white fluffy powder was 
isolated. The different synthesized compositions had oxygen balance between -30% and +9%. 
 
Organogel 
Different type of organogels has been synthesized using resorcinol (R), phloroglucinol (P) or a mixture of 
phloroglucinol and nitrophloroglucinol (NP) as precursor (figure 2). 
 

 
Figure 2 : organogel synthesis 

 
The first challenge was to adapt the gelification process described in literature[5] to the nitrophloroglucinol 
precursor that is non soluble in water. Different tests have been performed by varying the catalysis, the 
density of the gel, the temperature of the reaction mixture … Finally we obtained the gelification of 
phloroglucinol/nitrophloroglucinol – formaldehyde (P/NP)F in different proportions (from 1/0 to 2/8) at low 
density (d = 0,07) with gelification time of 4 to 20 hours using a mixture of water and ethanol as solvent. 
These gels were left to strengthen (one week), washed with water and ethanol, crushed and dried at 
atmospheric pressure and ambient temperature. The powders were elementary analyzed, thermally 
characterized (DSC) and their sensitivity to impact was tested. A few gels were also dried by supercritical 
extraction with carbon dioxide leading to a porous material. The surface area of these aerogels was 
measured. 
In the mean time the gels were used to proceed to impregnation with AP or RDX saturated solutions (figure 
3). The density of the synthesized gel (d = 0,07) was determined from calculation so that enough charge (AP 
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or RDX) could crystallize inside the porosity of the gel to produce a nanocomposition with an oxygen 
balance of 0% when using AP as a charge and -50% when using RDX as a charge.  

 
Figure 3 : impregnation process 

 
The synthesized PF/PA and (P/NP7/3)F/PA compositions had an oxygen balance of 0 to 6% (measured by 
elementary analysis). The synthesized PF/RDX and (P/NP7/3)F/RDX compositions had an oxygen balance 
of -52 to -60% (measured by elementary analysis). 
 
2. RESULTS AND DISCUSSION 
 
Nanocompositions obtained from hydrosoluble polymer and AP as a charge were characterized using 
Differential Scanning Calorimetry (DSC), scanning electron microscopy (SEM), atomic force microscopy 
(AFM), X-ray powder diffraction, drop weight impact, thermomechanical test and closed chamber 
combustion. Nanocompositions obtained from organogels and AP or RDX as a charge were characterized 
using elementary analysis, Differential Scanning Calorimetry (DSC), drop weight impact and 
thermomechanical test. Closed chamber combustion, scanning electron microscopy (SEM) and X-ray 
powder diffraction characterizations are in progress. 
 
2.1. Hydrodispersable polymer 
 
X-rays diffraction analysis 
Two AP/Starch based compositions have been subjected to XRD. The elementary crystallites mean sizes 
have been estimated using Scherrer equation [7]. The results are summarized in Table 1 

 
 w% Size (nm) 

60/40 200 (+/-100nm) AP/Starch 
78/22 330 (+/-80nm) 

Table 1 : elementary crystallites mean sizes of AP particles dispersed in a starch matrix 
 
When the structuring reductant matrix weight ratio decrease below 40%, the AP particles size are larger and 
all the oxidizer cannot be nanostructured. SEM and AFM data confirm these observations and indicate that 
exocrystals are present in the AP/Starch 78/22w% nanocomposition. 
 
 
Microscopy: SEM, AFM 
The SEM image (figure 4), indicate that the AP/Starch nanocompositions prepared as mentioned in the 
experimental part is homogeneous and all AP is nanostructured (AFM) (figure 5). 
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Figure 4 : AP/Starch 60/40w% composition SEM image 

 
Figure 5 : AFM topography of starch/AP 40/60w% composition 

 
AFM images indicate particles size ranging from 50nm to 700nm with an average size of 200nm. In the case 
of the AP/Starch 78/22w% composition, SEM technic confirm DRX results : the composition is an 
heterogeneous material containing both nanostructures and exocrystals (SEM and AFM). Finally according 
to TEM analysis, the AP/Starch 78/22w% composition contains some 10 to 20 nm nodules made of AP.  
 
Thermal analyses by DSC 
The thermal decomposition process of AP/Starch formulations (figure 6) is very slow and complex: it's a 
tangled interplay of several broad exotherms. The thermal decomposition characteristic values are detailed in 
Table 2. 

0

2

4

6

8

10

12

14

16

20 120 220 320 420 520
T (°C)

OB = 0 %

nano

macro

 
Figure 6: DSC curves at 10°C.min-1 of starch/AP 

compositions 
 

 
 Onset 

temperature 
(°C) 

Decomposition 
energy (J.g-1) 

AP 
%w 

Nano Macro Nano Macro 

100 / 421 / 720 
76 244 292 2400 1689 
61 248 295 3230 1936 
54 247 294 3150 2120 

Table 2 : energetic parameters of nano and macro 
AP/Starch formulations. 

 
Whatever the AP amount, nanoscaling the AP involves a decrease of the onset temperature values. In 
addition, nanosized formulations release more energy than classical ones during their decomposition. This 

200nm 1µµµµm 

Nanostructures 
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energy gain is presumably tied to a better combustion of the nanocompositions in which the oxidizer and the 
reducing matrix have a much greater contact surface. 
 
Impact sensitivity and reactivity 
The impact response of the studied materials has been investigated using a drop-weight system. This 
apparatus consists of a 10 kg mass which drops from a height up to 2.5 m on a 30 mg sample. The height H50 
for which 50 % of impacts lead to a decomposition was evaluated by the classical up-and-down method. In 
addition, the maximal pressure Pmax released by the decomposition gases was measured in the closed impact 
chamber of the apparatus. These pressure values were used to estimate the impact reactivity of the sample. 
Table 3 summarizes the drop-weight results for AP/Starch formulations. A first conclusion is that there is no 
sensitivity difference between mixture of powders (macrosized formulation) and nanodispersions. However 
the results obtained on the macrosized compositions show higher dispersion than in the case of 
nanocompositons. This can be explained by the better homogeneity of the nanocomposition compared to its 
macro equivalent.  
 

 Nanosized Macrosized 
AP w% H50 

(mm) 
Pmax 

(bars) 
H50 

(mm) 
Pmax 

(bars) 
100 

(9µm) 
- - 368±52 0.74 

76 407±47 2.19 395±54 1.50 
61 380±50 1.80 411±72 1.37 
54 314±49 1.51 373±84 1.00 

Table 3 : drop-weight results on AP/Starch formulations 
 
Moreover, during decomposition, whatever the oxygen balance, the pressure released by the decomposition 
process is higher in the case of nanosized formulations. This trend is in agreement with DSC result: 
nanostructuration allows a more complete decomposition of the formulation. 
 
Closed chamber experiment 
Combustion tests have been performed on AP/Starch formulations in a closed chamber apparatus. Three 
formulations 78/22 w% have been tested : two macrocompositions with AP particle size of 400 µm and 3 µm 
and one nanosized. Pellets of 1,9 g have been ignited with a small quantity of black powder and pressure in 
the closed chamber of 64 cm3 has been monitored during the combustion (figure 7). 
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Figure 7 : closed chamber pressure signal ; influence of the AP particle size. 

 
According to figure 7 results, decreasing the AP particle size leads to improve reproducibility of the pressure 
signal and to reduce the ignition delay of the pellets. In addition, the maximum slope of the pressure curves 
before the peak indicates that the pressurization velocity of the chamber is higher when the AP is 
nanostructured. From these curves, additional calculations allow us to estimate the burning rate as a function 
of pressure. Whatever the pressure, the burning rate of the nanosized formulation is about five times higher 
than the one with the PA having a particle size of 400 µm. These results are in agreement with DSC 
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experiments and drop-weight tests: nanostructuration allows a significant improvement of the decomposition 
by combustion of the formulations. 
 
2.2. Organogel 
 
Elementary and thermal analysis have been performed on the functionalized xerogels. Results are 
summarized in Table 4 and 5. 

Sample N (%weight) OB(%) 

PF  0 -129,77 

P/NP(7/3)F 2,37 -122,30 

P/NP(1/1)F 3,82 -119,87 

P/NP(4/6)F 4,16 -117,85 

P/NP(3/7)F 5,05 -116,65 

P/NP(2/8)F 5,55 -110,09 

Table 4 : elementary analysis results 

Sample 
Tdecomposition 

(°C) 
Decomposition 

energy (J/g) 

PF  No energetic decomposition 

P/NP(7/3)F 225 597 

P/NP(1/1)F 244 496 

P/NP(4/6)F 252 459 

P/NP(3/7)F 242 1007 

P/NP(2/8)F 242 1313 

Table 5 : DSC analysis results 

According to elementary analysis, the more nitrophloroglucinol proportion is introduced in the reaction 
mixture the higher the nitrogen proportion in the xerogel. It means that it is possible to incorporate more and 
more nitrophloroglucinol (NP) in the matrix. The maximum NP proportion is fixed by the mechanical 
properties of the synthesized gel: a (P/NP 2/8)F gel is too soft to be used in an impregnation process. DSC 
results show that when the nitrophloroglucinol proportion is above 50%, the synthesized xerogel produce 
high level of decomposition energy (up to 1313J/g). That means that such a reductant matrix becomes itself 
an energetic compound. 
 
Thermal analysis on AP and RDX nanocompositions shows that the decomposition temperature of 
nanocompositions is a little lower than equivalent macrocomposition. In the case of RDX nanocompositions, 
the melting point of RDX disappear (figure 8) and the decomposition is more powerful than in the case of 
macrocompositions. 
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Figure 8 : DSC curves of nano and macro (P/NP7/3)F/RDX compositions 

 
The impact response of the studied materials has been investigated using the same drop-weight system as 
above (hydrodispersable polymer). The pressure values were used to estimate the impact reactivity of the 
sample. Table 6 summarizes the drop-weight results for PF/AP and (P/NP7/3)F/AP formulations. 
 
 

RDX melting point 

disappearance 
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Impact (H50 (mm) / PMAX (bars)) Formulation 
(BOCO2 = 0%) Macro Nano 

PF/PA 350 / 1,48 367 / 1,92 (+ 30%) 
(P/NP  7/3))F/PA 130 / 1,28 580 / 2,47 (+ 93%) 
Table 6 : drop-weight results on AP/organogel formulations 

 
A first conclusion is that nanocomposition are less sensitive that mixture of powders (macrosized 
formulation). Moreover, during decomposition, whatever the NP proportion, the pressure released by the 
decomposition process is higher in the case of nanosized formulations.  
 
Table 7 describes the drop-weight results for PF/RDX and (P/NP7/3)F/RDX formulations. 
  

Impact (H50 (mm) / PMAX (bars)) Formulation 
(BOCO2 = -50%) Macro Nano 

PF/RDX 140 / 3,92 137 / 1,92 (- 51%) 

(P/NP  7/3))F/RDX 79 / 2,11 130 / 1,48 (- 30%) 

Table 7 : drop-weight results on RDX/organogel formulations 

RDX nanosized compositions are slightly less sensitive than macrosized one. In the case of  
(P/NP7/3)F/RDX, the sensitivity of macrosized formulation is higher than sensitivity of RDX alone. It seems 
that, in a mixture of powders, the xerogel hardness act as a scraper and increase the drop-weight hammer 
mechanical aggression on RDX. On the contrary, in nanosized compositions, the xerogel matrix protects 
RDX towards aggression. 
The pressure released by the decomposition is lower in the case of nanosized formulations. The 
dispersion/dilution of RDX in the matrix in the case of nanocompositions can explain this phenomenon.   
 
CONCLUSION 
 
A new nanodispersion process allowing nanostructuration of an oxidizer (AP) in a reductant matrix  (Starch) 
has been developed. XRD, SEM, AFM diagnostics and DSC analysis have been used to demonstrate that the 
oxidizer is nanodispersed. New nitro functionalized phenolic organogels were synthesized and their 
characterization showed that the xerogel itself is energetic when enough nitrophloroglucinol (more than 50% 
molar) is reacted with phloroglucinol. An organogel impregnation process has been developed.  XRD and 
SEM analysis are in progress on the formulated compositions.  
 
On an energetic point of view, nanoformulations and macroformulations have similar impact sensitivity and 
thermal stability when starch is used as nanostructuring matrix. When organogels impregnation is performed 
with saturated solution of RDX or AP, the impact sensitivity of dried nanoformulation is lower than 
macroformulation one. Moreover nanocompositions are more powerful than their corresponding classical 
particle size formulations (thermal behavior and impact reactivity). According to the results obtained using 
the closed chamber experiment, nanocompositions show better reproducibility, ignition delay reduction and 
increase in the burning rate compared to their macro equivalent. Thus, we have been able to demonstrate that 
nanoenergetic materials have an interesting energetic potential compared to their macroscopic equivalent. 
These trends have to be confirmed with the investigation still in progress on organogel/AP or RDX 
compositions. 
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ABSTRACT  

 

An approach providing high efficiency of complex nanodispersed catalysts in energetic condensed 

systems is based on creation of a continuous spatial network formed by carbon component of the catalyst. 

The approach was implemented with account taken of the temperature gradient not only from the material 

surface into the bulk, but also in the layers parallel to the burning surface. Hence, for catalytic efficiency to 

be increased metal oxide placement within the high-temperature area - namely on the carbon frame formed 

as a result of structurization of oxide containing carbon particles – is advisable. The possibility of 

formation of the spatial structures in the case of the catalyst based on technical carbon coated with 

Ni, Cu, Pb and Bi oxides. Experimental studies of nanodispersed particles structurization in the 

polymer medium has been carried out using electric conductivity rotational viscometer.  
 

 

RESEARCH 

 

A new approach to creation of nanodispersed complex catalysts based on carbon and metal oxide for 

regulation of ballistic characteristics of high energy condensed systems was proposed in the Institute of 

Technical Chemistry. The given approach is based on spatial arrangement of the catalyst in the material 

aimed at maximal implementation of its functional properties using modern achievements in the field of 

nanotechnology. A nanolayer of an oxide catalyst is applied onto the surface of the elements of the carbon 

framework. This structure allows the fraction of oxide introduced into the material to be decreased and its 

efficiency to be enhanced; the fact being connected both with high specific surface area of the catalyst and its 

arrangement on the carbon framework at elevated temperature. 

Heat conductivity of carbon is known to be about 1.16 W/m•K, the value being manyfold higher than 

that of polymers and propellant binders. At the same time the combustion process of high energy condensed 

systems is connected with heating of the surface layer from ambient temperature to the temperature of 

pyrolysis of the polymer matrix or other structural element of the system, for example, an oxidizer. Thus, any 

actions resulting in the change of heat conductivity of the material cannot but influence on its ballistic 

characteristics. It should be expected that in the case of formation of a spatial continuous heat conductive 

structure in the material, essential change of its ballistic characteristics would be ensured. Therefore, one of 

the most effective ways of control of these properties of powders and propellants will be a purposive 

selection of operating characteristics and a study of physical-chemical properties of the composition 

components, providing creation of a continuous frameworks in the test materials (Fig.1). 
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Fig. 1 - Photos of carbon particles in oligomer composition obtained using an 

optical microscope: a) non-structured carbon particles; b) structure formation 

of carbon framework promoted by Brownian motion. 
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Fig. 2 - Functional diagram of the rheoconductometric installation.  

1-measuring unit; 2-composition under investigation in measuring cell; 

3- analog-digital converter; 4-thermostat; 5-measuring unit of 

viscosimeter; 6-system unit of PC; 7-display of PC. 

In present paper the results concerning optimization of the composition of oligomer binder 

influencing on the formation of continuous carbon structures in the given system are presented. For 

experimental study of structure formation of highly dispersed components in oligomer disperse medium a 

rheoconductometric installation was used (Fig.2). 

 

      

 

   

 

 

 

 

 

 

 

 

 

 

 

 

The installation contains the following elements: 1.- “Rheotest-2.1”- type rheoviscometer [1], 2 – 

test composition, placed into the gap between two measuring cylinders. The inner cylinder is attached to the 

rheoviscometer shaft and is able to rotate on its axis at different speed. The outer cylinder is fixed and has a 

jacket for thermostating of a test sample. The composition viscosity was determined at the range of shear 

rates from 0.024 to 0.13 s-1. The data readout to the computer monitor (7) is realized via transformation of 

the signal taken out of the rheoviscometer by analog-digital converter (3). Time dependence of measuring 

cell resistance at different test conditions is recorded using a special computer program. 

Electric conductivity of the composition was the main parameter indicating if the continuous carbon 

structures were created or not. Existence of electric current passing through the composition indicates the 

carbon structure in the composition to be continuous and the elements of this structure to be commensurable 

with the distance between the electrodes – the viscosimeter cylinders, and the increase of the current –the 

number of carbon particle chains per volume unit of the composition to be increased.  

The studies were carried out using a model composition at the temperature 50оС and carbon content 

10% of the weight of the composition containing oligomer polydivinylisoprene (PDI-0), plastisized by 

dioctylsebacynate (DOS). The test temperature and carbon content was chosen according to the results of the 

previous works [2]. The composition was loaded into the measuring cell of the installation, thermostated and 

mixed at the shear rate 210 s-1 during 20 min. Electric conductivity values of the test composition were 

minimal indicating the failure of the chains and agglomerates of the carbon particles at this shear rate.  

The results presented on Fig.3 demonstrate that the increase of DOS content in the oligomer 

composition leads to the decrease of the composition viscosity, the latter facilitates mobility of the carbon 

particles and, accordingly, the increase of probability of their collisions due to Brownian motion leading to 

formation of the cluster structures. As shown in Fig. 4 the increase of DOS content results in the rise of 

electric conductivity at both stages of the study. At the first stage the measurements were carried out at a 

minimal shear rate (0.024 s-1). The composition flow at low shear rates contributes to collisions of the 

particles of the dispersed components and to formation of primary agglomerates and continuous spatial 

chains of carbon particles. The flow of the composition even at low shear rates also results in the failure of 

spatial structures of the carbon particles, i.e. structural formations existing in the test system are the result of 

two simultaneous processes – formation and failure of the carbon particle chains in oligomer binder 

subjected to shear.  

At the second stage the measurements are carried out without shear deformations of the test 

composition, the growth of the carbon particle chains takes place only due to Brownian motion. A drop of 

the system viscosity by introducing of a less viscous component – DOS - into the binder promotes formation 

of the cluster structures which is confirmed by the increase of electric conductivity of the composition. 

The influence of DOS content in the system on electric conductivity of the composition is presented 

in Fig.5. Introduction of a component with viscosity less than that of PDI-0 exerts influence on electric 

conductivity of the system. 
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The influence of DOS content in the system on electric conductivity of the composition is presented 

in Fig.5. Introduction of a component with viscosity less than that of PDI-0 exerts influence on electric 

conductivity of the system.The 2.5- fold drop of viscosity results in the 20-fold increase of electric 

conductivity of the composition observed at the first stage of measurements and the 6-fold – at the second 

one (Fig.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thus, the influence of oligomer binder viscosity on formation of the continuous spatial carbon 

structures of nanodispersed complex catalyst, used for regulation of ballistic characteristics of high energy 

condensed systems has been studied. Implementation of the proposed approach  allowed the exponent in the 

law describing burning rate – pressure dependence for octagen-based propellants to be essentially decreased, 

while content of the carbon catalyst coated by metal oxides was reduced by 10 times. 
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Fig. 4 - Specific conductivity of filled 

composition as a function of DOS content:  
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ABSTRACT

Nanothermites are versatile pyrotechnic systems that offer reproducible operation, high densities and high
propagation velocities. However, they can be highly sensitive to friction stress and electrostatic discharges
(ESD). For industrial applications, operational safety is an extremely important consideration. New types of
formulations are needed to meet these challenges.

Here we present nanothermites in which oxidizer and fuel are spatially separated, by using metal oxide-
filled carbon nanofibers (CNF) as oxidizer and aluminum nanoparticles as fuel. The friction and ESD sensitivity
of such formulations is reduced by more than an order of magnitude compared to reference systems without
CNF addition. Their combustion is characterized by Time-Resolved Cinematography, using a newly developed
software to create x–t diagrams from high-speed video.

Regarding the metal oxide, we compare the performance of thermites based on manganese oxide and vana-
dium oxide. V2O5 forms a nanoscale foam inside the cavity of the CNF. V2O5-based formulations burn faster
and at a higher temperature than an equivalent formulation using manganese oxide. In both cases, metal car-
bides are formed as secondary combustion products.

1 INTRODUCTION

Nanothermites [1], also called superthermites or metastable intermolecular composites (MICs), are pyrotechnic
mixtures composed of an oxidizer and a fuel, both of which are in the form of nanoparticles. The oxidizer is
a metal oxide, while the fuel is a reducing metal – most often aluminum – or a metalloid like phosphorus.
The redox reaction between oxidizer and fuel provides large amounts of heat, which is why the original use of
Fe2O3/Al thermites was for welding, e. g. in railways.

The use of nanoparticles results in a more homogeneous mixture with a lower activation barrier and a much
faster combustion. For instance, an Al/MoO3 thermite [2] with micron-sized particles burns at about 1 m/s
when confined in a tube, while the corresponding nanothermite reaches a combustion velocity of 1000 m/s [3].
Due to their improved properties, nanothermites are subject to very active research; their use has been proposed
in several military and civilian applications, such as actuators in micro- and nanoelectromechanical systems [4],
microthrusters [5], fast heating of thermal batteries [6], igniters and lead-free electric primers for ammunition
[7]. Nanothermites have the potential to replace materials with much higher toxicity, for example lead salts in
ignition devices.

However, there is an obstacle to widespread adoption of nanothermites for these applications – their often
pronounced mechanical (especially friction) and electrostatic discharge (ESD) sensitivity. The accidental initi-
ation of these highly sensitive product can lead to explosion and injury [8] during the manufacturing, handling
and transportation. Today, the safety of energetic materials is one of the most important criteria for the choice
of a material.

Here we present nanothermites composed of aluminum nanoparticles and metal oxide filled carbon nano-
fibers. These systems provide a spatial separation of the oxidizer and the fuel, which leads to dramatically
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Figure 1: Scheme of the TRC experiment used for nanothermite characterization in our laboratory. Reprinted
from [9]. Copyright 2010 American Chemical Society.

reduced sensitivity values. In particular, the products are insensitive to friction, as there can be no direct slid-
ing contact between an oxidizer and a fuel particle. The nanothermite formulations presented here use either
manganese oxide [9] or vanadium(V) oxide as the oxidizer. This work is part of a larger effort of our research
group to improve the safety of energetic materials by using the methods of nanomaterials engineering [10].

2 EXPERIMENTAL SECTION

2.1 Metal oxide filled carbon nanofibers

CNF oxidation. Carbon nanofibers (Pyrograf PR-24-XT-HHT, graphitized at 3000°C) were bought from Ap-
plied Sciences, Inc. (Cedarville, OH) and used as received. 2.0 g of CNF are added to 125 mL of concentrated
HNO3 (65%, Acros) in a one-neck flask equipped with a reflux condenser. The mixture is heated to a gentle
boiling (125°C) for 16 h under constant magnetic stirring. After cooling, the suspension is filtered over an
OMNIPORE membrane (450 nm, Merck Millipore) and washed twice with water and once with acetone. The
filter cake is dried for 2 h at 80°C.

MnO2−x@CNF nanocomposite. 7.5 g of manganese nitrate tetrahydrate Mn(NO3)2 ·4 H2O (98%, Aldrich)
are heated to 50°C to melt it. 0.3 g of the oxidized CNF are added, and the suspension is magnetically stirred
for 3 days at a temperature of 50°C. The paste-like product is transferred to a 450 nm OMNIPORE membrane
and washed twice with isopropanol. The nitrate is decomposed by heating to 225°C for 1 h in a tubular furnace
under flowing argon (250 mL/min) with a 1 K/min heating rate.

V2O5@CNF nanocomposite. 0.26 g of ammonium metavanadate NH4VO3 (99%, Strem) are dissolved in
20 mL of ultrapure water in a beaker. The solution is heated to 70°C under magnetic stirring. When the
metavanadate is completely dissolved, 0.2 g of the oxidized CNF are added, and the suspension is stirred until
the water is completely evaporated (about 12 h). The residue is calcined for 1 h in a tubular furnace at 325°C
under flowing argon (250 mL/min) with a 1 K/min heating rate.

2.2 Nanothermites

Nanothermite preparation. In a pear-shaped flask, the calculated amount of oxide-filled CNF is added to
acetonitrile so that the concentration of the suspension is about 1 g/L. The suspension is homogenized by
sonicating with a 400 W sonotrode (Hielscher Ultrasound, 80% power, 80% duty cycle) for 30 min on an ice
bath. The calculated amount of Al 50 P aluminum nanoparticles (50 nm particle size, 60.85 wt% metallic Al
content) is added, and the suspension is magnetically stirred for 15 min followed by 15 min of sonication in an
ultrasound bath. The acetonitrile is then removed on a rotary evaporator under vacuum (final pressure below
0.1 mbar).
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Sensitivity. Impact and friction sensitivity of the loose nanothermite powders are measured on a BAM fall-
hammer and a BAM friction testing device, respectively. The tests are carried out as described in the book by
Sućeska [11]. The electrostatic discharge (ESD) sensitivity is measured on an ESD 2008 testing device (OZM
Research). The sample is placed between two electrodes with a distance of 1 mm, and a discharge is created
with a tension U ≥ 4 kV and a given capacitance C. The discharge energy is

E =
1
2

CU2. (1)

In all sensitivity measurements, the result is given as the threshold value for one positive result in six tests
(p = 1/6).

Combustion tests. Unconfined combustion velocities v, ignition delay times (IDT) and activation energies EA

have been determined in a Time-Resolved Cinematography (TRC) experiment. The setup was first described
by Granier and Pantoya [12], our modified setup has been described in [9]. The nanothermite sample is first
compressed into pellets with a diameter of about 4 mm using a hydraulic press. The pellets are glued on an
aluminum alloy disc as support. The sample is then ignited with a CO2 laser (P = 7 W, λ = 10.6 µm) which is
focused on the pellet surface (Figure 1). The optical power delivered and the luminosity of the combustion at
each instant t are recorded using an oscilloscope. At the same time, a high-speed video (1000 fps) is recorded
by a camera. The oscilloscope trace allows to determine the IDT, which is defined as the delay between the
increase in optical power and the increase in luminosity. The activation energy is calculated as

EA =
IDT∫
0

P(t)dt. (2)

The combustion velocity v is defined as the velocity of propagation of the combustion front. It is determined
from the high-speed video.

3 RESULTS AND DISCUSSION

3.1 Metal oxide filled carbon nanofibers

The carbon nanofibers (CNF) used in this work have an outer diameter of about 100 nm and a hollow inner
cavity with a diameter of about 40–60 nm. The inner part around the cavity is formed by conical graphitic
sheets in a “herringbone” or “stacked-cup” arrangement. In addition, there is a CVD carbon overlayer on the
outside of the fiber; as the material has been graphitized at 3000°C, this overlayer is highly oriented parallel to
the fiber axis, and the amount of surface functional groups is low. Stirring the fibers in hot nitric acid breaks
them into smaller, open pieces and adds functional groups to the fiber surface. This attack preferentially takes
place on the inner surface, which consists of exposed edges of graphitic sheets, as opposed to the π system
exposed on the outside. Correspondingly, the nitric acid treatment increases the specific surface area SBET of
the CNF from 47.8 m2/g to 66.5 m2/g.

The manganese(II) nitrate precursor is infiltrated in the molten state into the opened CNFs without using
a solvent; the large excess is filtered and washed off with a small amount of isopropanol. On the other hand,
ammonium metavanadate is infiltrated into the CNFs in the form of an aqueous solution. Both precursors
decompose upon heating to form the corresponding oxide. The idealized decomposition equations are:

Mn(NO3)2 −−→ MnO2 +2NO2 (3)

6NH4VO3 −−→ (NH4)2V6O16 +4NH3 +2H2O (4)

(NH4)2V6O16 −−→ 3V2O5 +2NH3 +H2O (5)

These reactions can be clearly seen in the DTA/TG analysis results for the products before calcination
(Figure 2). In the case of manganese oxide (Figure 2a), the nitrate decomposition starts at a temperature of
130°C. It results in a slightly under-stoichiometric oxide of the formula MnO2−x (x ≈ 0.1). For vanadium
oxide (Figure 2b), the onsets of the two reaction steps are 160°C and 270°C, respectively. When heating to
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Figure 2: Differential thermal analysis and thermogravimetry (DTA/TG) results (5 K/min, air flow) for
MnO2−x@CNF (a) and V2O5@CNF (b) before calcination: evaporation of water of crystallization (1); de-
composition of the precursor (2); burning of CNF in the oxidizing atmosphere (3); residual oxide (4).
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Figure 3: Transmission electron micrographs (80 kV acceleration voltage) of MnO2−x@CNF (a) and of
V2O5@CNF (b).

only 220°C, the intermediate product ammonium hexavanadate can be found in crystallized form by X-ray
diffraction. The melting point of vanadium(V) oxide, at 670°C, is also visible as an endothermic peak in the
differential thermal analysis curve. From the weight loss during the combustion of the CNF (labeled 3 in the
figure) and the final residue (labeled 4), the percentage of oxide in the calcined oxide@CNF nanocomposite
can be calculated. It is 48.6 wt% for both products, i. e. they contain slightly more carbon than metal oxide.

The morphology of the filled carbon nanotubes was observed using transmission electron microscopy (Fig-
ure 3). In the case of MnO2−x@CNF (Figure 3a), the oxide is mainly found as discrete nanoparticles whose
size (15–20 nm) is smaller than the cavity diameter (40–60 nm). The measurement of lattice fringe spacings on
high-resolution TEM micrographs (not shown) proved unambiguously that the particles inside the CNF have
the pyrolusite (α-MnO2) structure. The vanadium(V) oxide is found as a foam with trapped gas bubbles inside
the CNFs (Figure 3b). The bubbles have most likely been created by the gases formed during the decomposition
of the precursor. Energy-dispersive X-ray spectra of a single filled fiber (not shown) show a characteristic peak
that proves the presence of vanadium.

3.2 Nanothermites

The fuel–oxidizer systems which are studied in this work are MnO2/Al and V2O5/Al. The redox equation for
these systems are respectively

3MnO2 +4Al −−→ 3Mn+2Al2O3 (6)

3V2O5 +10Al −−→ 6V+5Al2O3. (7)

The survey of the thermochemical properties of fuel–oxidizer systems carried out by Fischer and Grubelich [13]
shows that the properties of both systems are a priori similar. The adiabatic reaction temperature is slightly
higher for vanadium than for manganese when taking phase changes into account (3273 vs 2918 K), and the
heat of reaction is comparable (4.56 kJ/g for V2O5/Al vs 4.84 kJ/g for MnO2/Al).

In the formulation of the nanothermite mixtures, it is beneficial to have an excess of fuel because the
aluminum particles can also react directly with oxygen from the surrounding atmosphere. Granier [14] defined
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Formulation φ Friction Impact ESD
(N) (J) (mJ)

MnO2/Al 1.2 < 5 31.9 1.0
MnO2−x@CNF/Al 1.2 > 360 44.2 35
MnO2−x@CNF/Al 2.4 > 360 24.5 5300

V2O5@CNF/Al 1.2 > 360 34.3 5.8

Table 1: Sensitivities of the different nanothermite formulations, partly from [9]: equivalence ratio φ , mechan-
ical and ESD sensitivity for the reference formulation MnO2/Al, a nanothermite based on manganese oxide
filled CNFs (MnO2−x@CNF/Al) with φ = 1.2 and φ = 2.4; same properties for a nanothermite based on vana-
dium(V) oxide filled CNFs.

the equivalence ratio φ , as the ratio between the actual fuel-oxidizer ratio F/A and its theoretical value given
by the stoichiometry of the reactions (6) and (7):

φ =
F/A

F/A|th
(8)

Bouma et al. [15] called this factor r, giving the same definition. For MoO3/Al nanothermites, an equivalence
ratio of φ = 1.2 has been found to be optimal [12]; we used this equivalence ratio as a starting point in this work.
For the formulation with manganese oxide filled CNF, we also tested a fuel-rich formulation with φ = 2.4.

For MnO2/Al, a reference system has been presented by our group in 2008 [16]; it consists of MnO2
nanoparticles – produced by the reduction of potassium permanganate by ethanol – and aluminum nanoparti-
cles. As the first line of Table 1 shows, these formulations are very sensitive, in particular to friction stress
and ESD. The friction sensitivity is below 5 N, which is the smallest value that can be measured by the testing
device, while the ESD sensitivity threshold (1.0 mJ) is in the range of discharges that can be caused by the body
of an ungrounded operator (up to 156 mJ). Thus, the handling of these materials is highly hazardous. Until now,
no V2O5/Al nanothermites have been prepared in our laboratory, as it is difficult to prepare vanadium oxide
nanoparticles; thus, there is no reference formulation in this case.

Table 1 shows the friction, impact and ESD sensitivity thresholds (p = 1/6) for the different nanothermite
formulations. Contrary to the MnO2/Al nanothermite, all the formulations that contain CNF are fully insensitive
to friction stress (threshold above 360 N). The impact sensitivity is not affected much but all values are in a
safe range (above 20 J). Regarding the ESD sensitivity, the nanothermite formulations containing manganese
oxide filled carbon nanofibers (denoted MnO2−x@CNF/Al) are at least an order of magnitude less sensitive.
For both MnO2−x@CNF/Al with φ = 1.2 and V2O5@CNF/Al, the ESD sensitivity thresholds are very similar
to the activation energies EA measured by TRC (cf. Table 2). This suggests that the activation mechanism in
both cases is the same and that the energy of the electrostatic discharge is efficiently converted into heat which
initiates the combustion. The formulation with φ = 2.4 can be considered insensitive to ESD (above 1 J). In
this case, we presume that the conductivity of the sample is much higher due to the formation of percolation
paths. Thus, the discharge does not heat up the sample as much as in the other cases.

The combustion properties of the different nanothermite formulations have been measured by TRC on
compressed pellets of 50 mg each, as described in section 2.2. Table 2 shows the density of the obtained pellets
for the different forming pressures and the corresponding performance data. Obviously, even with the highest
forming pressure used (210 MPa), the pellets contain a high amount of voids and interstitial spaces, as their
apparent density (calculated from the mass and the pellet volume) is far from the theoretical maximum density
(TMD). Even though the pellets typically have between 30 and 40% of the TMD, they are very cohesive and
can be handled well. All CNF-containing pellets reexpand after ejection from the pressing mold, which leads
to diameters slightly larger than the one of the mold. This is due to the “spring-like” elastic behavior of the
CNF. However, in the V2O5@CNF/Al, internal stresses make some of the pellets break in two.

The IDT values measured for each nanothermite formulation do not seem to depend on the forming pres-
sure; the differences are below the experimental error. The EA values are very sensitive to small variations in
the IDT, which makes the experimental errors (which are given as±3σ ) quite large and possibly overestimated.

The ignition delay time (IDT) of the MnO2−x nanothermites is considerably longer than the one of the
reference formulation, which is due to the presence of relatively large amount of pyrotechnically “inert” matter
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Formula φ p (MPa) ρ (g/cm3) %TMD IDT (ms) EA (mJ) v (cm/s)

MnO2/Al 1.2 99 1.33±0.09 32±2 3.66±0.3 n/a 73±8

MnO2−x@CNF/Al 1.2 44 1.29±0.05 37.3±1.3 11.1±9 20±15 0.33±0.1
99 1.35±0.03 39.2±0.7 11.2±5 25±10 0.35±0.1

MnO2−x@CNF/Al 2.4 44 1.11±0.03 32.9±0.9 10.9±4 19±3 0.79±0.9
99 1.16 34.5 9.2 18 0.62

V2O5@CNF/Al 1.2 44 0.83 28 8.2 12 0.88
99 0.92 31 7.5±5 10±15 0.59±0.1
210 1.02±0.1 35±5 8.6±1.3 12±8 0.62±0.3

Table 2: Results of pelletizing and TRC experiments for nanothermite pellets compressed at different pressures
p: apparent density ρ of the pellet, percentage of the theoretical maximum density (TMD) of the formulation,
ignition delay time (IDT), activation energy EA and combustion velocity v.
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Figure 4: x–t diagrams created from the high-speed videos of the combustion of a MnO2−x@CNF/Al with
φ = 1.2 (a) and a V2O5@CNF/Al nanothermite (b); the laser comes from the left, time advances from top
to bottom, the origin of x is arbitrary while the scale corresponds to real millimeters. Linear regression of
combustion fronts (c) extracted from the x–t diagrams for MnO2−x@CNF/Al with φ = 1.2 (v = 0.31 cm/s) and
φ = 2.4 (v = 0.62 cm/s) as well as V2O5@CNF (v = 0.62 cm/s). All pellets are compressed at 99 MPa.
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in the form of CNF – 37.2 wt% and 29.1 wt% for φ = 1.2 and 2.4 respectively. However, the IDT and EA

values are relatively independent of compression and equivalence ratio. The activation energy is around 20 mJ
for manganese oxide and around 10 mJ for vanadium oxide; this shows that the V2O5-based thermites are much
easier to initiate thermally.

To determine the combustion velocity v from the high-speed videos, we developed a software called “nt-
timeline” to create x–t diagrams (“timeline images”) [10]. This software takes one line of pixels from each
video frame – always in the same height – and puts them below one another in the output image. The result
(Figure 4a and b) is an image in which the horizontal axis corresponds to the position and the vertical axis
corresponds to time, advancing downward. The position of the combustion front is the right margin of the
bright zone. After measuring the size of each pixel in mm, the position of the front at each point t is extracted
with the help of a second program, and the combustion velocity is determined by linear regression of the
position x = f (t) (Figure 4c).

For MnO2−x@CNF/Al with φ = 1.2, we find a combustion velocity of 0.32 cm/s, which is much lower
than the 73 cm/s found for the reference formulation. This is due to several factors, most importantly to the
presence of large amounts of “inert” carbon. The geometrical separation of the oxidizer from the fuel by filling
the oxidizer into CNF also plays a role: if the contact between the two phases is strongly reduced, diffusion
of the reactive species becomes the rate-limiting step in the combustion. The formation of aluminum carbide
(see below) is another reason. For the equivalent V2O5@CNF/Al formulation, the propagation velocity of the
combustion front is about twice as large, with 0.6–0.9 cm/s depending on the compression. Visual inspection
of the x–t diagram in Figure 4b shows that the light output of the combustion is much higher than in Figure 4a.
The white incandescence suggests a flame temperature above 1200°C for this formulation, as opposed to an
estimated 800–900°C for Figure 4a. However, a pyrometric flame temperature measurement would be required
to confirm these estimations.

X-ray diffraction has been carried out on the combustion residues to determine the phases formed by the
reaction and to elucidate the reaction mechanism. For MnO2−x@CNF/Al (Figure 5), we find intact CNF as
well as the expected reaction products α-Al2O3 and manganese metal. However, there are also other phases:
Mn3O4 is likely the product of unreacted MnO2 that was heated up to above 900°C; akhtensite (ε-MnO2)
forms by the oxidation of manganese at temperatures below 300°C and is thus a product of the reoxidation of
Mn by atmospheric oxygen. Furthermore, we find that aluminum carbide Al4C3 has been formed during the
combustion. This is detrimental to the performance of the nanothermite for two reasons:

1. it consumes a part of the aluminum fuel, which is thus no longer available for the reaction with the
oxidizer,

2. the formation of aluminum carbide from the elements is endothermic, i. e. it consumes some of the heat
produced by the thermite reaction and lowers the reaction temperature.

To overcome these negative effects, a stronger excess of fuel is needed. Consequently, the formulation with
φ = 2.4, i. e. with a large excess of fuel, shows a much faster combustion velocity (×2) – about the same as the
vanadium oxide based formulation with φ = 1.2. It remains to be seen if the velocity of the latter thermite can
be increased similarly by a higher amount of fuel.

The V2O5@CNF/Al (Figure 6) on the other hand, no aluminum carbide formation is detected. There
is however a considerable amount of vanadium carbide V8C7. It is likely that any vanadium metal which
was formed has been converted to carbide, as no metallic vanadium was found in the X-ray diffractogram.
The vanadium(V) oxide was also completely consumed; the presence of lower vanadium oxides (+III,+IV)
indicates that a higher amount of fuel could improve the reactivity. As in the other thermite, the CNF mostly
“survive” the thermite reaction; this has also been confirmed by TEM observation of the residues (not shown).
This could be seen as surprising, as the temperature of the reaction zone is above the combustion temperature of
the CNF. However, the oxidation of well-graphitized carbon is a slow reaction; the whole thermite reaction takes
one second or less, which is not enough time for the carbon to oxidize in significant quantities. Furthermore,
due to the porous structure of the residues, they quickly cool down to room temperature.
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4 CONCLUSION

In this work, we demonstrated the filling of “Pyrograf” carbon nanofibers with manganese oxide and vanadium
oxide nanoparticles by the infiltration of precursors – manganese nitrate and ammonium metavanadate – that
can be converted to the oxide by heating. The resulting nanocomposites have been mixed with appropriate
amounts of aluminum nanoparticles to form reduced-sensitivity nanothermite mixtures. In these thermites, the
oxidizer and the fuel are separated by the wall of the CNF, so their contact area is minimized.

Both give nanothermite formulations which are completely insensitive to friction stress, while having a
reasonable impact and ESD sensitivity. This is a very important result as it overcomes one of the most important
obstacles for many industrial applications. Up to now, the hazards associated with pronounced sensitivity of
these materials, and consequently the ban from the transportation on public roads without a phlegmatizing
agent, prevented many potential uses.

Comparing manganese oxide and vanadium oxide based nanothermite formulations, the use of vanadium
oxide gives more reactive formulations: other parameters being equal, their activation energy is smaller, the
combustion velocity is greater, and the reaction temperature is higher. For MnO2−x@CNF/Al (x ≈ 0.1), the
combustion velocity could be significantly improved by increasing the equivalence ratio φ , i e. putting in more
fuel. This is due to the formation of carbides, which happens as a secondary reaction. The data suggests that
the same increase can be obtained for vanadium oxide based thermites, but this experiment remains to be done.

All in all, the velocities obtained for the reduced-sensitivity nanothermites remain relatively low, below
1 cm/s. This does not mean that they are not useful systems. They could find applications in igniters or in
pyrotechnic delay compositions. The latter usually have combustion rates in the range of a few millimeters
per second, similar to the formulations presented here. For such an application, future studies should critically
evaluate the homogeneity of the mixture and the reproducibility of the response.
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ABSTRACT  

 

At present there is a broad spectrum of preparation methods of nanosized products. One of these 

methods is connected with the development of aerosol generating compositions, such as aerosol fire 

extinguishing compositions, fuel for atmosphere action systems, fertilizers etc; where nanosized condensed 

phase is a reactant. Efficiency of corresponding compositions is determined by the chemical structure, 

particle size distribution and content of aerosol solid phase, these parameters can change appreciably.  

Necessary standard of aerosol characteristics as well as regulation of the latter can not be achieved 

by the existing techniques of production of aerosol compositions.  

The aim of the work was to carry out thermodynamic studies on establishing of a relationship of the 

composition of propellants and active component content in generated aerosol composition at the example of 

the compositions for the atmosphere affecting systems.   

The dependencies of metal halides yield in combustion products on propellant composition have 

been studied; the influence of joint use of oxygen-containing metal salts and halides in propellants 

composition on the end product yield has been considered; minor dependence of end product yield on the 

pressure in the propellants combustion chamber has been recorded. Metal halides yield in propellants 

combustion products was found to increase in the series ZnCl2 (1%), CuCl2 (51,19%), MgCl2 (68,24%), 

CaCl2 (76,66%), KCl (96,84%). End product yield in combustion products was shown to be the highest in the 

case of the compositions based on potassium chloride and perchlorate (~96%). Simultaneous introduction of 

oxygen containing metal salts and metal halide leads to the increase of metal halide yield. A technique of 

determination of particle size distribution of propellants combustion products was worked out. 

 

INTRODUCTION 

 

The research works aimed at active influence on atmospheric agents for preventing of hail, 

redistribution of precipitation, dispersing of mist and clouds are still urgent nowadays. Therefore a search of 

new high-performance artificial means of crystallization and condensation as well as development and 

updating of the techniques of delivery and dispersion of the reagents into the clouds is being carried 

out. At present the most widespread type of hail control is rocket technology using silver iodide as a 

reactant. It should be noted that in view of its high cost the works are mainly devoted to the increase 

of its yield by introduction of special additives[1-3]. 

Introduction of a hygroscopic reagent by a jet delivery system is one of the new ways which 

has not been applied at an industrial scale previously. The essence of the technique is introduction 

of a certain amount of a hygroscopic reagent into the zone of cloud supply below condensation level 

[4].  

Efficiency of ESC compositions is uppermost characterized by the value of specific pulse 

and the temperature of combustion products. The value of specific thrust pulse of the composition 

for civil purposes is in the range 180-200 s [5]. 

The aim of the work was to carry out thermodynamic study on establishment of relationship 

between component composition of energetic condensed systems (ECS) and content of reactants in 

the composition of the aerosole obtained at the example of the compositions for atmosphere impact 

(action) systems. 
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EXPERIMENT AND RESULTS 

 

Thermodynamic studies devoted to establishment of the relationship between component 

composition of the ECS and metal halogenide content in the composition of the aerosole obtained. 

The ECS is based on the  following components: the binder – polybutadieneisoprenurethanepoxide 

– 6,9%; plasticizer – dioctylcebacynate (DOS) -5,6%; oxidizer – ammonium perchlorate – 87,5%; 

content of special additives was summarized with that of the oxidizer. The given component ratio 

ensures manufacturability of the ECS. Zn, Mg, Ca, K salts were used as additives as halides of these 

metals are highly hygroscopic and can be used as crystallization centers at cloud temperatures 

above zero. The calculations were carried out for the pressure in the combustion chamber 0,1; 1, 2; 

4 МПа. The following results have been obtained. 

The dependence between metal halide content in the ECS composition and its yield in 

combustion products (Table 1). Thus, after introduction of metal halides into ECS composition , the 

increase of its yield in the combustion products is observed  in the series ZnCl2 (1 %), MgCl2 (68,24 

%), CaCl2 (76,66 %), KCl (96,84 %); combustion temperature of all the compositions being in the 

range 2500-2630 K.  With introduction of oxygen-containing components Zn(ClO4)2, Mg(ClO4)2, 

Ca(ClO4)2, KClO4 in quantities of 10% the dependence in the metal series is preserved, the yield of 

metal halide being decreased by10-18%, while the temperature of combustion products rises by 5-

7% . At combined introduction of oxygen-containing metal salts and metal halides the yield of the 

latter increases, the temperature of combustion products also rises by 3-4%/ the combustion 

temperature rise by 5-10% along with the pressure rise in the combustion chamber from 0,1 to 4 

MPa is characteristic for all the compositions examined. The compositions based on potassium 

chloride and perchloride (~ 96 %) were found to demonstrate the best results concerning the yield 

of the end product. It should be also noted that formation of pure metal in combustion products is 

characteristic for all zinc-containing ECS compositions under study. 

Then more detailed studies connected with potassium chloride and perchlorate were carried 

out. It was found that an increase of content of KCl as metal halide in ECS composition from 2 to 

8% leads to the same  increase of its quantity in combustion products, the yield being 96%, while 

positive influence of pressure on KCl yield decreases with the increase of the additive 

content.Combined introduction of metal perchlorates, including potassium perchlorate  When 

combined introduction of potassium perchlorate and perchlorates of other metals, total content 

being 10%, no significant effect on the yield of the corresponding halides is observed, the latter 

comparable with that in the case of  individual perchlorate introduction to the basic ECS 

composition.  
 

Table 1 – Content of metal chlorides and temperature of combustion product of energetic condensed 

systems under study. 

 
Special additive in ECS 

composition 

MeClx, % 

Weight 

Me, % 

Weight 
T, K 

Maximal Content of 

MeClx, % масс. 

Yield of 

MeClx, % 

ZnCl2 0,10 4,67 2560 10,00 1,00 

Zn(ClO4)2 ~ 0 2,42 2706 5,15 - 

ZnCl2+ Zn(ClO4)2 3,42 7,07 2596 15,15 22,57 

MgCl2 6,82 ~ 0 2540 10,00 68,24 

Mg(ClO4)2 2,24 ~ 0 2713 4,26 52,98 

MgCl2+ Mg(ClO4)2 8,97 0,14 2599 14,26 62,93 

CaCl2 7,66 ~ 0 2551 10,00 76,66 

Ca(ClO4)2 3,08 ~ 0 2712 4,64 66,38 

CaCl2+ Ca(ClO4)2 10,78 ~ 0 2600 14,64 73,64 

KCl 9,68 ~0 2630 10,00 96,84 

KClO4 5,16 ~0 2694 5,39 95,78 

KCl+ KClO4 14,87 0,13 2642 15,39 96,62 
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When introducing of metal bromides and iodides in the ECS composition their content in 

combustion products is practically zero, while the yield of metal chlorides is 5-10% lower 

(Table 2).  

 
Table 2 - Content of metal halides and temperature of combustion products of energetic condensed 

systems. 
Special additive 

in ECS 

composition  

MeHalx, % 

Weight 

MeClx, % 

Weight 

Me, % 

Weight 
T, K 

Maximal Content 

of MeClx, % 

Weight 

Yield of 

MeClx, % 

KBr 1,28 5,29 0,04 2581 6,26 84,50 

CaBr2 0,10 3,89 ~ 0 2586 5,55 70,00 

MgBr2 0,10 2,90 ~ 0 2582 5,16 56,20 

ZnBr2 ~ 0 ~ 0 2,84 2589 6,02 - 

KI 0,19 4,25 0,03 2606 4,49 94,65 

CaI2 ~ 0 2,69 ~ 0 2615 3,77 71,35 

MgI2 ~ 0 1,95 0,05 2615 3,42 57,01 

ZnI2 ~ 0 ~ 0 2,01 2605 4,26 - 

 

It was revealed that the increase in pressure in the combustion chamber leads to the 

temperature rise of combustion products. The effect of the temperature of combustion products in 

the range 2200 - 2800 K on the yield of metal halides (Figure 1) has been studied. A decrease of 

metal chlorides content  in the combustion products with increasing temperature is typical for the 

compositions with potassium and calcium chlorides, while for compositions with magnesium 

chloride extremal dependence with the maximal amount of calcium chloride at the  temperature 

2400 K is observed. For the compositions containing zinc chloride at the temperature rise an 

increase of zinc content in the combustion products is observed.  

Energy characteristics of the model compositions were determined (Table 3). Specific thrust 

pulse for all the compositions was found to be within the recommended range of values for the 

compositions of civil purpose, while in the case of compositions containing potassium iodide this 

value is 2-5% higher than that for the compositions based on potassium chloride, which can be 

explained by the significant difference in enthalpies of formation of these reagents. It should be 

noted that, for compositions containing potassium chloride, the yield of reagent is above 98% 

according to the calculations, while in the combustion products of the compositions based on 

potassium iodide to a small amount of the reagent is observed, due to the greater reactivity of 

chlorine, which displaces iodine in the compounds. 
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Figure 1 – Content of metal chlorides in combustion products of energetic condensed systems as a 

function of combustion temperature. 

 

Table 3 – Properties of  ECS compositions.  

Reagent Reagent content Тcom.pr., K 
Decrease of 

specific pulse, % 

- - 2563 - 

KI 

5 2571 1,89 

10 2578 3,75 

15 2586 5,67 

20 2593 7,63 

KCl 

5 2515 2,80 

10 2461 5,73 

15 2402 8,59 

20 2335 11,45 

 

Next, physicochemical studies of the ECS combustion products were carried out and 

dependences between the technological parameters (content and dispersity of the initial metal halide 

(potassium chloride and iodide) in the ECS), the yield and dispersion of metal halide aerosol were 

established. The quantitative evaluation of metal halide particles formed in the ECS combustion 

products  as the active centers of crystallization was carried out. 

Manufacturing of the samples of the ECS compositions:  preparation of two-fractional 

oxidant mixture (70% fraction with a particle size of 0,2-0,5 mm, 30% - with a particle size 0,045-

0,063 mm), 2. Grinding of metal halide, 3. mixing of the oxidant with metal halide, 4. mixing of the 

dispersed components with a binder, 5. Mixing 6. introduction of curing agent and mixing of the 

composition, 7. molding of the compositions using hand  press into the pellets 10 mm in diameter, 

8. curing of prepared sample at the temperature 50 ˚ C. After grinding metal halides dispersion of 
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the powders was determined by optical microscopy: the particle size of potassium iodide was 0,1-

0,3 mm, and potassium chloride - 0,05-0,15 mm, respectively. 

The images and hystograms of particle size distribution for combustion products of the 

model ECS samples containing potassium iodide and chloride in an amount of 5, 10% were 

obtained using optical (Fig.2-7) and atomic-force  (Fig.8, 9) microscopy.  

A higher particle number in combustion products was found to be typical for the 

compositions containing 10% of  potassium halides in comparison to  5% content, namely,  30% 

higher in the case of potassium iodide and 60% - potassium chloride. The presence of nanosized 

particles 100-200 nm. in the compositions containing 10% potassium halides along with microsized 

particles in the range 1 - 2 microns was also shown by atomic-force microscopy. 

 

 

 

 

 

 

 
 
 
 
 
 
 

a  b  

Figure 2. The image of combustion products of model ECS samples containing KCl in amount of a 
– 5%, b -10%, obtained using optical microscopy 

 
 
 
 
 
 
 
 
 
 
 
 
 
  a       b  

Figure 3. The image of combustion products of model ECS samples containing KI in amount of a – 
5%, b -10%, obtained using optical microscopy 
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Figure 4. Hystogram of particle size distribution for combustion products of the composition 

containing 5 % KCl 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Hystogram of particle size distribution for combustion products of the composition 
containing 10 % KCl 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Hystogram of particle size distribution for combustion products of the composition 

containing 5 % KI 
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Figure 7. Hystogram of particle size distribution for combustion products of the composition 

containing 10 % KI 
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

a       b  
Figure 8. The image of combustion products of model ECS samples containing KI in amount of  

a – 5 %, b -10 %, obtained using atomic-force microscopy 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

a       b  
Figure 9. The image of combustion products of model ECS samples containing KCl in amount of  

a – 5 %, b -10 %, obtained using atomic-force microscopy 
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Estimation of the number of active centers of crystallization per gram of the reagent introduced was 

carried out on the basis of the histograms obtained using the methods of optical and atomic -force 

microscopy. 

The number of crystallization centers was calculated by the following formula: 

 

   
     

   
,                                                               (1) 

 

where N – the number of crystallization centers per kilogram of the burnt sample; 

N – the number of crystallization centers at the image of the analyzed region; 

SCC – the surface area of the combustion chamber, m2; 

S1 – the surface area of the analyzed region, m2. 

 

The number of crystallization centers was evaluated from the particle number of condensed phase 

reduced to the total area of combustion chamber to burnt sample weight and introduced reagent weight 

(Table 4). It was shown that the highest number of crystallization centers is observed in the case of the 

composition containing 10% KCl. 

 

Table 4 – The number of crystallization centers of the compositions. 

 

Reactant 

R
ea

ct
an

t 

co
n

te
n
t,

 %
 Optical microscopy method Atomic-force microscopy method Total 

particle 

number per 

1g of 

introduced 

reactant 

Particle number 

in condensed 

phase per 1g of 

burned sample 

Particle number 

in condensed 

phase per 1g of 

introduced 

reactant 

Particle number 

in condensed 

phase per 1g of 

burned sample 

Particle number 

in condensed 

phase per 1g of 

introduced 

reactant 

KI 
5 1,29*1010 6,45*108 7,82*1010 3,91*109 4,56*109 

10 1,89*1010 1,89*109 8,42*1011 8,42*1010 8,61*1010 

KCl 
5 8,5*109 4,25*108 8,58*1010 8,58*109 9,01*109 

10 2,37*1010 2,37*109 1,87*1012 9,35*1010 9,59*1010 
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ABSTRACT 
 
Earlier there were studied the effect of nanosized aluminum (nAl) particles addition in HMX. It was found 
that nAl was involved in the reaction earlier (in tenth of a microsecond) and had reacted faster (within a few 
microseconds). Unfortunately it had no benefits over the compositions with micron-sized Al (μAl) due to 
relatively high content of alumina. 
A technique was elaborated to produce submicron and nanosized Al particles with metal content compared to 
that of μAl. By this evaporation-in-flow technique, there were produced nAl particles with specially formed 
functional coatings: trimethylsiloxane, (oxy)nitride and fluoro-organic, which prevented surface particle 
oxidation. The samples were studied with SEM and TEM microscopy and X-ray analyses as well. The 
samples with trimethylsiloxane coating demonstrated the highest content of pure Al.  
The suspension atomization drying technique was developed for synthesis of aluminized composite based on 
Hexanitrohexaazaisowurtzitane (HNIW, CL-20). Better oxygen balance of HNIW (0.8) in comparison with 
that of nitramines like HMX, RDX (0.67) permits one to obtain higher effect from Al introduction. HNIW-
based nanocomposites were characterized by SEM, Electron probe and X-Ray techniques. Data on 
composites structure, Al particles distribution and HNIW phase state is presented. Temporal stability of 
composites is discussed. 
Mechanical sensitivity, detonation velocity and heat of explosion (Q) of HNIW+nAl composites were 
measured experimentally. For HNIW+nAl, critical pressures of explosion initiation practically did not 
depend on type of nAl particle coating and it was measured to be little below that of HMX-based 
compositions. Q of HNIW+nAl (85/15) was found to be considerably higher than that of HNIW (7180 kJ/kg 
and 6200 kJ/kg at the charge density 1.70 g/cc and 1.87 g/cc respectively). 
Тhe results were given on the analysis of gas phase detonation products. 
 

INTRODUCTION. 
 
One of the reasons constraining an effective usage of metal nanoparticles, Al first of all, as calorific 

additives to high energy density materials, is their liability to agglomeration, which does not give an 
opportunity of full-scale usage of real nanosize advantages. In detonation processes of reaction of metal with 
HEDM matrix substance (or with the products of its decomposition), an agglomerate works as a unit low 
density particle with sizes of microns or tens of microns. The advantages of small size (reaction rate, reaction 
completeness, small heat capacity end so on), playing the critical role in thermal and chemical processes in 
the explosive system, are practically inaccessible for agglomerated powder.  

Another problem of usage of chemical energy, releasing in reaction of metallic additive with explosive 
matrix, is the presence of relatively thick (10% weigh and more) oxide-hydroxide layer on the particles 
surfaces, that decreases the amount of energy in the system and constrains the beginning of chemical 
reaction.  

The present article completes the series of our work in the field of synthesis and study of aluminized  
high energy density materials with nitramin matrices (nAl-HEDM).  The aim was, from one side, to provide 
as much active aluminum content in nanoparticles as possible, and, from the other side, to distribute them in 
nitramin matrices as uniformly as possible.  

Mechanical mixing of nAl particles with commercial-grade nitramin particles, as we had shown earlier 
([1], see Fig.1 too), does not enhance performance of mixed HEDM, because the non-uniformity scale in this 
case is defined by sizes of bigger particles, explosive matrix in this case. Thus manufactured composition 
looks like a set of coarse nitramin crystals, splitted with streaks of mixture of nAl particles agglomerates and 
nitramin grains fragments. 

The task to manufacture nAl/HEDM composite with uniformly distributed individual nAl particles 
requires first of all to synthesize a powder of weakly bonded nAl particles. To prevent "cold welding" of 
fresh generated nAl particles, a technique of in-flow coating formation was developed [2]. This coating may 



2/10 

 

solve three correlating problems: to weaken bonds between particles, to decrease the thickness of ballast 
layer on the particles surface and to control the initial stages of chemical reaction on the particles surface in 
explosion.  

The technique of atomization drying of nAl particles suspension in nitramine solution, described in 
[2], was used by us to manufacture aluminized composites with HNIW matrix.  

Below we describe synthesis of nAl particles with barrier coatings, synthesis of HNIW-based 
aluminized compozites and some results of study of their properties, including measurements of mechanical 
sensitivity and evaluation of explosion gas phase products. 

 

  
 

А1 B1 C1 

   
A2 B2 C2 
Fig.1 Nano-Al distribution uniformity problem in nAl/HEDM compositions: 
A1 – SEM picture of pressed charge, mechanical mixing of nAl and commercial HMX; 
A2 – SEM picture of pressed charge, composite nAl/HMX, atomization drying approach; 
B1, B2 – Al distribution in charge, characteristic radiation (bright points); 
C1, C2 – Al distribution profile in charge along a cross line (bright line in А1, А2 correspondingly). 
 

 
EXPERIMENTAL. 

 
Composites nAl/nitramin were manufactured using atomisation drying technique, which includes the 

following steps:  
- manufacturing of nAl particles with required <d> and coating type to prevent their agglomeration 

and to provide the compatibility with nitramine solution (to enhance the suspension stability); 
- suspension of stabilized nAl particles in nitramine solution in volatile solvent; 
- suspension atomization drying in the regime to provide formation of least droplets of it and as the 

result fast drying and formation of tiny composite crystals. 
To manufacture ultra-fine nitramin, atomization drying of its solution was used 
 

Synthesis of nAl particles with barrier coatings. 
Synthesis of nAl particles was carried out using evaporation-in-flow technique on the experimental 

facility MIGEN, developed in INEPCP RAS [3].  
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The following substances were tested as surface treatment reactants: 
- saturated and non-saturated carbonic acids (acrylic, methacrylic, propyonic and propyolic);  
- hexamethyldisilazane as the source of trimethylsiloxane coating;  
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Figure 2. SEM images and particle size distributions: 
A – nAl with dry oxygen coating Al100-Ox1 (active Al content 92 weigh %) 
B – nAl with (oxy)nitride coating AlNH-R1 (active Al content 93 weigh %) 
C – nAl with fluoroorganic coating Al100-F1 (active Al content 78 weigh %) 
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- trifluoroacetic acid.  
Except those, non-organic coatings were tested: dry oxide coating, formed in reaction of fresh 

generated nAl powder with oxygene (the reaction is carried out in the regime to exclude the particles 
overheating in this reaction to provide thin oxide layer), and (oxy)nitride coating (high temperature reaction 
of fresh nAl particles with ammonia in inert gas flow [4]). Typical appearances and some parameters of the 
nAl powders are presented in Fig. 2. It should be noted (see Fig 2B), that the shape of nAl particles with 
(oxy)nitride coating (looks like "dried peas") differs substantially from typical for nAl particles with other 
coating types spheroid shape. We believe the shape is due to effect of liquid metalic core shrinkage in its 
solidification, that causes formation of folds in thin solid aluminum nitride coating, which possess much 
lower thermal expansion coefficient in comparison with aluminum.  

To provide the safety of nAl sample usage as an addition to explosive, fresh generated powder was 
stabilized with slow air in-leakage into the nAl manufacturing facility. All nAl particles, including these with 
artificially formed chemically modified layer and oxide-hydroxide self-synthesused in air layer, alter their 
properties for some days. These alterations are caused by gradual growth of oxide-hydroxide layer, partial 
coating hydrolysis in reaction with atmspheric moisture and so on.  

Particularly, it was shown using ESCA technique for nAl with (oxy) nitride coating, that relative 
abundance of atoms [N]:[O] alters from 0.7...1 in the surface layer  to 2.5 in internal coating layers. The 
picture seems is due to partial hydrolysis of nitride coating in the coating upper layer due to aluminum 
nitride hydrolysis in contact with atmospheric moisture. 

All samples looks like grey agglomerated powders with various tints. nAl powders with organic and 
methylsiloxane coatings exhibit pronounced hydrophobic properties, while nAl powders with thin oxide and 
(oxy)nitride coatings are hydrophylic. Powder Al(100-F1) in contact with water distributes rapidly on its 
surface to form thin film with pronounced metallic luster. One should note fluro-organic coatings are not 
stable enough: they loose their hydrophobic properties during storage in non-sealed vessel for a year. 

Relative abundance of metal ("active") aluminum in the majority of samples, measured using 
hydrogen evolution in direct reaction with KOH 10% solution was about 90% weigh, except nAl powder 
with fluoro-organic coating (<80%). It is interesting to note, that the sample with artificial dry oxide coating 
exhibits higher active metal content in comparison with the powder, treated with natural atmospheric air, 
other conditions being the same. 

 
Individual and composite HEDM manufacturing technique. 

Though HNIW possesses higher sulubility in acetone (28…46%) in comparison with RDX (6.8%), 
HMX (2.5…2.8%) at room conditions, a series of experiments on its solution atomization drying does not 
give an opportunity to enhance the explosive concentration in the solution -- an increase of concentration up 
to even 2 % yields visibly more coarse powder. Thus the regime and the technique, described in [5], remains 
the same. all experiments were carried out with chemically pure crystalline HNIW.  

Experiments show substantial dependence of suspension stability on a type of barrier coating: as for 
other nitramins, suspensions of nAl with organo-silicon coatings were more stable in comparison with the 
suspensions of nAl with non-organic and fluoro-organig coatings. To provide the suspension stability in 
atomization cycle and reproduciility of the result, all atomization experiments were carried out at continuous 
ultrasound sonification of the suspension in atomizer vessel. 

nAl suspension was atomized with compressed air at laboratory facility based on standard oilless 
compressor and air atomizers with nozzle diameters 0.7...0.8 mm.  

Typical atomization parameters were: input air pressure 2…3 atm; air consumption 2…2.5 m3/hour; 
suspension (or pure nitramin solution) consumption 10…15 ml/min. Dry product collection effectiveness 
was ca. 95%, the facility output ca. 10-12 g/hour (to obey safety rules, one cycle of atomization yields not 
more than 2-3 g of the dry composite). 

Composite (nitramin) power is collected with a fabric filter, to enhance the powder collection 
effectiveness, directed air flow was set insides the filter by low air depression from behind the filter.    

Taking into account strong electrization of the dry powder (ecpecially this effect is observed on 
composites with Al100-F1 filler), filter fabric was treated with antistatic compound before each atomization 
cycle.  

Relative content of nAl in dry matter was ca. 15% weigh. 
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HEDM structure and morphology analysis. 
 
Ultrafine nitramines 
Ultrafine HNIW, manufactured using atomization drying of 1% solution in acetone looks like white 

powder with bulk density less than 0.15 g/cm3. Typical appearance of the powder particles, obtained useing 
SEM technique, is presented in Fig. 3B. The particles look like "perforated leafs", plain or sperical sectors. In 
principle, analogous picture is observed in some regimes of HMX solution atomization (Fig.3.A), thuogh its 
particles shape is more like "perforaed spheroids". In some atomization regimes, HMX and RDX form more 
dence structures, that looks like small crystallites, but this type of structure was not observed for HNIW. The 
reason seems is connected with the fact, that for HMX and RDX solutions the concentration of 1% is not far 
fron the saturation one, while this value is only a few persent of saturation concentration for HNIW. 

X-ray phase analysis technique showed that in dependence on atomization conditions utrafine nitranim 
includes stable phases, methastable phases and some amount of nitramine in amorphous state. 

Particularly, X-ray pattern of fresh atomized HNIW exhibits visible halo of amorphous state in 
comparison with the pattern of initial coarse powder [Fig. 4A]. This halo is observed for a year of the powder 
storage at room condition, i.e. there is not crystalline relaxation to stable state. Analogous picture was earlier 
observed for HMX too.  

It is to be noted that crystalline structure of ultrafine HNIW manufactured using atomization drying 
approach is sensitive to the presense of trace water in acetone: ultrafine HNIW powder, obtaind by 
atomization of HNIW solution in "wet" acetone consists mainly of the powder inmethastable β-modification, 
while atomization of HNIW solytion in 'dry" acetone yields mainly HNIW powder in stable ε-modification, 
or a mixture of β- and ε-modifications. 

 

  
 

  
A B 

Figure 3. SEM images of ultrafine nitramins, manufactured using 1% solution atomization drying approach: A – 
HMX; B – HNIW. 
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A B 

Figure 4. X-Ray phase analysis data. 
A - HNIW diffraction pattern:  
1 – atomized (β-phase mainly); 
2 – исходный (ε-phase mainly). 
B – Al-HEDM diffraction pattern (HNIW, nAl with trimethylsiloxane coating), atomization drying technique: 
3 – bulk (β-phase mainly); 
4 – pressed sample. 

 
nAl-HEDM composites. 
Aluminum nanopowders with functional coatings were introduced into nitramin solution after at least 

10 days storage for their stabilization. Typical nitramin concentration in solution was 1% weigh, relative nAl 
content – 15% weigh in dry substance. The procedure was analogous to that described earlier in [6] for HMX 
and RDX matrices. 

It was found that barrier coating composition not only influences on the suspension stability, but on 
the atomization process peculiarities too. In particular, it was noted that the mass liquid efflux rate for 
suspension of nAl with fluoroorganic coating is substantially higher in comparison with other coatings types. 
The reason is seems connected with partial outwash of the coating components, which alter appreciably 
rheological properties of the suspensions other conditions been the same. 

Thus manufactured nAl/HNIW composite samples looks like dark grey powders with relatively low 
bulk density (~0.1…0.15 of pre-calculated). Typical SEM appearance of the composite particles is presented 
in Fig. 5 (B,D). One can observe both laced spheroids and more dence objects looking like small crystallites  
Analysis of composites morphology revealed the dependence of their structure on type of nAl coating type. 
Thus particles of nAl with trimethylsiloxane coating are encapsulated into the HNIW matrix structures (Fig. 
5B), while particles of AlNH-R1 (oxy-nitride coating) and Al100-F1 (fluoro-organic coating, Fig. 5D) are 
segregated from HNIW matrix. To improve the uniformity of composites with these coating and depress 
particles segregation, seemingly additional components should be introduced into the solution or onto the 
particle surface. Analogous pictures were observed for RDX and HMX matrices too (Fig.5A and 5C 
correspondingly). 

Phase composition of aluminuized HNIW-based composites does not correspond to stable ε-
modification and does not relax to it for at least one year of storage (Fig.4B). The sample pressurization does 
not cause appreciable changes in phase composition too. This picture is analogous to that observed for pure 
HNIW (see above). 

Active aluminum content does not alter, according to X-ray phase analysis data, during at list 2 year 
storage at room conditions in bulk. 
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A. Al1-7s/RDX (dimethylsiloxane coating) B. Al1-6s/HNIW (trimethylsiloxane coating) 

 

 

C. Al2-Ox/HMX (dry oxide coating) D. Al1-F/HNIW (fluoroorganic coating) 
Figure 5. SEM images of composites nAl/nitramin, manufactured using suspension atomization 
drying technique. 

 
Mechanical sensitivity measurements. 

Experimental study of mechanical sensitivity of HNIW and nAl-HNIW composites was carried out 
using "drop weight" [5] and "disintegrative tube" [6, 7] approaches. As a measure of mechanical sensitivity, 
an explosion initiation critical pressure (Рcr) was used: the less is the value of Pcr, the higher is the explosive 
composition mechanical sensitivity.  

Earlier [1,8,9] the results of measurements of mechanical sensitivity for HMX and RDX-based 
composites were presented. 

Four samples of HNIW with particle size 150...1200 µm were studied using drop weight technique. 
Explosion initiation occurs as the result of fragile failure of the sample and is accompanied by loud sound 
effect, bright splash and by the presence of high-temperature burns on end surfaces of punches. It was found 
that the value of explosion initiation critical pressure is practically independent of the explosive particle size 
and for studied samples is about (0.45±0.02) GPa, , while compression strenght of it is 0.15 GPa (See Table 
1). As the result, one can conclude HNIW mechanical sensitivity value lays between those for TEN and 
BTNEN.  

5 μm 
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Disintegrative tube test was used both evaluation of Pcr for HNIW (coarse and atomised) and for 
nAl/HNIW composites, obtaind using atomization drying technique. It was found that coarse HNIW with 
particle size ~200 µm exhibits Ркр = (0.62±0.02) GPa, while the same material after atomization drying 
shows Ркр = (0.68±0.02) GPa. It is interesting that both values are high in comparison with that  for drop 
weight tests that may be connected with another type of the sample loading (slow static pressure increase is 
more soft type of loading than impact). Higher value of Ркр for ultrafine HNIW in comparison with that of 
coarse powder may presumably be explained by less defectiveness of atomized product or by the fact the 
pressurization loading of coarse crystal bulk charge may cause higher bend stresses in crystals.  

Addition of nano-aluminum to HNIW increases the samples sensitivity substantially. Disintegrative 
tube tests show that mechanical sensitivity of nAl/HNIW atomized composites is characterized by the values 
of Pcr by about 0.15 GPa lower in comparison with that for HNIW itself: e.g. Рcr = (0.48±0.03) GPa in case 
of nAl filler with organosilicon coating (see Table 1). The value of explosion initiation critical pressure 
exhibits only a weak dependence on the character of surface coating: Composites HNIW/Al100-F1 and 
HNIW/AlNH-R1 possess Рcr, equal to (0.45±0.03) GPa and (0.47±0.02) GPa correspondingly. 

The same effect of Pcr decrease for aluminized explosive composites was observed earlier for RDX 
and HMX too. 

 

Table 1. Critical pressures of explosion initiation in aluminized HEDM, measured using 
desintegrative tube test. 

Sample Pcr, Gpa Comment 

HMX  0.99 ± 0.03 Commersial, d (10 – 30) m  

BTNEN  0,79 ± 0,02  

Lead azide  0,38 ± 0,03  

HNIW  0.62 ± 0.02 d ~ 200 m  

HNIW/Al1-6s ~0.50 Composites manufactured using suspension 
atomization drying technique  

HNIW/AlNH-R1  0.47 ± 0.02 

HNIW/Al100-F1 0.45 ± 0.03 

RDX/Al1-1s 0,37±0,02 

HMX/Al1-6s 0.71 ± 0.03 

HMX/Al1-6s 0.49 ± 0.01 HMX commercial, d (10 – 30) m,mechanical 
mixture with nAl 

HMX/Al1-6s 0.64 ± 0.02 HMX atomized, d (0.7 – 3) m, mechanical 
mixture with nAl 

 
Explosion products analysis. 

Analysis of gas phase products of explosion in inert medium (argon) in calorimetric bomb was 
fulfilled using mass-spectral and chromatographic approaches. Chromatographic analysis was carried out by 
two chromatographs in tandem scheme. Chromatographs were equipped with thermal conductivity detectors 
and columns with Porapac R (grain 0.18…0.25 mm) in the first one to register the content of methane and 
carbon dioxide in the explosion products (argon, nitrogen, oxygen and carbon monoxide are not subdivided 
in the first column) and zeolite CaA (grain 0.25…0.5 mm) in the second one for chromatographic separation 
of hydrogen, nitrogen and carbon monoxide. Argon and oxygen were not separated from each other in the 
second column. 

Relative abundance of argon and oxygen in the gas mixture and abundances of nitrogen oxides were 
determined by mass-spectral analysis. 
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All measurements were fulfilled for a steady state of gas phase products when all by reactions in the 
reaction chamber completed. 

Some results of the measurements are presented in Table 2 for various compositions based on HMX 
and HNIW. 

 

Table 2. Composition of detonation gas phase products. 

 
Sample 

Gase phase composition, vol. % 
Н2 СН4 СО NOх 

  
CO2 O2 

НМХ(comm.) 11 0.62 14 13.5 н.д. 0,04 
Al1-6s + HMX(comm.) 
(mech. mixt.)) 

32 0.9 24 3.35 н.д. 0,3 

Al1-6s + HMX(atomized) 
(mech. mixt.) 

32 1 23 3 н.д. 0,25 

Al1-6s/НМХ (atomization 
drying composite) 

34 0.88 29 3,1 н.д. 0,02 

Al1-6s/НNIW (atomization 
drying composite) 

29 n.d. 20 0,22 4.4 2,9 

Relative Al abundance in all composite HEDM is 15 weigh % in dry state. 

 
One can see from the Table that an addition of 15% weigh of nAl to nitramin explosives substantially 

changes the composition of explosion gas-phase products, namely, final concentration of Н2 and СО raises 
while residual concentration of N2O drops. The observed picture may witness the reaction of the majority of 
oxygen from nitramins with metallic aluminum. As the result, molecular hydrogen yield increases (seems, 
the reaction channel to generate Н2О is blocked), carbon monoxide yield increases too (the fact may be 
connected both with the lack of free oxygen in the reaction process and with the increased explosion 
products temperature that is really observed). N2O evolution decreases in the reaction products seemingly 
due to blockade of its formation reaction channel because mass-spectral analysis does not show an increase 
of molecular nitrogen in the reaction products of aluminized composites.  

There was not found any dependence of the explosion gas phase products composition on a technique 
to manufacture aluminized composite. 

The composition of explosion products of the composite Al1-6s/HNIW, manufactured using 
suspension atomization drying technique, after completion of post-reactions, is as follows (in volume 
percent): H2 – 29%, N2 – 44%, CO – 20%, CO2 – 4.4%, O2 – 2.9%. Except that, nitrogen oxide (about 0.2%) 
and dioxide (~0.02%0 were detected in the reaction products.  

The accuracy of gaseous products relative abundance measurements was better than 10% of a 
measured value for chromatographic studies and is determined generally by the accuracy of chromatographic 
peaks areas measurement. Mass-spectral analysis exhibited approximately the same accuracy. 

Unfortunately, correct analysis of solid state explosion products failed to carry out in the experimental 
embodiment, but according to preliminary qualitative data the main explosion solid product was Al2O3 in 
amorphous state and in crystal state φ, χ, γ. Traces of non-reacted metallic aluminum were found only in 
solid explosion products of mechanical mixture of nAl with commercial HMX. The fact is connected seems 
with the obvious initial non-uniformity of explosive mixture. 
 
CONCLUSION. 

1. The laboratory technique is developed to manufacture composite material with high energy density 
matrix (nitramin: RDX, HMX, HNIW) and nanoscale aluminum filler using atomization drying of nAl 
suspensio in nitramin solution. A series of pure atomized nitramins (crystallite particle size ~1 mcm) and 
nAl/nitramin composites with uniformly distributed nAl particle in nitramin matrix were manufactured. 

2. It was found that crystal structure of individual ultrafine nitramins is substancially dependent of 
atomization parameters amd may differ from that of nitramin in stable coarse state. Characteristic structure 
relaxation time is some tens days for RDX and HMX), but in case of HNIW crystalline structure dioes not 
relax to stable modification at leat for 2 years at laboratory conditions. 

3. An uniformity of nAl distribution in nitramin matrix is sensitive to the type of barrier coating 
applied. As the result, both true composites with uniform nAl particulete filler distribution (typical for nAl 
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with methylsiloxan coating), both mixtures with visible segregation of nAl particles from nitramin matrices 
(e.g. for nAl with fluoroorganic coating). Nitramin crystalline structure may substantially differ from that for 
coarse nitramin stable state. Phase composition of true composite is characterized by the presense of 
relatively large amount of nitramin in amorphous state. 

5. Both ultrafine nitramins and nAl/nitramin composites, manufactured using atomization drying 
technique, exhibit high self-electrization properties and possess extremely low bulk density (ca. 0.1…0.2 
g/cm3).  

6. Gas phase products of explosion in inert atmosphere were analyzed using chromatographic and 
mass-spectral analyses. It was shown, that the presense of nAl in HEDM charges with nitramin matrices 
substantially vary explosion gas phase products composition: concentration of Н2 and СО raises while an 
amount of N2O decreases. That means that a large amount oxygen atoms of nitramin molecules react with 
metallic aluminum in the composite. Practically total metallic aluminum oxidation is observed when the 
content of nAl additive in HEDM is 15% weigh in dry substance.  

7. It was found that HNIW-based aluminized nanocomposites manufactured using atomization drying 
technique are characterized by substantially higher mechanical sensitivity in comparison with that of HMX-
based composites, provided that the sensitivity is practically independent of the type of applie coating on nAl 
particles.  

Further study may be directed to investigation of temporal stability of the nAl/nitramin composites and 
characterization of their explosion performance. 
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ABSTRACT 
 
Obtained in present work the effect of titania on HMX combustion is studied in detail to clarify the influence 
of the content and the crystal modification of TiO2, and the particle size of both HMX and TiO2. It was found 
that the optimal catalyst content is 3 wt%: it leads to the pressure exponent decrease from 0.81 for HMX 
monopropellant to 0.65. Observed catalytic effect was found to be unaffected by the crystal modification of 
TiO2, whereas the specific surface value is a key parameter. Only titania powders with the high specific 
surface (above 100 m2/g) have the significant influence on the pressure exponent and the burning rate. For 
HMX with a smaller particle size the observed catalytic effect is more pronounced and the pressure exponent 
drops to 0.61. For system with catalyst the obtained from thermogravimetry activation energy was 158 
kJ/mol, whereas for neat HMX it was 193 kJ/mol. Using kinetic parameters and literature data pressure 
exponent value for HMX with TiO2 close to experimental was calculated, proving the influence of catalyst in 
the condensed phase. 
 
 
INTRODUCTION 
 
 Propellants containing HMX (octogen) are of considerable interest for solid rocket propulsion 
because of their high potential specific impulse, thermal stability, density, and their smokeless combustion 
products. The pressure exponent (v) of the HMX-based compositions is quite high, whereas for the stable 
operation of rocket engine the low v value is required. In contrast to AP (ammonium perchlorate) 
propellants, the nitramine-based systems are limited by an inability to tailor their burning rates by the particle 
size variation and by the catalyst addition [1-3]. In literature there are some data about influence of additives 
on thermolysis or combustion of the HMX-based compositions.  

It was shown that several compounds (including TiO2), which decrease the pressure exponent for AP 
and AN (ammonium nitrate) systems, have no effect on the burning rate of the HMX propellants [4]. Some 
metal boron hydrides lead to the burning rate changes: addition of 10% LiBH4 to HMX reduces the ignition 
time in 3 times and increases the burning rate in an order of magnitude [5]. The effect was also revealed for 
the RDX (hexogen) and for borohydrides of Na and Mg. The addition of 10% NaBH4 to HMX (with 2% 
wax) increases the burning rate from 9 to 17 mm/s at 7 MPa with the pressure exponent decrease from 0.9 to 
0.6 [3]. The addition of hydrazine monoborane (m.p. 62°C) to HMX induces a super-rate burning [2]. The 
drawbacks of borohydride additives are their hygroscopy and toxicity.  

 The influence of metal cupferronates, formiates and oxalates on decomposition of HMX was 
investigated in [6,7]. The decomposition rate of the HMX-additive system was found to be influenced by the 
binding energy of the metal cation in the additive compound. Authors [6,7] have concluded that the metal 
and in some cases the metal oxide, which are the products of the additive decomposition (prior to the HMX 
thermolysis) has the catalytic effect on the nitramine decomposition.  
  The influence of perovskite-type (LaMeO3) additives on the HMX decomposition process was 
reported [8-10]. The onset decomposition temperature of HMX was decreased in 30°C when 5wt.% of 
LaFeO3 or LaMnO3 are added. The activation energy of the HMX thermolysis drops from 149 to 110 kJ/mol 
with the addition of LaMnO3. The authors assume that the possible reason of this effect is the influence of 
absorbed water or a catalysis reaction between CO and NOx.   

The addition of complex catalyst 1.5%PbO/3% copper acetate/0.8% soot was shown to increase the 
burning rate of HMX at pressures less than 3 MPa [11]. 



Our previous study revealed that among several nano- and ultra-fine powders known as additives for 
AP, AN or double-based propellants, i.e., NiO, PbO, carbon, TiO2, and Fe2O3, the significant catalytic effect 
on HMX combustion was found to be for titanium oxide only [12]. At that time the fine metal titanium 
(SBET=41 m2/g) has no effect on HMX combustion. Titanium oxide occurs in nature as well-known minerals 
rutile, anatase and brookite (and additionally as two high pressure forms). Nano-TiO2 anatase powder was 
found to be active in the photocatalytic degradation reaction on HMX in solution, whereas the catalysis 
activity of TiO2 is affected by the particle granularity [13]. 

This article reports the catalytic effect of titanium oxide on the HMX thermal decomposition and 
combustion. The influence of HMX and TiO2 granularity, the titanium oxide content and crystal modification 
are analyzed and discussed.   
 
 
EXPERIMENTAL 
 

Scanning electron microscopy (Phenom and Quanta 200 3D, FEI) and atomic force 
microscopy (NTEGRA Prima, NT-MDT; cantilevers Tl02, MikroMash, with curvature radius ≤10 
nm) were used to investigate morphology of the materials. The BET surface area was measured with 
FlowSorb III 2305 (Micromeritics, USA) by the measuring adsorption of gas mixture (30%N2/70%He) on 
the powder’s surface. XRD patterns were obtained using diffractometer ADP-1 with Co-Kα radiation. 

The investigation of the thermal behaviour was carried out using a simultaneous thermal analyzer 
STA 449PC (NETZSCH). The sample of about 2 mg was placed in closed alumina pans with pierced lids 
under an argon atmosphere. For thermokinetic modeling the Netzsch Thermokinetics® software was 
used. 

Initial components were mixed in “Turbula”-type mixer during 60 min (so-called “dry” mixing). 
After mixing, compositions were pressed at load 350 MPa for 3 minutes. The sample pellets were 
cylindrical, 8 mm in a diameter, coated on a lateral surface with an epoxy. The experimental investigation of 
the burning rate was performed using a constant pressure bomb (volume 1.5 l) in nitrogen atmosphere. The 
combustion velocity was measured using a pressure-time signal and a high-speed video-recording (1200 fps, 
Casio EX-F1, Japan) with accuracy less than 5%.  
 
MATERIALS 
  

Table 1 shows several commercially available titanium oxide powders along with results of XRD 
and BET examination. Two crystal modifications of titania were used. In addition, the anatase powder (N1, 
table 1) was heated and cured at 1200°C to obtain rutile powder but because of sintering, with drastically 
decreased SBET.  

 
Table 1. The crystal phase (proved by XRD) and specific surface of titania powders (BET)  

N Material Phase SBET, m2/g 
1 Hombitan F 9004/24 VP Anatas  anatase 230 
2 Tayka ТКР-102  anatase 110 
3 Hombitan F 9004/25 VP Rutil  rutile 90 
4 powder n.1, heated and cured at 1200°C rutile 2 

 
The microstructure of investigated powders was characterized by SEM and AFM at several 

magnifications. The anatase powder (N1, table 1) is composed of micron-sized aggregates of irregular shape 
resulting from the agglomeration of smaller particles (fig. 1a).  These last particles have a size of some 
nanometers (fig. 2a) providing a very high specific area of this powder. The similar structure has rutile 
powder (N3, table 1), where the micron-sized aggregates have a rounded shape, in turn formed by nanosized 
elongated particles (fig. 2b). The XRD-peaks broadering of this powder also reveals the nanometer size and 
the elongated shape of the particles with the minor axis size about 10 nm.   

 



a) b) c) 
Fig.1. SEM images if titanium oxide powders: a)N.1; b)N.2; c)N.3. 

 

a) b) 
Fig.2. AFM images of titania: a)N.1;b)N.3 (scan size 1x1 mkm, height in nm). 

 
To investigate influence of HMX particle size two powders were used – with D43=7 mkm (denoted “M”) and 
D43=40 mkm (“L”). 

 
 

RESULTS 
 
BURNING RATE TESTS 

 
The efficiency of additive compound (Z) on HMX combustion was estimated as a ratio: 

Z = UHMX+additive/UHMX,                                                               (1) 
where UHMX, UHMX+additive – burning rates of HMX-monopropellant and of binary composition with additive, 
respectively, taken at the same pressure.  
 Figure 3 represents Z values at various TiO2(N1) content in compositions with HMX(L). The 
burning rate increases in the range of additive content up to 6%, but Z values depends differently on titania 
content  for the different pressure levels. For minimal pressure exponent a maximal increase in burning rate at 
low pressure and a minimal one at high pressure are necessary. For the further experiments 3wt. % of titania 
was selected as best fitting this criteria.   

In the pressure range 2-14 MPa the burning rates for different HMX-type powders with 3wt. % 
titania are presented in fig.4. The burning rate values for HMX-monopropellant with different particle size (L 
and M) almost coincide, and can be approximated by one law with pressure exponent of 0.81. However for 
systems with TiO2 additive the influence of HMX particle sizes is apparent (fig.4). For HMX with coarser 
particles (L) burning rate increases comparing to monopropellant at 2 MPa in 50%, and at 9 MPa – in 20% 
with the pressure exponent drop from 0.81 to 0.65. The minimal pressure exponent of 0.61 is obtained for 
HMX(M) compositions with 3wt.% anatase with the highest specific area (N.1). 
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Fig.4. Burning rate vs. pressure for investigated 
systems (log-log scale) 

 
In fig. 5 the additive efficiency and pressure exponent are shown as a function of titanium oxide specific 

surface. The higher the specific area the smaller pressure exponent. Two additives, i.e., rutile (N.3, SBET=90 
m2/g) and anatase (N.2, SBET=110 m2/g) show a little difference in v and Z indicating that observed catalytic 
effect is unaffected by the crystal modification of TiO2. The SBET value is a key factor to estimate an 
efficiency of TiO2 addition. Using TiO2 with SBET less than 90 m2/g apparently is unpractical because of the 
low influence on the burning rate even at 2 MPa.  
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Fig.5. Additive efficiency (black bubble) and pressure exponent (red) values vs. specific surface area of TiO2. 
 

Obtained results are surprising considering that previously in literature [4] titanium oxide is 
supposed to be ineffective as a HMX catalyst. The result of our investigation of TiO2 with different grade is  
that this conclusion is true for titania powders with the low specific area. To obtain a pronounced catalytic 
effect on HMX combustion, the SBET level of titania is found to be at least above 100 m2/g. In this case, the 
optimal additive content providing considerable decrease of pressure exponent with the rise of the burning 
rate is 3wt.%. 
 

 
THERMAL ANALYSIS 

 



For detail investigation of the HMX decomposition in the presence of titania thermal analyzer was 
used. Conditions of experiment and results for neat HMX were performed earlier [14]. The addition of 
titanium oxide lowers the onset decomposition temperature either at low heating rate (0.5K/min curves 1 and 
2 on fig.6), when decomposition occurs below HMX melting point [15] or at high heating rates (10K/min, 
curves 3 and 4 on fig.6). The increase of TiO2 content to 6% leads to higher HMX mass loss at the certain 
temperature (fig.7). 

 

Fig.6. TG curves for: 1)HMX(L), 0.5 K/min; 2) 
HMX(L)/TiO2(N.1), 0.5 K/min; 3) HMX(L), 10 
K/min; 2) HMX(L)/TiO2(N.1), 10 K/min. 

Fig.7.TG curves for HMX(L) with various titania 
content (showed on the plot). 

 
The activation energy Ea and preexponential factor A were calculated from TG data at low heating 

rates (0.5,1,2 K/min) using thermokinetic modeling.  
The first step of multi-step process of the thermal decomposition of investigated compounds was 

modeled by one-stage process A → B. Generally, the following model describes the reaction: 
)()()( / ααα fAefTkr RTE

dt
d a−=== ,                                               (2) 

where α is the degree of conversion, r denote reaction rate, f is the kinetic function depending on α, and k(T) 
obeys the Arrenius temperature dependency of the rate constant.  

As the result of thermokinetic calculation, the f(α) dependency for decomposition of mixture of 
HMX(L) with 3%TiO2(N.1) is a 2-dimensional diffusion: 

)1ln(
1)(

α
α

−
−=f                                                                    (3) 

For neat HMX the best-fit mosel is 1st order autocatalysis (details in [14]), where: 

)1()1()( ααα ⋅+⋅−= catKf ,                                                         (4) 

(Kcat – autocatalysis coefficient, α – product concentration). 
Detail description of calculation method and the kinetic parameters for neat HMX can be found 

elsewhere [14]. The activation energy, preexponential factor, and correlation coefficient (R2) values for 
HMX and HMX with titania are listed in table 2. The lowering of the activation energy of thermal 
decomposition for binary composition in comparison to neat HMX reveals the catalytic effect, whereas the 
change of the reaction type from autocatalysis for HMX to 2-dimentional diffusion for binary mixture proves 
the catalytic effect to be surface-dependent. 

 
Table 2. The thermokinetic modeling results and the calculated and experimental pressure exponents 
 Ea, kJ/mol log(A, s-1) R2 v (calculated) v (experiment) 
HMX(L) 193 16.4 0.993 0.79 0.81 
HMX(L)+3%TiO2 158 12.3 0.992 0.64 0.65 

 
 

PRESSURE EXPONENT CALCULATION 
 

Assuming the condensed-phase mechanism of the combustion propagation, the burning rate can be 
expressed as follows [16-18]: 

100 150 200 250 300
Temperature /°C

0

20

40

60

80

100
[1]

TG /%

2 
1 

4 

3 

100 150 200 250 300
Temperature /°C

20

40

60

80

100
[6]

TG /%

1.5 3 
0.8 
0 

6 



)/exp()(
)/(

2 2

2
0

2
2

sa
a

s

pmsp

RTEA
E

RT
cLTTc

Qm −⋅⋅
+−

= χρ                           (5) 

where m is the mass burning rate; сp – specific heat capacity; ρ – density; χ – thermal diffusivity for the 
condensed phase; Ts – surface temperature; Q – heat release on the surface; Ea is the activation energy; and А 
is the preexponential factor for the leading stage of combustion in the condensed phase. The expression (Ts-
T0+Lm/cp) determines the warming-up of the condensed phase from initial temperature T0 to surface 
temperature Ts with allowance for melting and phase transition heat Lm.  

Equation (4) was applied for the HMX in [18] to obtain kinetic parameters, we resolve inverse 
problem – using known Ea calculate pressure exponent. 

Considering the combustion surface temperature to be defined by the evaporation temperature, 
dependency of Ts on pressure and heat of evaporation (Hev) is expressed as: 
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Summarizing, dependency of burning rate on pressure (5) can be performed as: 
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The pressure exponents for neat HMX and HMX/TiO2 compositions were calculated by (7) using 
obtained activation energy values (table 2) and experimental data from [18], i.e., Hev=117 kJ/mol; 
ln(P)=21.717 – 14091.6/T. Comparison of experimental and calculated values of v (table 2) shows a good 
agreement, which reveals the condensed-phase processes to define the combustion parameters of HMX 
(previously shown in [18]); whereas for HMX/TiO2 system it confirms that the catalyst influence of titania to 
be realized in condensed phase also. 

 
 

CONCLUSIONS 
 

In contrast to previously supposed titanium dioxide to be ineffective as a HMX catalyst, we found 
out that titania powder of high specific surface pronouncedly influences the thermal decomposition and 
combustion of HMX.  The activation energy of HMX thermolysis decreases from 193 kJ/mol to 158 kJ/mol 
when 3wt.% TiO2 was added. Thermokinetic modeling revealed the considerable change in reaction 
mechanism from autocatalysis for HMX to 2-dimentional diffusion for binary mixture proving the catalytic 
effect to be surface-dependent. Experimental study of combustion parameters showed that the optimal 
catalyst content was 3 wt%. The addition of 3 wt% of anatase with surface area of 230 m2/g results in 50% 
burning rate increase at 2 MPa and in 20% – at 9 MPa with the corresponding pressure exponent decrease 
from 0.81 for HMX monopropellant to 0.65. For HMX with a smaller particle size the pressure exponent 
drops to 0.61. Observed catalytic effect is unaffected by the crystal modification of TiO2, but is defined by 
specific area: a pronounced TiO2 influence of titania is found for powders with SBET above 100 m2/g. The 
influence of catalyst in the condensed phase was proved by good agreement of experimental pressure 
exponent values with the calculated ones obtained assuming the condensed-phase mechanism of the 
combustion propagation. 
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Abstract 

An experimental evaluation for studying the effect of carbon nano fibrils ( 0-5 parts) on the 
performance of magnesium/teflon/viton pyrotechnic system has been carried out. In the present study 
carbon nano fibrils were used as burn rate modifier (1 to 5 part) in the magnesium / teflon / viton (48 /48 
/4) IR flare composition. The compositions were studied for IR intensity, IR efficiency and burn rate. The 
performance of the compositions was compared with magnesium /teflon/viton composition.  

Introduction 
 Military targets such as tank, warship and aircraft emit IR radiations significantly in different IR 
wave bands.  Therefore, these targets can easily be detected and destroyed using IR guided missile by 
sensing IR radiation.  Missiles with infrared guidance are widely deployed in anti-aircraft warfare.  These 
missiles are commonly employed in both surface to air and air to air roles.  The characteristics of 
complete passive homing, maximum secrecy of attack and high accuracy of weapon delivery associated 
with these weapons give them a different edge over other weapons employed in similar roles.  

Decoy flares are used defensively by combat aircraft to evade heat-seeking missiles directed at 
such aircraft by an enemy.  At an appropriate time after the enemy launch a heat seeking missile, the 
targeted aircraft releases a decoy flare.  The decoy flare’s  IR output is such that it simulates the IR 
signature of  engine of the targeted aircraft.  Ideally, the missile locks onto and destroys the decoy 
allowing the targeted aircraft to escape unharmed. IR decoy flares currently in use are based on 
magnesium/teflon/viton (MTV) compositions and are preferred because of their large energy output as 
compared to other pyrotechnic compositions. 

 The burn rate of energetic compositions such as pyrotechnics and propellants is defined as the 
distance traveled per second by the flame front perpendicular to the exposed surface of the energetic 
material. The burn rate is dependent upon the pressure of the surrounding gas phase. The relationship may 
be expressed r = KPn, where r is the burn rate, K is a proportionality constant; P is the pressure, and n is 
the pressure exponent.  

It is desirable often to tailor the burn rate for specific applications. Tailoring the burn rate of 
energetic compositions is important in design of products with specific burn times and mass flow outputs. 
For example, a pyrotechnic obscurant composition with a low burn rate may not produce enough smoke 
to provide the desired obscuration effect. If a propellant burn rate is too low, the gas output or thrust may 
be insufficient. Similarly, a pyrotechnic IR flare composition with low burn rate will emit the IR radiation 
of low intensity, which may be insufficient for a particular application.  

For a high energy reaction to proceed rapidly, the oxidizer must be in intimate contact with fuel. 
Finer particle size will increase this contact, due to  increase in the available surface area of the particles. 

 Literature survey indicates that incorporation of nano materials in the energetic materials 
formulations increases the burn rate1-5. Many researchers have demonstrated that Alex aluminum 
powder, when mixed with solid oxidizer, increases burn rate over propellant with standard grade 
aluminum. Chaivirini et al. reported an increase of 70 % of the mass burning rate of HTPB based solid 
fuels by addition of 20% Alex powder. Simonenko and Zarko confirmed the increase in burning rate of 
propellant with Alex loading. Poehlem et al. have presented a comparative study of ultra fine aluminum 
in pyrotechnic compositions. This study shows that replacing of magnesium in magnesium/ teflon/viton 
(MTV) formulation by ultrafine aluminum in fuel rich composition (54-55 % Mg), Alex serves as a burn 
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rate accelerant, whereas the Al composite does not appear to enhance the burn rate. Lessard and co-
workers reported the results of aluminum and silicon metal nano powders incorporated in rocket 
propellants and gun powder. Results show that for the GAP/AN (glycidyl azide polymer / ammonium 
nitrate) propellant, Alex is modestly effective only at high metal content and high pressure, whereas for 
HTPB/ ammonium perchlorate propellant Alex increases substantially the burn rates (100-125%) and 
shows maximum at 20% of metal content. Use of conductive carbon fibrils into energetic compositions 
to enhance the burn rate has been reported and 100% increase in burn rate has been observed in 
compositions containing as little as 0.1 weight percent carbon fibrils. 

 Carbon nano fibrils (CNF) generally have a length in the range of 1μm to 10μm and diameter in 
the range of 3.5 nm to 75 nm. Length to diameter aspect ratio is greater than 5, and typically in the range 
of  100:1 to 1000:1. 

In the present study, carbon nano fibrils were used as burn rate modifier (1 to 5 parts) in the 
magnesium / teflon / viton (48 /48 /4) IR flare composition. The compositions were studied for IR 
intensity, IR Efficiency and burn rate.  The performance of the compositions were compared with 
magnesium /teflon/viton composition.  

Experimental     

 Material: 

1 Magnesium Gr. V : Purity 98% 

2 Teflon: Proprietary product of M/S Dupont Co., USA 

3 Viton E 60 C: Proprietary product of M/S Dupont Co., USA, Density: 1.81 g/cc 
4 Carbon Nano Fibril:  High energy carbon nano fibrils,  

supplied by  M/S Chemapol Industries, India 

 Purity: > 95% 

 

Methods: 

Preparation of compositions:  Batch Size - 200 g  

Viton (8g)  was kept for gelling in acetone (200 cc) for 24 hrs. The compositions were prepared 
by coating the magnesium powder with viton solution and sieved through 8 BSS then teflon is added to 
the coated magnesium in wet condition and mixed thoroughly. Finally, carbon nano fibrils (1 part to 5 
parts) were added and mixed. The compositions are dried at room temperature for 2-3 hours.  

Filling and pressing of composition: 

 10 g of each composition was filled in  20 mm diameter tracer cup (steel cup lined with paper) 
and 1 g of booster composition (50 % flare composition + 50 % priming composition)  and 1 g of priming 
composition on top was placed and pressed at 5 ton load for 10 s dwell time.    

Results and Discussion 

Burn rate of compositions are presented in  table 1 and fig.1. The data on burn rates  of 
compositions shows that linear burning rate increases with increase in carbon nano fibril content. This 
behavior results, probably due to increase in thermal conductivity of the composition with increase in 
carbon nano fibril content. Burn rate of the composition with 5 % carbon nano fibril is observed 110 % 
faster than the control  magnesium /teflon/viton composition.  

Effect of carbon nano fibrils on IR Intensity of MTV compositions is presented in table 1 and fig. 
2. This study indicates that IR intensity increases with the increase in carbon nano fibril content upto 4 
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part and than decreased marginally with 5 part CNF. There is a ~ 50 %, 55 % and 30 % more intensity 
than the control composition in 1.1-2.5, 3-5 and 8-13 μm wave band, respectively. IR efficiency of 
compositions are presented in table 1 and fig.3.  IR efficiency decreases with increase in carbon nano 
fibril content. The reduction of efficiency is ~ 22 %, 21 %, and 32 % in 1.1-2.5, 3-5 and 8-13 μm wave 
band respectively. All the compositions emit more IR radiation in 3-5 μm wave band as compared to 
other wave bands. The IR intensity curve of compositions in 1.1-2.5, 3-5 and 8-13 μm  waveband are 
presented in figure 4, 5 and 6 respectively. 

Conclusion 

1. Burning rates of compositions show that linear burning rate increases with increase in carbon 
nano fibril content. 

2. Burn rate of the composition with 5% carbon nano fibril is observed 110 % faster than the 
magnesium /teflon/viton composition. 

3. This study indicates that IR intensity increases with the increase in carbon nano fibril content 
upto 4 parts and then decreases marginally with 5 parts of CNF. 

4. IR efficiency decreases with increase in carbon nano fibril and the reduction of efficiency is 
very less as compared to increase in IR intensity. 

5. The compositions studied may have potential applications in fast burning IR decoy flares. 
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Table1. Burn rate, IR intensity and IR efficiency data of magnesium/teflon/viton/ carbon nano fibrils IR flare compositions 

 

Sr. No. Comp.No. 

Composition 

Mg/teflon/viton/  
carbon nano fibrils 

 

LBR 

(mm/s) 

IR Intensity IR Efficiency 

1.1-2.5 

µm 

3-5 

µm 

8-13 

µm 

1.1-2.5 

µm 

3-5 

µm 

8-13 

µm 

(W/sr) (W/sr) (W/sr) (W-s/sr-g) (W-s/sr-g) (W-s/sr-g) 

1 MTV 48/48/4 2.42 561 532 43 477 464 38 

2 MS-72 48/48/4/1 part 3.04 580 617 40 420 417 28 

3 MS-73 48/48/4/2 parts 3.60 634 665 41 390 400 25 

4 MS-74 48/48/4/3 parts 4.51 781 795 49 383 389 24 

5 MS-75 48/48/4/4 parts 5.09 937 830 58 402 368 26 

6 MS-76 48/48/4/5 parts 5.10 834 822 56 372 368 26 
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Fig. 1 Effect of carbon nano fibrils on burn rate of MTV composition 

 

Fig. 2 Effect of carbon nano fibrils on IR intensity of MTV composition 

 

Fig. 3 Effect of carbon nano fibrils on IR efficiency  of MTV composition 
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Fig. 4 IR intensity curves of magnesium/teflon/viton/CNF in  1.1-2.5 μm wave band   

 

Fig. 5 IR intensity curves of magnesium /teflon/viton/ CNF in  3-5 μm wave band   

 

Fig. 6 IR intensity curves of magnesium /teflon/viton/ CNF  in 8-13 μm wave band  



Pyrophoric Porous Self-Supporting Substrates with Tunable Thermal Response 
 

Zac Doorenbos1, Lori Groven2, Chris Haines3, Deepak Kapoor3, Jan Puszynski*4 

1Innovative Materials and Processes, LLC Rapid City, SD 57702 USA 
2Mechanical Engineering Department, Purdue University, West Lafayette, IN 47907 USA 

3Armament, Research, Development and Engineering Center, Picatinny Arsenal, NJ 07806 USA 
4Chemical and Biological Engineering Department, South Dakota School of Mines and Technology, Rapid City, 

SD 57701 USA 
 

 
ABSTRACT 
 
Many different nano-size metal nanoparticles are pyrophoric when exposed to air.  Pyrophoric materials based 
on iron are highly desirable because iron is readily available and the oxidation product is environmentally 
benign. It has been previously shown that iron nanoparticles can be generated by the reduction of iron-based 
precursors in a hydrogen atmosphere at elevated temperatures.  Combustion temperatures of such produced 
nanosize iron are greater than 900oC in ambient air.  In this work we report a bottom-up fabrication method for 
the formation of porous self-supporting substrates made from multi-walled carbon nanotubes (MWNTs) with 
distributed pyrophoric iron nanoparticles.  The substrates were fabricated by the filtration of aqueous 
suspensions of MWNTs and/or MWNTs/iron oxide nanoparticles followed by the reduction of the iron oxide 
nanoparticles in a hydrogen atmosphere at an elevated temperature.  When the porous self-supporting substrates 
are exposed to ambient air after reduction combustion temperatures range from 500 to 800oC depending on the 
substrate configuration.  This bottom-up approach allows for the addition of secondary fuels such as, Al or TiH2, 
to the substrates during fabrication.  The addition of the secondary fuels allows for increase the maximum 
combustion temperature of the porous self-supporting pyrophoric substrates above 900oC. 
 
INTRODUCTION 
 
During the past decade, research has been focused on the use or addition of various nanoparticles or nano-scale 
materials to improve current technologies.  One of the areas that has received a great deal of interest has been on 
the better protection of soldiers in the field. For the protection of aircraft there are many different types of 
infrared decoys that range from pyrophoric porous foils to MTV flares[1-3]. The current pyrophoric iron-based 
foils, used for low and slow flying aircraft are fabricated, by the leaching of Al or Zn from FeAl or FeZn alloy 
foils using a warm sodium hydroxide solution [4-6].  This research has been focused on the formation of 
pyrophoric foils using an environmentally friendly production method. In addition, our new pyrophoric 
substrates are environmentally benign before and after being ejected from an aircraft and they have a wide range 
of capability to tune their infrared responses.   
 
Alpha iron nanoparticles, which are highly reactive with oxygen and form an environmentally benign oxide after 
exposure to air, were the subject of this research study. While alpha iron nanoparticles can be formed using 
several different methods this research focused on the use of reduction of iron oxide nanoparticles in a hydrogen 
atmosphere [7-9].  It has been previously shown that alpha iron nanoparticles formed using this approach 
generate combustion temperatures greater than 900oC when exposed to air [9,10]. This method is an 
environmentally friendly approach for the production of pyrophoric materials but the problem of particle 
adhesion to a substrate is still a major not fully resolved problem.  
 
In this paper we present a new bottom-up fabrication method for the formation of porous self-supporting 
pyrophoric substrates.  These self-supporting substrates were formed by the filtration of multiple-walled carbon 
nanotubes (MWNTs) and iron oxide nanoparticles dispersed in water.   After reduction in hydrogen at 
temperatures between 350-600oC in a hydrogen atmosphere alpha iron nanoparticle infused MWNTs porous 
self-supporting substrates were formed. These substrates generate combustion temperatures between 350-750oC 
for the duration of several seconds, depending on the substrate configuration and atmospheric conditions. The 



combustion properties of the porous self-supporting suggested that they can be tuned by adjusting the 
carbon/iron ratio or by the addition of other reactive materials such as Al, Si, B and TiH2.     
 
EXPERIMENTAL 
 
The fabrication of the porous self-supporting substrates has been done in three steps consisting of MWNT 
dispersion followed by the dispersion of the nanoparticles with a final processing step of filtration using vacuum 
or pressure filtration. Detailed procedures for the fabrication of the substrates and subsequent reduction and 
thermal response measurement can be found in an article (“Carbon Nanotube Based Pyrophoric Substrates with 
a Tunable Response for Infrared Countermeasures”) published in the proceedings of the 27th Army Science 
Conference [10].       
 
RESULTS AND DISCUSSION 
 
In this work the porous self-supporting pyrophoric substrates were prepared in two different configurations, 
layered and non-layered.  The layered substrates consisted of a layer of MWNTs/iron oxide nanoparticles 
sandwiched between two layers of MWNTs, while the non-layered substrates consisted of a well mixed single 
layer of MWNTs and iron oxide nanoparticles. The fabricated substrates had a diameter of approximately 35 mm 
and a thickness ranging from 100-500 μm depending on configuration and filtration pressures.  A typical 
substrate consists of 40-60 mg of MWNT and 100-450 mg of iron oxide nanoparticles after drying.  Scanning 
electron microscopy (SEM) photographs of a non-layered MWNT porous self-supporting substrate loaded with 
iron oxide nanoparticles is shown in Figure 1.  The highly entangled matrix of MWNT indicates that there is a 
good retention of the iron oxide particles within the porous self-supporting substrate.   
 

  
a      b 

Figure 1: SEM image of a MWNT porous self-supporting substrate loaded with iron oxide nanoparticles, a) top 
surface image, b) cross-sectional image.    
 
While the fabrication of these porous self-supporting substrates is simple and environmentally friendly these 
substrate can be easily tunable.  Three methods that can be used to tune the combustion properties of the porous 
self-supporting pyrophoric substrate were: 1) porosity, 2) MWNT to iron nanoparticle ratio and 3) addition of 
secondary fuels with the MWNT matrix.  The porosity of the porous self-supporting substrates can be varied by 
adjusting the filtration pressure during fabrication, thereby effecting diffusion of oxygen into the porous self-
supporting pyrophoric substrates when exposed to air.  It has been previously reported, that varying the filtration 
pressure from 10 to 50 psi the maximum measured combustion temperatures of the layered porous self-
supporting pyrophoric substrates varied from 550 to 400oC, respectively [10].  The effect of the filtration 
pressure on the maximum combustion temperature of the non-layered substrates has been less pronounced.  
 
The simplest methods for tuning the combustion characteristics of the porous self-supporting pyrophoric 
substrates is by varying the ratio of MWNT to iron nanoparticles.  In Figure 2 combustion temperature 



measurements of porous self-supporting pyrophoric substrates when exposed to ambient air and having different 
initial iron oxide nanoparticle loadings, are shown. 
 

  
a          b 

Figure 2: Dynamic combustion profiles of non-layered porous self-supporting pyrophoric substrates when 
exposed to ambient air, a) with100 and 200 mg of iron oxide nanoparticles and 40 mg of MWNT in the initial 
substrate [10], b) with 450 mg of iron oxide nanoparticles and 50 mg of MWNT in the initial substrate. 
 
The dynamic combustion profiles, shown in Figure 2, indicate that the maximum combustion temperature of the 
porous self-supporting pyrophoric substrates can be easily tuned by increasing the ratios of iron to MWNT in the 
substrate without significantly extending the burn time.  Thermal images from a layered substrate showing the 
combustion characteristics of the layered substrate are shown in Figure 3 with a 1 second interval between 
images.  
 

 
 
Figure 3:  Thermal photographs of a layered substrates fabricated with 200 mg of iron oxide nanoparticles and 
60 mg of MWNT [10].   
 
If the air flows perpendicular to the substrate the combustion temperature is increased is significantly increased, 
as shown in Figure 4.     
 
To increase the combustion temperature or tune the IR spectrum of the porous self-supporting pyrophoric 
substrates can be accomplished by the addition of the secondary fuel such as Al or TiH2 into the aqueous 
suspension before filtration.  In such substrates the pyrophoric alpha iron nanoparticles act as an igniter for either 
the secondary reaction between the iron oxidation product and aluminum or for the decomposition of TiH2 
which occurs around 657oC as measured using to differential scanning calorimetry in air (see Figure 5).    
 
 



 
Figure 4: Dynamic combustion profile of a non-layered porous self-supporting substrate initially loaded with 
200 mg of iron oxide nanoparticles, with higher airflow perpendicular to the substrate surface.   
 
 

 
Figure 5: DSC results showing an ignition temperature of 657oC for TiH2 heated in air at 20oC/min up to 900oC.   
 
A dynamic combustion profile for a non-layered substrate made from 450 mg of iron oxide and 50 mg of 
MWNT with 20 wt% TiH2 is shown in Figure 6.   
 

 
Figure 6: Dynamic combustion profile of a non-layered substrate fabricated using 450 mg of iron oxide 
nanoparticles and 50 mg of MWNT with 20 wt% TiH2.   
 



The dynamic combustion profile shown in Figure 6 indicates that when the TiH2 begins to decompose the 
combustion of the substrate is increase to almost 900oC for a short period of time.   
 
 
SUMMARY  
 
A unique bottom-up method for the fabrication of porous self-supporting pyrophoric substrates, based on iron 
oxide nanoparticles and MWNT, has been developed. The substrates exhibit very good mechanical strength and 
integrity.  These substrates can be easily handled or cut before and after the reduction process while becoming 
brittle after exposure to air and subsequent combustion. The presented results have indicated that these new 
bottom-up approach for the fabrication of pyrophoric substrates has a wide range of capability for tuning 
combustion characteristics by adjusting the ratio of MWNT to iron or the use of secondary fuels.  
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ABSTRACT  
 
The world has significantly changed since the early beginnings of the French IM policy in 1992 (Instruction 
IPE n° 260). Operational concepts keep on evolving and France must demonstrate its ability to rapidly 
deploy in overseas hostile environments characterized by new emerging threats and generating tremendous 
logistical constraints on munitions. 
For military platforms (ships, aircrafts carrier or submarines), munitions are intrinsically an important 
vulnerability factor and the need to have some IM systems limiting both initiation probability and collateral 
damages is as acute as ever. 
 
To face these challenges, NATO changed partly its referential in 2010 with the promulgation of STANAG 
4439 Ed 3 the 17th of March. Basic principles are still the same but a special attention is given to legacy or in 
service munitions safety assessment where initial requirements do not exist. The need to have an IM 
signature for the whole part of the munitions inventory is now identified more explicitly in France. Some 
more coercive dispositions were introduced in the high level Defense instruction n° 1516 related to the 
general management of armament programs and the decision was taken to complete it with a more specific 
document jointly prepared by DGA and the Forces. Our purpose in this latter document has been to tackle 
the appropriate safety level issues for our munitions in liaison with the warfighters needs and without 
denying new budget constraints. 
 
 
INTRODUCTION 

The MURAT (MUnition à Risques ATténués) concept grew in the eighties from the will to give perspective 
to available technologies by integrating safety issues early in the design phase of munitions. Originally 
technology driven, the concept found some echo in the French operational community dealing with 
interoperability of munitions: In 1989, the Inspector General Bonduelle recommended in his report on 
munitions interchangeability that military staff actively participate (in liaison with DGA)  to the funding of 
MURAT related studies and programs. This has latter been concretized in March 1992 by the DGA letter n° 
100816 and the DGA/IPE instruction n° 260 (July 1993) giving a frame to the MURAT French doctrine. 

On the international scene, Insensitive Munition became one of the priorities of NATO groups dealing with 
safety and suitability for service of munitions as well as interoperability. France has been very active on this 
topic and fully ratified all the different editions of STANAG 4439 defining since 1998 the NATO 
introduction and assessment policy on insensitive munitions. 
 
Twenty years later, the world has significantly changed and has become more versatile: Operational 
concepts keep on evolving and France must demonstrate its ability to rapidly deploy in overseas hostile 
environments characterized by new emerging threats and generating tremendous logistical constraints on 
munitions. More over, it’s fair to say that for various reasons the undeniable technology success has not 
really turned into an operational one as most of our inventory is constituted by munitions with no MURAT 
characteristics. 
The promulgation of STANAG 4439 Ed 3 in 2010 gave the opportunity for France to deeply review its 
policy and to question these new issues through a new national implementation document. 
 
MoD REVIEW OF MURAT POLICY 
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The conclusions of a review involving qualified staff of both DGA and Forces are briefly summarized 
below:  
- For the Navy, the munitions are intrinsically a major vulnerability factor and the need to dispose of some 
MURAT systems limiting both initiation probability and collateral damages is still as acute as ever.  Platform 
vulnerability studies drive the adequate minimum safety level specified for the munitions. An issue was 
raised regarding the lack of harmonization in the methodologies used to demonstrate explosive safety on 
board. 
- For the Army and the Air Force, there are no real risk assessment at the system level. The issues are more 
with logistical footprint constraints and explosive safety regulations weight on operational capability. The 
introduction of quantitative risk assessment is identified as an option to better translate MURAT benefits into 
logistical gains. Moreover, the application of recent NATO regulations in the field of explosive safety for 
operational storage would require having a more complete knowledge of the munitions response than given 
by the risk division concept which traditionally addresses collateral damage. The IM signature of legacy 
munitions could be of interest.  
- For DGA, there’s also a need for a better visibility on the IM signature of some munitions families in order 
to prioritize R&D investments and to shift from a funding policy based on industrial support considerations 
towards a more on the field user oriented one. 
 

DECISIONS 

A coercive approach for MURAT policy at MoD level  

 

The initial IPE n° 260 instruction was a stand alone document with no explicit link with other high level 
acquisitions procedures and to overcome what is considered as a non coercive enough implementation, it has 
been decided to amend the ministry of defense instruction DEF/DGA n° 1516 relative to the management of 
armament programs. Precisely, in the part dedicated to specific dispositions for non nuclear munitions: « … 
IPT has to respect national and international rules & standards ratified by France in the field of munitions 
safety. Especially on NATO policy relative to MURAT, the IPT will have to justify to the French national 
safety authority, any gap with the NATO requirements. » 

In parallel, a joint forces/DGA working group led by the inspectorate of propellants and explosives was 
created in 2010 to update the IPE instruction n° 260 of 1993. This has led in March 2011 to a draft defense 
instruction which is currently under review within MoD and expected to be released mid 2011. 

- Working group key proposals – 

1. The IPT have to justify any waiver to the MURAT introduction policy by using risk based analysis 
method built on existing safety management practice. Some guidance on the specification of the appropriate 
IM signature in a contract will be provided in an additional IPE document. 

2. The IM signature assessment is mandatory for both new acquisition programs and legacy munitions. For 
the latter, the estimation will be provided by subject matter experts without carrying out additional all up 
round tests. This assessment shall integrate a confidence level considering an optimum for exhaustive 
information covering energetic materials properties, modeling, subscale and subcomponents tests, and all up 
round tests. 

3. Creation of a MoD common dialogue tool (IM signature database) to insure the coherence between 
operational needs and R&T priorities and to give Forces a better understanding of explosive hazards in 
operations in addition of the hazard division information. Considering the threats referential for hazard 
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classification is often limited to the external fire and stacks tests and may be not representative enough of 
hostile environments in operational depots, the IM signature offers extra information for the safety 
community on the field. 

4. Minimization of explosive safety regulations impact on possession costs: As munitions often spend most 
of their life in a context strongly regulated in terms of explosive safety, the logistical benefits associated with 
reduced risks munitions must be here for the logisticians. It is suspected that the generalization of 
quantitative risk assessment in explosive safety regulation would exhibit more explicit gains for MURAT 
munitions and generally HD 1.2 munitions.  

- Figure n° 1: benefits for QRA approach in explosive safety - 

 

 

5. Integration of the last updates in international explosive safety regulation: revision of NATO response 
descriptors and technical annexes in AOP 39 ed3, revision of United Nations test series 7 (HD 1.6)… 

- Figure n° 2: update on UN Test series 7 - 

 

 

 

 

 

 

 

 

 

 

CONCLUSION 

The nature of military engagement and out of area deployment has significantly changed in the last decade, 
new budget constraints and new regulations appear. Therefore, it seems legitimate to worry about the 
economical weight of the MURAT endeavor and the pressure is high to answer the basic question of how 
safe our munitions should be. A MoD review led by IPE in 2010 has reinforced the concept but underlined 
the necessity to revise the MURAT policy to better fit current operational issues. This has been concretized 
in 2011 by a specific defense instruction which is currently under review within MoD. 
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REACH and Nexter Munitions 
 

FORICHON CHAUMET. 
  Nexter Munitions, Bourges, France. 

 
 

ABSTRACT 
 
REACH, the European regulation, came into force in June 2007. It is a great challenge for those companies 
using chemicals. The newest established rules, require from industrialist to prove that any substances are 
produced, used and destroyed with a minimum of risk to human health and the environment. The challenge 
of this regulation is to improve the knowledge, management and control of chemical hazards associated with 
a more highly regulated management of the most dangerous substances. 
This regulation will have a strong impact on chemical industries, but also on many other industrial sectors, 
including   Nexter Munitions, which uses chemicals in its munitions. 
Nexter Munitions takes very this regulation seriously and real efforts are being made to assure our customers 
that all the munitions purchased are compliant with the statutory regulations, and of course the REACH 
regulation. 
The problem of implementing REACH regulation at   Nexter Munitions is quite similar to other companies. 
However some problems arise in applying this regulation to the specific topic of munitions and their 
components. 
How is REACH related to munitions? 
How can such a regulation be applied to the specific topic of munitions? 
What are the challenges? 
What are the difficulties and problems? 
Which methodology and tools should be used? 
These are but a few of the issues which arise in applying this regulation. The purpose of this work is not to 
describe the regulation but to provide feedback on this topic. 
 
 
CONTEXT 
 
REACH is the regulation for Registration Evaluation Authorisation and restriction of Chemicals adopted on 
December 18, 2006. In force since June 1, 2007, it came into full force on January 1, 2009. Its goal is to 
streamline and improve the former legislative framework on chemicals of the European Union (EU). 
REACH places greater responsibility on industry to manage the risks that chemicals may pose to the health 
and the environment. 
The aims of REACH are to improve the protection of human health and the environment from the risks that 
can be posed by the chemicals, to enhance the competitiveness of the EU chemicals industry, a key sector for 
the economy of the EU, to promote alternative methods for the assessment of hazards of substances, to 
ensure the free circulation of substances on the internal market of the European Union. 
REACH replaces about 40 pieces of legislation with a streamlined and improved regulation. Other legislation 
regulating chemicals (e.g. on cosmetics, detergents) or related legislation (e.g. on health and safety of 
workers handling chemicals, product safety, construction products) not replaced by REACH will continue to 
apply. REACH has been designed not to overlap or conflict with the other chemical legislation. 
REACH makes industry bear most responsibilities to manage the risks posed by chemicals and provide 
appropriate safety information to their users. 
In parallel, it foresees that the European Union can take additional measures on highly dangerous substances, 
where there is a need for complementing action at EU level. 
REACH also creates the European Chemicals Agency (ECHA) with a central coordination and 
implementation role in the overall process. 
All manufacturers and importers of chemicals must identify and manage risks linked to the substances they 
manufacture and market. For substances produced or imported in quantities of 1 tonne or more per year per 
company, manufacturers and importers need to demonstrate that they have appropriately done so by means 
of a registration dossier, which shall be submitted to the Agency. 
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Once the registration dossier has been received, the Agency may check that it is compliant with the 
regulation and shall evaluate testing proposals to ensure that the assessment of the chemical substances will 
not result in unnecessary testing, especially on animals. 
Where appropriate, authorities may also select substances for a broader substance evaluation to further 
investigate substances of concern. 
REACH also foresees an authorisation system aiming to ensure that substances of very high concern are 
adequately controlled, and progressively substituted by safer substances or technologies or only used where 
there is an overall benefit for society of using the substance. These substances will be prioritised and 
included in Annex XIV. Once they are included, industry will have to submit applications to the Agency on 
authorisation for continued use of these substances. In addition, EU authorities may impose restrictions on 
the manufacture, use or placing on the market of substances causing an unacceptable risk to human health or 
the environment. 
Manufacturers and importers must provide their downstream users with the risk information they need to use 
the substance safely. This will be done via the classification and labelling system and Safety Data Sheets 
(SDS), where needed. 
Substances can be exempted from all or a part of the obligations under REACH.  
 
REACH requires companies to cooperate with each other in order to register any chemical substances they 
manufacture, import or use within the EU territory; otherwise, they could be subject to penalties and banned 
from marketing their products within the EU. The implementation of this regulation raises two different 
issues. On the one hand, the regulation imposes obligations on every supply chain actor. Non-compliance 
with the regulation will give rise to distribution issues. Thus, manufacturers and importers that do not abide 
by REACH and continue to market their products could be subject to the specific fines prescribed by 
REACH. However, if they are not able to market their products because they failed to register their 
substances, they risk being held liable for a sudden supply breakdown. On the other hand, the regulation 
imposes the obligation on potential competitors to cooperate, which indirectly raises competition law issues. 
The regulation also obliges companies to exchange technical information and to jointly register the substance 
they manufacture or import. A satisfactory implementation of this obligation should favour the setting up of 
the consortia uniting the companies. These procedures could lead to exchange commercially sensitive 
information and also to discriminatory practices.  
 
Consequently, the REACH regulation must be considered as a regulation that imposes serious technical 
obligations, but also can lead to major problems in relationships. 
Manufacturers and importers of chemicals have to prove that they have appropriately identified and managed 
the risks linked to substances they manufacture and market.  
REACH makes industry responsible for assessing and managing the risks linked to chemicals, and providing 
appropriate safety information to their users. This is a brand new principle, compared to the previous EU 
chemicals legislation. Companies must include this new administrative and financial burden in their 
competitive strategy. 
The principle "no data, no market" is at the core of the REACH system. Without registration and submission 
of proper data to ensure that chemicals are harmless, the producer or the importer will not be able to place it 
on the EU market. 
REACH encourages communication and exchanges of data and information among all the key players within 
the supply chain, at any stage of the procedure, in order to promote a better knowledge of the chemicals. 
Finally, the efficiency of REACH is guaranteed due to sanctions that each member state had to set up. In 
France, since February 26, 2009, the French environmental code provides heavy sanctions. 
 
Yet, REACH should ensure the free movement of substances and enhance competitiveness and innovation. 
 
It is clear from the above-mentioned principles that REACH, will have not only technical impacts but also 
far-reaching consequences in various fields, such as intellectual property, confidentiality, liability and, of 
course distribution and competition. 
 
In addition, The (EC) N° 1272/2008 CLP regulation on Classification, Packaging and Labelling (CLP) of 
substances and mixtures, modifies directives 67/548/EEC and 1999/45/EEC. From December 1, 2010 until 
June 1, 2015, substances and mixtures shall be classified, labelled and packaged, as appropriate, in 
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accordance with directives or with regulation or with both. From June 1, 2015, directives 67/548/EEC and 
1999/45/EEC will be repealed. 
 
 
OBJECTIVES 
 
It is a great challenge for  Nexter Munitions to comply with this regulation, which is designed more for the 
chemical industry than for munitions manufacturers. 
  
Due to the specificity of the pyrotechnic work, the very high risk and strict legislation are still of concern to 
us. Usually, we apply all the articles of the French decree 79-846 relating to the safety rules applicable for 
employees working on explosives. 
 
In 2002, we defined the "document unique d'évaluation des risques" (a special document for risk assessment) 
which evaluated all the risks to human health and to the safety for the company staff. 
In 2003, an important volunteer campaign was launched to substitute most of the carcinogenic, mutagenic 
and reprotoxic substances, from ranges 1 to 2. This process has being helpful in eliminating most of these 
products, before the REACH implementation. However we need to pay attention to the future evolution of 
the classification. 
2008 was an equally important year for preparing and obtaining ISO 14001 certification which integrated the 
environmental concerns in the activities of the company. 
In fact, human health, the safely and environment are very important in the company and are everyday of 
concern. 
 
Consequently, REACH is an opportunity to acquire new knowledge about substances, mixtures and the 
necessary measures to control the chemical risk, to guarantee a high protection level for our workers, our 
environment, to study new and safer products, and of course to comply with the regulations. 
 
 
WHAT ROLES DO WE PLAY, AS A MUNITION MANUFACTURER, IN THE REACH 
REGULATION? 
 
We have several roles with different tasks for each one. 
 
First of all, we manufacture munitions and pyrotechnic components and primary explosives, thus we have a 
manufacturer role. 
In the mean time, we supply a great range of chemicals substances such as or in mixtures. Some are very 
dangerous, others less. For example, of course we use explosives and propellants, but also paints, solvents, 
inks, greases, plastics, cleaning agents, oxidiser and reductant agents. We have a downstream user role. 
Additionally, we also import substances, mixtures and articles. That is why we have also an importer role. 
 
 
WHICH PROCEDURES MUST WE FULFILL ? 
 
REACH sets up different requirements like registration, authorisation and restriction. 
 
Firstly, the registration procedure notifies that when quantities, manufactured or imported reach 1 ton per 
year, the substances must be pre-registered with the ECHA agency. REACH allowed companies to obtain an 
extension to register by possible preregistration between June 1, 2008 and November 30, 2008. In case of 
pre-registration, manufacturers or importers can carry out registration between 2010 and 2018, depending on 
the volume produced or imported. 
This large time scale is a problem, because for the moment we really cannot know if our suppliers will 
register in 2010, 2013 or 2018. If they do not tell us, we have no way of knowing the quantity they produced 
and if they have pre-registered or if they will register in 2018 or before. 
We produce primary explosives in small quantities, less than 1 ton per year, so we do not have to register 
these products.  
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We purchase some substances, but we were not confident in our suppliers, so we pre-registered as a 
precaution.  
In the future, we think we shall perhaps import some explosives, we also pre-registered for this event. 
For all these cases, the deadline for us will be 2018. 
 
Secondly, the authorisation procedure notifies that the use of Substances of Very High Concern (SVHC), 
included in annex XIV, have to be authorized by the European Commission. There is no tonnage threshold 
for theses substances. 
In fact, ECHA published a candidate list which includes near forty substances. These substances could be 
subjected to authorisation by decision of the European Commission. To date, the publication of this 
candidate list has no effect on the marketing nor on the use of these substances. However, companies have 
immediate obligations with respect to information communicated to their customers. 
For the pyrotechnic community, several substances impact our products, for example, dibutyl phtalate in 
propellants and plastics, 2-4 dinitrotoluène in explosives and propellants, chromium VI and its compound in 
surface treatments, lead and its compounds in pyrotechnic compositions, primary explosives, inks, paints … 
Since February 2011, six substances must fulfil the conditions outlined in annex XIV, including dibutyl 
phtalate. 
 
Lastly, the restriction procedure claims that any substances such as and in a mixture or in an article, may be 
subject to restrictive usages if it is demonstrated that there is a risk to human health or the environment. 
Activities may be limited or even banned, if necessary. 
For example, the trichlorobenzene cannot be used or placed on the market except for manufacturing 
explosive TATB. 
 
 
WHICH ORGANISATION FOR REACH? 
 
To comply with this regulation, we need a particular organisation, therefore, a REACH cell was created. This 
cell is in interaction with all the services of the company, with privileged contact points: 
* of course the members of the steering board who expect the regulation had been completed, influence the 
strategy to be adopted, plan the financial impacts 
* the purchasing department play a very important role because in close contact with the suppliers. 
Generally, it has, at first, information about the products we supply and the potential problems like the risks 
of obsolescence. It must implement Reach obligations into purchasing clauses. It is via this department that 
all the business mail and surveys transit, and consequently, it participates into the collection of information. 
* the commercial department is in interaction with the customers, receives all the conformity requests, and 
the questions about SVHC and future obsolescences. It verifies that REACH clauses from customers are well 
transposed in the offers. It promotes our actions about human health and the environment. 
* the contract department is in charge of guarantees and supports this approach. 
* the Health Safety Environment department participates in the data collection (like use, exposure 
scenario,…) deploys the risk management measures,... 
* the design department has to integrate the thematic REACH, as soon as possible, in particular for the 
selection of raw materials and for the treatment of obsolescences. 
* the production department which uses all the substances and mixtures and participates in the management 
of risk. 
* and all the contributing departments such as human resources, quality assurance, legal, financial, 
communication, logistic,… 
 
WHICH ARE OUR INTERACTIONS? 
 
REACH encourages communication, exchanges of data and information among all the participants in charge 
of REACH implementation within the supply chain. 
 
Thus, we are in connection with the ECHA, the European agency of chemicals, which plays the role of 
coordination and implementation of the whole process. ECHA gives us all the information about this 
regulation and the procedures. And we must pre-register, register, notify, request for authorisation to ECHA. 
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Afterwards,  Nexter Munitions have close relations with manufacturers, suppliers, and retailers.  
At the beginning, the first surveys, about the regulation, with our suppliers are not very encouraging: about 
forty percent of responses. Some companies will say "you are lucky, our percentages are lower". 
Now, suppliers seem more aware of REACH and it seems a little easier to obtain information. 
 
In the mean time, our customers also worry about this regulation, have questions about the substances, 
registration and authorization rules and ask us for certifications.  
 
 
WHAT HAVE WE DONE? 
 
First of all, we try to understand the regulation and to apply it to munitions: it's a very complex assignment 
indeed. 
 
After the identification of our roles, the data collection is, also, a very important task. Much of this data exist 
but dispersed in several databanks which are not designed for the deployment of this regulation. 
Consequently, we will need new tools to manage these data, for the future actions. 
 
Furthermore, the inventory data requires this type of information: 
* Which substances, mixtures or articles are supplied, imported, stored, used, manufactured, for which 
quantities on an average of three years? 
* Were we a downstream user, an importer, a manufacturer, and in which range of tonnage? 
* How are these elements used, for which exposure scenarios? 
* Did they contain SVHC or substances under restriction, for which quantities? 
Following this inventory, an action plan was created in relation with our suppliers, customers and ECHA… 
 
Internal procedures are also necessary to implement the regulation. Trying to do our utmost to take into 
account the specificities of the chemical world and apply it to our munitions programs, is not entirely 
problem-free. 
It is also necessary to follow-up the evolution of the annex XIV and to oversee the potential obsolescences. 
And all of this combined with the implementation of the regulation Classification Labelling Packaging. 
 
The SDS (Safety Data Sheet), which already existed previously, enhances the impact of the communication 
and information in the supply chain, by providing comprehensive data about the substances or mixtures used 
in the workplace. Updates of the SDS format are also provided with the addition of the exposure scenario. 
Thus, when we receive a Safety Data Sheet, we have to manage and deploy all the risk management 
procedures and we have to check the changes in classification, chemical formulation, properties, exposure 
scenario, and translate this information for the workstation. 
However, we must be very careful, if there are any changes in formulation but without information, this 
could lead to extremely serious problems of chemical compatibility. We hope that close contacts with our 
suppliers will be sufficient to prevent this problem. 
Another typical exchange will be as follow. We sent the declarations of use and exposure scenario of any 
specific chemical to our suppliers. There after, the suppliers register the substances, their uses and exposure 
scenarios. Finally, after receiving an order from our suppliers, it is up to us to ensure that the declaration of 
uses and exposure scenarios indicated on the accompanying FDS are in compliance with those originally 
transmitted to the suppliers. Otherwise we will have to do it. 
 
Since the beginning of this year, REACH has been implemented on all new offers, with advice on risk 
management, civil regulation for human health, human safety, and the environmental protection other than 
military regulations. 
Our customers are also deeply concerned and submit us requests, for example: how should we take the 
regulation into account? We must study any requests case by case because, sometimes, they are too complex 
and out of the scope of the rules. Sometimes, the questions exceed the field of REACH and we need to 
reframe the context. 
 
A rigorous technological watch should allow us to prevent and also, we hope, to avoid potential 
obsolescences. A great effort must be devoted to innovative R&D to design relevant new products which will 



6 

lead to technological breakthroughs, right from the design stage. This R&D action provides a unique 
opportunity to orient work towards safer substances for human health and the environment. 
 
Lastly, information and communication are required for all the company's staff if we want them to be 
involved in this regulation. 
 
 
PROFESSIONAL APPROACHES: 
 
At an early stage, as a result of the lack of a clear regulation, we have needed to pool our problems in the 
same professional environment. We wish to deal with these new realities in a co-ordinated manner in order 
to consolidate our decisions, our actions, and to have a collective approach (in France and why not, in the 
future in Europe) about the munitions. 
 
For that, a great potential to create synergy exists between: 
*GICAT (French Land Defence Manufacturers association): several manufacturers like Lacroix defense, 
MBDA, SNPE, TDA,  Nexter Munitions created a professional guide to implement REACH regulation on 
the theme of munitions and are now assessing to the problem of FDS. 
* SFEPA  (Union for explosives and pyrotechnic articles manufacturers): represents French explosives 
industry with civil or military use 
* CNRI (National Industrial Risk Institute): promotes the security of the persons, the installations and the 
environmental protection, and acts as a federator to permit the creation of a group REACH with members for 
defence industry and organising meetings in the field of REACH 
* DGA: (Armament General Delegation) organise REACH workshops 
* French helpdesk: has an email box to manage questions from manufacturers, importers, downstream users 
* UIC: (union of chemical industry), ATOUT REACH, UIMM-18, organise a lot of meetings to give 
information about the REACH procedures 
 
 
MAJOR PROBLEMS WITH REACH AND THE MUNITIONS: 
 
Since the first reading of this regulation, many questions arose about the REACH application. 
 
What status for munitions: 
An important question arose quickly, which kind of objects are munitions and pyrotechnics components 
under REACH? Are they articles, or objects which contain substances that are or not intended for release, 
under normal foreseeable conditions of use? For these different roles, the requirements differ. 
REACH regulation defines an article as "an object which during production is given a special shape, surface 
or design which determines its function to a greater degree than does its chemical composition". In order to 
determine whether or not an object fulfils the definition of an article under REACH, the object's function and 
its characteristics need to be assessed. 
 
The professional guide to implement REACH regulation on the theme of munitions, elaborated by GICAT, 
permits each manufacturer to choose if the munitions are: 
* substances in special containers. Hence, the substances are submitted to registration. 
* or articles with substances intended to be released without transformation. Hence, the substances are 
submitted to registration. 
* or articles which do not deliver chemical substances or preparation as such, but deliver combustion 
products. Consequently substances are not submitted to registration. 
 
This useful guide shows that, in a large majority of cases, munitions are articles which do not deliver 
intentionally chemical substances or preparation without transformation. Taking into account the technical 
characteristics which determine their effects, it appears that their function is determined by their shape, 
surface or design to a greater degree than their chemical composition. In most cases, their pyrotechnic 
compositions are never delivered outside the articles without having reacted or being reacted. Only their 
reaction products are discharged during normal operation. 
Some borderlines cases require a more in-depth analysis. 



7 

This guide establishes the professional expertise of manufacturers of explosives and is recognized by the 
entire profession. 
 
SDS for explosives articles: 
REACH Article 31, requires to provide a Safety Data Sheet only for a substance or a mixture, and not for an 
article. However, the format described in annexe II is only written for substances and mixtures. 
 
The commission regulation (EU) No 453/2010 of 20 May 2010 amending Regulation (EC) No 1907/2006 of 
the European Parliament and of the Council on the Registration, Evaluation, Authorisation and Restriction of 
Chemicals (REACH), in annex 2, paragraphe 0.7 claims "special cases:  Safety Data Sheets shall also be 
required for the special cases listed in paragraph 1.3 of Annex I to Regulation (EC) No 1272/2008 for which 
there are labelling derogations". This means, for example, that the explosives which are placed on the 
market with a goal of obtaining an explosive or a pyrotechnic effect. 
This is a huge problem. Usually, French manufacturers of explosives, draw up "Pyrotechnical Safety Data 
Sheet" but the data format, imposed in sixteen points, provided by regulation, identified only chemical risk 
without considerations for pyrotechnical risk. What can we do? What can a customer do with only chemical 
data on a munition? If the chemical risk exists, probably, it will be lower than the pyrotechnical risk. 
 
With all the members of GICAT, we are studying a proposal of a new version of Safety Data Sheet which 
includes not only chemical requirements, but also of pyrotechnical requirements. When all the members of 
GICAT will agree with this document, GICAT will propose it to the administrative levels bodies. 
 
Labelling for explosives articles: 
Usually, we use rules recommended by the United Nations Committee of Experts on the Transport of 
Dangerous Goods for labelling and transporting munitions. 
The labelling is an element of the design process, approved by the French Inspector of Powder and 
Explosives. 
But with CLP, it is not easy to determine what we must be used for labelling. For example, annex 1, part 1, 
paragraph 1.3.5 claims "Explosives, as referred to in section 2.1, placed on the market with a view to 
obtaining an explosive or pyrotechnic effect shall be labeled and packaged in accordance with the 
requirements for explosives only". 
And paragraph 2.1.3 specifies "Label elements shall be used for substances, mixtures or articles meeting the 
criteria for classification in this hazard class in accordance with Table 2.1.2.( for explosives of Divisions 1.1 
to 1.6) and unpackaged explosives or explosives repacked in packaging other than the original or similar 
packaging shall include all of the following label elements: 
(a) the pictogram: exploding bomb; 
(b) the signal word: "Danger"; and 
(c) the hazard statement: "explosive; mass explosion hazard" 
Unless the hazard is shown to correspond to one of the hazard categories in Table 2.1.2, in which case the 
corresponding symbol, the signal word and/or the hazard statement shall be assigned." 
It is not quite the same. What shall we do? 
At the moment, this problem is not solved and the matter is under review. 
 
Purchasing materials: 
Generally, to produce munitions we need very special substances in low quantities with strict specifications, 
which is not very encourageous for our suppliers. Will they be ready to deploy all the procedures of this 
regulation for our specifications? Will they survive the regulations? For us, these crucial issues could be a 
real problem. 
 
Thus, if you are an importer, you have to register and, for that, you need data. But, perhaps, the suppliers 
outside from E.E.A. supplier cannot or does not want to give you the data. What can we do? 
 
A very complex regulation: 
Here are some examples of the challenging complexity of the regulation. REACH regulation includes 849 
pages, 17 annexes, a lot of technical guides (most in English, some in French and sometimes with bad 
translations). 
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Sometimes we are able to find solutions alone, sometimes it's more difficult, and generally, we spend a lot of 
time overcoming these difficulties. 
Some organisations (composed of administrative representatives, helpdesk staff or others) can help us to 
solve the difficulties. However they are not very aware of pyrotechnic subjects in this case and cannot help 
us to find solutions. On the top of that, sometimes their interpretations differ. 
 
 
Exchanging data and confidentiality: 
Each supply chain members (manufacturers, importers, downstream users, distributors) is supposed to share 
their data under the regulation, between each others and with the ECHA. 
We are also obliged to exchange our data via ECHA computer tools like REACH IT or IUCLID which are 
normally compliant with security requirements. 
Obviously, in these circumstances, companies could worry about the confidentially of the information 
submitted. 
 
 
WHAT TOOLS FOR REACH? 
 
A lot of websites such as the ones below are very useful: 
* http://echa.europa.eu/: where each can find legislative texts, consultations, English guidance documents 
(which are sometimes in other native languages from E.U.), formats like key templates, navigator to 
determine the obligations concerning REACH, a list of preregistered substances and a list of registered 
substances, a candidate list and recommendations for annex XIV 
* http://www.ineris.fr/reach-info/: the French National Institute for industrial environment and risks is also 
the national helpdesk. It gives information and informative letters. National helpdesks exists in each EU 
countries 
* http://www.cefic.org/Industry-support/Implementing-reach/: Cefic (European Chemical Industry Council) 
has developed a number of guidance documents and tools to support companies in the implementation of 
REACH as well as to enhance the harmonisation of procedures. 
* http://www.gifas.asso.fr/: a French aerospace and aeronautic association publishes a useful guideline that is 
clear and concise about this regulation 
* * http://www.uic.fr/: gives also useful information 
* …. 
 
 
WHAT ARE THE COSTS FOR REACH COMPLIANCE? 
 
The cost evaluation is not easy. Usually, it is estimated around, from 0.05 to 10% of the turnover of 
companies and can be broken down into: 
* direct costs related to testing (estimated from 81 K € for substances produced or imported at over 1 ton at 
2214 K € for more than 1000 ton) 
* indirect costs (risk assessment, experts, participation in discussion forums ...), estimated between 40 and 
50% of the direct costs 
* all costs to monitor this regulation 
* costs to replace obsolete substances 
* charges for the European Agency, paid by the company 
Costs are not easy to evaluate as a whole, but it’s sure that they will be very high. 
 
 
CONCLUSIONS: 
 
This document only presents an overview of the main difficulties encountered in implementing this 
regulation and is not exhaustive. 
 
Although, REACH is very complicated to deploy, the optimization of the communication in the supply chain 
should improve the knowledge of many substances for which a lot of effects are still imperfectly known.  
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To some extent, we can hope for a step towards the management of chemical risk to human health and the 
environment with the withdrawal of substances of high concern in industrial settings. 
 
Likewise, this new challenge will force us to find new substances, new processes, new designs, and will act 
as a stimulant for the exploration of new and safer processes. 
The manufacture of articles using REACH labelled substances and mixtures could be a real marketing tool. 
 
For the companies, REACH represents a great upheaval requiring new organisations to ensure compliance. 
The challenges, required by this compliance, need to implement new procedures and to reorganise the data of 
each chemical substance in order to comply with the requirements.  
 
Do not worry, a new revision of REACH is planned for 2012! Let's hope that this new approach will simplify 
matters! 
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ABSTRACT  
 
The NATO standards of explosive site regulations have been changed several times during the last twenty 
years. A lot of improvements in the science leading the assessment of an explosion effects have been done. 
Simplified approaches were developed to produce a risk ranking procedure and subsequently NATO adapted 
these to provide the major contributions to risks from many PES (potential exploded site - donor) threats to a 
chosen ES (exposed site - receptor). Detailed algorithms for coordinating risk assessments have been 
developed and data bases of conducted program trials are available. Risk based tools are developed and are 
now existing to a better evaluation of the risk. These tools are under continue improvement in order to take 
into account the trial program results in some specific field like small MCE quantity (under 500kg). 
IMESFR, SAFER, ETOOLS or EVREST could be named among those tools. In order to efficiently use the 
results of that tools the national risk acceptance criteria should have been specified. 
The national regulations should define intolerable risks (levels above which work must cease until the risk is 
lowered) and broadly acceptable risks (below which further reduction of risk is unlikely to be beneficial). 
The risks between these two levels are defined as tolerable, and in this region risks must be reduced to a level 
that is as low as possible (precaution principle). In effect, this requires that a risk reduction measure must be 
implemented unless the cost of doing so is grossly disproportionate. 
In France the acceptance criteria need to be clarified. The way forward to include the technological gap in 
the field of quantitative risk analysis is one of the major challenges for the coming years. 
As far as this clarification will be done, the French explosive safety regulations could be improved for a 
harmonization of all texts dealing with risk criteria acceptance. Quantitative risk assessments can be useful 
for assisting governing organizations in making decisions based upon the best available information. This 
quantification provides consistency and repeatability from decision to decision of the authorities. 
 
 
MAIN TEXT  
The NATO Manuel AASTP 1 relative to standards of explosive site regulations has been changed for the last 
time in May 2010 (change 3). Since its first issue in February 1998 it was implemented by a numerous times 
and deeply changed three times. 
 
This document is the result of successive revisions, over a period of 40 years that began by a document 
AC/106-D/5 dated 1st September 1963, drafted by a restricted working group consisting of representatives of 
France, Germany, the United Kingdom and the United States. The NATO Manuel AASTP 1 is based upon, 
and supersedes NATO DOCUMENT AC/258-D/258 issued in 1976 and its numerous corrigenda. 
The first experts in the years 1960 took into account national trials and analysis of archives and data base 
relating to damage from accidental explosions or acts of war. 
In 1974 the Group, noted that the corrigenda which had been published (totally 14) had modified 
considerably the original text, decided to publish a completely revised edition as a Manual in three parts: Part 
1 dealing with general principles, Part II containing more detailed information on aboveground storage and 
on the historical background of the Manual, and Part III dealing with special types of storage. During the 
period of this major revision - where further two corrigenda were published to AC/258-D/70 – the Group 
participated in the design and assessment of field tests, both on scaled models and at full scale, to improve its 
criteria for quantity-distances. In particular the "ESKIMO" series of trials were performed in the United 
States. These tests resulted in more economical methods of storage in depots and more reliable assessment of 
the inherent risks of such storage. Members of the Group also participated in several international tests at a 
large scale to acquire better data on underground explosions. The conclusions and recommendations from all 
this experimental work were incorporated in the Manual under the reference AC/258-D/258. Since 1981, 23 
corrigenda to the Manual were issued. In addition, a presentation more in accordance with NATO standards 
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was adopted. This was achieved by restructuring the Manual in the form of an Allied Publication (AP) and 
producing Standardization Agreements (STANAG) with which to implement the AP. 
In late 2002 AC/258 was merged with AC/310 to form AC/326 and Sub-group 5, Logistics and Disposal was 
created in order to manage AASTP’s 1 and 3. Work continued on the development of AASTP-1 and two 
important Changes to Edition 1 were published in May 2003 and May 2006. 
The NATO Group found that under certain circumstances it was not possible, without seriously prejudicing 
operational effectiveness, to apply the normal principles detailed in the Manual. As a consequence therefore, 
it was decided to develop and publish a new part of the Manual – Part IV- where advices on safety principles 
under circumstances are given. That led to issued in September 2005 a new Manuel AASTP-4 explosives 
safety risk analysis. 
 
So explosives safety distance criteria have been used for the safe siting of civilian (for example ATD 
American Table Distances) and military (mostly QD Quantity Distances from AASTPs 1 and 5) explosives 
facilities worldwide for decades. Where these criteria cannot be met occasionally in some situations, the 
consequences of deviating from the criteria have to be assessed to facilitate risk management. Many nations 
have developed a risk-based approach and Quantitative Risk Assessment (QRA) models to better appreciate 
the risks. 
 
In France, the regulation integrated the explosives safety distance criteria in 1979 by promulgating the 
“Decret 79 846” and more specifically the “arrêté 1980” which defined the explosives safety distances, the 
required separation distances, and the permissible exposures. The French policy is to expose the 
minimum number of people for the minimum amount of time to the minimum amount of explosives 
consistent with safe and efficient operations. 
Nevertheless since that time no major regulation evolution has taken place in France. 
However a lot of improvements in the science leading the assessment of an explosion effects have been 
done. Science improvements are mostly resulting from numerous military experimentations: ESKIMO 1, 
ESKIMORE, SPIDER test programs, KASUN, ISO containers trials… 
Simplified approaches were developed to produce a risk ranking procedure and subsequently NATO adapted 
these to provide the major contributions to risks from many PES (potential exploded site - donor) threats to a 
chosen ES (exposed site - receptor). Detailed algorithms for coordinating risk assessments have been 
developed and data bases of conducted trial programs are available. Risk based tools are developed and are 
now existing to a better evaluation of the risk. These tools are under continue improvement in order to take 
into account the trial program results in some specific field like small maximum credible event MCE 
quantity (under 500kg). IMESFR, SAFER, Klotz Group software, HAZX or UK RISKWING could be 
named among those software tools.  
In France EVREST is the French MoD tool developed by DGA/IPE (1). EVREST is use to establish a 
consistent basis for siting explosives military facilities based on risk, which supplements the existing 
mandatory distances. 
The software tools results are coordinated to assess some predefined risk levels linked to safe distances. The 
widely known is the Inhabited Building Distances. IBD is limited by a define risk level broadly accepted. 
In order to efficiently use the results of that tools the national risk acceptance criteria should have been 
specified. The national regulations should define intolerable risks (levels above which work must cease until 
the risk is lowered) and broadly acceptable risks (below which further reduction of risk is unlikely to be 
beneficial). The risks between these two levels are defined as tolerable, and in this region risks must be 
reduced to a level that is as low as possible (precaution principle). In effect, this requires that a risk reduction 
measure must be implemented unless the cost of doing so is grossly disproportionate. 
 
The draft criteria shown in Figure 1, for use as a supplement to the practice of applying quantity distance (Q-
D) measurements to determine explosives safety hazards, have been proposed by a North Atlantic Treaty 
Organization (NATO) Risk Analysis Working Group in 2001 (2). 
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Risk to: Draft Criteria 

 
 
Any 1 worker (Annual Pf) 

 
• Limit maximum risk to 1 x 10-4 
 

 
All workers (Annual Ef) 

• Attempt to lower risk to 1 x 10-3 
• Accept above 1 x 10-2 with significant national need only 
 

 
Any 1 person  
(Annual Pf) 

 
•  Limit maximum risk to 1 x 10-6 

 
All public 

(Annual Ef) 

 
•  Attempt to lower risk if above 1 x 10-5 
 Accept above 1 x 10-3 with significant national need only 
 

Figure 1 
 
 
In France the acceptance criteria need to be clarified. The way forward to include the technological gap in 
the field of quantitative risk analysis is one of the major challenges for the coming years. 
A first step to start could be the coordination of the definition of the French explosives danger zones (3) with 
the NATO explosives distances. Figure 2 show a possible coordination by the introduction of the lethality 
percentage which is use for NATO explosive safety distances. 
 

Danger zone Z1 Z2 Z3 Z4 Z5 or ZLP  
 
% of lethality 
 

     

 

Figure 2 
 
As far as this clarification will be launched, the French explosive safety regulations could be improved for a 
harmonization of all mandatory texts dealing with risk criteria acceptance. Quantitative risk assessments can 
be useful for assisting governing organizations in making decisions based upon the best available 
information. This quantification provides consistency and repeatability from decision to decision of the 
authorities. 
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ABSTRACT 
 
Le Bouchet Research Centre of SAFRAN – SME (former SNPE Matériaux Energétiques) possesses a great 
number of buildings for many activities. It is not always pertinent to apply basic formulas of pyrotechnic 
regulation for accidental effects assessment. That is why, work safety studies are conducted using calculation 
methods dedicated to various specific configurations. The relative methodologies are designed by SME 
Environnement team with the support of experimental and numerical simulation laboratories. These 
methodologies are based on tests and empiric laws coming from numerous sources; they are completed if 
necessary by numerical simulations. Recently concerning new workshop, specific blast effect tests using small 
scale models were done and results were analysed through 3D numerical simulations. Through that way, it is 
possible to determine the reduction / amplification blast effects given by complex geometry of buildings. In this 
paper, the studied workshop is dedicated to solid propellant processing; it is constituted of strong and light walls, 
it is partially surrounded by barricade. This paper presents experimental and numerical works; results are 
compared with existing empiric laws. 
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1 INTRODUCTION  

Many buildings are gathered at le Bouchet Research Centre of SAFRAN – SME (former SNPE Matériaux 
Energétiques). Basic formulas of pyrotechnic regulation for accidental effects assessment are not always the 
most pertinent answer. This is why the work safety studies are carried out through calculation methods dedicated 
to various specific configurations.  
 
These methods are based on experimental data and empiric laws coming from numerous sources; they are 
completed if necessary by numerical simulations. The relative assessment methodologies are designed by SME 
Environnement team with the support of experimental and numerical simulation laboratories.  
 
The case of a workshop is presented, for which laboratory scale set-ups were built, and blast pressure signal 
recorded. 3D CFD numerical modelling of the set-up is performed and results are compared to the experimental 
measurements. The numerical model gives an access to the blast properties anywhere throughout the set-up, 
taking into account any 3D effects due to the adjacent structures.  
 
Results are compared with existing empiric laws and formula given in regulatory documents. 
 

2 CONTEXT AND METHODOLOGY  

In order to assess pressure signals resulting from explosion, an experimental way is to use a reduced scale model. 
Another way is to perform a 3D numerical simulation of the propagation of the blast wave by mean of a 
Computation Fluid Dynamics code implementing a representative mesh of the actual geometry. These two 
approaches give an access to all events anywhere in the studied configuration. 
 
However, some limitations may affect the simulation accuracy. Indeed, areas of interest in the propagation of 
shock waves are usually very wide. To accurately capture the shock wave amplitude requires mesh refinement, 
up to large distance from the source. This may lead to a huge number of cells compared to the current computers 
power.  
 
To solve the cell size issue, a methodology was developed for correcting the numerical model response versus 
mesh size, through the following steps:  
 

• Step 1: free field air exact pressure signal computed with a 1D CFD code (SME's code: “CHALOSSE”), 
with no distance to the source limitation. 

• Step 2: same free field air pressure signal computed with the 3D CFD finite-volume code “STAR-
CCM+” (developed by CD-ADAPCO), parameterized on mesh size. 

• Step 3: determination of the corrective factor to be applied to the Step 2 signals, to find the exact solution 
given in Step 1.  

• Step 4: numerical modelling of a real 3D geometry with the 3D CFD code STAR-CCM+. 
• Step 5: post-processing of the results with taking into account the corrective factors established in Step 3. 

 
Fluid dynamics equations solved with the 1D code CHALOSSE are the Euler equations. This means that 
mitigating effects such as wall roughness heat transfer… are not taken into account. In case of evidences of these 
effects, step 4 may be lead with these assumptions. 
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3 DETERMINATION OF THE 1D SPHERICAL FREE-FIELD AIR PR ESSURE SIGNAL  

The blast wave originates in the juxtaposition of two gaseous domains holding different thermodynamical states 
(p, ρ, e). Usually, initial conditions show a pressurized gaseous domain bearing the detonation energy or “TNT 
equivalent”, corresponding to the considered explosion, and an opened field, filled with air in standard state. 
 

3.1 ANALYSIS: 1D CFD CODE “CHALOSSE” 
 
The 1D code CHALOSSE, developed by SME, is dedicated to the simulation of blast flows under free-field air 
conditions. 1D planar, axisymmetrical, and spherical geometrical assumptions are available. Euler equations are 
solved to the second order on space and time, through the most accurate original Roe scheme. The 1D spherical 
assumptions are applied in the following. 
 
Initial conditions within the CHALOSSE code allow handling the two gaseous domains of concern; that is: 

• A pressurized gaseous domain holding the considered TNT equivalent, 
• The opened field with air in standard state. 

 
We consider here TNT equivalent of 10 grams generated by same mass of PETN/ Gum composition. The 
behaviour of the gaseous phases is governed by the ideal gas equation of state: 
 

Ep )1( −= γ  
 

The volume energy of the TNT is taken as E = 0.07 Mbar.cm3/cm3, its density ρ =1.63 g/cm3, and the isentropic 
coefficient as γ = 1.4. 
 
The diameter ∅0 of the explosive sphere holding the TNT equivalent is rounded to the mesh size unit that will be 
used latter with the STAR-CCM+ code, that is to say ∅0 = 22 mm. Table 1 gathers the initial conditions derived 
from these hypotheses. 
 
 

Diameter (cm) 2.2 

Pressure (bar) 30,810 

Density (g/cm3) 1.794 

Table 1 – CHALOSSE simulations initial conditions - Pressurized domain – TNT equivalent: 10 grams 

 
For convenience, distances d  to the source are expressed in number cn  of calibres from ∅0 of the original 22 

mm sphere diameter: 

0∅
= d

nc  

 
The following graph illustrates the cell size convergence over the pressure signal shape, at a 20 calibres distance 
from the sphere holding the TNT equivalent. Convergence of the pressure signal shape is observed beyond a cell 
size corresponding to 100 cells/calibre. This pressure signal is considered as the exact solution to the blast 
propagation problem. 
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Figure 1: Pressure signal shape versus cell size - 1D CHALOSSE code 

 
 
The following figure illustrates the pressure signal shape versus distance to the source. This signal is assumed to 
be the exact solution to which STAR-CCM+ results will be compared. 
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Figure 2: Pressure signal shape versus distance to the source - 1D CHALOSSE code 
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3.2 ANALYSIS: 3D CFD CODE “STAR-CCM+”  
In the previous paragraph, we showed that the 1D CHALOSSE code has produced an exact solution to the 
pressure signal shape for the blast wave issue. It is assessed now the ability for the 3D STAR-CCM+ code to 
reproduce that pressure signal. To this end, a parameterization is carried out on the cell size within the mesh of 
the free field air. Euler equations are solved with the available second order scheme in space and time. 
 
Table 2 gathers the initial conditions considered, derived from the hypotheses chosen for the CHALOSSE 
model, given in §2.1. 
 
 

Diameter (cm) 2.20 

Calorific capacity pC  (J/g/K) 1.0036 

Molar mass (g/mol) 28.96 

Pressure (bar) 30,810 

Temperature (K) 5985 

Table 2 – STAR-CCM+ simulations initial conditions - Pressurized domain – TNT equivalent 10 grams 

 
Cell size is parameterized through the edge length:  

• 5 cm (2.20 source diameter ∅0) 
• 2 cm (0.88 source diameter ∅0) 
• 1 cm (0.44 source diameter ∅0) 

 
The pressurized domain is meshed with 20 cells through its diameter. Grid representativeness has prevailed in 
the choice of a 1/8th of spherical 3D domain, of 2 meters radius (figure 3). 
  

   
Edge size 5 cm (2,2 caliber) Edge size 2 cm (0,88 caliber) Edge size 1 cm (0,44 caliber) 

Figure 3: STAR-CCM+ free field air grid cell parameterization 

 
A “free stream incompressible flow” is applied to the external boundary of the domain.  
 
Figure 4 and 5 show the pressure signals given by the STAR-CCM+ code versus cell size, compared to the exact 
signal given by the CHALOSSE code. Equispaced sensors are located between 0.50 m and 1.50 m (22 to 66 
calibers). Figure 4 shows the complete pressure signal with its negative phase at the 0.50 m distance to the 
source, while Figure 5 shows the pressure signal positive phase evolution with the distance to the source. 
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Figure 4: Free field air pressure signal – 22 caliber to the source - STAR-CCM+ vs exact solution  
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Figure 5: Free field air pressure signal positive phase – 22, 44 & 66 caliber to the source - STAR-CCM+ vs exact solution  

 
The larger the cell size, the smoother is the pressure signal compared to the exact solution: the signal starts 
earlier and the maximum value associated to the shock is only approximated. Some corrective factors on the 
maximum value may be established as a function of both the distance to the source, and the cell size. 
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3.3 CORRECTIVE FACTORS 
The ratio appearing on the pressure signal maximum value, between the CHALOSSE and STAR-CCM+ results 
(figure 4), defines a corrective factor to be applied to the STAR-CCM+ signal, as a function of: 

• distance to the source, 
• cell size. 

The corrective factor f  is defined: 

+−=
CCMSTAR

relative

CHALOSSE
relative

p

p
f  

 
The graph below shows the corrective factor as a function of the distance to the source, for three cell sizes. 
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Figure 6: Corrective factors to be applied to the 3D STAR-CCM+ code pressure signal as a function of the distance to the source 

for three different characteristic cell sizes  

 
 

4 APPLICATION ON 3D MODEL 

4.1 EXPERIMENTAL MODEL 
Our study is concerning a pyrotechnical workshop dedicated to solid propellants processing. The building is 
composed of adjacent cells surrounded by a corridor and a barricade. The goal of this study is to evaluate the 
influence on blast wave due to the addition of a wall between two cells. 
 
Determination of the model parameters 
The model is representative of one wing of the building, composed of an alignment of cells, a corridor and a 4-
meter high barricade in front of the cells in order to suppress fragments effects. The model takes into account 
only 2 adjacent cells for simplification concerns. The environment of building is also modeled corresponding to 
a real surface of 25 m x 25 m, as shown in Figure 7.  
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Figure 7: Environment scheme of the model  

 
The scale factor has been determined such as the total surface of the model was included in a 4 m x 4 m square, 
which implies that the model scale is 1:6,25. As a consequence, it is possible to deduce the mass of explosive 
tested at the model scale from similitude laws. Indeed, the blast wave properties and, especially the peak 
pressure, decrease with the energy available in the initial charge, which is proportional to the cubic weight of 
explosive. As a consequence, the blast properties obtained at a distance d from a mass of TNT Q can be 
extrapolated to other distances once you respect the same “reduced distance” Z: 

3/1Q

d
Z =

 
Then, it is possible to calculate the mass of TNT mQ to be tested at the model scale once you know the real mass 

rQ and the scale factor dm/dr: 
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It comes that mQ should be equal to 8 g in order to obtain the same blast effects at the model scale as in the real 

case. 
 
Description of the model 
 
The explosive charge is placed in the first cell (Cell 1) at a position representative of the real one. The explosive 
is a 8 g sphere of Plastrite (PETN / gum) which TNT equivalency is nearly equal to 1. A picture of the explosive 
sphere of Plastrite before test is given in Figure 8. 
 

 
Figure 8: Picture of the explosive sphere  

Cells of interest 
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2 configurations have been tested with this model: 
- Configuration 1: “open configuration” corresponding to the scheme in Figure 9 
- Configuration 2: with a wall between Cell 1 and Cell 2, in order to evaluate the attenuation of blast 

effects in Cell 2 
Some pictures of both configurations are given in Figure 9. 
 

Configuration 1 : without wall Configuration 2 : wi th wall 

  

  

Figure 9: Picture of both model configurations  

Instrumentation 
The instrumentation is composed of 8 pressure sensors: 

- 5 sensors are placed on the model ground, along the corridor (C7, C1, C4, C5 and C6) 
- 2 sensors are placed in the barricade surface, in front of Cell 1, aligned with C1 (C2 and C3) 
- 1 sensor is placed inside Cell 2 (C8) 

The positions of the sensors are given in the scheme in Figure 10. 
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Explosive Charge Pressure sensors
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Figure 10: Scheme of the model – top view 
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Experimental results 
An example of pressure histories is given in Figure 11 for 2 pressure sensors located in the corridor (C5 and C7), 
for both configurations: with and without wall.  
 

Comparison of pressure histories for C5 and C7 in both configurations
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Figure 11: Pressure histories for C5 and C7 in both configurations 

 
For C7, there are only slight differences between both configurations: the first pressure peak is quite similar in 
both cases and the second peak is higher with the wall, which can be attributed to a reflection of blast waves 
against the wall. On the contrary, it is clear that the wall has a strong effect on the blast wave propagation behind 
it. For C5, the difference is obvious between both configurations. Blast waves have to go round the wall, hence, 
they arrive later on and pressure levels are dramatically reduced. 
 
Our experiments gave us interesting results on the influence of a wall between Cell 1 and Cell 2, but they also 
gave us experimental data to be compared to numerical results. As explained in the first part, the curve shape 
cannot be reproduced in simulations due to the mesh size. On the contrary, it is possible to compare maximal 
pressures once you know the corrective factor to be applied to calculated pressures. As a consequence, we 
extracted the maximal overpressures from the experimental signals obtained in both configurations, with and 
without walls. 2 trials were made for each configuration; the values are gathered below. 
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sensor 

C3 
sensor 

C4 
sensor 

C5 
sensor 

C6 
sensor 

C7 
sensor 

C8 
sensor 

Without 
wall 

2,50      
/        

2,96 

0,16       
/        

0,16 

0,08       
/         

0,10 

2,30        
/       

2,30 

0,62        
/      

0,65 

0,24      
/        

0,26 

0,81       
/       

0,91 

0,68        
/       

1,05 
Experimental 

pressure 
interval 

[min/max] With 
wall 

2,46      
/      

2,55 

0,14       
/    

0,15 

0,10 
/     

0,10 

0,30       
/         

0,31 

0,12     
/    

 0,13 

0,11 
/      

0,12 

0,83    
/    

 0,90 

0,15    
/    

0,17 
Table 3 – Experimental maximal overpressures in both configurations 
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4.2 NUMERICAL SIMULATIONS 

4.2.1 NUMERICAL MODEL  
Experimental configurations, with and without wall, have been modelled with the 3D CFD code STAR-CCM+. 
The modeled field is approximately 4,8m × 2,9m × 0,9m wide. The 8 grams Plastrite source is modeled by the 
thermodynamic data derived from the table 2; its caliber is 2.04 cm. Figure 12 shows the walled configuration 
model, including the position of the pressure sensors. 
 

 
Figure 12: STAR-CCM+ model with pressure sensors location 

 
The finite volume mesh shows 300,000 polyhedral elements. The mean size of the elements equals 5 cm. A 
mesh refinement is applied to the vicinity of the source and wall, down to a 1 cm cell size. Beyond the last 
pressure sensors, cell size is increased to 10 cm. Finally, all the pressure sensors are plunged in cells of 5 cm 
size. According to the graph of the figure 6, the corrective factor that will be applied to all computed peak 
overpressures isf = 2.6. The figure below shows the mesh of the walled configuration. 
 

 
Figure 13: STAR-CCM+ mesh of the walled configuration 
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4.2.2 RESULTS ANALYSIS 
The simulations are conducted over 10 ms. Finite volume elements pressure histories are post-processed with the 
corrective factor established previously (Figure 6), in order to produce the effect distance, named: Zi.  
 
Effect distances Zi are defined by the following scale: 

• Under 50 mbar  => Z5 
• From 50 to 140 mbar  => Z4 
• From 140 to 200 mbar  => Z3 
• From 200 to 430 mbar  => Z2 
• Above 430 mbar  => Z1 

 
Open configuration 
The table below gives the experimental measurements and the STAR-CCM+ post-processed peak overpressure. 
 

Pressure 
sensor 

Peak  
overpressure 
(bar) 

C1  C2  C3  C4 C5 C6 C7 C8 

Min 2.50 0.16 0.08 2.30 0.62 0.24 0.81 0.68 Experimental measurement 
Max 2.96 0.16 0.10 2.30 0.65 0.26 0.91 1.05 

STAR-CCM+ result   3.15 0.12 0.06 2.22 0.62 0.25 1.09 0.69 
Table 4 – “Open configuration” - Experimental and STAR-CCM+ peak overpressures  

Corrective factor on computed values:f = 2.6. 

 
The maximum peak overpressures computed with STAR-CCM + are close to the experimental measurements. 
Pressure sensors C1 and C7 only, exhibit a significant variation. These variation is attributed to the lack of mesh 
uniformity in the vicinity of the sensor C1, and thus to the difficulty in defining a single corrective factor (cf. 
Figure 6). Near the sensor C7, it is the proximity to the domain boundary that is supposed to skew the pressure 
signal. Figure 14 illustrates the ability of STAR-CCM+ to assess the peak overpressure at the various sensors of 
the “no wall configuration”. 
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Figure 14: “Open configuration” - Experimental and STAR-CCM+ peak overpressures 
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Figure 15 gives the map of effect distances (maximum overpressure) obtained with the numerical simulation of 
the “no wall configuration” case. 
 

 
Figure 15:  “Open configuration” - Numerical simulation of the effect distances 

 
 
Configuration with wall  
 
The table below gives the experimental measurements and the STAR-CCM+ post-processed peak overpressure. 
 

Pressure 
sensor 

Peak  
overpressure 
(bar) 

C1  C2  C3  C4 C5 C6 C7 C8 

Min 2,46 0,14 0,10 0,30 0,12 0,11 0,83 0,15 Experimental measurement 
Max 2.55 0.15 0.10 0.31 0.13 0.12 0.90 0.17 

STAR-CCM+ result   2,76 0,13 0,06 0,13 0,1 0,07 1,25 0,11 
Table 5 – “Configuration with wall” - Experimental and STAR-CCM+ peak overpressures  

Corrective factor on computed values:f = 2.6. 

 
 
The maximum peak overpressures computed with STAR-CCM + are quite close to the experimental 
measurements. However variations between experimental and computed values are more important than in the 
“no wall configuration”.  
It must be considered that the “wall configuration” is quite unfavourable.  
As for the “no wall configuration”: 

• cell size is important compared to 2.04 cm calibre of the source, 
• the resulting pressure signal through 5 cm cell size is attenuated, and spread over a longer duration. 

But accuracy of the signal shape may be affected the wave path around the wall. 
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Nevertheless, it must be pointed out the strong pressure decrease for all the sensors to the left of the wall. The 
calculation seems over assess this attenuation. Overall, the figure 16 shows the ability of the STAR-CCM+ 
model to assess the peak overpressure at the various sensors of the “wall configuration”. 
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Figure 16: “Configuration with wall” - Experimental  and STAR-CCM+ peak overpressures 

 
Figure 17 illustrates the map of effect distances given by the numerical simulation of the “wall configuration” 
case. 
 

 
Figure 17: “Configuration with wall” - Numerical si mulation of the effect distances 
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5 COMPARISON WITH STANDARD FORMULAS 

Of course, standard formulas are not adapted to such configuration. In the table 6, distances are compared 
according to the perpendicular axis which is less disturbed. It appears that Z1 is under estimated by standard 
formulas due to the effect of the barricade. Beyond this barricade, the standard formulas over estimate the effect 
distances. 
 

TNT equivalent: 
2 kg  

Open field distances (m) 
Open configuration distances (m) 

Perpendicular axis 

Configuration with wall distances (m) 
Perpendicular axis 

Z1 6.3 9.0 10 

Z2 10.1 10.5 11 

Z3 18.9 12 13.5 

Z4 27.7 19 19 

Z5 55.4 28 28 

Table 6 – .Comparison with standard formulas 
 
 
The most important point concerns the lateral blast effects in the corridor. Experimental measurements and 
numerical simulations are coherent indicating that effect distances are larger than waited, the Z1 reaches more 
than 11 m et the Z2 more than 18 m. The numerical areas is not enough large to be more precise. These 
particularities are taken into account in the relevant work safety study.  
 

6 CONCLUSIONS 

This paper explains numerical simulation methodology assessing effect distances associated to the detonation of 
an explosive charge inside complex buildings. It is not reasonable to use standard formulas; experimental tests 
on models are expensive and require long time to be performed. Then numerical simulations seem to be the best 
tool in addition to few pertinent experiments on models. 
 
It is known that the peak overpressure level is strongly dependent on the mesh quality. It is necessary to adjust 
the best compromise between the calculation duration and the mesh number. To solve this issue, the cell size 
incidence on the pressure signal shape has been established in a spherical 1D configuration: A corrective factor 
on the peak overpressure has been defined as a function of both the cell size and the distance of the pressure 
assessment point to the source. At distance, the corrective factor depends on the cell size only. Two laboratory 
scale experimental set-ups were designed in order to assess the validity of this corrective factor: an explosive 
source is detonated, and the pressure signal was recorded at various locations. The 3D finite volume modelling 
of these configurations leads to a quite good prediction of the peak overpressure as far as the wave path is linear. 
In case of a more intricate wave path, the corrective factor appears as not as large as needed. 
 
This study shows the interest for experiments on models and 3D numerical simulation for blast wave 
propagation assessment in complex buildings. This study has allowed estimating blast wave propagation in 
corridors; the effect distances are larger than waited according to standard formulas. But, according to the 
perpendicular axis, beyond the barricade, blast overpressures are quite lower than the values calculated by 
standard formulas. 
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Safe and clean test facility for pyrotechnic and hazardous devices 
 
T. Derode 
Astrium, Avenue du general Niox, 33160 Saint-Médard en Jalles, FRANCE 
 
 
Abstract 
 
In order to develop its offer of special tests on pyrotechnic devices and other hazardous materials, ASTRIUM 
(EADS Group) has designed and built an innovative test facility called PRIMEVERE (Pôle à Risques et Impacts 
Maîtrisés d’Essais de Validation et Essais de Robustesse Energétiques). Within the pyrotechnic scope, this 
installation aims at performing repetitive detonations up to 2.5 kgTNT and propellant burnings (atmospheric 
pressure burnings or strapped rocket motor tests) up to approximately 50 kg (depending on energetic potential) 
with safer conditions for operators and lower impacts on environment thanks to a gas treatment process 
connected to the test room. PRIMEVERE facility has been tested with 3 burnings of 8, 20 and 45 kg of 
aluminized composite propellant burning (atmospheric pressure). During those tests, raw gases and off gases 
concentrations of main pollutants have been measured. It has also permitted to assess the real NOx production in 
open air burning, rough treatment yields and environmental impact reducing. These results underline advantages 
of such a technology in the scope of pyrotechnic tests environmental performance improvement and pyrotechnic 
wastes elimination. 
 
Keywords 
Pyrotechnic test facility, propellant burning, pollution reducing, gas treatment, pyrotechnic wastes elimination 
 
 

1. Introduction 
For many years, ASTRIUM (EADS Group) has 
been offering services in special tests domain, 
among which pyrotechnic objects testing. In order 
to develop its offer and to enhance the hazardous 
materials scope, ASTRIUM has designed and built 
an innovative test facility called PRIMEVERE 
(Pôle à Risques et Impacts Maîtrisés d’Essais de 
Validation et Essais de Robustesse Energétiques). 
Within the pyrotechnic domain, this installation 
aims at performing repetitive detonations up to 2.5 
kgTNT and propellant burnings (atmospheric 
pressure burnings or strapped rocket motor tests) up 
to approximately 50 kg (depending on energetic 
potential) with safer conditions for operators and 
lower impacts on environment thanks to a gas 
treatment process connected to the test room. The 
gas containment function associated to the gas 
treatment function has led to a quite complex 
facility which was necessary to qualify 
progressively. After many tightness tests operated in 
insuflating air into the test building, three burning 
tests have been made. 

2. PRIMEVERE facility description 

1.1 Main architecture 
The tight reinforced concrete test room dedicated to 
propellant burnings and other hazardous operations is 
designed in order to greet large size specimen. Net 
working area is greater than 350 m2 and the inner 
building volume is about 5,800 m3. A special door 
about 60 m2 make large systems entrance possible. 
Propellant containing objects are burned / fired, the 
building being inflated with a negligible loss to the 
atmosphere. Then the polluted atmosphere is 
extracted toward a gas treatment process. This 
technology has the advantage of using the room as a 
buffer tank and permits first, to design the raw gas 
treatment process without considering the combustion 
gas flow rate (the raw gas extraction flow is here 
about 6000 Nm3/h) and secondly, to use reliable and 
well known gas treatment process of chemical 
industry. 
The building is sized and equiped in order to sustain a 
200 mbar pressure static strain. It means that all 
openings, walls, roof and raft have been hardened 
such as they only bend in the elastic domain and in 



Safe and clean test facility for pyrotechnic and hazardous devices 

2/6 

order to limit leakages as much as possible under 
this strain. 
The detailed architecture of the facility, among 
which solutions for pressure breaking without 
atmospheric emissions and devices used in order to 
ensure the global safety of the building are 
protected by patent [1]. 

1.2 Gas treatment process 
The gas treatment process is dedicated to dust, acid 
gas and aerosol (HCl), carbon monoxyde, VOCs 
and nitrogen oxides. All employed technologies 
have been selected among best available 
technologies [2]. Technological choices have been 
driven by three main issues : pollutants to be 
treated, compatibility with a batch functioning and 
reducing of technological risks associated, 
particularly those which could stress or could be 
stressed by pyrotechnic devices in case of failure. 
For instance, the third issue led us to choose 
electrical heating before SCR reactor in order to 
avoid gas burner and network / tanks in the vicinity 
of pyrotechnic devices; it also led us to choose urea 
SCR for the DeNox process, in order to avoid 
ammonia storage onsite which could be stressed by 
pyrotechnic functioning. 
 
The first treatment stage is dedicated to gaseous 
acids (See Fig.1), mainly chlorhydric acid and 
dusts. These two functions in the same device are 
particularly useful because of acid adsorption on 
dust during solid propellant burning. At the time of 
AP/Al composite propellant burning, one has to 

expect chlorhydric acid droplets condensed on 
alumina particles [3]. A dry sorbent, composed of 
lime (> 90%) and charcoal is injected in the raw gas 
flow just before a fabric filter. Thanks to the 
underpressure, the sorbent builds a cake on each 
sleeve, enhancing the filtration performance. The 
reaction between chlorhydric acid and lime can be 
written as [4] : 

Ca(OH)2 + 2HCl → CaCl2 + 2H2O  (1) 

Because of the charcoal presence, the first stage also 
allows a first treatment of VOCs [5], even if it is not 
its main function. 
Then the second stage is dedicated to nitrogen oxides 
treatment, DeNox. This is made with a Selective 
Catalytic Reactor (SCR), functioning around 330°C, 
after a heat exchanger collecting heat from the 
downstream reactor exhaust pipe and an electric 
heating element. The reducing agent selected for the 
process is urea aqueous solutions. DeNox chemistry 
based on urea is described by Koebel [6]. First 
aqueous urea is atomized in the hot raw gaz stream: 

NH2-CO-NH2(aq) → NH2-CO-NH2(solid) + xH2O(gas) (2) 

Then urea is thermally decomposed producing 
ammonia: 

NH2-CO-NH2(solid) → NH3(gas) + HNCO(gas)  (3) 

The isocyanic acid is catalytically hydrolyzed with 
water vapor : 

HNCO(gas) + H2O(gas) → NH3(gas) + CO2(gas) (4) 

 

 
Figure 1: Gas treatment process 
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Then the main reactions of NOx reduction are : 

4 NH3 + 4NO + O2 → 4N2 + 6 H2O (5) 

4 NH3 + 2NO + 2NO2 → 4N2 + 6 H2O (6) 

4 NH3 + 3NO2 → 7/2 N2+ 6 H2O (7) 

Finally, the third stage is a catalytic oxidizer 
dedicated to VOCs and carbon monoxide 
oxidation. 
Figure 2: Test room and gas treatment process 

 

3. Solid propellant burning tests 

3.1 Tests description 
Three aluminized AP/Al atmospheric pressure 
burning tests have been operated in order to 
qualify the global facility process. Each test 
concerned 2 or 3 free propellant blocks leading to 
NEW of 8 kg, 20 kg and 45 kg. With the intention 
to prevent floor damages due to direct heat fluxes 
or because of potential small burning propellant 
pieces ejection, blocks have been burned in a 
concrete crucible lined with fire bricks (See 
Fig.3). 
Figure 3: Concrete crucible 

 
Because of the large volume of the room, each 
burning has enough oxygen to be considered as 
open burning. Oxygen consumption comes 
mainly from recombustion of hydrogen and 
carbon monoxide produced by propellant primary 

combustion. Adiabatic primary combustion 
products inventory of AP/Al propellant comparable 
with our specimen is given in reference [7]. 2.2% of 
H2 and 23.2% of CO lead to less than 14 kg of O2 
consumption, that is to say less than 1% of available 
oxygen in the room before firing. 
Due to the concrete crucible, the recombustion 
process takes place over the crucible as it can be 
seen on Fig.4. 
Figure 4: 45kg propellant burning 

 

3.2 Expected pollutants emissions 
Emissions factors inventory during open burnings 
of aluminized propellant can be found in the 
SEESAC database [8] and in the EPA / Dugway 
Proving Ground Database [9]. The two first OB 
tests concern AP/Al propellant very comparable 
with our specimen, but with a lower mass around 1 
kg. The third one concerns Improved Hawk rocket 
motors, comparable interms of AP contents but 
containing a very few Al. 
Table 1: Expected pollutants 

Propellant AP/Al: 70/20 AP/Al: 69/19 AP/Al: 60/0.7 
Reference [10] [9] [9] 
Mass 1,18 kg 1.1 kg 590 kg 
Pollutant Emission factors (kg/kgNEW) 
CO2 3,17E-01 3,27E-01 - 
CO 2,10E-03 1,20E-03 - 
HCl 2,10E-01 2,14E-01 - 
NOx (as NO2) 3,51E-03 2,91E-03 2,29E-02 
NO 2,16E-03 - - 
NO2 2,06E-04 - - 
PM10 4,31E-01 - - 
Al 1,15E-02 1,15E-02 2,46E-03 
PAH - 5,02E-07 - 
Aromatics  3,03E-06 3,05E-07 1,60E-05 
Saturated HC 3,22E-06 3,05E-07 6,85E-06 
Unsaturated 
HC 2,91E-05 1,09E-05 4,66E-04 
Dioxin - 2E-12 - 
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Even if a few data are available, we can make 
following comments: hydrogen chloride 
emissions are around 20% of the specimen mass 
rendering that quite the whole mass of chlorine 
contained in the propellant is converted in HCl. 
Carbon monoxyde emissions are expected in the 
range of 0,2% of the specimen mass. Dust (PM10) 
are expected in the range of 40%, which is in 
accordance, if we assume that dust is essentially 
composed of alumina, with theoritical prediction 
for a 15 kg AP/Al 68/20 [7] which assesses an 
alumina emission factor around 34%. 
Experimental data show that nitrogen oxides are 
measured in non negligible quantities. Even if the 
improved Hawk motor test concerns a more 
nitrogen containing propellant due to the 
polyurethan foam used as binder, it seems that 
nitrogen oxides emission factor grows with the 
specimen mass because the emission factor 
expressed as kgNOx/kgN also grows with the 
specimen mass [8]. 
Some VOCs are also expected but at trace level. 

4. Results 

4.1 Main pollutants 

4.1.1 Hydrogen chloride 
Hydrogen chloride has been measured unstream 
and downstream from the gas treatment process. 
As a soluble gas, it was quantified by bubbling 
through water and ionic chromatography. For the 
first test, the total HCl mass has been measured 
and for the two other tests, a 6 samples time series 
has been taken with a total duration of 3 hours. 
The table 2 here below gives total masses and 
HCl / solid propellant mass ratios. 
Table 2: Hydrogen chloride EF 

 Test 1 Test 2 Test 3 

HCl (kg) 0.88 1.88 4.87 

Mass ratio 
(kg/kgNEW) 0.110 0.094 0.108 

 
Those ratios are quite constant around 10%. It 
represents only half of the expected emission 
factor. We assume that this difference with 
theoretical values is due to condensed chlorhydric 
acids droplets (free or adsorbed on alumina 
particulates) settling down which leads to 
depositions inside the room. This deposition 
effect has been clearly noted after burnings with 
surfacic pH paper sampling. The consequence is 

that the total HCl is not measured in the raw gas 
piping. But the HCl mass not collected by the gas 
treatment has been collected by the containment of 
the room then collected by washing operations and 
not dispersed in the environment. 

Figure 4: Upstream and downstream HCl time history 
average concentrations during the 45kg test 
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Calculated HCl treatment yield are in the range of 
[95%-99.8%]. Clean gas concentrations much lower 
than 10 mg/Nm3 are in very good accordance with 
BAT performance [2]. 
 

4.1.2 Nitrogen oxides 
Nitrogen oxides have been measured on three 
points: inside the test room (NO/NO2), in the 
rawgas pipe (NOx) and in the stack (NOx). For each 
test, the Table 3 here below gives the total NOx 
mass produced obtained by integrating the 
concentration vs time graph during the whole 
cleaning of the room, NO2/NO ratios measured 
inside the room and emission factors deduced. 
Table 3: Nitrogen oxides ratios 

 Test 1 Test 2 Test 3 

NO2
/NO (-) - 1 0.48 

NOx (kg) 0.031 0.122 0.501 

Mass ratio 
(kg/kgNEW) 3.9E-3 6.1E-3 1.1E-2 

 
We can see that NOx emission factor effectively 
grows with the specimen mass and is in the range of 
available experimental data. For the first test, 
NO2/NO ratio was not usable because of the few 
pollutant concentrations obtained in the test room 
compared to the measurement scale. But we can 
observe a drop in NO2/NO ratio with higher 
specimen mass, revealing a drop in the NO 
oxidation yield. 
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The Fig. 4 hereafter presents the NOx real-time 
measurements during the 20kg burning test, in the 
raw gas flow and in the clean gas flow. 
 
Figure 4: NOx measurement during the 20kg burning 
test 
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Calculated DeNOx yields are in the range of 
[50%-75%], the best yield being obtained during 
the first test. The lowest yield obtained are still 
inferior to the average performance of 70% 
commonly noticed [4]. The system can still be 
improved to reach such a performance level, 
enhancing the DeNOx regulation parametres, 
among which urea flow. This enhancement could 
be performed on the basis of more NOx emitting 
propellant burning test like double-base 
propellant. 

4.1.3 Carbon monoxide 
Carbon monoxide has been measured upstream 
and downstream from the gas treatment process. 
Considering real concentration and measurement 
scale, the most relevant measure is that of the 
45kg test during which 0.17 kg of CO has been 
measured, leading to an emission factor of 3.8E-3. 
This value is in the ordre of magnitude of values 
presented at § 3.2. The treatment yield is here 
around 50%. 
 

4.2 Traces pollutants 
Among pollutants listed in Table 1, we can find 
many VOCs types, found at trace level (PAH, 
aromatics, saturated HC, unsaturated HC and 
dioxin). Such pollutants have not been monitored 
during burning tests. Nevertheless, the gas 
treatment process is able to treat those substances 
as presented in paragraph 1.2. A test dedicated to 
the VOCs treatment performance has been 

operated before propellant burnings. This test has 
consisted in forced evaporating of ethanol within 
the gas treatment facility. Mass flow between 0.2 
and 1.2 g/s has been obtained. Rawgas and clean 
gas total VOCs concentrations have been measured 
in order to calculate the treatment yield (See Fig. 5). 
 
Figure 5: VOCs treatment performance 
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The sum of all VOCs masses listed in Table 1 is less 
than 1g. Because of the yield given above, we can 
assume that the whole VOCs mass has been treated 
by the gas cleaning process. 
 

5. Conclusion 
In the aim to develop its offer of special tests on 
pyrotechnic devices and other hazardous materials, 
and to improve its environmental performance, 
ASTRIUM has designed and built an innovative test 
facility among which a test room dedicated to 
medium level detonations and propellant containing 
objects firing or burning tests. The first operating of 
this facility has been made with three solid 
propellant atmospheric pressure burning tests. 
These tests have showed, even if some tunings are 
still necessary to get the best performance of the gas 
treatment system, that it is possible to strongly 
reduce environmental impact of pyrotechnic devices 
functioning tests. More over, one can usefully think 
to adapt this technology to the pyrotechnic waste 
elimination issue. Main significant advantages 
concerns the fact that no disassembling of the 
pyrotechnic object would be needed neither any 
propellant emptying. It leads to a siginificant profit 
for the operation duration and, above all, for 
operators security. To sum up, it offers open 
burnings easiness without the environmental 
impact. Even if such a facility is yet design for 
propellant quantity around 50kg, a 100kg/shot 
indeed 200 kg/shot facility design seems to be 
reasonnably approachable. 
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Acronyms 
 
AP Ammonium Perchlorate 
BAT Best Available Technology 
EF Emission Factor 
HC HydroCarbons 
NEW Net Explosive Weight 
OB Open Burning 
OD Open Detonation 
VOCs Volatil Organic Compounds 
PAH Polycyclic Aromatic Hydrocarbons 
PM10 Particulate Matters with specific diametre 

less than 10 µm 
TCDD Tétrachlorodibenzodioxine 
 
References 
 
[1] Derode, T. ASTRIUM SAS, Brevet N°09 54810, 

Système et procédé d’essai de dispositifs à poudre, 
2009.  

[2] EUROPEAN COMMISSION, Integrated 
Pollution Prevention and Control, Reference 
Document on Best Available Techniques in 
Common Waste Water and Waste Gas Treatment / 
Management Systems in the Chemical Sector, 
February 2003 

[3] Dawbarn,R. et al., Analysis of the measured 
effects of the principal exhaust effluents from 
solid rocket motors, NASA Contractor Report 
3136, 1980. 

[4] RECORD, Les polluants et les techniques 
d’épuration des fumées. Cas des unités de 
traitement et de valorisation thermique des 
déchets. Etat de l’art, 2009, 399 p, n°08-0227/1A. 

[5] Licata, A. The application of activated carbon 
enhanced lime for controlling acid gases, mercury, 
and dioxins from MWCs, ACFPAI, Vol.41, 1996. 

[6] KOEBEL, M. and al., Urea-SCR: a promising 
technique to reduce NOx emissions from 
automotive diesel engines, Catalysis Today 59, 
335–345, 2000. 

[7] Chassagne, F. Contribution à la Modélisation de la 
Combustion de Blocs de Propergol Solide 
Aluminisé après Eclatement d’un Propulseur, 
2008. 

[8] SALW ammunition destruction - environmental 
releases from open burning (OB) and open 
detonation (OD) events, SEESAC, 2004 

[9] Mitchell, W and Suggs, J. Emission factors for the 
disposal of energetic materials by open burning 
and open detonation (OB/OD), US-EPA, 
EPA/600/R-98/103, 1998 

 



 
 

Inertization of Nitrocellulose Based Propellants 
 

M.L. Douet, C.I. Van de Velde, and M.H. Lefebvre 
Laboratory for Energetic Materials  

Royal Military Academy, Brussels, Belgium 
michel.lefebvre@rma.ac.be  

 
 

The benefit of declassifying energetic materials becomes relevant as applications such as land reme-
diation, pyrotechnic materials demilitarisation, energetic waste destruction… emerge. Ruling explosive sub-
stance out of Class 1 (of the UN Classification) results in light manipulation, save logistics and easy post-
treatment. Declassification is particularly appropriate for futher waste treatment, when the energetic material 
has to be transported from the extraction site to the destruction site. Besides, it could be useful when the in-
dustrial site in charge of the post-processing is not and is not intended to be classified as a pyrotechnical site. 

In order to be ruled out of Class 1, energetic materials have to be converted into inert materials. In 
this study, we investigated ways to mitigate the pyrotechnic behaviour of energetics in general and nitrocel-
lulose based propellants in particular, until they reach pyrotechnical properties comparable – according to 
current regulations – to the ones of inert materials. This operation has been called ‘inertization’. 
 
 
WHAT IS INERTIZATION? 
 
Definition and basic requirements 
Inertization is the irreversible transformation of an energetic material, classified as class 1, into an inert ma-
terial. One solution is to mix inert additives into the previously grinded energetic material, the resulting ad-
mixture being a granular solid. In order to be considered as inert materials according to the regulations, ad-
mixtures must demonstrate that they are permanently too insensitive and non reactive to be classified as a 
Class 1 material. The methodology for such an inertization process is shown on Fig. 1. 
 
Additional requirements 
According to the specific purpose of energetic waste processing, further requirements need to be considered. 
Inertized admixtures must guarantee safe handling and must be environmentally neutral. In order to insure 
safe manipulation during post-processing, admixtures must remain stable. Financial requirements might also 
be an important constraint, especially if the admixture is not intended to be recycled. Moreover, inert addi-
tives must be compatible with the selected post-treatment technology.  
A requirements matrix containing aforesaid requirements is shown on Table 1. This matrix aims to give spe-
cific criteria for each function to be fulfilled by the admixture. Measurable parameters and assessment meth-
ods are proposed for each criterion for which admixtures can be evaluated. 
 
Methodology 
The methodology to select inertized admixture’s composition is based on the requirements matrix. Admix-
ture’s pyrotechnic behaviour and compliance with the essential requirements are evaluated at the same time. 
The admixture’s overall pyrotechnic behaviour can be described by its explosivity properties under confine-
ment and its ignition sensitivity to external stimuli. The irreversibility of the inertization process depends on 
the admixture’s stability over its entire lifetime. These characteristics could be assessed through standardized 
tests (for instance UN-TDG [1], NATO [2], EN [3]…). 
In this work, the methodology has been implemented on nitrocellulose based propellants originating from 
stockpiles aimed to be demilitarized. 



TO WHAT EXTENT IS IT POSSIBLE TO DOWNGRADE THE PYROTECHNIC BEHAVIOUR 
OF NITROCELLULOSE? 
 
Tested inertized admixtures are composed of grinded nitrocellulose propellants, homogeneously mixed with 
granular additives. The mass ratio Energetic Material/Inert Additive characterizes the admixture’s composi-
tion. Materials used are given in Fig. 2. Additive’s efficiency is dependent on its chemical nature and grain 
size.  
 
Explosivity under confinement  
To assess the admixture’s explosivity under confinement, the following standardized tests are carried out: 

• UN-TDG Time/Pressure test - Serie 2 type (c) 
• UN-TDG Koenen test - Serie 2 type (b) 
• UN-TDG Deflagration to Detonation Transition test – Serie 5 (b) (iii) 

 
Adaptations of the standard procedures are sometimes required. In the Time/Pressure test for example and 
for admixtures containing less than 25% of nitrocellulose, a stronger ignition system is required  to achieve 
ignition (1g of black powder instead of an electric fusehead) and to permit relevant combustion assessment. 
In the Deflagration to Detonation Transition test, a stronger ignition system is required as well for all ex-
periments (10g of explosive sheet in addition to the detonator). 
 
In the Koenen test, the agglomeration of solid particles around the gas ejection orifice has been observed. 
These unsuitable obstruction increases the confinement in the tube, resulting in a bias in the limiting orifice 
diameter assessment. 
 
Figure 3 shows how the explosivity under confinement is downgraded by the addition of inert additives. In 
order to be in compliance with the tests requirements, admixtures must contain less than 20% of nitrocellu-
lose. Organic additives tend to be more efficient than the inorganic additive. Regarding inorganic additives, 
fine additive’s grain size is more efficient than large one. 
 
Sensitivity to ignition 
The standardized test carried out to assess the admixture’s sensitivity to a mechanical stimulus is UN-TDG 
BAM Fallhammer test - Serie 3 (a) (ii).  
As seen on Table 2, the sensitivity to impact is unaffected by the presence of inert additives. Minimal impact 
energy stands equal to 7.5 J which is the minimal impact energy of the initial nitrocellulose propellant. 
 
Stability 
Admixture’s stability implies its thermal stability and the chemical compatibility between additives and ini-
tial energetic material(s). The standardized tests carried out to assess the admixture’s stability are: 

• UN-TDG Thermal stability at 75°c during 48h – Serie 3 (c) 
• NATO-STANAG 4147 HFC Heat flow calorimetry test – Test 2 

 
According to the UN Thermal stability test’s criteria, the tested organic admixtures are stable when exposed 
at 75°C during 48h. Nevertheless, as shown on Fig.4, nitrocellulose grains in organic admixtures turned from 
green to a red-orange color. This color change indicates chemical reactions between nitrocellulose and the 
organic additive. One may speculate that this thermal stability test is not accurate enough to assess the stabil-
ity of organic admixtures. 
Additionally, the stability and chemical compatibility of organic admixtures were investigated by heat flow 
calorimetry at 90°C. As shown on Fig.4, the test result shows chemical incompatibility between organic ad-
ditives and grinded nitrocellulose. Moreover, the incompatibility worsens with the humidity content. 
 
Response to fire 
The standardized test carried out to assess the admixture’s response to fire is the EN 13938-4 Burning rate 
test. During the combustion of organic admixtures, toxic combustion gases, such as cyanides, were emitted. 
Whatever the type of additive used, the burning rate is significantly reduced. The organic additive is the most 
efficient, as it is able to stop the combustion of admixtures containing up to 50% of nitrocellulose. 
 
 



Discussion 
The pyrotechnic performances (explosivity under confinement) of an energetic material can be downgraded 
by mixing it with inert mineral or organic additives. However, it seems more challenging to reduce the sensi-
tivity of the energetic material. 
Organic additives are more efficient to mitigate the explosive properties, but simultaneously it tends to 
downgrade the stability of the nitrocellulose propellant. Consequently, the chemical compatibility between 
the additive and the energetic materials needs to be investigated carefully. 
 
The Time/Pressure test and the Koenen test are the most restrictive tests, i.e. the requirements that is the most 
difficult to satisfy, while the deflagration to detonation test and the BAM Fallhammer are less critical. The 
burning rate test is not critical either; but the emission of toxic gases by the combustion of organic admix-
tures highlights a potential hazard when exposed to an accidental fire. 
 
 
HOW TO MAKE INERTIZATION SUCCESSFUL? 
 
In addition to the above experimental results focusing on pyrotechnic characteristics, additional requirements 
must be and have been considered (mechanical resistance, environmental impact) to assess the feasibility of 
the inertization of nitrocellulose based propellants. 
 
Irreversibility  
The irreversibility of the inertization process depends on the admixture’s resistance to segregate. Granular 
admixtures tend to segregate under vibration, leading progressively to local accumulation of energetic mate-
rials in packaged admixtures.  
Thus, when the transport of inertized admixtures is required, mechanical resistance to segregation has to be 
considered in order to ensure a uniform inert behaviour. 
Caking additives, gelling agents or fibrous materials can contribute to the admixture’s mechanical resistance 
to segregation. 
Under the requirement “irreversibility” of the inertization process, one must also consider the potential dry-
ing out of the admixture. This makes water, probably the most efficient, inexpensive and environmental 
friendly additive, not suitable for all applications.  
 
Environmental impact 
Environmental concerns on the additive’s selection must be taken into account. As the main purpose of land 
remediation is to remove hazardous contamination, additive’s environmental cost and impact are part of the 
lifecycle assessment. A high environmental cost of the additive’s production or a high ecological impact 
means counterproductive inertization solutions. 
Using other waste materials such as organic composts as inerting additives can contribute to reduce the eco-
logical cost of the inertization process. 
 
Post-treatment technology 
The prepared admixtures must be compatible with the selected post-processing technology. Several off-situ 
technology can be used for further nitrocellulose degradation: thermal decomposition (pyrolysis, incinera-
tion), biodegradation (composting,…), or chemical denitration (hydrolysis). 
Biodegradation could be an attractive technology but also probably the most constraining one because it re-
quires creating favorable conditions for the development of microorganisms: moisture content (from 50 to 
80%), pH (preferentially neutral), Carbon:Nitrogen:Phosphorus ratio (from 100:5:1 to 300:5:1),… 
If biodegradation technique is chosen, biological requirements need to be directly included in the selection of 
inert additives. 
 
 
CONCLUSIONS 
 
The preparation of granular solid admixture seems to be one of the easiest inertization ways. Moreover, its 
tendency to segregate and the potential chemical incompatibility between substances could become critical 
issues. These issues must be taken into account in the early phase of the design of the inertization process. 
 



According to our set of experiments, granular solid admixtures may contain up to 20% of nitrocellulose to 
fully comply with the requirements of inert materials and be declassified out of class UN-1. This implies that 
the volume of admixtures to be handled by the waste treatment site could be as large as five times as the ini-
tial energetic waste volume. 
 
In order to assess accurately the pyrotechnic behaviour of admixtures containing inert components, some 
standardized tests needed to be adapted to the investigated cases, namely: 

• use of stronger ignition for the Time/pressure test 
• adapted procedure of the Koenen test to eliminate the orifice obstruction by solid particles 
• use of more severe assessment method or criteria than the ones of the UN-TDG Thermal stability to 

assess the admixture’s stability 
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Figure 1: The inertization process methodology. 



Table 1: Requirements matrix for the inertization of nitrocellulose propellants aimed for an off-site post-
treatment. Functions in green are performance functions, Functions in red are constraints 

 
 Functions Criteria Parameters Possible assessment methods 

Response to  ignition UN-TDG Serie 2 (c) (i) 
 Time/pressure test 

Response to  intense 
heat  

UN-TDG Serie 2 (b) 
Koenen test 

Low explosivity under 
confinement 
 

Ability to propagate a 
detonation 

UN-TDG Serie 5 (b) 
Deflagration to detonation test 

Low segregability Test on vibrating bench 
Homogeneous compo-
sition 

Mechanical resistance Resistance on uniaxial compres-
sion between parallel plates 

Drop-weight impact UN-TDG Serie 3 (a) (ii) 
BAM Fallhammer test 

F#1 Safe handling 

Low sensitivity to ig-
nition 

Friction UN-TDG Serie 3 (b) (i) 
BAM Friction test 

Not toxic to humans 
Not carcinogenic, 
mutagenic or toxic to 
reproduction 

REACH legislation 
CLP database 

Ecological cost Integrated chain management 
Reduction of inputs/outputs 

Environmental quality 
Lifecycle assessment 
'Materials, Energy, Toxicity' 
matrix  

Not toxic to the envi-
ronment 

Impact on biodiversity Bioindicators follow-up 

Toxicity of combustion 
products 

Risk analysis:  
Combustion products analysis 

F#2 Environmental 
impact 

Not hazardous in case 
of accident  Response of the sub-

stance to fire 
EN 13 938-4 
Burning rate test 

Thermically stable Thermal response to 
heating 

UN-TDG Serie 3 (c) 
 Thermal stability at  75°C 

F#3 Stability 
Chemically stable 

Chemical compatibility 
between energetic and 
inert materials 

OTAN-STANAG 4147 
Heat flow calorimetry test 
Determination of chemical com-
patibility of admixtures 

Cost of additives Purchase cost 
F#4 Financial reli-

ability Reduced cost 
Effective cost of the in-
ertization process 

Lean management 
Industrial flow optimization 

F#5 
Compatibility 
with the post-

treatment 

Criteria, parameters and assessment method depends on 
 the selected post-processing technology 

 



 
Figure 2: Used formulations, containing grinded nitrocellulose pow-
der and an inert additive. Three inert additives have been tested. 

 
Figure 3: Explosivity under confinement of the admixtures containing a given mass 

fraction of nitrocellulose. Results for three different tests are shown. 



Table 2: Sensitivity to drop weight impact (BAM Fallhammer test) of various tested admixtures. 

Nitrocellulose mass 
ratio (%mass) 

Organic Inorganic - fine 

30% 7.5 J 7.5 J 

20% Not performed 7.5 J 

10% 7.5 J 7.5 J 

 
 

 
Figure 4: Stability test results. 

 

 
Figure 5: Burning rate under ambient conditions of two different admixtures with 
decreasing NC mass fractions. 
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ABSTRACT 
 
French explosive regulation offers practical rules for open field debris quantity / distance arcs calculation 
which are generated by explosive munitions "dedicated to generate numerous primary fragments"; these 
fragments are well defined. On the other hand, any criterion doesn't exist for secondary debris quantity / 
distance arcs calculation (walls, pylon, machine …) in whole Regulation about ICPE (listed installation for 
environment protection). This lack of regulation is justified by sentence "taking into account of limited 
knowledge in matter of debris effects determination and modeling". Indeed, in comparison with blast 
overpressures or thermal flux effects, debris effects assessments are difficult: lethality degree doesn't 
proportionately decrease with distance; debris which reach large distances (more than few hundred meters or 
even more) are always huge for aerodynamic reasons and these distant debris are also lethal. Nevertheless, 
this distant debris can not justify quantity / arc distance drawing due to their limited number and associated 
hit probability. Explosive installations are concerned by secondary debris, for example, in case of explosion 
inside buildings. For many years, SME Environnement conducts debris effects assessments (primary and 
secondary) through numerical simulation tools in case of explosion or detonation (DENSECLAT software). 
Today, such tools are developed using methods described in NATO's AASTP4 document based on defense 
community feedbacks; for example IMESAFR. For this reason, SME Environnement and SFEPA 
(Manufacturers Union of Explosives, Pyrotechnics and Firework) have conducted comparative study about 
debris quantity / distances arcs through various methods and available tools concerning the most 
representative industrial explosive installations (earth covered igloo, large open-air depot with earth slope 
barricade, mountain depot, explosive workshop …). This allows to design professional handbook and to 
assess if tools coming from defense community can be used for industrial installations. 
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1 INTRODUCTION 
The work presented in this paper is dedicated to complete pyrotechnic safety professional handbook on 
debris effect distances assessment concerning pyrotechnic industrial sites. It has been conducted by SME 
Environnement (team dedicated to technological risk assessment of SME Company which is subsidiary of 
SAFRAN Group) on SFEPA's (Manufacturers Union of Explosives, Pyrotechnics and Firework) request. It 
is intended to: 

- Allow to professional association to define practical rules about projection effect distances which 
take into account of specificity of pyrotechnic industrial sites. 

- Assess distinctly effects distances due to primary fragments (munitions, confining machines …) or 
secondary debris (supplies, buildings, crater …). 

- Compare these debris effect distances to blast effect distances linked to French regulations of 
pyrotechnic safety. 

- Bring technical arguments for comparison of different calculation tools and methodologies including 
IMESAFR software [10][11] and NATO's AASTP-4 rules [7]; these rules have been adopted by IPE 
(Inspectorate for Powders and Explosives) which is National Expert for Pyrotechnic Safety. 

- Allow insertion of recommendations dedicated to debris effect distances assessment and protective 
devices effects evaluation (earth slope, strong walls …) into new edition of Guide de Bonnes 
Pratiques for Pyrotechnic Industry (Best Practices Guide). 

 

2 CONTEXT 

2.1 DEBRIS: ORIGIN & CHARACERISTICS 
Debris has various origins and characteristics; nevertheless it is usually considered the primary fragments 
and the secondary debris. The primary fragments are generated by detonation in contact with metallic pieces. 
They are very small: few grams except singular scraps around few hundred grams; greatly supersonic: Mach 
3 to 8; specific to munitions and confining machines. The secondary debris comes from all around pieces: 
supplies, buildings and also crater; these projectiles are subsonic but their mass can reach few hundred 
kilograms or more, they are not specific to pyrotechnic installations. At least, it is true when explosive 
density inside building or ISO-Container is very high, then secondary projectiles become like primary 
fragments. 
 

 
Figure 1: Fragments and debris flights 

 
Hazardous debris effect distances assessment is very difficult; indeed, in comparison with blast 
overpressures or thermal flux effects, debris lethality degree doesn't proportionately decrease with distance; 
In addition, projectiles which reach large distances (more than few hundred meters or even more) are always 
huge for aerodynamic reasons and these distant projectiles are also lethal. Nevertheless, only one distant 
projectile can not justify quantity / arc distance drawing due to the small number and the associated hit 
probability. 
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2.2 REGULATION REFRENCES (extracts) 
PCIG Bylaw (20 September 2005) [1], which is basis for hazardous distances drawing for whole ICPE (listed 
installation for environment protection), considers state-of-the-art limitation for debris effect assessment by 
sentence "taking into account of limited knowledge in matter of debris effects determination and modeling 
… debris effect assessment requires case-by-case analysis …".  
 
Pyrotechnic Safety Bylaw and linked Circulars (20 April 2007) [2][3] suggest empiric formulas which are 
designed for "articles dedicated to generate numerous primary fragments". Thus, these formulas aren't 
adapted to design hazardous areas about secondary debris effects. In addition, maximum effect distance is 
limited to 800 m, but it is known that it isn't the maximum range for primary fragments generated by large 
caliber artillery shells or General Purpose Bomb. That means that beyond 800 m, hit probability is enough 
small to be neglected. 
 

2.3 SME ENVIRONNEMENT's FEEDBACK 
For 20 years, SME Environnement has used its specific software allowing primary fragments and secondary 
debris effects assessment. Many EST (Work Safety Study in compliance with regulations) have been 
achieved using DENSECLAT Software results. This tool is dedicated to primary fragments. It is designed to 
calculate hit and lethality probabilities according to confined charge characteristics and its environment in 
compliance with French pyrotechnic safety regulation. It has been awarded by Biennale des Technologies et 
des Processus Industriels in 1999 and it has been presented during GTPS's Technical Day in 2006. Other 
specific tools are dedicated to each physical effect as SEP (blast, fragments and debris), EGC (Confined 
Gaseous Explosion) or BALISTIQUE (trajectory calculation for specific projectiles). 
 
The methodology supported by DENSECLAT software is based on: 
- The semi-empirical laws defined by Mott, Gurney and Taylor, aerodynamic equations and probability 

calculations, 
- The fragments and debris density doesn't decrease proportionally with distance due to flight 

characteristics, 
- The lethality doesn't decrease proportionally with distance because long range projectile must have 

significant mass to balance aerodynamic slowing-down. 
 
Hazardous areas are computed through DENSECLAT with the following thresholds, software takes into 
account simultaneously energy and density of fragments: 
- Z1 =  lethality > 50 % 
- Z2 =  lethality > 10 % 
- Z3 =  hit  > 3 % 
- Z4  =  hit  > 1 % (NATO's IBD) 
- Z5 =  hit  > acceptable value in relation with accident probability in the aim to 

demonstrate annual hit probability < 10-7. 
 
It is noted that Z4 threshold is based on long-standing French Army regulation [4] and NATO's IBD 
(Inhabited Building Distance) [5]. IBD is ever used in current AASTP-1 [6]. It corresponds to one dangerous 
fragment for 56 m2 or 180 fragments by hectare. The Z5 limit can be adjust as needed, this former criteria 
corresponds to the probability to be killed by sting in one year in France. For example, this value is most 
severe than the USA's criteria for exposed persons outside pyrotechnic sites which is 10-6 [13]. 
 
The DENSECLAT hit probability is considered for ≥ 8 J energy fragments (beginning of lethal injuries) and 
the lethality probability takes into account simultaneously the hit probability and lethality versus fragment 
energy. It is considered that ≥ 79 J energy fragments are 100 % lethal, this is very conservative, and the real 
value is around 150 to 200 J. 
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At least, SME Environnement has achieved for the French Ministry in charge of Environment the 
bibliographic report "Document de référence pour l'évaluation des effets de projection en cas d'accident dans 
une installation classée" (reference document for debris effect assessment in case of accident in listed 
installation).  
 

2.4 NATO's METHODOLOGY ADOPTED BY IPE 
IPE has adopted NATO's rules for implementation in French Ministry of Defence entities. In this aim, IPE 
has defined criteria adapted to French regulation [8] and has developed EVREST software. This tool is based 
on semi-empiric laws exposed in AASTP-4 [7]. Nevertheless, it contains classified elements, then its 
distribution in limited to French Ministry of Defence entities. 
 
Hazardous areas are defined in compliance with French regulation, as exposed below: 
- Z1 =  lethality > 50 % 
- Z2 =  lethality > 5 % 
- Z3 =  lethality > 1 % 
- Z4  =  hit  > 1 % (NATO's IBD) 
- Z5 =  2 x Z4 or insignificant hit probability. 
 
It is noted that the lethality threshold versus fragment energy which is adopted by IPE is the AASTP-4 Swiss 
curve. This is more precise, for 79 J energy fragment, the lethality probability is around 30%. The IBD is 
also called HFD (Hazard Fragment Distance) for fragment effect assessment. 
 
This methodology is attractive because it takes into account AASTP-4 semi-empiric laws which have been 
validated through full scale tests. It considers physical effects that are not explicitly managed in French 
regulation as cater debris effects. It is dedicated to French Ministry of Defence entities. But it could influence 
industrial safety regulation through usual capillary action. 
 

3 WORKS DESCRIPTION 
Works consist to evaluate the various methodologies and available tools for typical industrial installations. 
This evaluation concerns the easy-to-use and especially comparison between various effect distances taking 
into account of key parameters such as loading density (explosive mass versus building volume) or barricade 
and strong walls attenuation effects. 
 
Representative industrial installations are listed below: 
- 50 tons igloo (earth covered magazine), 
- 20 tons unreinforced concrete building with earth slope barricade, 
- 500 kg mountain storage, 
- 2500 kg manufacturing workshop, 
- Feedback on past accidents. 
 
Methods, tools and methodologies which have been used are listed below: 
- Reference formulas given in French pyrotechnic safety regulation [3], 
- SME Environnement methodology using semi-empiric laws and analytic formulas computed through 

DENSECLAT, SEP, EGC or BALISTIQUE software. 
- IMESAFR software [10][11] delivered by Institute of Makers of Explosives with the support of APT 

Research (Entity in charge of SAFER software designing for the US-DDESB) 
- Methods and semi-empiric laws exposed in NATO's AASTP-4 [7] and computed through Excel 

calculation sheets. 
 
It must be noted that IMESAFR is design for US regulations taking into account of PES/ES (Potential 
Explosion Site / Exposed Site) notion. Unfortunately, it contains limited number of PES buildings without 
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any customisation and results are expressed according to three levels: minor injury / major injury / fatality. 
Thus, results require post-processing for French effect areas determination named "Zi". IMSAFR principles 
are exposed on the next figure. 
 
Risk =  Probability x Consequences 
Consequences = Physical Effects x Exposure 
Physical Effects : 
 Pressure and Impulse 
  Whole Body Displacement 
  Lung Rupture 
  Skull Fracture 
 Structural Response 
  Glass 
  Building Failure 
 Debris 
  Primary Fragments 
  Secondary Debris 
  Crater Ejecta 
 Thermal  

Figure 2: IMESAFR Principles 
 

4 50 TONS IGLOO (EARTH COVERD MAGAZINE) 
Classic "igloo" compliant with French Bylaw dated on 6 April 1977 [12]: front and rear wall made of 
reinforced concrete, steel vault and more than 60 cm of earth thickness. It corresponds to ECM (earth 
covered magazine) defined as one of AASTP-4 PES. 
 

Length  = 16,10 m 
width  =  10,20 m 
Volume   =  480 m3 
Charge density = 104 kg/m3 
Vault  =  steel 5 mm 
Earth thickness =  mini 60 cm 
Front and rear walls =  30 cm reinforced 
concrete 
Ground  =  concrete 

 
Figure 3: 50 TONS IGLOO (EARTH COVERED MAGAZINE) 
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SME Environnement 
 

(front wall direction) 

AASTP-4 : Earth Covered Magazine 
 

(front wall direction) 
Larger effect 

distances 
(m) 

Basis regulatory 
formulas : 

50 tons TNT 
(open field) 

Blast Debris Blast Debris 

Z1 184 164 85 180 105 

Z2 295 262 180 280 205 

405 360 350 
Z3 (*) 

553 490 
295 

480 
315 

Z4 810 620 690 670 490 

Z5 1621 1440 1380 1150 
980 

0.002% (***) 

MR (**) / / 1600 / 1550 

(*) According to Z3 definition: 15Q1/3 or 140 mbar [9](**) Maximum Range (***) hit probability at this distance defined as 2 x Z4 
 

Table 1: 50 TONS IGLOO (EARTH COVERED MAGAZINE) 
 
This table gives main results concerning the 50 tons Igloo. For debris examination, it is the front wall 
direction which is examined because front wall debris is numerous and they can fly without any obstacle.It is 
noted that regulatory blast effect distances are larger than debris effect distances. The Z5 distance (defined as 
equal to 2 x Z4) correspond to hit probability equal to 2.10-5, it is consistent with the "insignificant hit 
probability" especially if the accident probability is taken into account. 
 

5 20 TONS LIGHT BUILDING WITH BARRICADES 
This building is classic light building for commercial explosives, with wall made of CMU (concrete module 
unit or parpaing creux), wood frame, and concrete/fibre roof. It is surrounded by large barricades to avoid 
any sympathetic detonation and to limit debris effects. 
 

 
Figure 4: 20 TONS LIGHT BUILDING WITH BARRICADES  
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20 tons unreinforced concrete building with earth slope barricade characteristics are:  
- Length  =  12 m 
- width  =  10 m 
- Volume  =  300 m3 
- Charge density =  67 kg/m3 
- Walls   =  20 cm parpaigs creux (CMU) 
- Wooden frame and concrete fibre roof 
- Floor  = concrete 
 

SME Environnement 
AASTP-4 :  

Commercial Magazine 
(unreinforced concrete)  

Larger effect 
distances 

(m) 

Basis regulatory  
20 tons TNT 
(open field) 

Blast Debris Blast Debris 

Z1 136 132 60 105 60 

Z2 217 211 200 185 170 

299 290 240 
Z3 (*) 

407 396 
345 

345 
270 

Z4 597 581 480 520 430 

Z5 1195 1161 500 1050 860 
0.003% (***) 

MR (**) / / 500 / 1430 

(*) According to Z3 definition: 15Q1/3 or 140 mbar [9](**) Maximum Range (***) hit probability at this distance defined as 2 x Z4  
 

Table 2: 20 TONS UNREINFORCED CONCRETE BUILDING WITH EARTH SLOPE BARRICADE  
 
This table gives main results concerning the 20 tons unreinforced concrete building with earth slope 
barricade. Debris areas are generated mostly by crater ejecta, they have been considered with different 
methods. 
 
It is noted that regulatory blast effect distances are larger than debris effect distances. The Z5 distance 
(defined as equal to 2 x Z4) correspond to hit probability equal to 3.10-5; it is consistent with the 
"insignificant hit probability" especially if the accident probability is taken into account. 
 

6 500 KG MOUNTAIN STORAGE 
This chalet is building constituted by strong steel cage preventing intrusions. Walls are dressed with wooden 
panel, roof is made of wooden frame. 
 
Chalet characteristics are:  
- Storage room =  4 x 4 m 
- Preparation room =  2 x4 m 
- Steel cage  =  12 mm steel rod 
- Walls   =  sandwich: 10 mm wooden panel, Rockwool, plaster panel … 
- Roof  =  Wooden frame and plastic sheet 
- Floor  = concrete 
- Door  =  steel panel 
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Figure 4: 500 KG MOUNTAIN STORAGE 

 

SME Environnement AASTP-4  
Trailer 

Larger effect 
distances 

(m) 

Basis regulatory  
20 tons TNT 
(open field) 

Blast Debris Blast Debris 

Z1 40 40 50 30 20 

Z2 64 64 70 55 60 

87 87 70 
Z3 (*) 

120 120 
90 

105 
100 

Z4 175 175 100 155 155 

Z5 350 350 440 260 310 
0.02% (***) 

MR (**) / / 700 / 560 

(*) According to Z3 definition: 15Q1/3 or 140 mbar [9](**) Maximum Range (***) hit probability at this distance defined as 2 x Z4  
 

Table 3: 500 KG MOUNTAIN STORAGE  
 
This table gives main results concerning the 500kg mountain storage. No storage magazine exists in AASTP-
4 and IMESFR, so the closest PES is a trailer with wooden panels. Evaluations have been done with this 
PES. 
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It is noted that blast and debris effect distances are closed from Z1 to Z4. But for the Z5 area, effect distance 
can be larger for debris than for blast. The 60 kg steel door is propelled up-to 220 m. Accuracy of these 
assessments could be checked by full scale test. 
 

7 2500 KG MANUFACTURING WORKSHOP 
This building is representative of explosive manufacturing workshop. It is constituted of caisson walls (two 
parallel reinforced concrete walls (20cm thick) with sand inside gap (110 cm thick), height 3.5 m). There is 
also barricade formed by reinforced concrete walls supporting earth slope (merlon). Unload surface in case 
of explosion is the light roof, through that way, large part of explosion are directed vertically. 
 
Mixer (cuve) is made of steel, walls are 16 mm thick, in case of inner detonation then primary fragments are 
generated. 
 

Length  =10 m 
width  =  9 m 
Volume  = 360 m3 
Charge density = 7 kg/m3 
Caisson walls = 2 x 20 cm of reinforced 
concrete and 110 cm of sand, height 3.5 m 
Wall – Slope = 20 cm of reinforced 
concrete and 8.5 / 2.5 m of earth, height 3.5 m 
Frame   = wood 
Roof   = fibre panel 

 
Figure 4: 2500 KG MANUFACTURING WORKSHOP 

 

SME Environnement AASTP-4  Larger effect 
distances 

(m) 

Basis regulatory  
20 tons TNT 
(open field) 

Blast Debris Debris 

Z1 68 59 inside 40 

Z2 109 94 inside 140 

150 129 
Z3 (*) 

204 176 
65 250 

Z4 299 260 233 340 

Z5 598 520 810 680 
0.04% (***) 

MR (**) / / 1300 1260 

(*) According to Z3 definition: 15Q1/3 or 140 mbar [9](**) Maximum Range (***) hit probability at this distance defined as 2 x Z4  
 

Table 4: 2500 KG MANUFACTURING WORKSHOP 
 



EUROPYRO 2011 Seminar, 
Reims, France, 17-19 may 2011 

 
 

DEBRIS RISK ASSESSMENT FOR INDUSTRIAL EXPLOSIVE INSTALLATIONS -10-

This table gives main results concerning the 2500 kg manufacturing workshop. Calculations were done for 
primary fragments generated by mixer and secondary debris issued of roof, upper parts of walls and crater. 
 
It is noted that blast and debris effect distances are closed from Z1 to Z4. But for the Z5 area and maximum 
range are dependant of the primary fragments generated by mixer fragmentation. . 
 

8 FEEDBACK ABOUT PAST ACCIDENTS 

8.1 MILAN ARMY AMMUNITION PLANT ACCIDENT 
This accident (13 October 2004) is one point of reference about secondary debris generated by earth covered 
magazine. Indeed, it is well documented [13][15][16]. 10.5 tons of high explosives and gun propellants have 
detonated. It must be noted this ECM was made of thick reinforced concrete for walls and for roof. Of 
course, it was covered by earth. Maximum debris range was around 1000 m for few concrete blocks. 
According to debris number, IBD can be estimated around 420 m. 
 
This is coherent with current AASTP-4 rules. According to French regulation, blast effect distances are also 
consistent with recorded effects: Z4 is 480 m and Z5 is 960 m. Thus, Z4 is closed to the IBD and Z5 isn't far 
from maximum range. 
 

8.2 DYNAMITE WORKSHOP ACCIDENT 
This accident (27 mars 2003) is another point of reference about explosive workshop. Indeed, it is also well 
documented [17][18] and it represents configuration of small charge in manufacturing buildings. They are 
made of reinforced concrete walls protected by earth slope barricades. Detonation energy has been estimated 
between 100 to 300 kg TNT equivalents through damages due to the blast. Debris maximum range has been 
600 m. 
 
Through AASTP-4 rules, following assessments were done:  

- For 300 kg TNT equivalent  � IBD = 330 m and maximum range = 1200 m, 
- For 100 kg TNT equivalent  � IBD = 290 m and maximum range = 1100 m, 

 
These results seem to indicate too large distances, so parameter influence study has been conducted. It is 
summarized by following results concerning the same building: 

- For 10 kg TNT equivalent  � IBD = 200 m and maximum range = 1100 m, 
- For 1 kg TNT equivalent  � IBD = 100 m and maximum range = 890 m, 

 
These results don't give realistic values. Thus, it is confirmed that semi-empiric laws of ASSTP-4 or 
IMESAFR are designed for buildings with high loading density and large amount of explosives. These laws 
aren't fit for industrial workshops. 
 
 
 



EUROPYRO 2011 Seminar, 
Reims, France, 17-19 may 2011 

 
 

DEBRIS RISK ASSESSMENT FOR INDUSTRIAL EXPLOSIVE INSTALLATIONS -11-

 

9 SYNTHESIS AND CONCLUSIONS 
 
The assessments about secondary debris effect distances can be summarized: 
 
- Rules and criteria issued in AASTP-4 (and used in IMESAFR) and SME Environnement methods give 

comparable results, especially for 50 tons igloo and 20 tons unreinforced concrete building. 
- These rules are well adapted to buildings with high charge density (> 50 kg/m3), this corresponds to 

storage buildings arc/distances calculated for maximum permitted explosive quantity, 
- These aren't accurate for manufacturing workshops with moderate charges according to volume, 
- Debris effect distances about mountain storage could be confirmed by full scale test. 
 
About studied pyrotechnic installations, the blast effect distances, with French regulatory threshold, are 
higher or equivalent to secondary debris effect distances. 
 
The fragment and debris effect distances definition would take into account: 
 
- Fragment energy threshold have been defined as very conservative, especially for upper level. The 79 J 

fragment doesn't correspond to 100 % lethality but around 30 % as indicated in AASTP-4 and coming 
from different nations (USA, Switzerland, The Netherlands …). The fragment energy which outcomes 
100 % lethality is around 150 to 200 J. 

 
- The Z5 effect distance cannot correspond to the total absence of hazard, this would be unnecessary large 

and would outcome many unconformity, thus  it is possible to adopt, 
o or, interesting IPE criteria: Z5 = 2 x Z4 distance, it is simple and reasonably conservative, 
o or, fragment hit probability which is dependant to the accident probability in the aim to 

guarantee that global probability is enough low to be considered as negligible.  
 
IMESAFR software is very efficient tool for QRA (quantitative risk assessment) according to US regulations 
taking into account of PES/ES (Potential Explosion Site / Exposed Site) notion. Unfortunately, it contains 
limited number of PES buildings without any customisation and results are only expressed according to three 
levels: minor injury / major injury / fatality. Thus, effect distance determination requires post-processing for 
Zi determination. So, IMSAFR isn't well adapted French EST (work safety study). 
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ABSTRACT 

 The stability test procedure according to NATO-AOP 48 Ed. 2 commonly applied for the explosives 

and nitrocellulose-based propellants is based on the assumption that the kinetic description of the process of 

stabilizer depletion can be done by applying the reaction-order (RO) model for the fitting experimental data. 

In the present paper another procedure is proposed by application more general Prout-Tompkins (PT) model 

based on the autocatalytic character of the reaction. Presented computer simulations indicate that PT model 

allows much better fit of the processes which kinetics is not fully determined. Application of proposed model 

significantly decreases the number of experimental points required for the prediction of the propellant 

properties at 25°C or after 10 years of storage (t25- and T10-values, respectively). The results of elaboration of 

experimental data of single- and double- based propellants calculated with RO and PT models are presented. 

 

1. INTRODUCTION 

 A lot of materials, especially high energetic chemicals change their properties even at ambient 

temperatures. Experimental observation of these processes is difficult due to their very low rate at room 

temperature resulting in so small physicochemical changes that are, generally, immeasurable even by the 

sensitive analytical techniques. In such situation the common method of the investigation of the aging 

processes is based on the experiments carried out at higher temperatures when the reaction rates are 

significantly higher. By choosing optimal temperature range of the experimental procedure one can monitor 

the course of the reaction by: 

(i) in-situ collected data by e.g. Thermogravimetry (TG) or Differential Scanning Calorimetry (DSC). 

Duration of such experiments, giving almost unlimited amount of points, can be adjusted to the 

laboratory working time and is, generally, in the range of 1-12 hrs. 

(ii) ex-situ, in lower temperatures, when only few points for each temperature is collected due to the 

duration of experiments which is in the range of weeks or even months.  The samples may be 

analyzed by e.g. High Performance Liquid Chromatography (HPLC) or Fourier Transform Infrared 

Spectroscopy (FTIR). 



Independent of the applied experimental procedure (i) or (ii) the experimental data are further used in 

kinetic analysis which allows the determination of the kinetic parameters of the process investigated what, 

in turn, gives the possibility of the prediction of the course of the processes at any temperature range in 

which the direct experimental observations are impossible. 

Nitrocellulose-based propellants may decompose slowly which can lead to the decreasing of their chemical 

stability. To prevent this undesired process the components reacting with the degradation products 

(stabilizers) are introduced to the propellants. The monitoring of the stabilizer depletion by HPLC offers 

therefore an efficient tool for monitoring propellant aging process. 

The commonly applied stability test procedure is described in a NATO Allied Ordnance Publication AOP-

48 Ed.2 [1]. The evaluation procedure of the stabilizer depletion requires the set of aging experiments 

performed at least at three different temperatures, generally 60, 70 and 80°C. This artificial aging of the 

propellant is assumed to correspond to 10 years of aging at ambient storage conditions. The aging periods 

shall be selected such that the range of 10 till 90% stabilizer depletion should be investigated. For more than 

three different temperatures the smaller range (10-50%) may be investigated for the lowest temperature e.g. 

50°C. The reaction of the stabilizer depletion is assumed to be described by the reaction-order type kinetic 

equation and the reaction order n is assumed to possess the values between -1 and 2. In certain cases even 

the negative value of -1 can be reached during the optimization procedure but such values are rather 

questionable (see point 7.2.5 in NATO-AOP Ed.2). 

 It seems to be obvious that the real mechanism of the reaction of the stabilizer depletion is not totally 

known for the user and, what is more important, that the restricted application of the one kinetic model only 

may introduce the significant errors in the prediction of the propellant stability, especially if the real 

mechanism is different than those being assumed. In the literature one can find the trials of the improvement 

of the kinetic description of the process stabilizer depletion used further for the fitting experimental data, see 

e.g. the work of Bohn [2]. 

The aim of present paper is to propose another model being more universal than originally proposed one. 

Proposed by us modification may significantly shorten the duration of the experimental procedure and 

increase the accuracy of the aging predictions. 

 

2. KINETIC ANALYSIS OF SIMULATED DATA USING DIFFERENT REACTION MODELS 

 The rate of the reactions occurring in a solid state is commonly expressed by the equation  

 dα/dt = k(T) f(α)                            (1) 

where α, t, T mean reaction extent, time and temperature, respectively, k(T) is an Arrhenius rate constant   

 k= A exp (-E/RT)               (2) 



with E- activation energy, R- gas constant and A- frequency (or pre-exponential) factor and f(α) expresses 

the function dependent on the phenomenological reaction model. For the reaction-order (RO) type of 

equations (used in homogeneous kinetic) the f(α) function becomes (1- α)
n
 where the exponent n is called as 

a reaction order. In the RO-type reactions, characterized in the isothermal conditions by decelerating α – t 

dependence, the maximal reaction rate occurs at the beginning of the reaction.  

Such a reaction course is not rare, however very often one may observe the induction period at the beginning 

of the reaction manifested in sigmoidal shape of the α – t  dependence. Such a scenario is characteristic for 

the reactions when the formation of nuclei is a rate limiting stage as e.g. in Avrami-Erofeev (AE) reaction 

model or during autocatalytic-type reactions observed during decomposition of some high-energetic 

materials when the significant deviation from RO model is observed. The autocatalytic reactions are 

described by the formula 

 dα/dt = k (1- α)
n 
α

m
           (3) 

known as a modified Prout-Tompkins (PT) equation [3] discussed in details by Brown [4]. The exponents n 

and m in PT equation determine the contribution of decay and acceleratory regions. The increase of the m:n 

ratio results in the shift of the maximal rate of the reaction  into the higher α and t values. As pointed by Ng 

[5] the values of αm at which the maximal rate of the reaction are observed are expressed by the dependence 

αm = m /(m+n). 

Time (day)
400350300250200150100500

R
e
a
c
ti
o
n
 P

ro
g
re

s
s
 (

-)

1

0.8

0.6

0.4

0.2

0

R
e
a
c
tio

n
 R

a
te

 (
-/

s
)8E-7

6E-7

4E-7

2E-7

0

0

0.25

0.5
0.75

1

0

0.25

0.5
0.75

1

 
Fig.1 Simulation of α-t dependences at 70°C for the following kinetic parameters; A=1E10 sec

-1
, E=110 kJ/mol, 

f(α)=(1- α)
n 

α
m
 (PT model) with constant n=1 and m=0; 0.25; 0.5; 0.75 and 1, respectively. Values of m are marked on 

the curves.   



Figure 1 depicts the relationship between the α-t dependences at isothermal conditions for RO and PT-types 

of the reaction models. The curves were calculated by AKTS-Thermokinetics Software [6] for the following 

kinetic parameters A=5E10 sec
-1

, E=110 kJ/mol, T=70°C, n=1 and m=0 (RO model), 0.25; 0.5; 0.75 and 1. 

The maximal rate of the reaction shifts up to higher time values and occurs at α amounting to 0; 0.2; 0.33; 

0.428 and 0.5 for m values of 0; 0.25; 0.5; 0.75 and 1, respectively.  

Presented curves indicate that the application of the PT model is much more universal for describing course 

of the reaction. It can fit both, RO model reactions (for m=0) and highly autocatalytic reactions with m=0.75 

or 1. This remark is explained in details below by presenting results of fitting the α-t points generated for 

arbitrarily chosen kinetic parameters: A=5E10 sec
-1

, E=110 kJ/mol, autocatalytic PT model with n=1 and 

m=0.5 (bold curve in Fig.1) being an intermediate stage between real n-th order (if m=0) and strongly 

autocatalytic reactions (m=1). In order to mimic the NATO AOP-48 Ed. 2 test procedure the amount of the 

points taken into fitting procedure was restricted to 9 (for α in the range 0.1-0.9 in 0.1 intervals) at three 

temperatures of 60, 70 and 80°C. The calculated points, which can be treated as “ideal” experimental data 

were consequently fitted by RO and PT kinetic equations to check how the deviation of the reaction course 

from the RO model assumed in NATO-AOP 48 Ed. 2 influences the results of further predictions of the 

stabilizer depletion at 25°C.  

Results presented in Fig.2 indicate that RO model does not fit well the “experimental” points,  however, the 

prediction of the reaction course at 25°C if 9 points are fitted at each temperature (Fig. 2B, marked as '1') is 

relatively good: note the small difference of the times required to reach the reaction extents specified in 

NATO-AOP 48 Ed. 2 procedure. For PT and RO models the specified conversions are reached after 20.9 and 

21.7 years (50%) and 34.3 and 35.9 years (80%), respectively. Concluding, we can claim that during 

elaboration of the set of 27 points collected at three temperatures for the reaction having only slight 

contribution of the autocatalytic process (m=0.5, compare the Fig.1) the deviation from the n-th order 

reaction mechanism does not significantly influence the procedure of the prediction. However, the results 

depicted in Fig.2A showing relatively bad fit of the data by RO model, indicate that application in kinetic 

analysis of the experimental points collected in narrow range of the α values may lead to worsening of the 

predictions. Following the NATO-AOP48 Ed.2 recommendations we arbitrarily added to the calculations the 

set of 5 points calculated for the temperature of 50°C in the range of α between 10 and 50%. The result of 

the prediction at 25°C using such a set of 32 points generated for four temperatures is presented in Fig 2B 

(marked as '2'). 
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Fig.2 A) Fit of the points generated at 60, 70 and 80°C (marked on curves) by RO (bold) and PT-models.  
B) Prediction of the reaction course at 25°C applying RO (bold) and PT kinetic models for the set of: 

(1) 27 points calculated for 60, 70 and 80°C in the range of α between 10 and 90%, 
(2) 27 points calculated for 60, 70 and 80°C and 5 points at 50°C in the range of α between 10 and 50%, 
(3) 27 points calculated for 60, 70 and 80°C and 3 points at 50°C in the range of α between 10 and 30%.  
 

Results of the prediction submitted in Fig. 2B '2' show that use in simulation of data which do not cover the 

full range of the reaction extent leads to decreasing accuracy of the prediction despite the fact that such 

procedure is allowed by NATO-AOP 48 Ed. 2. To check how further diminishing the number of the points 

will influence the results of kinetic analysis we decreased to three the number of points at the lowest 

temperature of 50°C. Such an action mimics the common experimental procedure in which at low 

temperatures only few points are collected due to the time reasons - the point representing the 50% 



conversion at 50°C would be experimentally reached after ca. 8 months. Taking as before to the simulation 

27 points calculated for 60, 70 and 80°C (nine points at each temperature) we added to the fitting procedure 

three points at 50°C calculated for the α values of 10, 20 and 30%. The results of the prediction using such a 

set of 30 points depicted in Fig. 2B '3' indicate that such procedure, commonly applied in the practice when 

only part of the reaction extent is covered by the experimental data, significantly lowers the accuracy of the 

prediction when assuming the RO type mechanism of the stabilizer depletion.  

All above presented data clearly indicate that for the accurate kinetic analysis of the process which 

mechanism is unknown - and this is a common situation in solid state chemistry - it is much better to apply 

the PT model instead of often recommended RO-based assumption. When applying RO model to the data of 

the process having slight contribution of autocatalytic reaction one can receive relatively good prediction of 

the reaction course only when the elaborated data cover the full range of the conversion (see Fig. 2B '1'). The 

elaboration of the data which cover only the part of the reaction extent range (Fig. 2B '2-3') results in 

significant worsening of the predictions. On the other hand, the application of PT model in kinetic analysis 

helps in avoiding such situation because this model is more general. It describes well both, RO type kinetics 

(if m=0) and autocatalytic reaction (if m>0). Moreover, the application of the correct reaction model, 

resulting in good fit of the experimental data, can significantly decrease the number of the points required in 

kinetic analysis what, in turn, significantly shortens the time required for  the experimental collection of the 

data.  

As shown in Fig. 2B '1' the acceptable prediction when applying RO model can be obtained using the set of 

27 points, which, in presented example, requires at least 150 days (last point for α=90% at lowest 

temperature of 60°C). The use of the more universal PT model will result in insignificant decrease of the 

number of required points.  

Let us consider the scenario when the collection of the data occurs in e.g. 30 days only but the PT model is 

applied in kinetic analysis. When the duration of the experimental work is limited to 30 days only for the 

reaction model described by the kinetic parameters identical with those considered in Fig. 2A, one can 

collect 1, 6 and 9 points at 60, 70 and 80°C, respectively. The fit of these points by RO and PT models is 

depicted in Fig. 3A, respectively. The results presented in Fig.3 show that if the correct reaction model is 

applied the number of the points required for the accurate kinetic analysis may be significantly limited. Note, 

that the generated data based on PT model are perfectly overlapped by the theoretical curve despite the fact 

that in presented in Fig. 3A analysis of only one point at 60°C was used in fitting procedure. The results 

presented previously (Fig. 2) and Fig. 3 very clearly show that the procedure of decreasing amount of points 

in kinetic analysis can be successful only if the applied kinetic equation fits well elaborated data. This is the 

case if PT model is applied, for RO model the use of one point only at 60°C results in unrealistic time of the 

prediction at 25°C (80.9 instead of correct 20.9 years for 50% conversion). The conclusion indicating that the 

correct kinetic analysis may be carried out even if the number of experimental data is significantly smaller 



than those required by NATO-AOP 48 Ed. 2 test procedure allowed us to make prediction of the stabilizer 

depletion time based on the experimental data collected in the limited range of the reaction extent. 
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Fig. 3 A) Fit of the points generated for the time shorter than 30 days by RO (bold) and PT models; B) Prediction of the 

stabilizer depletion at 25°C based on the kinetic parameters obtained by fitting displayed in A). The theoretical 

dependence overlaps the curve based on PT model. 

 

 

 



3. KINETIC ANALYSIS OF EXPERIMENTAL DATA 

 Single- and double-based propellants were aged in temperatures ranging from 40 till 80°C. Generally 

not more than 3-4 points characterizing their stabilizer depletion were collected at each temperature. 

Moreover, also single points from the lowest temperature of 40°C were used for determination of the kinetic 

parameters followed by the prediction of the stabilizer depletion at 25°C. The results of the predictions for 

two propellants SB-1 and SB-2 are shown in Figs. 4 and 5, respectively. 
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Fig.4 A) Fit of the experimental points of the stabilizer depletion in SB-1 collected at 40, 50, 60, 70 and 80°C 

(temperatures are marked on curves) by RO (bold) and PT-models. B) Prediction of the stabilizer depletion in SB-1 at 

25
o
C based on the kinetic parameters obtained by fitting experimental data by RO (bold) and PT reaction models.  
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Fig.5 A) Fit of the experimental points of the stabilizer depletion in SB-2 collected at 40, 50, 60, 70 and 80°C (marked 

on curves) by RO (bold) and PT-models. B) Prediction of the stabilizer depletion in SB-2 at 25°C based on the kinetic 

parameters obtained by fitting experimental data by RO (bold) and PT reaction models. 
 

The mechanism of the propellants aging was unknown, therefore, as described in details in the previous 

chapter, the PT model, as more universal was applied in the fitting procedure together with the commonly 

accepted RO model. If the reaction can be really described by the n-th order kinetic equation then despite the 

different models used in kinetic analysis the prediction results should be identical. As larger the deviation of 

the mechanism of the depletion process from assumed n-th order model (i.e. as more the autocatalytic 

process governs the reaction course) as greater is the difference of the predicted time of 50% stabilizer 



depletion at 25°C calculated for both models. It is necessary to underline that application of the RO models 

results generally in overestimating propellant stability if the reaction has some autocatalytic character (see 

results presented in Figs. 2-3).  

 

The summary of the kinetic analysis of all propellants is presented in Table 1 containing the kinetic 

parameters derived during fitting experimental data by RO and PT models, t25- i.e. the storage time at 25°C 

after which a stabilizer depletion of 50 and 80% is reached and the T10- i.e. temperatures for a 10 years 

storage after which a critical stabilizer depletion (50 or 80 %) is reached. 

 

As it arises from the data submitted in Tab.1 the processes of the stabilizer depletion can be described in 

major cases by the n-th order kinetic equations, note generally very small m values and negligible difference 

between RO and PT derived parameters. However, in certain cases the reactions have slightly autocatalytic 

character (e.g. samples SB-1 or SB-3) what leads to the decreasing of the t25- and T10- values. Not knowing 

the mechanism of the propellants aging it seems to be rational to apply in the fitting procedure the PT model 

which in no one case leads to the overestimation of the propellant stability as it can happen when RO model 

is applied. 

Tab. 1 Kinetic parameters derived from RO and PT models and t25- and T10- values for all investigated propellants 

sample 
Mo-

del 
α0 

A 

sec
-1

 

E 

kJ/mol 
n m 

t25-

50% 

t25-

80% 

T10-

50% 

T10-

80% 

RO 0 1,7E+11 117,1 0,43 0 35,1 64,7 33,2 37,3 
SB-1 

PT 2,5E-11 7,7E+10 111,2 1,64 0,43 22,9 52,7 30,6 36,3 

RO 0 8,2E+11 122,8 1,71 0 113,1 375 40,4 48,5 
SB-2 

PT 2,3E-09 8,2E+11 122,8 1,71 7,1E-06 113,1 375 40,4 48,5 

RO 0 7,6E+15 147,7 1,45 0 262 761 42,5 48,5 
SB-3 

PT 6,3E-11 7,4E+11 118,8 1,97 0.45 58,9 156 36,5 43 

RO 0 2,4E+09 109,7 0,40 0 127,05 232 43,2 47,8 
SB -4 

PT 3,6E-11 2,4E+09 109,7 0,40 1,1E-11 127,05 232 43,2 47,8 

RO 0 6,0E+09 110,7 0,57 0 78,5 152 39,4 44,4 
SB-5 

PT 2,3E-10 4,3E+09 109,7 0,56 3,8E-07 76 146 39,1 44,1 

RO 0 7,9E+11 120,1 0,66 0 27,87 56,4 31,5 36 
DB-1 

PT 1,0E-10 1,2E+12 120,6 0,78 0,14 28,42 56,1 31,7 36,1 

RO 0 1,6E+10 105,8 0,92 0 4,85 10,6 19,8 25,5 
DB-2 

PT 7,2E-11 1,6E+10 105,9 0,92 1,0E-4 4,84 10,6 19,8 25,5 

RO 0 8,6E+10 112,5 0,78 0 12,35 26,1 26,4 31,4 
DB-3 

PT 1,1E-10 2,2E+11 113,9 0,96 0,25 12,8 26,7 27,2 31,6 

RO 0 2,2E+10 114,9 0,40 0 114,5 209 41,6 45,9 
DB-4 

PT 4,4E-09 2,2E+10 114,9 0,41 1,8E-05 114,5 209 41,5 45,9 

RO 0 4,0E+13 130,1 0,57 0 30,2 58,7 31,5 35,4 
DB-5 

PT 2,8E-10 4,0E+13 130,1 0,57 1.7E-03 30,4 59,0 31,4 35,4 

RO 0 6,7E+10 118,5 0,35 0 156,8 281 43,2 47,4 
DB-6 

PT 1,5E-08 6,7E+10 118,5 0,35 6,7E-06 156,9 281 43,2 47,4 

RO 0 3,1E+14 132,7 0,91 0 12,5 27,9 26,3 30,9 
DB-7 

PT 2,6E-09 3,1E+14 132,7 0,91 1,8E-03 12,4 27,7 26,3 30,9 

 

 



CONCLUSION 

 In NATO-AOP-48 Ed. 2 test procedure, commonly applied for testing stability of explosives and 

nitrocellulose-based propellants, the n-th order (RO) kinetic model is applied in kinetic analysis of the 

experimental data. The application of more general PT model, describing well both, n-th order and 

autocatalytic characters of the reaction, results in much better fit of experimental data. This, in turn, allows 

significant decrease of the number of the points required for the exact kinetic analysis. The computer 

simulations showed that application of PT model in investigations of the reactions proceeding with not fully 

determined mechanism can result in significant reduction of time (e.g. up to 80%) required for the collection 

of such a number of experimental data which are necessary for the accurate kinetic analysis. The theoretical 

considerations were confirmed by the evaluation of the stability of single- and double based propellants. For 

some samples the application of RO and PT models resulted in determination of the same kinetic parameters 

and t25- and T10- values. However, in some cases, when stabilizer depletion could not be correctly described 

by n-th order-based kinetics and has some autocatalytic character, the application of RO model resulted in an 

overestimation of the propellant stability. 
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ABSTRACT 
 
High speed photography techniques are used in detonics for different configuration of experimental 
setup. In this present work, we have evaluated the performance of composition C–4 using 
simultaneous streak and framing camera. In this experiment, the explosive charge – composition C–4 
is observed with a framing camera and streak camera at 90o to the optical axis, so that streak and 
framing records are obtained simultaneously. The main advantage of using simultaneous streak and 
framing camera is discussed in this paper with specific to composition C–4. The detonation of 
composition C–4 were recorded at 5 nano second exposure time using high speed framing camera and 
streak sweep speed at 1μs/mm. Using simultaneous streak and framing images, this paper also discuss 
two different kind of events (a) detonator successfully initiate the composition C–4 and (b) detonator 
successfully fires, but couldn’t able to initiate the composition C–4 to detonics. Also the current -
voltage profile for the initiation of composition C–4 is discussed in this paper. 
 
INTRODUCTION 
 
High Speed Imaging studies have been used by various researchers in detonics to study detonation 
wave [1], impact initiation of energetic materials [2], detonation of blasting cap [3], detonation front 
curvature measurement [4], the impact on thin layers of emulsion explosive [5],  energetic material 
decomposition in molten salts [6], shaped charge jets [7], influence of longitudinal gaps on the 
detonation front [8], radial detonation [9], accurate velocity data of plasma from exploding foil 
initiator (EFI) [10] and many other applications. 
 
One form of high speed photography is streak photography. By imaging the event through a thin slit, 
one spatial dimension is sacrificed so that temporal information can be recorded. This method is used 
in situations where the event can be described by its behavior in one direction [10]. The streak record 
gives much better resolution in time and, hence, also in space permits a quantitative analysis to be 
made for the build-up distance Δs, or for the run-up time delay Δt. 
 
The danger of misinterpreting streak records in their own was pointed out long time ago by Sultanoff 
[11] and Manfred Held [12]. To evaluate the streak records, it is also necessary to look at frames to 
eliminate any doubt that these streak records have not been falsified by other events, like precursor 
shocks [12]. In using simultaneous streak and framing camera system as illustrated in figure 1, the 
streak record can be unmistakably coordinated to the frames. 
 
Composition C-4 is a legacy explosive formulation with decades of use [13, 14]. Composition C4 is 
used in military as well as demolition purpose due to following advantages: 
 

1. Composition C-4 can be molded into any desired shape. 
2. C-4 is extremely stable and can only be detonated by combined extreme heat and pressure. 
3. It cannot be detonated by a gunshot or a similar method. Even shooting the C-4 explosive 

with a rifle won’t trigger the reaction. 
4. It can be easily inserted into empty shaped-charge cases of the type used by military engineers, 

pioneers and Special Forces. 
5. C-4 can be pressed into gaps, cracks and voids in buildings, bridges, equipments or 

machineries. 
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Composition C-4 has been extensively used by different researchers to study the reflected blast wave 
environments [15], effect of charge reactive structural metal cases [16], shock initiation experiments 
[17], Steven tests [18], detonation failure mechanism [19], laminar deflagration [20], thermal 
explosion violence [21] and many other applications. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Simultaneous recording of detonics event with framing and streak camera 
 
EXPERIMENTAL PROCEDURES 
 
The experimental setup consists of a streak camera and framing camera coupled by an optical beam 
splitter as shown in figure 1. Two experiments were carried out in this work. Ten grams of 
composition C-4 was used in each experiment. For the first experiment, detonator having aluminium 
charge holder with wall thickness of 0.3 mm was used and for the second experiment, detonator 
having thick steel charge holder with 1.1 mm wall thickness was used. The sample (composition C-4) 
was focused onto the simultaneous streak and framing camera using focusing optics and beam splitter 
optics as shown in figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Experimental setup of Simultaneous Streak and Framing Imaging for performance 
evaluation of composition C-4 
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The streak slit is aligned with the event and movement is observed along the length of the slit. 
Historically the streak image was produced by either moving the film behind the slit during exposure, 
or by deflecting the light such that it swept across the stationary film. However in our case, we used 
digital streak camera [22] and the operating principle is depicted in figure 3. 
 
 
 
 
 
 

 
 
 
 
 

Figure 3. Operating principle of a digital streak camera 
 
When the light from detonics event enters the photocathode, they are converted into photoelectrons in 
proportion to the number of incident photons. Being accelerated by the accelerating electrode, these 
photoelectrons pass through a pair of deflection plates. At the instant they pass through the deflection 
plates, a high-speed sweep voltage is applied to the deflection plates so that the photoelectrons' 
trajectories are swept from top to bottom. The swept photoelectrons are then multiplied in the micro 
channel plate (MCP), and reconverted into an optical image by the phosphor screen. The optical 
image produced on the phosphor screen is called the "streak image". In this way, time is converted 
into the spatial axis (vertical axis) and the horizontal axis as the distance axis. The streak images thus 
obtained are read out by a CCD camera which is fiber optically coupled to the streak tube.  
 
RESULTS AND DISCUSSION 
 
The framing images give the spatial information on the overall event, which is always useful for a 
better understanding of the streak records and is sometimes even essential. In this work, the initiation 
of composition C-4 is observed using simultaneous streak and framing camera with exposure time and 
interframe time as 5 ns and 1.33 μs respectively. The experimentally observed framing images for 
composition C-4 is given in figure 4 and an ignition delay of 17.015 μs is observed. In this experiment 
a detonator having aluminum charge holder with wall thickness of 0.3 mm is used to initiate the 
detonation reaction of composition C-4. The framing images have limited exposure times to avoid 
motion blur in the very fast detonation processes and contain time gaps during the interval times. But 
from the frames one can immediately see whether the streak record was made in symmetry plane or 
whether phase velocities were registered in the streak records. 
 
Streak records produce a continuous recording, a much better time and space resolution, even if only 
in the observation plane. In the present work, when framing images were recorded, simultaneously the 
streak recording was also initiated and the recorded streak image is given in figure 5. The detonation 
velocity of composition C-4 computed from the streak record (figure 5) is 8.1 km/s. 
 
If the framing camera alone used to evaluate the velocity of detonation, figure 4 may misled, because 
from the streak image it is understood that the whole event has finished in less than 3 μs. The inter-
framing time for this experiment is 1.33 μs, so only two framing images are captured during the actual 
detonation propagation. Minimum three or more framing images are required to get a fair value of 
detonation velocity.  
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Figure 4. High speed framing image of composition C-4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Streak record of composition C-4 observed simultaneously with framing image 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. High speed framing record of failed C-4 detonation  
 
 

T= 15.680 μs T= 17.015 μs T= 18.350 μs T= 19.685 μs 

T= 21.020 μs T= 22.355 μs T= 23.690 μs T= 25.025 μs 

Ignition delay Ignition reaction Detonation reaction Detonation reaction 

Post detonation gases Post detonation gases Post detonation gases Post detonation gases 

T= 10.000 μs T= 13.325 μs T= 16.650 μs T= 19.975 μs 

T= 23.300 μs T= 26.625 μs T= 29.950 μs T= 33.275 μs 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Streak record of failed C-4 detonation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. I-V profile of ignition using 0.3 mm wall thickness detonator 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 9. I-V profile of ignition using 1.1 mm wall thickness detonator 

 
Another experiment was carried out, in which 10 grams of composition C4 was coupled with 
detonator having 1.1 mm wall thickness charge holder made of steel. The exposure time and inter-
frame time used for this experiment is 100 ns and 3.22 μs respectively. Some explosion reaction is 
observed in figure 6 due to pressed explosive material from the detonator itself, however no streak is 
observed in figure 7. Based on the framing image alone (figure 6) can result in a wrong interpretation 



of the event. Current – Voltage (I–V) profile of initiation system was recorded (figure 8 and 9) for 
both the experiments using digital oscilloscope to confirm that sufficient electrical energy was 
supplied to initiate the detonator. With the aid of simultaneous streak and framing images (figure 6 
and 7), it allowed us to confirm the detonation of C-4 had failed in this experiment due to attenuation 
of shock waves by the thick steel charge holder and demonstrated the insensitiveness of composition 
C-4 towards detonator having thick charge holder design. 
 
CONCLUSION 
 
Very short duration or high velocity events can be captured using high speed photography. A streak 
record is continuous in time with an extremely short time of exposure. Hence, time resolution and the 
spatial resolution are very good along the plane. High speed framing camera, on the other hand 
produces 2 dimensional pictures. This is useful for observing the process outside the streak plane and 
in particular, for an understanding of the event or process. Simultaneous streak and framing camera 
technique synergizes the advantages of the two methods and at the same time indicates whether the 
streak record had actually been taken in the expected or predetermined planes of observation. In this 
manner, faulty analysis and wrong interpretation, which were frequent problems in the early days of 
streak recording, can be eliminated completely. Without the help of framing images, it is easy to 
misinterpret the streak records of cylinder tests. Hence simultaneous streak and framing imaging is a 
vital technique in detonics studies. Due to simultaneous streak and framing camera we are able to 
evaluate the performance of composition C–4 (1) composition C–4 was successfully initiated by 
detonator with aluminum charge holder having wall thickness of 0.3 mm and computed the velocity 
of detonation for C-4 as 8.1 km/s, (2) when thick steel charge holder having wall thickness of 1.1 mm 
was used, the detonation of composition C–4 failed and demonstrated the insensitiveness of 
composition C–4 towards this detonator design. 
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ABSTRACT  
 
Numerous applications involving high explosives (development of explosive formulations, forensic investiga-
tions, building design, ….) require to assess the performances of the explosive charges and their effects. In this 
context, the concept TNT-equivalent is a key element to correlate observed effects with similar effects of stan-
dard well known explosives. The typical and most used benchmark explosive is TNT and extensive correlations 
exist between TNT and military explosive formulations.  
But many applications can not readily apply such correlations because 

1. the detonative properties of the explosive charges differ often quite significantly from the military 
type of explosives, and 

2. the charge designs and the explosion locations usually stray away from the standard conditions, 
namely from spherical shape and aerial burst. 

In this study, an ammonium nitrate based emulsion has been tested and compared to TNT reference charges. 
Various charge characteristics have been investigated, focusing on  

- the charge shape: spherical versus cylindrical shapes 
- the locus of initiation: central or end initiation 
- short range effects: reduced distances less than 1.0 

In this work, the assessment of the TNT-equivalent is based on peak shock pressure and impulse. TNT-
equivalent values vary depending on the nature of the considered effect (pressure or impulse).  
The study shows significant variations in the explosion effects as function of the observation angle when elon-
gated charges are exploded. When the charge is initiated either at its center or at its end, the explosion does not 
exhibit major discrepancies in aerial effects even tough some quantitative differences are observed. At short dis-
tances, peak pressure plots do not fit into the classic plots valid for military explosives, accounting for the differ-
ence in detonic behavior between the ammonium nitrate explosives (for civil uses) and the military high brisance 
explosives. 
 
INTRODUCTION 
 
Emulsion explosives are widely used in quarries, for underground mining and tunneling, for civil works but also 
for specific applications such as in detonation chambers, for welding, cladding or destruction of explosive de-
vices. For applications in detonation chamber, knowledge of the detonative and blast characteristics of the emul-
sion at short range is important. TNT-equivalent can be considered as one of the main properties for such a char-
acterization.  
But the TNT-equivalence of an explosive charge is somehow a quite difficult notion to define. Its value depends 
of course on the nature of the explosive and but also on the effect used for the comparison with TNT. Conse-
quently, the TNT-equivalent may be written parametrically as: 
 

TNT-equivalent of an explosive = f(nature of explosive, effect)    (1) 
 
This relation does not take into account the possible influence of parameters like the shape of the charge or the 
initiation point of the charge. TNT equivalents are typically reported for aerial spherical charge centrally initi-
ated.  



However, when assessing the effect of an explosion in a certain location around a non spherical, non aerial char-
ge, the TNT-equivalent should be considered as a function of combined parameters, which all could have an in-
fluence on its value. Equation (2) summarizes some of the parameters which have a potential influence on the 
TNT-equivalent, placed in order of increasing relevance: 
 

TNT-eq. of an explosion = f(nature of explosive, effect, distance, shape, initiation, position of the observer)  (2) 
 
These parameters have been investigated by numerous authors [1-5].  
Note that, in this case, we define the TNT-equivalent for the “explosion” rather than for the “explosive” since it 
is not only a function of the nature of the explosive but also of external variables. 
 
EXPERIMENTAL SETUP 
 
Setup and instrumentation 
Figure 1 shows the experimental setup with the position of the different blast sensors during the different tests 
with the spherical (Fig. 1(a)) and the cylindrical (Fig. 1(b)) charges. All the charges are placed at a height of 150 
cm from the ground, in order to assure that they are aerial, without any reflections from the soil interfering with 
the measured pressures.  
For the spherical charges, distances from the centre of the charge ranged from 50 cm to 200 cm, i.e. a reduced 
distance from 0.43 m.kg−1/3 to 1.72 m.kg−1/3. Measurements around the cylindrical charges are performed at dif-
ferent angles (0°, 20°, 45°, 70°, 90°, 110°, 135°, 160° and 180°). Pressures are measured at a distance of 80 cm 
and 110 cm from the centre of the cylindrical charges, i.e. a reduced distance ranging from 0.69 m.kg−1/3 to 0.94 
m.kg−1/3).  
 
Explosive charges 
Table 1 presents the different experiments that have been carried out. The explosive emulsion consists of 80% 
ammonium nitrate, 10% water, 6% oil, with appropriate emulsifier and sensitizer. Two large spherical charges of 
the emulsion explosive have been fired as well in order to make sure there was no scale effect influencing the 
measurements and to confirm full detonation of the small charges. 
Experiments with two differently shaped cylindrical charges of the explosive emulsion were carried out:  

- short cylinders (diameter: 12 cm, length: 12 cm, L/D = 1), referred to as “square cylinder” and  
- long cylinders (diameter: 6 cm, length: 50 cm, L/D = 8.3).  

Each of the cylinders has a mass of about 1.6 kg, the same as for the spherical charges, for consistency reasons. 
 
EXPERIMENTAL RESULTS 
 
Nature of the explosive 
Figure 2 represents the peak overpressure as function of reduced distance for the spherical charges of the emul-
sion explosive. The reference curve from CONWEP is drawn as well. Scattering of the data is generally rather 
limited. Large explosive mass leads to results in the same range, taking into account for the laws of similarity. 
The TNT-equivalent of the emulsion, based on the peak pressure, can be determined from Fig. 3 and is about 1 
for the entire range of the considered reduced distance, although some researchers found a distance-dependent 
value for the TNT-equivalent of some explosives [6]. This might be due to the large interval in distance that they 
considered. 
Based on the impulse, the TNT-equivalent is about 0.7, showing the significant influence of the considered ef-
fects on the determination of the TNT-equivalent. 
 
Shape of the charge 
Figure 3 shows the experimental data for the peak overpressures at 80 cm obtained for the long cylindrical 
charge. The expected symmetry is well observed. As a result, the average value of experimental data at one an-
gle will be used as the experimental result for that angle. 
Figures 4 (a) and (b) show pictures of cylindrical centrally initiated charges. The large effect on the centerline is 
clearly visible. 



Figures 5 (a) and (b) show the peak overpressure and the reduced impulse, at 80 cm. Both the pressure and the 
impulse are presented in function of the angle to the axis of the charge. The influence of the shape of the cylinder 
is significant. With increasing length-to-diameter ratio, the overpressure at the angle of 90° increases and the 
overpressure at the angles of 0° and 180° decreases. This effect is independent of the distance (in the short 
range), although it seems to become more pronounced at larger distances. Similar conclusions can be drawn for 
the impulses. 
Additionally, numerical simulations have been performed using Autodyn©. An axis-symmetrical 2D Eulerian 
grid is used to simulate the detonation of cylinders of emulsion. Results clearly show the same trend as the ex-
perimental data. 
The TNT-equivalent can be calculated at each angle, accounting for the influence of the observation angle, as 
expressed in Eq (2). Around the cylindrical charge and at short range, the TNT-equivalent value depends on the 
position of the observer around the charge and the use of one single constant value is irrelevant for the assess-
ment of the magnitude of an explosion. For instance, the TNT-equivalent for the long cylinder in function of the 
angle ranges from 0.44 to 2.39 and from 0.47 to 1.80 at Z equal to 0.69 and 0.97, respectively. This observation 
is qualitatively valid for both the peak overpressure and the pressure impulse. 
 
Location of initiation 
To some extent, the location of the initiation influences the pressure distribution. The 0° angle referred to the 
side where the charge is initiated. The pressure at 180° theoretically should not be influenced for the long 
charges, while for the short square ones a certain increase in the pressure is expected. Figures 4 (c) and (d) show 
pictures with charges initiated at the end of the charge. The loose of symmetry is visible although the blast at the 
rear of the initiation point remains quite important.  
Figures 5 (c) and (d) show the peak overpressure and the reduced impulse as function of the observation angle.  
It shows that the position of the initiation  
- does NOT influence 

- significantly the peak pressures and maximum impulses, 
- the position of the maximum impulse, 

- does influence 
- the position of the maximum peak pressure, producing a shift from 90° to 110° in case of long charges, 
- the effects on the axis, at the opposite location from the initiation point, specifically for long charges, 
- the impulse behind the initiation point, even though this impulse remains quite important and will ac-
count for major blast effects in this area. 

 
CONCLUSION 
 
The spherical charges have allowed to determine the TNT-equivalent of the explosive emulsion for peak over-
pressures and impulses. The TNT-equivalent values for the overpressure and for the impulse differ and are 1 and 
0.7, respectively.  
The pressure around cylindrical charges has been investigated. The strongest effect can be noticed in the centre, 
perpendicularly to the charge axis (90°) and along the axis (0° and 180°). Changing the location of the initiation 
from the centre to one end does not have a strong influence on the impulse distribution but the peak pressure 
shifts away from the 90°-line towards the side opposite to the initiation point. For short charges, the effect on the 
peak pressure on the end opposite to the initiation point can be quite important. 
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(a) (b) 

Figure 1 Experimental setup with positions of the blast pencils around the spheri-
cal (a) and the cylindrical (b) charges, respectively. 
 

Table 1. Performed experiments. 
 Shape 

 Long cylinder 
L/D = 8.3 

“Square” cylinder 
L/D = 1 

 Sphere Initiation 
at one end

Initiation 
in the centre 

Initiation 
at one end

Initiation 
in the centre 

Emulsion explosive (1.6 kg)      
Emulsion explosive (4.5 kg)      

 
 

 
Figure 2. The peak overpressure in function of the reduced distance: the ex-
perimental data for the emulsion explosive and the CONWEP curve for TNT. 

 
 



 
Figure 3. Peak pressures at 80 cm around the long cylindrical charge centrally initiated. The dis-
tance is measured form the center of the charge. The symmetry of the recorded pressure peaks gives 
confidence in the quality of the measurements.   

 

(a)                                                                                        (b) 
(a) Cylindrical long charge (L/D = 8.3) and (b) square charge (L/D = 1), centrally initiated. Symmetry and large effects on 
the axis are observed. 

(c)                                                                                        (d) 
(c) Cylindrical long charge (L/D = 8.3), and (d) square charge (L/D = 1), initiated on their end side, left on the pictures. 
Asymmetry on the axis but still large effects backwards from the initiation point are observed. 

 
Figure 4. High speed camera snapshots for the centrally initiated cylindrical 
charges (a) & (b) and initiated at the end side (c) & (d), 1.3 ms after the initiation. 



 
 

(a) (b) 

(c) (d) 
Figure 5. Peak overpressures and reduced impulses at 80 cm as function of the observation angles, for the cen-
trally initiated (a) & (b)  and one-end initiated (c) & (d) emulsion charges. The horizontal line represents the 
peak overpressure/impulse for the equivalent spherical mass of the same emulsion explosive.  
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ABSTRACT 

 
Laser-driven flyer plates offer a convenient, laboratory-based method for generating extremely high-pressure 
shocks, in excess of 30 GPa, in a variety of materials. They comprise of one or more thin layers forming a 
foil, coated onto a transparent substrate. By irradiating the interface between foil and substrate with a 
moderate-energy, short-duration laser pulse, it is possible to form a flyer plate, which can reach velocities in 
excess of 5 km/s. These flyer plates have several applications, from micrometeorite simulation to initiation of 
secondary explosives. 

The flyer plates considered here have up to four layers: an absorption layer, to absorb the laser energy; an 
ablation layer, to form a plasma; an insulating layer; and a final, thicker layer that forms the impactor plate. 
Three thicknesses of ablation and insulator layers have been investigated to develop a highly robust, 
optimised flyer composition. 

A Q-switched Nd:YAG laser was used to launch test flyers of varying compositions. The velocities were 
measured using twin-laser Photonic Doppler Velocimetry (PDV) and the point at which flyer degradation 
occurred during flight was identified. From the data it was possible to compare the performance of each 
batch and determine which composition produced the highest velocity robust flyer. 

1 INTRODUCTION 
 
Laser-driven flyer plates offer a compact and easy to use method of imparting shocks in excess of 30 GPa 
with sub-nanosecond durations to materials. They have several applications, from micrometeorite simulation 
to initiation of secondary explosives.  
 
The flyer material is coated onto a transparent substrate such as fused silica. A short pulse (typically 10-40 
ns), moderate energy (<1 J) near-IR laser (Nd:YAG or similar) is used to irradiate the interface between the 
substrate and the flyer material. A plasma is formed, confined by the substrate and the remainder of the flyer 
material. As the substrate is massive and immobile in comparison to the flyer plate, the plasma expands 
preferentially away from the substrate, accelerating the flyer. This acceleration is extremely high, achieving 
velocities of over 3 km/s in around 30 ns.  
 
This extreme acceleration along with the accelerating plasma can result in degradation of the flyer plate, with 
fragmentation and thinning of the flyer plate observed. The flyer integrity and thickness are critical 
parameters for applications such as reliable initiation of secondary explosives, hence it is desirable to 
maximise these parameters. Whilst simply increasing the flyer plate thickness will improve the flyer 
integrity, it will result in a detrimental loss of flyer velocity.   
 
Optical fibres are typically used to transmit the laser energy from the laser to the substrate. Optical fibres 
cannot transmit high energies without damage, therefore it is desirable to maximize the flyer velocity and 
integrity attainable for a given laser energy.  
 
Multiple-layer flyers are used to improve flyer performance and integrity. A thin absorption layer between 
the flyer plate and the substrate ensures efficient coupling of the laser energy into the flyer plate. An ablation 
layer is used to provide the accelerating plasma. An insulator layer, with low thermal conduction, confines 
the accelerating plasma, maximising the temperature, increasing the efficiency of the flyer plate acceleration. 
This layer also minimized heating of the impactor layer, reducing the possibility of degradation.   
 
In order to characterise the performance of flyer plates, the flyer velocity must be measured. However, this is 
not a trivial task. Due to the small size and low mass of the flyer plates, intrusive techniques such as break 
wires are not possible. High-speed photography may be used to measure average velocity, though this lacks 



 

fidelity and cannot resolve the flyer acceleration. To date, optical velocimetry is the most widely used 
technique to study such flyer plates. Photonic Doppler Velocimetry was used to investigate the flyer plates 
studied here. 

2 PHOTONIC DOPPLER VELOCIMETERY AND ANALYSIS METHOD 
 
Photonic Doppler Velocimetry (PDV) involves reflecting a single-mode laser beam from the surface of 
interest, and then combining this beam with a portion of the original (or reference) beam. This produces a 
beat frequency between the two signals, related to the velocity by: 
 

beat
laser fv
2

λ=
 

 
This produces a higher frequency for a given velocity than other methods (such as VISAR, Fabry-Perot), but 
electronic technology is now sufficiently mature to resolve these frequencies. The Photonic Doppler 
Velocimeter was first reported by Strand et al [1] in 2004. The development of the PDV system used here 
was reported in 2007, including a full discussion of the physics behind PDV [2]. 
 

 
Figure 1 - Interferometer Concept 

 
Figure 1 shows the original velocimeter concept. The fibre-coupled laser is connected to a circulator. This 
device acts to separate bi-directional light, which allows the return light to be separated from the original 
light. A portion of original light is required to interfere with the return light, and this is obtained from the 
back-reflectance of the probe. It may also be obtained by splitting a portion of the light prior to the circulator. 
This is then matched to the return light intensity from the experiment. The interference between original and 
return beams is measured by a high-bandwidth photo-detector, and recorded by a digitizing oscilloscope. 
 
A Photonic Doppler Velocimeter has several advantages over more traditional methods of velocimetry. It is 
capable of resolving multiple velocities simultaneously. Further, as it is constructed from standard 
telecommunications optical fibre components, it is relatively inexpensive, with a cost per measurement point 
of approximately £30,000 ($48,000, €42,000) for a high-bandwidth system as presented here (when scaled to 
a four channel system). 
 
A recent development replaces the reference laser signal with a second laser, separating from the first laser 
by 2-10 GHz. The result of this is that the PDV data is frequency up-shifted, resulting in reduced noise and 
interference and giving increased accuracy due to using a signal frequency beyond 1 Ghz [ref]. Figure 2 
illustrates the Twin-laser PDV concept. 
 



 

 

 
Figure 2 – Twin-laser PDV concept 

 
Two NP Photonics fibre lasers were used, operating at 1550 nm with a 150 mW laser used for the main laser, 
and a 25 mW used for the reference laser. These were specified with a line width of <3 kHz, minimizing any 
broadening of the signal.  
 
A 10%/90% 2:1 fibre coupler was used to combine the return signal from the surface of interest with a 
reference laser, maximising the return signal whilst attenuating the reference laser to a suitable level. The 
resulting interference signal was converted to an electrical signal using a MITEQ SCMR-100K20G-30-15-10 
20 GHz bandwidth fibre optic receiver, and recorded on a Tektronix DPO71604 16 GHz bandwidth 
oscilloscope at a sampling rate of 50 GS/s (one sample every 20 ps). The total system bandwidth was 
approximately 16 GHz. 
 
The signal was analysed using a Sliding Fast Fourier Transform (SFFT) routine to produce a spectrogram, 
visualising frequency against time. A weighted peak finding algorithm was then used to localise the peak 
signal with respect to time, and the offset introduced by the optical upshift removed. The result velocity 
against time data was then integrated to determine displacement against time. 

2.1 Optimal SFFT Window Size 
 
It is important to analyse the PDV data using the optimal SFFT window size. Longer duration windows more 
accurately determine velocity, whilst a shorter window localises time more accurately. The optimal window 
size will vary between experimental configurations. For data sets such as those examined here, a shorter 
window is required in order to localise the extreme accelerations seen.   
 
To determine an optimal window size, an artificial velocity signal representative of the experimental data 
was generated, accelerating to 3000 ms-1 in 30 ns. Additional random frequency components within 5% of 
the original signal were added in order to represent the spread of velocities present across the flyer plate. 
Random Gaussian noise of one percent magnitude was added to the signal intensities to model the effect of 
changes in the reflectivity of the flyer. This artificial PDV data was sampled at 50 GS/s using 3 window 
sizes, and a weighted peak finding algorithm used to determine the apparent velocity. The resulting traces 
can be seen in Figure 3, Figure 4 and Figure 5. 100 runs of each parameter set were used to calculate the 
Pearson correlation coefficient, R2, between the input velocity and deduced velocity.  The results are given in 
Table 1. It can be seen that the 5.12 ns window gives marginally better results than the 10.24 ns window. On 
this basis, all data analysis was performed with a 5.12 ns window. The time resolution of this analysis can be 
approximated to the full width half maximum (FWHM) duration of the analysis window, in this case 2.54 ns. 
 

Table 1 - Monte Carlo simulation results 
Window Size, ns Window size, points Window Overlap, points Mean R2 

2.56 128 100 0.9606 
5.12 256 200 0.9963 

10.24 512 500 0.9938 
 



 

 
Figure 3 - 2.56 ns (128 point) window 

 

 
Figure 4 - 5.12 ns (256 point) window 

 

 
Figure 5 - 10.24 ns (512 point) window 

 



 

 

3 EXPERIMENTAL METHOD 
 
A Big Sky CFR400 laser with a wavelength of 1064 nm and a beam diameter ~6 mm was used to launch the 
flyer plates. The pulse energy was up to 400 mJ in a 12 ns FWHM pulse with an approximately Gaussian 
temporal profile. The laser was vertically polarised, so a half-wave plate was used to rotate the polarisation 
axis, and a polarising beam splitter used to separate the resulting vertical and horizontal components. The 
energy of the vertically polarised components was recorded using an Ophir pyroelectric energy sensor. A fast 
photodiode was used to record the temporal profile of the laser pulse, shown in Figure 6. 

 

Figure 6 - Laser pulse temporal profile 
 

A lenslet array coupled to a short focal length (15 mm at 632 nm) primary lens focused the horizontally 
polarised component to a beam diameter of approximately 290 microns, 80% of the fibre core diameter of 
365 microns. The fibre injection apparatus is shown in Figure 7. 

 
Figure 7 - Fibre injection apparatus 

 
The energy of the pulse was attenuated using neutral density filters, and an imaging fibre bundle placed in 
the approximate focal plane of the primary lens. A Dalsa CCD camera fitted with a 40x microscope 
objective, connected to Spiricon beam-profiling software imaged the pulse at the output of the imaging fibre 
bundle. A 3-axis fibre alignment stage was used to position the fibre bundle at the focal plane, with the pulse 
focussed in the centre of the bundle. The unfocussed laser pulse spatial profile is shown in Figure 8 and the 
focused spot at the fibre input is shown in Figure 9. 



 

 
Figure 8 - Unfocused Laser Beam 

 
Figure 9 - Focused Beam 

 
The imaging fibre bundle was replaced with a 1 metre length fibre patch cord, the delivery fibre, comprising 
of Innovaquartz FG365UEC optical fibre, with an SMA905 connector on the proximal (input) end and an ST 
connector on the distal (output) end. The X and Y position of the proximal fibre end (where Z is along the 
pulse propagation axis) was adjusted to maximise the intensity as recorded by the beam profiler. 
 
The distal fibre end was connected to a second Ophir pyroelectric energy sensor and the half wave plate was 
adjusted to allow for ~20 mJ of laser energy to be transmitted through the delivery fibre and recorded on the 
energy meter.  
 
The distal fibre end is connected to a Newport fibre alignment mount, orientated vertically with the laser 
pulse propagated upwards.  A collimating fibre optic focuser with a beam diameter of 220 microns, 
connected to the PDV system was orientated vertically downwards above the delivery fibre, illuminating the 
area from which the flyer plate was launched. 
 
The PDV laser is transmitted through the delivery fibre, and viewed on an IR viewing card at the proximal 
end of the delivery fibre and the position / tilt of both the PDV probe and distal end of the delivery fibre 
adjusted in the experimental fixture until maximum transmission of the PDV laser through the delivery fibre 
has been achieved. The coated substrate is placed in contact with the delivery fibre face. This allowed for 
multiple flyer plates to be launched from a single substrate by manually translating the coated substrate to 
position a fresh section of coating over the fibre end. Figure 10 shows an example of this technique. 
 

 
Figure 10 - Multiple flyer plate launch sites 

 
Minor adjustments were made to the tilt of the collimating fibre optic focuser to obtain maximum reflected 
signal back down the PDV probe and produce an observable beat-signal on the oscilloscope. 
 
Once a beat-signal was been observed, the scope was set to single-shot mode and the CFR400 laser fired, 
launching a flyer from the chosen substrate. The temporal profile and the PDV signal were recorded on a fast 
digitising oscilloscope.  
 



 

 

4 FLYER COMPOSITIONS EVALUATED 
 
The first laser-driven flyer plates consisted of a single layer of aluminium [3]. Later research saw an 
insulating layer inserted into the flyer coating [4], which was found to increase flyer velocities by up to 30%. 
 
The flyers evaluated here comprised up to four layers (Figure 11). An absorption layer of a few nanometres 
provided an initial interface for the laser energy to be absorbed at. An ablation layer of aluminium was used 
to contribute to the driving plasma. An insulator layer of alumina was used to insulate the impactor layer 
from the driving plasma, reducing the risk of compromising flyer integrity. Finally, a thicker aluminium 
impactor layer formed the final flyer plate. Ablation and insulator layer thicknesses of 100, 250 and 500 nm 
were used, with an impactor layer thickness of a few microns. For varying ablation layer thicknesses, the 
insulator layer was held at 250 nm, and for varying insulator layer thicknesses, the ablation layer was held 
constant at 250 nm. 

 
Figure 11 - Coated substrate with multiple layers 

5 RESULTS AND DISCUSSION 
 
Two primary metrics were chosen to quantify the performance of the flyer plates studied. Firstly, the 
distance the flyer plates travelled before the flyer integrity was compromised was determined. The 
spectrograms of each flyer launched were studied for evidence of loss of flyer integrity. This was indicated 
by the velocity trace becoming weak, intermittent or broader. A broader trace is evidence of a large velocity 
range across the flyer plate, or fragmentation. Once this degradation was identified, the velocity against time 
data was extracted, and then integrated to provide velocity and distance against time.  
 
The second metric, velocity, was examined at two points: 75 micron displacement, a point at which 90% of 
terminal velocity is typically reached, and at the point of flyer degradation. Varying the ablation and 
insulator thickness will increase the mass of the flyer plate, potentially decreasing the flyer plate velocity for 
a given laser pulse energy. It was therefore vital to quantify any flyer velocity change as the layer thicknesses 
are changed.  

5.1 Ablation Layer Thickness 
 
Three ablation layer thickness were studied: 100, 250 and 500 nm. The results are summarized in Table 2, 
with the distance and velocity against time data in Figure 13, Figure 14 and Figure 15. The standard 
deviation of each data set is comparable, with a slightly reduced variation for increased ablation layer 
thicknesses.  
 
Lee et al [5] modelled the performance of comparable flyers using the 1-dimensional hydrocode LASNEX, 
with ablation layer thicknesses of 0, 250 and 500 nm. They found that for a 250 nm thickness ablation layer, 
the melt temperature of the impact layer was exceeded in 55 ns, increasing to 70 ns for a 500 nm thickness 
ablation layer. The flyer velocity was reduced by 5%, though the distance at which this was calculated was 
not reported. Melt of the impactor will occur prior to flyer degradation, hence the calculated times are 
somewhat shorter than those measured here. The comparison between the time to degradation and the time to 
melt is shown in Table 3. A comparable increase in time is seen for both cases. A velocity reduction of 2.4% 
was measured experimentally, agreeing closely with the 5% calculated reduction. Figure 12 shows a 



 

qualitative comparison between an experimental and a calculated velocity profile. A good agreement can be 
seen, further confirming the validity of the calculated data. The plasma is initially formed in a depth 
comparable to the skin depth of the absorption layer (10 nm), and thermally diffuses into the ablation layer 
throughout the flyer motion. The addition of material to the ablation layer will delay the onset of melt and 
degradation of the impactor layer, but will also increase the mass of the flyer, decreasing velocity. The melt 
temperature of alumina (2072 °C) is substantially higher than that of aluminium (660.32 °C), and energy will 
be lost as the alumina melts. The alumina melt will occur earlier for the 100 nm thickness ablation layer, 
resulting in an earlier energy loss and lower velocity. 
 

Table 2 - Ablation layer performance 
 Velocity at 75 micron 

displacement, m/s 
Velocity at point of 

flyer degradation, m/s 
Displacement at point of 

flyer degradation, microns 
Ablation Layer 
Thickness, nm Mean Standard 

deviation Mean Standard 
deviation Mean Standard 

deviation 
100 3056 146 3079 443 120 62 
250 3135 132 3194 224 139 38 
500 3059 104 3278 24 182 10 

 
Table 3 - Comparison to Lee et al. 

Ablation Layer 
Thickness (nm) 

Time to 
Degradation (ns) 

Time to Melt 
(ns)1 

100 54  
250 77 55 
500 110 70 

 

 
Figure 12 - Comparison of experimental and calculated [5] velocity  

 

 
Figure 13 - 100µm Ablation Layer 

                                                 
1 Reported for time interval from start of laser pulse. Corrected by 15 ns to compare to data presented here. Time 
interval of experimental data is from a displacement of 100 nm to the point of degradation.  



 

 

 

 
Figure 14 - 250 µm Ablation Layer 

 

 
Figure 15 - 500 µm Ablation Layer 

5.2 Insulator Layer Thickness 
 
Three insulator layer thicknesses were studied: 100, 250 and 500 nm. The results are summarized in Table 4, 
with the distance and velocity against time data in Figure 17, Figure 18 and Figure 19. It can be seen that 
there is little variation in the velocity attained at a distance of 75 micron, with a slight increase in flyer 
velocity with insulator thickness, though this is within the experimental variation. The insulator layer acts to 
confine the accelerating plasma as it has a lower thermal conductivity, reducing heat losses to the flyer plate. 
It is likely that the thicker insulator layer, the higher the plasma temperature and thus the higher the velocity 
attained. The standard deviation of each data set is comparable, with a slightly reduced variation for 
increased ablation layer thicknesses.  
 
The insulator layer delays the melt of the impactor by decreasing the rate of thermal diffusion through the 
flyer plate. This can be seen in Figure 16, where modelling reported by Labaste [6] shows the temperature 
distribution through the flyer plate.  
 
The time taken to reach the melt temperature of the impactor layer increases with increasing insulator layer 
thickness, clearly seen in the experimental data. There will be a limiting case for thicker layers where the 
increased insulator layer offers no additional thermal confinement or insulation on the flyer flight timescales, 
and the increased insulator layer thickness adds to the mass of the flyer, offsetting the increase in 
acceleration and thus decreasing velocity.  
 



 

 
Figure 16 - Temperature distribution through flyer plate [6] 

 
The survival rate of each insulator layer thickness for 25 micron distance intervals is shown in Figure 20, 
clearly illustrating the dramatic improvement offered by the 500 nm insulator layer. The survival rate 
represents the proportion of flyer plates that travelled at least the specified distance.  
 

Table 4 - Insulator layer performance 
 Velocity at 75 micron 

displacement, m/s 
Velocity at point of 

flyer degradation, m/s 
Displacement at point of 

flyer degradation, microns 
Insulator Layer 
Thickness, nm Mean Standard 

deviation Mean Standard 
deviation Mean Standard 

deviation 
100 2941 136 2849 343 82 34 
250 3135 126 3194 224 139 38 
500 3145 104 3298 290 338 101 

 

 
Figure 17 - 100 µm Insulator Layer 

 



 

 

 
Figure 18 - 250 µm Insulator Layer 

 

 
Figure 19 - 500 µm Insulator Layers 

 

 
Figure 20 - Flyer Survival vs. Displacement 

5.3 Comparison of Ablation and Insulator Layer Thickness 
 
The mean velocity attained at 75 micron for each ablation and insulator layer thickness is shown in Figure 
21. This data indicated optimal layer thickness tested is 250 nm for the ablation and 500 nm for the insulator 
layer. It can be seen that the insulator layer thickness has a greater effect on the flyer plate velocity than the 
ablation layer thickness, and thicker insulator layer thicknesses may offer further improvement. 
 



 

 
Figure 21 - Velocity at 75 micron displacement 

5.4 Optical Profilometry 
 
Surface maps of the coated substrates were obtained to examine the flyer plate launch sites. An example 
surface map is shown in Figure 22, with a dimensioned line profile shown in Figure 23. Four features are 
observed.  
 
Firstly, a region corresponding to the fibre diameter, 365 micron, is seen to exhibit an ablation pattern 
consistent with the spatial energy distribution on the fibre output, shown in Figure 24. It is evident that a 
portion of the accelerating plasma is formed of the fibre itself, as the height of the fibre in this region is 
effectively negative. Trott [7] reported silica emission lines from the accelerating plasma along with 
aluminium lines, for an aluminium coating on a fused silica window.  
 
Secondly, a region extending to a diameter of approximately 630 micron with a gradual increase in height to 
approximately 250 nm above the central region is seen. This is likely to be the ablation layer, in this case a 
250 nm thickness of aluminium. This layer appears to be strongly adhered to the substrate, as the layers 
above it, the insulator layer and impactor layer, are missing.  
 
A third region, approximately 500 nm in thickness with a diameter of 865 microns, is likely to be the 
impactor layer. Finally, outside of the apparent petalling or peeling, is the impactor layer, closely 
corresponding to the impactor layer thickness. The mechanism for the erosion of the layers radially outwards 
from the central region, where the laser energy is deposited, is unknown, but radial expansion of the driving 
plasma is a potential mechanism. If this erosion occurs on timescales corresponding to the early acceleration 
of the flyer plate, then this may reduce the coupling efficiency of the plasma energy to the flyer kinetic 
energy. 
 



 

 

 
Figure 22 - Surface map of ablated coating 

 

 
Figure 23 - Measurements of Ablated Coating 

 

 
Figure 24 - Typical spatial energy distribution of fibre output 



 

6 CONCLUSION 
 
The performance of multiple-layer laser-driven flyer plates was characterised with a twin-laser Photonics 
Doppler Velocimeter, with the flyer velocity, displacement and point of flyer degradation determined. The 
flyer plates considered here have four layers: an absorption layer, to absorb the laser energy; an ablation 
layer, to form a plasma; an insulating layer; and a final, thicker layer that forms the impactor plate. The 
thickness of the ablation and insulator layers was varied, to investigate the effect on these parameters.  
 
Increasing the thickness of the ablation and insulating layers gave substantial improvements in flyer 
performance, with a threefold increase in the distance travelled before flyer degradation. This is in close 
agreement with previously published hydrocode modelling of comparable flyer plates. No significant change 
in velocity was observed, with the increased thermal confinement of the driving plasma offsetting the 
additional mass. An optimal combination of layer thicknesses was determined, offering a significant 
improvement over less optimal combinations. 
 
The flyer plates were capable of reaching velocities in excess of 3 km/s with moderate laser fluences (~20 
J/cm2), providing a convenient, laboratory-based method for generating extremely high pressure shocks, in 
excess of 30 GPa, into a variety of materials. 
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The development of RDX qualities with reduced shock sensitivity has set new perspectives in the 
development of less sensitive high explosive charges and propellants containing RDX as energy 
enhancer. Other sensitivity aspects are reduced thermal sensitivity to elongate the time until the 
cook-off event of the formulation and impact and friction sensitivity.  
The thermal sensitivity aspect can be investigated by microcalorimetric measurements using 
sensitive heat flow microcalorimeter of the TAMTM series. Six RDX samples have been 
investigated. Among them are coarse and fine I-RDXTM, coarse and fine RS-RDXTM and two 
standard RDX samples. The isothermal measurement temperatures have been chosen between 
120°C and 150°C. The measurements have been conducted in stainless steel ampoules with 
inserted glass vials. Moreover the samples have been measure in two atmospheres: under 
enclosed air and under argon. Sample amount was between 150mg and 700mg. These amounts 
ensure sample representativeness and enough measurement sensitivity to get good measurement 
quality also at the relatively low temperatures used. 
The different RDX qualities show definitely different thermal responses. Times to reach a preset 
heat generation rate or a preset heat generation can be used as characterization quantities. To get 
another quantitative evaluation instrument, the data have been analysed according to Friedman, 
means by differential iso-conversional analysis of the data. The results are activation energies and 
pre-exponential factors as function of substance conversion. The differences between the 
measurements under the two atmospheres are clearly revealed by this method.     
 

Keywords :  Standard RDX, RDX with reduced sensitivity, microcalorimetric measurements, 
Friedman analysis, evaluation of thermal sensitivity    

Additional file :  Characterization of standard and reduced sensitivity RDX samples.doc    
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Interest of the evolutions on Xray generator for detonics : ANGELIX example 
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At CEA/PEM, some studies are conducted to develop new flash radiographic devices and upgrade 
the existing ones. These machines are used to radiograph the pyrotechnic edifices at a given time 
during the hydrodynamic experiment. Some parameters of the Xray source are critical for the 
measurement quality, as the total Xray dose, the spot size and the energy spectrum. Recently, we 
have optimised the ANGELIX Xray generator in order to improve the quality of the radiographic 
measurement on hydro shot experiments. The maximal energy of the Xray spectrum has been 
increased from 1.5 to 1.8 MeV. It has resulted in an increased dose and reduced spot size for the 
standard Self Magnetic Pinch (SMP) diode configuration. Moreover, we have developed and set up 
a new radiographic diode for this generator: the Rod Pinch diode in Positive polarity (RPP). This 
diode provides 4 times less Xray dose but we gain almost a factor 10 on the spot size, resulting in 
a very better figure of merit (dose/spotsize²). Thanks to these two new configurations, ANGELIX is 
now a flexible flash Xray generator and some criteria of measurement quality have been improved 
(blur, penetration capacity, contrast…). The benefit on recent pyrotechnic experiments will be 
presented and the analysis will be completed by some simulation results.     
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Non-intrusive Diagnostics with X-ray CT Device of Microstructure in Composite Propellants 
Containing High Amount of Aluminum 

Authors :  Shimada, T., Kitagawa, K., Kosuge, H., Hasegawa, H., Fukunaga, M., Miyachi, H. 

Companies, Country :  Japan Aerospace Exploration Agency 

In the case of center-perforated composite solid propellant grains, burning rate of the propellant in 
the middle of the web is highest along the radial direction. This phenomenon is called a midweb 
anomaly or hump effect. As this reason, it is supposed that orientation or arrangement of coarse 
ammonium perchlorate (AP) particles affects local burning rate. In our previous study, an image 
processing method for segmentation of the coarse AP particles from X-ray CT images of the 
composite propellant is developed. The method worked well for propellants containing low amount 
of aluminum, which are easy for setting of condition of the X-ray observation, evaluation of the 
obtained image and analysis of combustion pressure with motor burning test. Orientation data of 
the coarse AP particles in the composite propellant containing low amount of aluminum particles 
was obtained and it was shown that the orientation of the coarse AP particle affects the local 
burning rate. However, the method is not proper for propellant containing high amount of aluminum 
particles, which is actual composite propellant, because it is difficult to discriminate the X-ray scan 
data of the coarse AP particles from binder containing the aluminum particle and define threshold 
shade for binalization process. Therefore, the orientation data of coarse AP particles in composite 
propellant containing high amount of aluminum particles has not been obtained. The purpose of 
this study is to develop a nonintrusive diagnostics technique to obtain the orientation data of 
coarse AP particles in composite propellants containing high amount of aluminum. The actual 
composite propellant and composite propellant without coarse AP particles have been inspected 
with X-ray CT device simultaneously and data of only the coarse AP particle have been obtained. 
We will report this method and results.    

Keywords :  Solid rocket propellant, Midweb anomaly, AP, aluminum, X-ray CT, Local burning rate    
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This study deals with the development of a device identification of pollutants from the combustion 
of energetic materials to satisfy environmental requirements.  

The experimental means is mainly composed by modular boxes from 1 to 3 m3 in atmospheric 
pressure condition. Each box is built with polycarbonate faces and disposes multi gas detectors. 
The initiation of gunpowder is obtained by a wire bridge and the understanding of combustion 
phenomena is following by video monitoring. 

First, a study is conducted to assess which are the maximal quantities of energetic materials that 
do not harm the way of experimentation. After, a preliminary draft of CFD modelling on the 
dispersion of hot gas inside the device allows providing input to the drafting of the first 
experimental tests. Simulations are able to predict the powder mass adapted to the box space and 
the evolution of the pollutant concentration. At the time of tests, CO, NOx concentrations obtained 
by the combustion of the double base propellant are analysed with different sample masses. 
Finally, modelling and result tests are compared are well fitted.  

This system with the analytical means is a good device to identify the gaseous pollutants and in the 
future, other studies could be envisaged to characterize solid pollutants obtained by combustion.  

 

Keywords: characterization, caisson assessments, pollutant, CFD modelling 
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ABSTRACT 
 
In the work the conditions and kinetics of the nitration of 2-methylpirimidine-4,6-dione (MPD) are presented 
which lead to receive of 1,1-diamino-2,2-dinitroethylene (DADNE). The analysis of the literature data 
enables us to propose a model and mathematical formulation of the problem of the synthesis of DADNE. 
The model was verified on the basis of literature and own experimental data. The influence of a batching 
time of nitric acid into a model reactor on temperature and composition of the reaction mixture is 
investigated. The proposed model of the synthesis can be useful on the study of the nitration process of MPD 
in a large-laboratory scale. 
 
 
INTRODUCTION 
 
1,1-Diamino-2 ,2-dinitroethene (DADNE, FOX-7) was obtained for the first time in 1998 [1,2].  Detonation 
parameters of DADNE match up that of RDX, while its sensitivity to various stimuli shows that it can be 
considered as relatively safe explosive [3,4]. Despite the passage of years since the first reports of the receipt 
of DADNE, it is still intensively studied in many research centers. Current findings clearly show that 
DADNE is one of the leading candidates for use in modern insensitive munitions [5-10]. 
The kinetics of DADNE synthesis was considered in few studies [11-13]. In paper [11], the kinetics of 
nitration of 2-methylpirimidine-4,6-dione (MPD) in a mixture of concentrated nitric acid (98%) and sulfuric 
acid (98%) was studied. MPD was added to the mixture of acids in a molar ratio of MPD: HNO3: H2SO4 
1:5.1:10.1, maintaining a constant temperature in a reactor. Scheme for obtaining 1,1-diamino-2 ,2-
dinitroethene (DADNE) is shown in Fig. 1. According to this method, 2-dinitromethylene-5 ,5-
dinitropirymidine-4 ,6-dione (TNMPD) is a product of MPD nitration.  
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Figure 1. A scheme of DADNE synthesis [11]. 
 

The analysis of results allows the authors of work [11] to give the following conclusions: 
(1) Nitration of MPD is a reaction of pseudo-second order (estimated value is 2.19). 
(2) The optimum reaction temperature  for nitration is 15 oC. 
(3) The rate of heat generation during the reaction increases with temperature in exponential manner. 
(4) Heat effect of reaction (460 kJ/mol) is much larger than the activation energy (42 kJ/mol) estimated 

from the dependence of reaction rate on temperature. 
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(5) Exponential dependence of rate of heat suggests that efficient mixing and cooling system is essential 
for enlarging the scale of the process. 

(6) The relatively low activation energy suggests that the reaction is sensitive to temperature. 
(7) Pre-exponential factor in the equation for the reaction rate constant is 44.24x104. 

In [12] the kinetics and mechanism of two reactions resulting in DADNE product were analyzed. In one of 
them, MPD (2-methylpyrymidine-4,6-dione) is a starting reactant. Nitration kinetics were studied using the 
methods of HPLC and UV spectrophotometry. A diagram of MPD nitration is shown in Figure 2. 
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Figure 2. A scheme of MPD nitration [12] 

 
According to this scheme the product of nitration of I (MPD) is a compound II (2-methyl-5-nitropirymidyne-
4,6-dione – MNMPD) and the compound III (TNMPD) is a products of its nitration. Preliminary 
investigations of the MPD nitration reaction indicated that the process does not end up with synthesis of III. 
This compound is capable of relatively rapid change giving a mixture of further nitration products, one of 
which was identified as trinitromethane (VI). Based on the above observations and published data on 
nitration of 2-methyl-1,3,5-triazine-4,6-dione and 5-alkyl-substituted derivatives of compound I, the 
conclusion was drawn in [12] that the nitration process of III forms the structure IV (5,5-dinitro-2-
(trinitromethyl)pyrimidine-4,6-dione – PNMPD), which subsequently decomposes in the mixture of 
compounds of V (5,5-dinitrobarbituric acid) and VI. 
The kinetics of nitration of I was carried out in [12] with a large excess of nitric acid. For the initial 
concentration of sulfuric acid within the limits of 78-98%, the data obtained are well described by equations 
describing  two or three successive first-order reactions. 
If the initial concentration of compounds nitrated in phase I and II is varied in the range (0.3-0.9) x10-2 
mol/dm3, the rate constants remain constant, which indicate to the first order of the reaction with respect to 
the compound being nitrated. The reaction orders with respect to nitric acid change between subsequent 
stages of the process. The observed data shows that the reaction is first order for the first and third stages and 
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approaches 2.5 for the second stage. Probably the fractional order appears, because the occurrence of three 
successive reactions in a single observed stage in the absence of a pronounced leading reaction [12]. 
The reaction rate constant kI is approximately 10 times the rate constant kII of the compound III formation 
and kIII constant is three times smaller than kII. The values of activation energy and pre-exponential 
coefficient for the reaction I-III determined in [12] are summarized in Table 1. 

 
Table 1. Activation energies and pre-exponential coefficients for the reactions I-III [12]. 

Parameter kI kII kIII 
Ea [kJ] 91,8±2,6 78,6±5,7 65,5±7,6 
log A 14,1±0,5 11,9±1,0 9,8±1,3 

 
Kinetics of nitration of 2-metylopirymidine-4,6-dione at various temperatures (5, 10, 15 and 20 °C) was also 
studied in work [13]. Determined order of transformation of MPD into TNMPD is 1.65, which means that 
the nitration of MPD is a reaction of pseudo-second order. The designated value of activation energy (61.5 
kJ/mol) is about 50% higher than the energy obtained in [11], but is slightly lower than that the value of 
activation energy for the reaction II given in [12] (Table 1). Pre-exponential factor was estimated at the level 
of log A = 20.5. For considered conditions, the nitration time of 65% amount of MPD was also set out. Time 
of 411, 296, 141 and 113 minutes was obtained at 5, 10, 15 and 20 oC, respectively. Taking this into account 
and the exothermic nature of the nitration reaction of MPD, the reaction temperature of 15 °C is given as the 
optimal one. 

 
 

MODELING OF DADNE SYNTHESIS 
 

We assume that the synthesis DADNE proceeds according to the scheme shown in Fig. 2 ([12]). Three 
reactions can be carried out in a reactor with the corresponding rate constants kI-kIII: 

 MNMPDMPD NO⎯⎯ →⎯
+ ][ 2  (1) 

 TNMPDMNMPD NO⎯⎯ →⎯
+ ][3 2  (2) 

 PNMPDTNMPD NO⎯⎯ →⎯
+ ][ 2  (3) 

During the synthesis, concentrated nitric acid will be dosed at a rate of s [dm3/min] (ns [mol/min]). This 
method of obtaining DADNE is used in a large-scale laboratory [14]. Taking into account the results of 
research carried out in [12], we can write the equations of the kinetics of changes in concentration of 
reactants in the following form: 
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where V is the volume of the reaction mixture, t - time, and c1, c2, c3, c4, and c5 are the molar concentrations 
of MPD, HNO3, MNMPD, TNMPD and PNMPD, respectively. 
Rate constants are described by the Arrhenius equation: 
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We assume that the volume of the reaction mixture changes only due to the flow of nitric acid: 

 s
td
Vd

=  (10) 

We assume that the heat of the reactants is constant in the range of the tested temperatures. Then the 
equation of heat balance in the reactor can be described by the equation: 

 ( ) ( )TTAUVrTTcn
td
TdVc aQpsssp −++−ρ=ρ 0  (11) 

where ρ and ρs mean the densities of the reaction mixture and dosed nitric acid, respectively, cp and cps – 
their specific heats, T and T0 - temperature of the mixture and the acid, rQ - the rate of heat released during 
the synthesis, U - coefficient of heat transfer to the cooling system, A – area of a contact surface between the 
reactor and cooling system, Ta - the temperature at the surface. 
We assume that the density of the reaction mixture changes only due to the nitric acid supply: 

 
tsV

tsm

p

pp

+
ρ+

=ρ  (12) 

where mp, Vp and ρp are the initial values of mass, volume and density of the reactants, respectively. 
As at least three reactions involving HNO3 run during the synthesis process of DADNE and the heating 
effect given in [11] refers to 1 mol of substrate (MPD), it was assumed that the heat of reaction can be 
associated with loss of nitric acid in a reactor. Therefore, the reaction of one mole of HNO3 leads to the 
release of q = 115 kJ in the reaction system, and the rate of heat output in 1 dm3 of the reactants is described 
by the relationship: 

 q
V
n
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r s
Q ⎟
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⎜
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⎛ +−= 2  (13) 

The solution of equations (4)-(13) allow us to determine changes in concentrations of individual reactants 
and reaction temperature. The system can be solved by the Runge-Kutty method of fourth order. 
 
 
THE RESULTS OF MODELING OF DADNE SYNTHESIS 

 
To verify the proposed model the experimental results of DADNE synthesis presented in [11] and [13] were 
used. The authors of these papers have studied the kinetics of synthesis at different temperatures by 
determining the resulting amount of DADNE at a specified time from the start of the reaction. In paper [11], 
the kinetic parameters of MPD nitration were determined using a mixture of nitric acid (98%) and sulfuric 
acid (98%). The study was conducted on a small scale (about 70 ml of reaction mixture). MPD was added to 
the mixture of acids in such a way as to maintain a constant temperature of the nitration process. Succeeding 
results were obtained by interrupting the process after a suitable period of time and determination of the 
resulting product, which enabled to indirectly identify changes in concentration of substrates. In a similar 
way, DADNE synthesis was studied in [13], wherein the test samples were taken in the course of the process 
on a larger scale (about 1 dm3 mixture), without the interruption. Nitric acid of 65% concentration was used 
for the synthesis instead of concentrated acid (98%). Crushed MPD was immediately introduced with 
vigorous stirring to a mixture of acid being pre-cooled to a temperature of about 0 °C. Heat of MPD solution 
in acids and start of the exothermic process of nitration caused a rapid increase in temperature, which was 
stabilized at the desired level within 5 minutes. 
To adapt the theoretical model described above to the conditions of the experiments conducted in [11] and 
[13], we assumed that in the reaction mixture temperature is kept constant. Since the MPD was added to the 
mixture of acids very quickly, it was assumed that at time t = 0 all the substrates are located in the reactor 
and the total volume in the process of synthesis remains constant (s = 0 and dV/dt = 0). With these 
assumptions, the problem of nitration of MPD describes the system of equations (4)-(9) with the following 
initial conditions: 
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Based on the analysis of testing results of the model of DADNE synthesis, the value of activation energy and 
the pre-exponential coefficients for the reaction I-III given in Table 2 were used for calculations. These 
values are within the limits of changes of the Arrhenius parameters presented in the paper [12] - Table 1. 
 

Table 2. The values of activation energy and the pre-exponential coefficient used in calculations 

Parameter kI kII kIII 
Ea [kJ] 89,2 78,6 69,3 
log A 14,6 11,9 9,4 

 
Analysis of the data contained in [11] enables us to determine the initial molar concentration of nitric acid 
and MPD in the reaction mixture: c10 = 1.14 mol/dm3, c20 = 5.71 mol/dm3. The results of modeling of the 
MPD nitration process at various temperatures are shown in Figs. 3-6. In the Figures, a molar concentration 
of TNMPD is also shown, which was defined on the basis of the amount of DADNE obtained in [11] at 
various times since the start of synthesis. 
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Figure 3. Variation of reactant concentrations in the process of MPD nitration at 5 °C under the conditions 

given in [11]. 
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Figure 4. Variation of reactant concentrations in the process of MPD nitration at 15 °C under the conditions 

given in [11]. 
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Figure 5. Variation of reactant concentrations in the process of MPD nitration at 25 °C under the conditions 

given in [11]. 
 
For the conditions of DADNE synthesis conducted in [13], the initial concentration of nitric acid and MPD 
are as follows: c10 = 0.48 mol/dm3, c20 = 2.24 mol/dm3. The modeling results together with a concentration of 
TMNPD determined experimentally are shown in Figs. 6-9. 
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Figure 6. Variation of reactant concentrations in the process of MPD nitration at 5 °C under the conditions 

given in [13]. 
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Figure 7. Variation of reactant concentrations in the process of MPD nitration at 10 °C under the conditions 

given in [13]. 
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Figure 8. Variation of reactant concentrations in the process of MPD nitration at 15 °C under the conditions 

given in [13]. 
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Figure 9. Variation of reactant concentrations in the process of MPD nitration at 20 °C under the conditions 

given in [13]. 
 

Comparison of the calculated TNMPD concentration (solid line in Figs. (3)÷(9)) with the concentration of 
the compound determined on the basis of experimental data shows a good quantitative agreement. The 
biggest differences are observed for temperatures of 25 °C (Fig. 5) and 20 °C (Fig. 9). In the case of DADNE 
synthesis at 25 °C under the conditions described in [11] a qualitative discrepancy is observed - theoretical 
concentration of TNMPD falls in the second phase of synthesis, while the concentration estimated on the 
basis of the experimental data remains at the same level. It seems that the rate of reaction III adopted for the 
calculation requires further experimental verification. 
Comparing the corresponding plots of Figs. 3-9 for the same temperature of synthesis we can notice a 
difference in the speed of the process and changes in the reaction mixture composition during both 
experiments analyzed. These differences can be explained by a large divergence of the main initial 
concentrations of substrates (MPD and HNO3) used in [11] and [13]. Although the molar ratio of reactants 
was comparable in both studies, but they were diluted with various amounts of sulfuric acid. Therefore, the 
changes of the composition of reaction mixture containing a higher initial concentration of the major 
substrates (eg., Fig. 4) is, in the initial phase (approx. 30 min), more dynamic than the same course of these 
changes observed for a mixture of substrates with a lower initial concentration (Fig. 8). After about 30 
minutes the change in the composition in the two experiments have already proceeded with a similar rate, 
which is connected with the equilibration of the concentration of main unreacted substrates. 
A revised model for the synthesis of DADNE was used to investigate the influence of dosage time of nitric 
acid to the reactor on changes in temperature and composition of the reaction mixture. It was assumed that 
the surface of a hypothetical batch reactor is 483 cm2, the coefficient of heat transfer to the cooling system is 
0.65 J/(min cm2 K), and the contact surface temperature of the reactor and cooling system is 20 oC. The 
composition of the reaction mixture corresponded to that used in tests in [13]. The total amount of nitric acid 
added to the reactor corresponded to a concentration of 2.24 mol/dm3 related to a final volume of the reaction 
mixture. It was assumed that nitric acid is added at a constant rate during time 0, 30, 60 and 90 minutes. The 
solution of equations (4)÷(13) allows us to specify changes in the concentration of reactants and the reaction 
temperature. The calculation results are shown in Figs 10÷14. 
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Figure 10. Variation of reactant concentrations in the process of MPD nitration in the case of dosage of nitric 

acid at t = 0 min. 
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Figure 11. Variation of reactant concentrations in the process of MPD nitration in the case of dosage of nitric 

acid during 30 min. 
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Fig. 13. Variation of reactant concentrations in the process of MPD nitration in the case of dosage of nitric 

acid during 60 min. 
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Figure 12. Variation of reactant concentrations in the process of MPD nitration in the case of dosage of nitric 

acid during 90 min. 
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Figure 14. Variation of temperature of the reactants in the process of nitration of MPD for various times of 

nitric acid dosage. 
 

As could be expected, prolonged dosage of nitric acid to the mixture of sulfuric acid and MPD significantly 
decreases the maximum temperature in the reactor. According to the authors of work [14] the process of 
nitration of MPD should be discontinued if the temperature of the reactants increased above 35 oC. The 
curves presented in Fig. 14 show that the temperature for the assumed conditions of synthesis did not 
increase above 35 oC, minimum time for the addition of nitric acid should reach 60 min. Modeling of the 
MPD nitration for a specific reaction system requires the determination of accurate data on the cooling 
system and heat transfer through the walls of reactor. 

 
 

SUMMARY 
 

Conducting safe DADNE synthesis process requires close monitoring both reaction temperature and speed of 
introduction of nitric acid into a reactor. The proposed work provides a theoretical model to investigate the 
influence of various factors on both the rise in temperature in the reactor, and the accumulation of nitric acid 
during the synthesis. To model the manufacturing process of DADNE synthesis in laboratory scale, however, 
it is necessary to determine the actual characteristics of the reactor and its equipment, including cooling 
system, and careful examination of reaction kinetics and heat through, for example, the differential reaction 
calorimeter. 

 
 



Modeling of the Synthesis of 1,1-Diamino-2,2-dinitroethylene (DADNE) 

 11

ACKNOWLEDGEMENTS 
 
This scientific work is financed from funds for science in 2009-2011 as a development project No. O R00 
0018 09.  

 
 

REFERENCES 
 
1. N. Latypov, J. Berman, A. Langlet, U. Wellmar, U. Bemm, Synthesis and reactions of 1,1-diamino-2,2-

dinitroethylene, Tetrahedron, 54, pp. 11525-11536, 1998. 
2. N. Latypov, A. Langlet, U. Wellmar, Chemical compound suitable for use as an explosive, intermediate 

and method for preparing the compound, US Patent 6 312 538 B1, Nov. 6, 2001. 
3. S. Cudziło, W. Kicinski, Properties and production of DADNE (in Polish), Biul. WAT, 53, 2-3, 2004. 
4. W. A. Trzciński, S. Cudziło, Z. Chyłek, L. Szymańczyk, Detonation properties of 1,1-diamino-2,2-

dinitroethene (DADNE), Journal of Hazardous Materials, 157 (2008), 605-612. 
5. A. Kretschmer, P. Gerber, A. Happ, Characterisation of plastic bonded explosive charges containing 

FOX-7, 35th International Annual Conference of ICT, Karlsruhe 2004. 
6. C. Eldsäter, H. Edvinsson, M. Johansson, Å. Pettersson, C. Sandberd, Formulation of PBX’s based on 

1,1-diamino-2,2-dinitroethylene (FOX-7), 33rd International Annual Conference of ICT, Karlsruhe 2002. 
7. S. Karlson, et al., Detonation and sensitivity properties of FOX-7 and formulations containing FOX-7, 

12th International Detonation Symposium, San Diego 2002. 
8. C. Eldsäter, N. Roman, Development of compositions based on 1,1-diamino-2,2-dinitroethylene (FOX-

7), 30th International Pyrotechnic Seminar, Saint Malo 2003. 
9. A. Helte, et al., Performance of FOX-7 (1,1-diamino-2,2-dinitroethylene) in shaped charge applications, 

23rd International Symposium on Ballistics, Tarragona 2007. 
10. W. A. Trzciński, Z. Chyłek, S. Cudziło, L. Szymańczyk, Investigation of detonation parameters and 

sensitivity of FOX-7-based phlegmatized explosives (in Polish), Biuletyn WAT, 57, 3, 2008, 7-25. 
11. A. K. Mandal, S. K. Sahu, V. V. Jadhav, V. L. Narasimhan, Reaction kinetics and process optimization 

for nitration of 2-methyl-4,6-dihydroxy-pyrimidine, International Autumn Seminar on Propellants, 
Explosives and Pyrotechnics, Xi’an, Shaanxi, China, 2007, 78-85.  

12. A.A. Kushtaev, A.V.D’yakonov, N.V. Yudin, V.L. Zbarskii, Nitration kinetics of 6-hydroxy-2-
methylpyrimidin-4(3H)-one and 2-methoxy-2-methylimidazolidine-4,5-dione, Russian Journal of Applied 
chemistry, 2009, 82, 10, 1785-1791. 

13. Z. Chyłek, Investigation of kinetics of nitration of 2-methylpirimidine-4,6-dione (in Polish), Biuletyn 
WAT, 56, 3, 2008, 27-37. 

14. H. Ostmark, et al., 2,2-Dinitro-ethene-1,1-diamine FOX-7) – properties, analysis and scale-up, 32nd 
International Annual Conference of ICT, Karlsruhe 2001. 

 



Abstracts Europyro 2011 - Page 94/109 

Poster n°3 

Name :  Gary CHEN    

e-mail :  gary.chen@us.army.mil     

Phone :  9737242663    

      

Bio-degradable Thermoplastics for Use in Pyrotechnics 

Authors :  Gary Chen, Matt Hall, Jeff Wiggins 

Companies, Country :  United States 
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effectiveness. As a result, there is a need to develop an environmentally safe, non-reusable 
replacement. One of the potential solutions is using a bio-degradable material. An effort was 
initiated, using the M18 smoke grenade as technology demonstration platform. The technical 
attributes of the bio-degradable material considered include: (1) health and environmental impact, 
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ABSTRACT  
 
Two-phase codes of interior ballistics often compute the surface temperature evolution of the 
propellant grains. These codes use a single ignition temperature criterion as a gate at which heat 
transfer stops and steady combustion occurs. Such temperature criterion is independent of the 
heat flow received by the propellant grain. Experimental tests carried out on different 
propellant grains at the research center of SME by laser ignition with constant incident heat flux 
show that this ignition temperature is function of the incident efflux. 
 
To overcome this gap in modeling, a new criterion has been developed from an energy balance 
between the effect of heat due to the grain decomposition reaction and the effect of heat 
variation due to an external flux. When the kinetic heat becomes a significant fraction of the 
conductive flow rate into the grain, this one ignites. This criterion incorporates some parameters 
which can be determined from experimental results. We get a modeling which binds the ignition 
temperature to the incident efflux and which correlates the experimental results very well. 
 
This new criterion is introduced into the two-phase code 2D MOBIDIC_NG and comes as a 
supplement to the constant surface temperature traditional criterion. This code is able to treat 
several configurations of a two-phase flow in power systems, such interior ballistics or safety 
problems. To supplement this study, simulations with these two ignition criterions are made on 
hypothetical granular propellant charge. 
 
 
INTRODUCTION  
 
The ballistic cycle in a gun starts with an ignition stimuli that consist of high-temperature gases and/or 
solid particles to insure rapid propellant ignition. Thus, the propellant grains must burn for a short 
time, releasing a large quantity of hot gases according to a flow law earlier established. This large 
release of gas at high temperature is used advantageously to propel the projectile by gas expansion. 
The main characteristics about the combustion cycle of a propellant grain are: 
 

- Grain heating by an external heat flow: the deposited energy causes a surface temperature 
increasing and the appearance of a temperature profile within the grain, according to the 
heating low of an inert material. 

 
- Grain ignition: the grain surface temperature level is enough to allow preliminary 

decomposition reactions of the propellant grain. 
 

- Transition phase until stabilized combustion: this phase is characterized by self-sustaining 
decomposition reactions, where energy and mass transfers from solid grain to gases are taking 
place and are growing up to a steady combustion. 

 
The first two steps of the combustion cycle are discussed here. 
 
PROPELLANT GRAIN HEATING  



 
The grains heating phase is modelled by the heat equation. Modelling the evolution of the temperature 

),( txT  requires solving the equation of unsteady heat in the propellant grain considered as inert: 
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Our problem corresponds to the thermal response of a material exposed to a heat flux over a short 
period of time. The geometry can be considered as semi-infinite, since the thermal boundary layer is 
much smaller than the grain size. Thus, we only need a resolution of the heat equation where boundary 
condition at the infinity is given. 
 
When the incident flow ( )tφ  is constant, expression of the grain surface temperature sT  is: 
 

( ) ( )
π

φ
b

tTtTtTs
2,0 0 +==         (2)            

                     
The variable cb λρ=  characterizes the material effusivity. 
 
EXPERIMENTAL STUDY 
 
Experimental setup 
 
The experimental test bench consists of a 200 W CO2 laser (λ = 10.6 µm), two calorimeters that 
measure the radiant power at both the exit of the laser and at the material sample, and a photodiode 
that detects the flame apparition at the grain surface. Mirrors enable us to drive the laser beam up to 
the material. A beam homogenizer changes the beam Gaussian profile into a flat profile of square 
section of 0.25cm. The exposure time is determined by a shutter controlled by means of a computer. 
The initial time corresponds to shutter opening, and the ignition time to the time of the flame detection 
by the photodiode. 
 
Although the heat flux measurement is made as accurately as possible, the ignition time is hard to 
determine experimentally with high accuracy, because of the detection of the first exothermal 
reactions. 
 
Our experimental tests on gun propellants consist of determining the ignition time of a gun propellant 
sample exposed to a constant incident heat flux. Three different gun propellants have been tested. The 
first one is a double base propellant, widely characterized (nitrocellulose and nitroglycerin), that we 
will consider as the reference. The second one is a triple base HUX and the last one is a composite gun 
propellant YH. Tests are done at atmospheric pressure. 
 
Results 
 
Figure 1 presents the experimental results in a logarithmic diagram. We observe that the ignition time 
of the GB gun propellant is the lowest one. At the contrary, YH gun-type propellant has longer 
ignition times and higher ignition temperature, that corroborates the encountered difficulties to ignite 
this type of gun propellant. 
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Figure 1: Ignition time in a log-diagram versus incident efflux 

 
For a given gun propellant, if the ignition temperature was a constant independent of the incident heat 
flux, the graph of the experimental results in a log-diagram would be a straight line of slope -2, 
according (2). Clearly, there is a dependency of the ignition temperature with the incident flux. 
 
MODEL 
 
We consider that preliminary decomposition reactions of the propellant grain are described by a 
reaction of order zero. The reaction rate (volumetric rate) is given by: 
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The temperature change in the gun propellant grain is governed by the energy conservation law, 
expressed as below:  
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Because of the strong influence of the temperature in the form of the Arrhenius term, the exothermal 
energy release takes importance only at the approach of the ignition temperature. This chemical 
reactivity is effective near the grain surface and results in a sudden rise of the surface temperature. 
 
During the gun propellant heating phase, since the material behaves as an inert, the transient term 
balances the conduction term in the previous energy conservation. We will test the ignition criterion as 
the following condition [1, 2]: the effect of heat due to the decomposition reaction in the reactive 
depth becomes a significant fraction of the effect of heat variation due to external flux. This criterion 
results as, in terms of variation of power dissipation: 
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Once this equality holds, we will consider the grain ignited. Using first order Taylor expansions about 
the temperature and its gradient (since thermal-wave penetration depth is small), and after some 
calculations, this criterion can be expressed finally as the following overall relationship, where the 
parameter TK includes various physical characteristics of the gun propellant and the coefficient α : 
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At this temperature allT , we can associate an ignition time allt  given by the relationship: 
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TESTS CORRELATIONS 
 
Coefficients E and TK  are determined by minimizing the deviation between the experimental curve 
and the theoretical curve. This procedure is applied to different gun propellants tested. Figure 2 shows, 
in the case of HUX gun propellant, good correlations between the experimental points and the 
theoretical curve. Great agreements are also obtained for the two others propellant grains. 
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Figure 2 : HUX propellant ignition time versus incident efflux 

 
The knowledge of the parameter TK  determines the product QA . Heat equation (4) can be then 
solved in reactive or inert environment ( )0=Q . Both resolutions are used to identify the magnitude of 
the ignition temperature: at this one, the two curves begin to diverge. We can thus compare its 
numerical value and its experimental value. The following figure 3 exhibits inert or reactive curves, 
and the theoretical curve (equations 6 and 7 combined). It indicates a good correlation. 
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Figure 3 : HUX propellant surface temperature versus time 

 
 
MOBIDIC_NG CODE 
 
This new ignition criterion has been also introduced in the two-phase code of interior ballistics 
MOBIDIC_NG 2D [3, 4] to better describe the ignition phase of the granular propellant charge. This 
code is based on a two-phase flow (gas-solid mixture) and is able to treat several 2D configurations 
(gun cartridge, multiphase flow in non-ideal explosives, and damage by accidental stimuli). This 
model consists of partial differential equations of conservation applied to each phase. The two phases 
are compressible and in thermodynamic non-equilibrium (pressure and temperature). According the 
problem we want to describe, the numerical tool includes numerous physical processes (such as flame-
spreading, mechanical behaviour…). Thus, appropriate submodels are added and combined so those 
interactions within the previous overall two-phase model provide an increased modeling. 
 
In gun systems, igniter efflux ignites a localized region of the charge and the resultant propellant 
gasification promotes a convective flow to ignite the remainder of the charge. Most interior ballistics 
codes solve the amount of heat absorbed by a grain over time and use an approximate cubic profile 
solution for solid temperature. Both provide information to trace the evolution of the grain surface 
temperature. These codes use a single ignition temperature criterion as a gate at which heat transfer 
stops and steady combustion of the grain begins. Such criterion is independent of the incident efflux. 
 
The heat transfer defines a boundary condition for the heat-conduction equation applied to the grain. 
We solve a transport equation on the amount of heat Q  absorbed by a grain. It is assumed that this 
energy is distributed according to a cubic temperature profile: 
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Physical and mathematical considerations allow us to get: 
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Surface temperature is obtained by making x=0. Therefore, it is worth ( ) 3
0 δGTtTs −= . 

 
This basic approach can thus be improved by using the previous new criterion. To do that requires 
evaluating the two terms of expression (5) using the approximate cubic profile solution (8) for solid 
temperature. Few changes are needed and a suit numerical method allows it. 
 
A demonstration is postulated on a cylindrical configuration 1D occupied by a granular propellant 
charge (figure 4) ignited at the breech end. Ignition of the grains is based on a convective heat transfer 
deposited at the grain surface: ignition conditions are here different from the previous application as 
they are bounded in time. 
 
 

 
       

Figure 4 : Granular propellant charge configuration 
 
Two simulations are done. The first test is performed with a surface temperature threshold, the second 
one with the new criterion. Following figure 5 shows the position of the flame front versus time. The 
dots indicate the position of the cells and provide information about flamespreading acceleration. 
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Figure 5 : Ignition wave 

 
In the first case, flamespreading starts later but it is then faster. Others simulations show that the value 
of the threshold surface temperature has little influence on the propagation of the flame front, except 
for large values. It acts mainly on its starting time, delaying it more when its value increases.  
 
In the second case, flame front spreading velocity appears to be lower. Additional tests show that the 
parameter TK  greatly affects the flamespreading. Thus, the numerical values derived from previous 
experimental study carried out for atmospheric pressure may lead to discontinuous propagation of the 
flame front or to propagation extinction. They do not seem appropriate for gun applications. During a 
ballistic cycle, pressure rise occurs in the reaction chamber and the pressure effects on decomposition 
reactions of the propellant grain can not be neglected. Therefore, these considerations suggest that 



pressure effects must be modeled and need to be taken into account in the proposed model. Such 
improvement can be obtained by considering that the parameter TK  is a function of the pressure. 
 
CONCLUSIONS 
 
The aim of this study was to describe the observed dependence of the ignition temperature of different 
gun propellants on the incident heat flux. To explain this behaviour, a new ignition criterion is built. 
When external heat flux is constant, a mathematical analysis of this criterion enables us to find an 
analytic relation which relates the ignition temperature to the external heat flux. The model is shown 
to provide good agreements with experimental data. This new ignition criterion has been introduced in 
the two-phase model of interior ballistics MOBIDIC_NG to better describe the ignition phase of the 
granular propellant charge. Works to include the effect of pressure in the model are under progress, 
both in theoretical or experimental considerations. 
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NOMENCLATURE 
 

( )tφ  Incident efflux (W/m2) 
),( txT  Temperature field (K) 

)(tTs  Surface temperature (K) 
λ  Thermal conductivity (W/m/K) 
ρ  Density (Kg/m3) 
c  Heat capacity  (J/Kg/K) 
a Thermal diffusivity (m2/s) 

0T  Initial temperature (K) 
ε  Reactive depth (m) 
A Collision factor  (1/s) 
E Activation energy (J/mole) 
R Universal gas constant (J/mole) 
Q Reaction heat (J/kg) 

allT  Ignition temperature (K) 

allt  Ignition time (s) 
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ABSTRACT 

This paper describes the work led by Nexter Munitions in order to develop the low vulnerability 
explosive manufactured by uniaxial pressing process at room temperature. This compression 
process is the most common in the medium caliber field. Today, Nexter munitions propose a 
low vulnerability explosive composition, called XP3264, available for a large range of 
ammunition (25 mm to warhead applications). In the medium caliber field, the constraints due to 
the travel in the barrel after firing are very important. The pressable explosive composition 
developed by Nexter munitions allows us to be fully complaint with this application and its 
constraints. 

In order to develop the pressable explosive composition portfolio, Nexter munitions has been 
working on the stability of mechanical properties versus temperature. This work allows us to 
propose an explosive composition with better mechanical properties than RDX/Aluminium/ wax 
composition, moreover this explosive composition based on RDX/NTO allows us to envisage an 
EIDS label. 

This paper presents this explosive composition, the main characteristics and the manufacturing 
process. 
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Modelling of melt cast cooling and solidification processes for explosives

Inputs for the Model

� Explosive properties: 
• Density: ρ
• Melting point: Tf
• Latent heat of solidification: ΔHl
• Thermal conductivity: k
• Thermal expansion coefficient: α
• Viscosity: η

� Conditions: 
• Initial temperature of metal and explosive: T0
• Ambiant air temperature: Text
• Cooling conditions: conduction, free convection, forced convection

Model

� Heat transfer by conduction equation:

� Incompressible Navier-Stokes:

� Phase change during solidification:
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Problems to be solved
� Product non-uniformity

� Porosity and cavities

� Void formation

� Shrinkage

� Cracks and micro-defects

Results

� Validation of the model : comparison between measured temperature and simulated temperature 

� Solidification front evolution is observed to determine the best cooling conditions

� Visualisation of shrinkage, cavity formation and cracks

���� This new model is a cost and time-effective tool to optimize the 
process parameters

The search for high-energy but low-sensitivity explosives has been the focus of many studies. It has been found that the 
use of cyclo-trimethylene-trinitramine (RDX) or cyclo-tetramethylene-tetranitramine (HMX) thoroughly coated with 
plasticized polymeric binders, can maximize the energy of the explosive while minimizing its sensitivity. However, the 
preparation and processing of such explosives is a major challenge for military applications.

Melt casting and mechanical pressing are two of the most used approaches for explosives production. Of the two, melt 
casting is more economical for large-scale filling in munitions applications. A large amount of charge can be cast, even 
with very special shape. Explosives melt casting has traditionnally been based on atrial-and-error approach. Further 
process and product improvements call for the development of a comprehensive numerical model that allow a systematic 
study of the melt casting process parameters and offer a better understanding of the physical mechanisms involved. The 
numerical modelling and simulation presented here are used to determine optimized casting parameters. High quality 
explosives can not be produced without well-controlled casting parameters.
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� Visualisation of stress/strain and shrinkage
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Abstract 
Blast measurements of magnesium – Teflon – Viton (MTV) in the form of unconsolidated 
powder ignited in conducting plastic bags were made to provide basic information for the 
design of a new MTV manufacturing plant. 
A total of twenty charges of three different formulations of MTV were fired in a free-field 
configuration in quantities up to 36 kg. TNT equivalences were found to vary from below 5% 
to about 40% depending on formulation and scaled distance. 
 
Experimental Details 
The compositions were received from Wallop Defence as granules in quantities of either 
0.2 kg or 0.5 kg in conducting plastic bags. For firings of just these quantities the bag was 
wrapped to form an approximately spherical charge, held in shape with adhesive tape and slit 
to allow an igniter, consisting of an “E”-type electric fuzehead wrapped around with 3.5g G20 
gunpowder in a clingfilm wrapper, to be inserted. For the larger quantities (1.5, 6.0, 12, 24, 36 
kg) the appropriate number of 0.5 kg bags was packed inside a large plastic bag sufficiently 
strong to ensure safe support at the firing point. The fuzehead was contained in one of the 
bags at the centre. The assembly was moulded gently by hand into an approximately spherical 
shape and fastened with adhesive tape. At the firing point, the finished charge was either fixed 
with tape to a spike 2 m above ground level (0.2, 0.5 kg) or, for larger quantities, suspended 
3 m above ground from a wire stretched between two scaffold poles. The charges were fired 
with a standard Shrike exploder. 
Kistler gauges were mounted side-on and in-line at the same height as the charge, at the 
following distances: 
0.2, 0.5 kg charges    1.50, 2.00, 3.00, 4.00m 
1.5, 6.0, 12, 24, 36 kg charges  3.00, 4.00, 5.00, 6.00, 7.00m 
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Results and Discussion 
Although certain MTV compositions are known to be violent when ignited even in the open, 
there appears to be little published information on the pressures developed. Jenkins et al1 
obtained a mild explosion when they ignited a sample of magnesium/PTFE/Viton 55/40/5 
tracer composition in a papier mache pot (130 mm diameter, 130 mm high) with a match head 
or initiated it with a L2A1 detonator, and a severe explosion when they used a detonator and 
tetryl booster.  They obtained a stated TNT equivalence of 23% when they used a boostered 
detonator to initiate a sample contained within a hollow sphere of high impact polystyrene 
160 mm diameter. McIntyre2 stated that decoy flare compositions (presumably MTV) 
typically have a TNT equivalence of 50% when initiated with a detonator and booster. 
The present study reports blast measurements after ignition of a particular MTV over a range 
of charge masses and distances, and brief examination of two related and less violent 
formulations. All compositions ignited readily from the gunpowder igniting charge. The 
measurements on the most violent variant, were quite consistent, those of the less vigorous 
compositions were less so. The generally smooth character of the pressure – distance curve 
for all firings suggested that all gauges functioned correctly. 
A typical set of pressure – time curves with rapid rise to maximum, and slower decay over a 
downward drifting baseline is shown in Figure 1a. These four curves were obtained from a 
single firing and each shows the arrival of the direct shock wave followed by the reflection 
from the ground.  A few firings of the less violent compositions WIC74 and WIC76 gave low 
values of pressure and rounded curves as seen in Figure 1b which suggests that prompt, full 
ignition of the charge had not occurred. These firing are excluded from subsequent analysis. 
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Figure 1  Pressure – time curves 

The results of the pressure and impulse measurements are summarised in Table 1 at the end of 
the paper. Results in italics are ignored in further analysis because they are low and are 
associated with rounded peaks indicative of slow flame spreading through the mass of 
composition. 

Peak Overpressure 
A plot (Figure 2a) of peak over-pressure against distance for WIC220, the most vigorous 
composition, shows a family of curves in which the decay from the highest measurement is 
exponential with distance. The two largest charges (24 kg and 36 kg) gave a greater over-
pressure at 4 m than at 3 m suggesting either that the proximity of the fireball had modified 
the response of the two close-in gauges or, more probably, that the shock wave from the 
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larger charges passed the first gauge before the pyrotechnic combustion was complete. The 
limited results for WIC74 and WIC76 (Figure 2b) are consistent if the two lowest values, 
associated with rounded peaks, are ignored. 
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Figure 2  Peak Over-Pressure versus Distance 

Plotting peak overpressure for WIC220 against scaled distance (Figure 3a) gives a reasonably 
consistent curve for all masses except close-in for the two largest charges. The two sets of 
firings for WIC74 show greater difference, with the smaller charge giving the lower pressure. 
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Figure 3  Peak Over-Pressure versus Scaled Distance, 

Positive Impulse 
The duplicate firings for WIC220 (Figure 4a) were reasonably consistent and follow the 
pattern of the peak overpressures. The downward drift of the baseline due to thermal effects, 
and the shock reflected from the ground make the determination of the impulse rather less 
precise at the larger distances. The three results for WIC74 (Figure 4b) were very consistent; 
two results WIC76 (Figure 4b) were in good agreement and one, which showed rounded 
pressure peaks, was markedly low. 



4 

0

20

40

60

80

100

120

140

160

180

200

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

distance (m)

I+  (P
a.

s)

36kg 24kg 12kg 6.0kg 1.5kg 0.5kg 0.2kg

0

5

10

15

20

25

30

35

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

distance (m)

I+  (P
a.

s)

WIC74 0.5kg WIC74 0.2kg WIC76 0.5kg  
a       b 

Figure 4  Positive Impulse versus Distance 

Plotting scaled impulse against scaled distance (Figure 5) gives similar patterns to that for 
peak overpressure. 
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Figure 5  Scaled Positive Impulse versus Scaled Distance 

For the same mass of composition at the same distance, the positive impulse varies in the 
same order as the peak overpressure WIC220 > WIC74 > WIC76.  
 

TNT Equivalence 
The object of this study was to provide basic data to support the cost effective design of a new 
plant for the manufacture of MTV, and it was therefore desirable to determine the TNT 
equivalence of the compositions to offer guidance to the architects. Little information was 
found in the literature. 
Calculations were therefore carried out using separately the maximum measured value for 
peak over-pressure and for positive impulse for each combination of charge mass and 
distance. The mass of TNT which gave the same value of each parameter at the same distance 
was calculated using CONWEP, and the TNT equivalence of the composition was calculated 
as the ratio of the mass of TNT (calculated) to mass of composition (measured). The average 
values (based separately on Pmax and on I+) for each charge mass at each distance are plotted 
against scaled distance in Figure 6 (WIC220) and Figure 7 (WIC74 and WIC76). 
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Figure 6  TNT Equivalence WIC220  
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Summary and Conclusions 
The results highlight the wide range of overpressure and impulse that can be obtained from 
compositions of similar chemical constitution, and how simple scaling can be misleading at 
short ranges where a particular charge may demonstrate a greater overpressure and impulse 
than a larger charge. 
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Comp Distance of Gauge (m) 

Mass 1.50 2.00 3.00 4.00 5.00 6.00 7.00 

(kg) OP I+ OP I+ OP I+ OP I+ OP I+ OP I+ OP I+ 
 kPa Pa.s kPa Pa.s kPa Pa.s kPa Pa.s kPa Pa.s kPa Pa.s kPa Pa.s 

WIC220 

0.20 37.6 16.9 27.8 13.5 15.5 9.4 10.5 7.4       
  36.0 17.1 25.7 13.2 13.8 8.5 9.5 6.6           
  37.0 16.2 25.1 12.5 13.1 7.9 9.2 6.2           
  34.5 15.7 23.8 12.2 13.0 7.9 9.1 6.1             

0.50 68.1 31.9 46.8 26.1 24.3 16.1 16.4 12.6           
  78.8 30.5 49.7 25.1 24.5 15.5 16.5 12.2           
  55.7 30.7 42.5 24.0 22.3 18.8 15.4 11.9           

1.50         40.5 27.2 29.2 21.9 20.7 17.6 16.7 15.0     

6.0         99.5 72.4 67.8 60.9 48.1 51.5 36.9 45.9     
          81.8 65.6 55.8 50.9 40.4 42.1 32.1 37.9     

12.0        177.0 108.0 107.0 84.4 71.6 76.1 53.9 61.6 39.7 53.6 

24.0         126.0 76.4 161 114.9 117.0 115.0 85.2 91.2 62.6 73.9 

36.0         163.0 109.0 223.0 177.0 160.0 132.0 117.0 113.0 82.3 98.2 

WIC74 

0.20 16.9 13.7 13.3 10.6 8.7 7.7 6.3 5.1       

 30.7 14.2 22.3 10.9 12.1 7.2 8.4 5.3       

 31.1 13.7 22.1 10.6 11.8 7.1 8.2 5.1       

0.5 59.3 28.1 41.2 21.6 21.0 12.9 14.5 11.3       

  58.7 29.6 41.9 21.0 22.5 14.9 15.7 11.5       

  58.1 29.1 42.1 23.3 21.4 15.1 14.8 12.0       

WIC76 

0.5 18.9 15.0 15.2 12.1 9.5 7.9 6.9 6.2       

  16.3 13.8 12.5 11.3 7.5 7.4 5.4 5.8       

  5.9 6.9 4.6 4.6 3.23 4.9 2.6 4.4       

Note: figures in italics excluded from analyses 

Table 1  Firing Results 

 

                                                 
1 J M Jenkins, R F Nicholls and M Peer.  Explosive power of pyrotechnic compositions.  Proc. Expl. Safety 
Seminar (19th), Los Angeles, USA 77-88 (1980) 
2 F L McIntyre.  Compilation of blast parameters of selected high explosives, propellants, and pyrotechnics in 
surface burst configuration.  AMCCOM Contractor Report AR-TSD-CR (1987) 
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ABSTRACT 
 
1,2,4-Triazole-5-on (TO) was successfully synthesized in reaction of formic acid (FA) with semicarbazide 
hydrochloride (SC) assisted by microwave irradiation. Depending on the irradiation conditions, the process 
took only 6-25 min. The post-reaction mixture was diluted with water or ethanol in order to dissolve 
remaining FA. The final product was filtered off from the resulting suspension previously cooled to 5 oC. 
Parametric investigations of the synthesis and product separation stages were performed in order to produce 
pure compound with high yield. The use of microwave irradiation caused that the reaction mixture was 
homogenous within ca. 10 min., instead of ca. 30 min. in a traditional synthesis. After ca. 20 min. the 
reaction of FA and SC at a molar ratio of 2.5 was finished giving pure TO with the highest yield. The as-
received product was studied using 1H, 13C NMR spectroscopy, FT-IR spectroscopy and TG/DTA analysis.  
 
Keywords: 1,2,4-triazole-5-on, microwave-assisted synthesis 
 

INTRODUCTION 
 
The history of research on 1,2,4-triazole-5-on (TO) dates from 1905, when Manchot and Noll [1] synthesized 
a few triazolone derivatives among which 3-nitro-1,2,4-triazole-5-on (NTO) seems to be the most important. 
Owing to imprecise analytical methods that were used that time, they ascribed the structure of 
hydroxynitrotriazole to NTO. Chipen at al. [2] were the first (1966) to identify this compound as 
nitrotriazolone. Thanks to the low sensitivity and comparatively high detonics performance, NTO is widely 
used in explosive formulations for insensitive munitions. 

1,2,4-Triazole-5-on is the main substrate in the synthesis of NTO. Initially TO was prepared by the 
condensation of free semicarbazide with formic acid [3]. The reaction proceeded at the boiling temperature 
of formic acid and lasted for 8 hours. Almost 70 years latter, a next method of TO synthesis was worked out 
and published. It consisted in deamination of 4-amino-1,2,4-triazole-5-on that was the product of the 
condensation of semicarbazide with trietoxymethane [4]. In 1966, Chipen at al. proposed the use of 
semicarbazide hydrochloride (SC) and 85% formic acid (FA) as substrates for TO synthesis. In this way, 
they prepared TO with a yield of ca. 65%. The use of stable and non-volatile semicarbazide hydrochloride 
instead of semicarbazide facilitated the synthesis.  

Lee and Coburn [5] noticed that raw TO, synthesized according to Chipen et al., contains formic acid 
and proposed its removal by the dilution of the post-reaction mixture with water and subsequent distillation 
under a reduced pressure. They reported synthesis of pure TO with theoretical yield. A similar method of TO 
preparation was used by Becuwe [6], but the final yield was of ca. 80%. Becuwe and Delclos [7] synthesized 
pure TO with a yield of ca. 75%. Their purification procedure included evaporation of the post-reaction 
mixture to dryness and then a cooling crystallization from water. The unreacted formic acid can be also 
removed by neutralization of the post-reaction mixture with a water solution of sodium bicarbonate. 
Applying this method, Cudziło and Trzciński prepared pure TO with a yield of ca. 78% [8].  

The condensation of semicarbazide hydrochloride with formic acid is a two-stage reaction. First 
diformylosemicarbazide is formed, and next its cyclization gives triazolone. The formylation of 
semicarbazide proceeds even at low temperatures, but ring formation is possible at temperatures higher than 
80 oC. So that the condensation rate is limited by the heat transport rate to the reacting mixture.  

In the present work an attempt was undertaken to replace the classical heating with microwave 
irradiation of the reacting mixture. It should be an effective method of heat transport, because both the 
substrates and the reaction products have stable dipole moment. The influence of the microwave irradiation 
parameters on the reaction rate, as well as on the product yield and purity was tested. Moreover the molar 



ratio of FA to SC was changed, and a small amount hydrochloric acid was added to the reacting mixture in 
some syntheses. In each case the hot post-reaction mixture was diluted with water or ethanol to separate the 
main reaction product.  
 

EXPERIMENTAL 
 
Materials and test methods 
 
In the syntheses, semicarbohydrazide hydrochloride (99%, Acros Organics), formic acid (99%, Acros 
Organics), hydrochloric acid (35%, Chempur) and ethanol (96%, POCh) were used as obtained from the 
suppliers. 

1H and 13C NMR spectra were measured at 30 oC with Bruker DRX Avance 500 spectrometer. The 
resonance frequency of protons and 13C nucleus were 500.13 and 125.77 MHz, respectively. The samples 
were dissolved in dimethylsulfoxide-D6 (DMSO). FTIR spectra were collected on a Nicolet iS10 
(ThermoScientific) spectrometer using ATR technique. Simultaneous thermal gravimetric and differential 
analyses (TG/DTA) were carried out on LabSys-TG/DTA/DSC apparatus (Setaram). Samples of ca. 5 mg in 
mass were heated from 20 to 400 oC at a rate of 5 oC/min., in argon atmosphere (flowing rate of 50 mL/min). 
The melting point of the samples was measured at a heating rate of 2 oC/min. using SMP3 apparatus 
(StuartScientific). 

 
Synthesis 
 
66.9 g (0.6 mol) of semicarbazide hydrochloride (in a form of fine powder) was transferred to a round-
bottom flask with capacity of 500 mL. Next, 69 g (1.5 mol) or 55.2 g (1.2 mol) of formic acid was added. In 
the last four experiments 0.5, 1.0, 1.5 or 2.0 mL of concentrated (35%) hydrochloric acid was also added. 
The flask was equipped with a reflux condenser and placed in a microwave oven (NN-E205 Panasonic, 2.45 
GHz, 800W).  

Irradiation was carried out for 6 to 40 min. in 120-second pulses separated by 30-second pauses to 
control the reacting mixture. After irradiation, the post-reaction mixture was diluted with 85 mL of water or 
ethanol (in some experiments 200 mL of ethanol was used) and cooled to 5 oC. The precipitate was filtered 
off, washed with 100 mL of cold ethanol and dried at 75 oC for 24 hours. The final product was weighted and 
analyzed. Each experiment was repeated three times, so that the yield values presented in Tables 1-3 are the 
average of three experimental results. 

 
 

RESULTS AND DISCUSSION 
 
The dilution of the hot post-reaction mixture with water or ethanol did not cause the precipitation of the 

product. It crystallized after cooling the diluted solution. So that the product was tentatively purified. The 
yield and the melting point of TO obtained at a molar ratio of formic acid to semicarbazide hydrochloride of 
2.5 or 2.0 are shown in the Tables below. In Table 3, there are the results of experiments when hydrochloric 
acid was added, and Table 2 contains the parameters of TO samples that were crystallized from ethanol. 

 
 

Table 1. The influence of the irradiation duration on the yield and melting point of TO 

Mass of substrates, 
FA/SC, g 

Molar ratio, 
FA/SC Solvent Irradiation duration, 

min. 
Yield,  

% 
Melting point, 

ºC 

69.0/66.9 2.5 Water, 
85 mL 

6 36.1 239.0 
10 56.9 239.5 
15 62.9 239.0 
25 62.9 237.2 
35 63.0 238.2 
40 63.3 238.4 

 



From the data presented in Table 1, it follows that the maximal yield of TO (ca. 63%) is reached within 
15-25 min. Therefore in the following experiments the duration of the microwave irradiation was from 6 to 
25 min. The high fusion temperature of the product indicates its high purity.  
 
 

Table 2. The influence of the irradiation duration, the molar ratio of substrates and the amount of solvent 
used on the yield and melting point of TO 

Mass of 
substrates, 
FA/SC, g 

Molar ratio, 
FA/SC Solvent Irradiation duration, 

min. 
Yield,  

% 
Melting point, 

ºC 

69.0/66.9 2.5 

Ethanol 
85 mL 

6 68.0 200.0 
10 72.9 220.0 
15 73.3 226.2 
25 74.3 234.0 

Ethanol, 
200 mL 

6 69.6 200.0 
10 66.5 217.6 
15 72.7 228.0 
25 83.3 204.0 

55.2/66.9 2.0 

6 89.8 165.0 
10 85.3 183.0 
15 83.5 204.0 
25 87.6 208.0 

 
 
The utilization of ethanol to dilute the post-reaction mixture gives impure products with low melting 

point. It is probably a mixture of triazolone with the intermediate products of its synthesis, i.e. mono and 
diformylo derivatives of semicarbazide. Therefore in these experiments the yield is comparatively high even 
at a short duration of irradiation, but the melting point of the products is very low (200 oC). The impurities 
are insoluble in ethanol, because an increase in the amount of the solvent used does not cause any 
improvement in the product purity. The products obtained when the molar ratio of formic acid to 
semicarbazide was 2 (FA/SC = 2), contains even more impurities. In this case the lowest melting point and 
the highest yield was observed, Table 2.  

 
 

Table 3. The influence of HClaq additive on the yield and purity of TO, irradiation duration of 15 min. 

Mass of 
substrates, 
FA/SC, g 

Molar ratio, 
FA/SC 

HClaq additive, 
mL Solvent Yield,  

% 
Melting point, 

ºC 

69.0/66.9 2.5 

0.5 
Water 
85 mL 

64.1 237.0 
1.0 63.5 237.0 
1.5 63.9 237.3 
2.0 62.7 237.8 

 
 
The data in Table 3 indicate that the reaction between semicarbazide and formic acid in the presence of 

hydrochloric acid is complete within 15 minutes giving quite pure product (m.p. 237-238 oC) with a yield of 
ca. 64%. Almost the same results were obtained without the additive (Table 1), so that it does not 
significantly influence the yield and the purity of triazolone. However the acidified mixture became 
homogeneous within only 4 minutes of irradiation.   

In Fig. 1, there are TG/DTA thermograms of TO sample synthesized within 15 min. at FA/SC molar 
ratio of 2.5 and crystallized from 85 mL of water (Table 1, line 3). The sharp endothermic peak with the 
minimum at a temperature of 238 oC (DTA melting endotherm) confirms the high purity of the sample. 
Molten TO completely evaporates before reaching a temperature of 305 oC.  

 



Temperature, T [oC]

0 50 100 150 200 250 300 350 400

M
as

s v
ar

ia
tio

n,
 T

G
 [%

]

-100

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

H
ea

t f
lo

w
, D

TA
 [ μ

V
] (

eg
zo

 u
p)

-7

-6

-5

-4

-3

-2

-1

0

1

2

303.9 oC

237.7 oC

DTA

TG

 
 

Fig. 1. TG/DTA thermograms of triazolone from microwave assisted synthesis 
 
 
The IR spectrum of TO (Fig. 2) shows N-H and C-H absorption at 3100 and 2830 cm-1, carbonyl 

absorption at 1651 cm-1, C=N absorption at 1557 cm-1, C-N absorption at 1434 and 1254 cm-1. 
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Fig. 2. IR spectrum of triazolone from microwave assisted synthesis 
 
Results of the NMR analyses are presented in Figs 3 and 4. In the 1H NMR spectrum of TO, there are 

three peaks. The singlet at 7.79 ppm can be assigned to hydrogen atom bounded to the olefin carbon. Peaks 
at 11.46 and 11.58 ppm result from absorption of hydrogen atoms bounded to nitrogen. The amplification of 
this part of the spectrum shows that the signals are comparatively wide (up to 0.75 ppm at the base). This 
implies that the protons take part in intra- and intermolecular N—H•••O hydrogen bonds. The hydrogen 
atom connected to carbon is not involved in the bonding, and therefore its signal at 7.79 ppm is very narrow. 



Several peaks with low intensity (observed in a range of 7÷8.5 ppm) probably result from impurities, but 
their total intensity is lower than 1% of the main peak intensity. The ratio of the intensities of the three main 
peaks was found to be 1.00:0.95:1.05, what indicates that each of the signal corresponds to the same number 
of protons (one proton in this case).  

Chemical shift, ppm
234567891011121314

In
te

ns
ity

, a
.u

.

11,011,211,411,611,812,0

D
M

SO

C--H

N--H

 
 

Fig. 3. 1H NMR spectrum of triazolone from microwave assisted synthesis 
 

As expected, in the 13C NMR spectrum of triazolone two peaks are observed, the first one at 136.6 ppm 
corresponding to the olefin carbon atom, and the second at 156.3 ppm corresponding to the carbonyl carbon. 
Trace impurities of the sample could not be identified with NMR techniques.  
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Fig. 3. 13C NMR spectrum of triazolone from microwave assisted synthesis 
 



CONCLUSIONS 
 
The reaction of formic acid with semicarbazide hydrochloride at a molar ratio of 2.5, assisted by 

microwave irradiation, gives pure triazolone with a yield of ca. 63%,within 15 minutes. A longer time of 
irradiation does not increase the product yield and purity.  

It is better to dilute the post-reaction mixture with water to remove remaining formic acid and by-
products. The utilization of ethanol gives impure product with low melting point. An increase in the amount 
of the solvent used does not improve purity of the product. When the molar ratio of formic acid to 
semicarbazide hydrochloride is 2.0, the precipitate contains a lot of intermediate products. In this case much 
longer time is needed to terminate the reaction.  

A small additive of hydrochloric acid to the reacting mixture does not significantly influence the yield 
and purity of triazolone. It only causes the mixture to become homogenous within just a few minutes.  
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PYROTECHNICS SECURITY
FRAGMENTS CALCULATION UPON IMPACT

T. Chelius, S. De Vito, A. Hedin, R. Letremy, L. Meunier, V. Mineau, J. Robin, H. Suzanne

1 Fragment characteristics 2 Danger zone calculation

In order to guarantee the safety of its employees, the CEA/Le Ripault is defining a method to calculate the danger linked to 
fragments generated by the accidental explosion of pyrotechnic devices.

Two kinds of explosives have been tested: HMX and TATB. Primary metallic fragments can be made of steel, tantalum and 
titanium. Secondary fragments may comprise various fragile materials such as ceramics or glass.

1. Fragment characteristics 2. Danger zone calculation

Expected data:
initial speed / location / number / shape / mass / direction of ejection

1 1 E i t

2.1. Ballistics

Trajectory calculation for each fragment generated 
according to topography and building structure:

PEHD block used for catching primary fragments
Tests by CEA/DIF/DCRE

Wax block used for catching secondary fragments
Tests by CEA/LR/DXPL

1.1. Experiments

Two kinds of “fragment catchers”
located near the tested pyrotechnic 
device: blocks of PEHD or wax.

g p g p y g
PLEIADES software developed by CEA/CEG

Kinetic energy map - Ek (X,Y).
Ek threshold ≥ 4,1J.
Fragments impacting walls are stopped.

2 2 D
Kinetic energy map for fragments
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Probabilité de létalité ou d’atteinte                 
Z1 et Z2 = réglementation ICPE

Z3 à Z5 = réunion IPE-DAM du  26-05-2010

Zones 
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projection
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Z1 et Z2 = réglementation ICPE

Z3 à Z5 = réunion IPE-DAM du  26-05-2010

Zones 
d’effets de 
projection

Analysis:
1. Tomography.
2. Melting of  “catchers” and   
counting of fragments.

2.2. Danger zones

Use of a lethality criterium (AASTP4) and a definition of danger zones 
proposed by IPE.

Tomography of a PEHD block containing Secondary aluminum fragments

PLEIADES simulation by CEA/CEG/DEA

Histogramme des éclats (m = 0,172 kg)
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Results :
- Fragments number distribution depending 
on fragment mass.

Fragment shape Cd drag coefficient
Scan of the kinetic energy map with a standard surface (56 m²) and calculation of a 
probability of lethality Pl th lit (X Y) for each surface:

Tomography of a PEHD block containing
primary tantalum fragments

Tests by CEA/DIF/DCRE

Secondary aluminum fragments 
caught by wax

Tests by CEA/LR/DXPL

Lethality probability according to the kinetic energy of the fragments
OTAN – AASTP4 document

Definition of danger zones used for fragments
Pyrotechnics decree + IPE proposal

0
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- Fragment shape Cd drag coefficient. probability of lethality Plethality (X,Y) for each surface:

Classification of each surface in comparison to 
the danger zone definition

Secondary DELRIN fragments
Tests by CEA/LR/DXPL

Mass histogram for primary tantalum fragments
Analyses by CEA/LR/DXPL

Development of a fragmentation model based on experimental results

1.2. Numerical simulation for primary fragments
Use of the SPLIT-X software:

– Initial speed.
– Direction of ejection.
– Initial fragment location.

Confinement métallique 

Point d’amorçage Explosif 

the danger zone definition.

Conclusions

• Method for defining the danger zones will soon be completed.
SPLIT X t h i d i d l

Kinetic energy map for fragments after scanning
Calculation by CEA/CEG/DEA

g g p
• Fragments database dedicated to CEA devices is being developed.

SPLIT-X pyrotechnic device model
Simulation by CEA/CEG/DEA and CEA/LR/DXPXL



Abstracts Europyro 2011 - Page 102/109 

Poster n°11 

Name :  Olga Schulz    

e-mail :  olga.schulz@ict.fraunhofer.de

Phone :  +49(0)721/ 4640-863    

 

Oxidation kinetics of metal particles 
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Elemental metal particles play an important role as high energetic fuels in pyrotechnic mixtures 
because they provide high oxidation enthalpy. The burning rate and oxidation rate of the metalized 
propellants are influenced by the particle size of the metal, for example aluminium (Al) is widely 
used metal. In addition to aluminium the oxidation behaviour and the properties of titanium (Ti) and 
boron (B) need to be investigated in detail. The conversion rate of the micrometer-sized particles 
with respect to oxidation is significantly higher compared to coarser bulk metals due to an 
increased specific surface area and ratio of surface to volume. However, the mechanism for the 
enhancement of the oxidation rate of the powders is not well understood as this paper reports the 
involvement of different oxidation phases and kinetics in the low temperature range of the oxidation 
reaction in different oxidation environments. From previous studies it is known that the growth of an 
oxide on a metal surface is a complex process. Eisenreich et al. reported that Al particles are 
coated at the initial stage with an amorphous aluminium oxide layer, which has a thickness of 
about 2±4 nm. The crystalline phases of Al-oxide and Ti-oxide during the oxidation were 
investigated by X-ray diffraction in situ and by field emission scanning electron microscopy. The 
present contribution supports previous results where the sequence of oxide phases and the 
oxidation mechanism of the micrometer-sized particles were investigated in comparison to the 
nanometer-sized particles up to 1523 K in more detail. Also the results of thermal analysis were 
presented, where particles are oxidized in TG and DSC experiments. The kinetic parameters 
based on a model combining of chemically and diffusion controlled reaction for spherical particles 
when fitting it to the non-isothermal or isothermal thermogravimetric curves.     

Keywords :  Oxidation kinetics, micrometer-sized particles, nanometer-sized particles    
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Evaluation of X-ray computed tomography to assess 
the effect of gaps on initiation train performance 
 

G. T Flegg, R. Hack, J. Mansell, J. Baker 
AWE, Reading, UK 

 
 

ABSTRACT  
 
The presence of gaps and cracks within detonator components has the potential to impact the reliability of 
initiation trains. This work describes the use of 3D X-Ray Computed Tomography (CT) as a non-destructive 
technique to probe the presence of gaps within detonator components. The X-Ray CT technique employed 
allows resolution of 10 - 20 µm features within EBW detonator components. 
Thermal treatment has been used to artificially induce gap and crack features within detonator materials. The 
presence of gaps that have opened between the components or cracking of high explosive materials has been 
studied and changes across a range of thermal treatments monitored. 
Thermomechanical modelling has been used to predict the response of the components under the different 
thermal regimes. The models are in good agreement with features observed using both X-Ray CT and 
dimensional analysis.  
X-Ray CT has been demonstrated to be a valuable design tool to detected and characterise formation of these 
gaps and cracks. This work will allow the impact of thermal storage environments on initiation train 
reliability to be assessed. 
 
1. INTRODUCTION 
 
Design of detonators with well defined timing requirements requires an understanding of how manufacturing 
tolerances impact the performance criteria. The dimensional analysis of components both pre and post 
assembly can allow the internal build quality to be inferred; yet do not provide positive information 
regarding the bridgewire-explosive interface or the size of any gaps between explosive pellets. Typical two-
dimensional X-Ray techniques have been used as a sampling or 100 % inspection technique but do not allow 
defects to be located and analysed in three-dimensional space. 
X-Ray Computed Tomography (CT) acquires images from 0 to 360º around the object which are then 
combined to produce a 3D representation of the original object (Figure 1). The advantage of X-Ray CT is 
that slices through the object can be analysed individually, rather than the integrated image two-dimensional 
techniques produce through the entire object. This makes it possible to pinpoint very accurately the location 
and size of defects.  
The results detailed in this paper were obtained using an X-Tek Real Time Ultra Focus X-Ray machine 
coupled with CT PRO Client 64-bit (X-Tek Industrial Ltd) software. Data reconstruction was performed with 
X-Tek GPU CT and the software Volume Graphics used to analyse the reconstructed 3D volume file. A total 
of 2700 images were used to feed the reconstruction software, each image itself an average of two X-rays, to 
produce a pixel size of 8 µm in each axis. This enabled details to be observed within the explosive fills and 
between the components of detonators and the bridgewire to be resolved. The X-ray system used for this 
programme of work had a maximum power of 160kV and 1mA and settings used to examine detonators were 
typically 70kV and 300µA. 
The technique is currently both time and data intensive to operate and therefore not currently suitable for 
100% inspection during manufacture. However, planned improvements are likely to dramatically decrease 
the time required to process and inspect each detonator, down from 3-4 hrs to approximately 30 minutes. 
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Figure 1; X-Ray CT reconstruction technique 

 
2. DETONATOR DESIGN AND MANUFACTURE 
 
Typical exploding bridgewire (EBW) detonators follow a standard design and consist of a bridgewire system 
coupled to explosive pellets. The bridgewire is embedded into a low density ‘input charge’ and used to 
detonate a higher density ‘output charge’. The explosives are typically canned and crimped onto a header to 
seal the system. 
For detonators with a well defined timing requirement, the manufacturing process must be tightly controlled 
to ensure a reproducible product. Whilst parameters such as the density of the explosives and the control of 
the powder mass will define detonator performance; it is critical to ensure gaps do not exist between 
explosive fills or where the bridgewire is embedded into the input charge to minimise performance 
variability. A crimp or pressure seal design also has the potential to crack internal components or cause 
movement of the material within causing defects that are difficult to detect using traditional inspection 
techniques.  
A hemispherical EBW detonator was custom designed and manufactured for this study containing a low 
density PETN input charge and a high density RDX based output charge. Figure 2 shows a schematic of the 
detonator design and potential defects that could be produced during the manufacturing process. The defects 
of interest fall into the following categories: 

• Gaps between component interfaces (e.g. between input and output explosives; between output 
charge and can) 

• Cracks within explosive fills 
• The condition of the bridgewire-explosive interface.  

 

 
Figure 2; Schematic of hemispherical EBW detonator potential defects 
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3. X-RAY CT ANALYSIS  
 
3.1 CHARACTERISATION OF GAPS AND CRACKS 
 
Detonators were manufactured and examined using X-ray CT to determine whether the technique could 
detect defects such as gaps between components or cracking of the explosive fills. A second batch of 
detonators were exposed to aggressive thermal treatments with the aim of causing the formation of gaps to 
open between components or cracking of the explosive materials. These detonators were also analysed using 
X-Ray CT to confirm weather the techniques could detect defects produced by aggressive treatment. 
The results obtained from this analysis are summarised in Table 1 and Table 2 and example X-Ray CT scans 
of the defects observed are shown in Figure 1. 
The untreated detonators did not appear to contain any gaps between components, or any cracking of the 
explosives, or defects at the bridgewire interface indicating the manufacturing process could produce a 
product free of such defects and was under good control.  
However, the detonators subjected to aggressive thermal treatments were observed to contain gaps between 
the components and cracking of the high explosive materials. These features were readily identifiable using 
the X-Ray CT technique and could be characterised in terms of the size, length and location of the defect. 
The majority of these detonators analysed contained gaps between the explosive fills and between the output 
charge and the can. These gaps were typically 20 to 30µm across and located towards the base of the 
detonator rather than the pole of the component. A number of the thermally treated detonators also contained 
cracks within the explosives up to 4mm in length. 
 

GAP HEADER →  
INPUT CHARGE 

GAP INPUT → 
OUTPUT CHARGE  

GAP OUTPUT 
CHARGE → CAN 

GAP OVER 
BRIDGEWIRE 

DATASET 
No. Mean 

(mm) SD No. Mean 
(mm) SD No. Mean 

(mm) SD No. Mean
(mm) SD 

NEW  - - - - - - - - - - - - 
TREAT-
MENT 1 6 of 19 0.05 0.04 17 of 19 0.03 0.02 17 of 19 0.02 0.01 1 of 19 0.03 - 

TREAT-
MENT 2 1 of 4 0.05 - 4 of 4 0.02 0.01 4 of 4 0.03 0.01 1 of 4 0.03 - 

Table 1; Summary of gaps observed between components 

 
LONGEST CRACK IN 

INPUT CHARGE 
LONGEST CRACK IN 

OUTPUT CHARGE 
DATASET 

No. Mean 
(mm) SD No. Mean 

(mm) SD 

NEW  - - - - - - 
TREATMENT 1 8 of 18 1.27 0.81 5 of 19 2.67 1.47 
TREATMENT 2 - - - - - - 

Table 2; Summary of cracks observed within explosive components 
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GAP BETWEEN CAN  AND 

OUTPUT CHARGE 
GAPS BETWEEN INPUT 
AND OUTPUT CHARGE 

GAPS BETWEEN HEADER AND INPUT 
CHARGE 

   

CRACK IN OUTPUT CHARGE CRACK IN OUTPUT 
CHARGE CRACK IN INPUT CHARGE 

  
Figure 3; Typical gaps and cracks observed following thermal cycling and thermal shock conditions 

3.2 DISCUSSION 
 
Two different (aggressive) thermal treatments have been used to generate cracks and gaps in an EBW 
detonator. Gaps (voids between adjacent materials) and cracks (voids within a material) were generated. 
It should be noted that only Treatment 1 generated cracks. The X-ray tomography equipment used in this 
study detected and quantified defects of the 10 to 20 µm scale. It is not know whether there were smaller 
defects in the detonators that were beyond the resolution of the equipment or that smaller defects were not 
generated by the treatments. 
 

 
4. THERMOMECHANICAL MODELLING 
 
A thermomechanical model is underdevelopment using LS-DYNA and available material properties data to 
investigate the formation of the gaps between the detonator components. A thermal model will allow the 
impact extreme service or storage environments on detonator integrity to be assessed. X-Ray CT has been 
used to aid the development of the model by allowing comparison of predicted material movements with 
experimental data. 
A number of simplifications to the detonator were made to aid the development of the model. A quarter 
symmetry was used and all electrodes and bridgewire components were removed. Internal components were 
assumed to be in perfect contact in the initial state and no compressive load was applied by the sealing 
method.  The PETN input charge was assumed to have no density dependency with temperature or pressure 
and was represented by an LS-DYNA Soil & Foam material model. A coefficient of friction of 1.0 was 
assumed between the input and output charges but all other interactions were assumed to have a coefficient 
of friction of zero (Figure 4).  
The mechanical properties dataset used to represent the detonator materials, in particular the low density 
PETN fill, are currently incomplete. As such, the predictions of the model can be used to investigative the 
qualitative, rather than quantitative response to the detonator to changing thermal environments. A 
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temperature ramp, matching the previous thermal treatments, was applied to the model and key interfaces 
monitored for changes. 
 

 
Figure 4; LS-DYNA modelling of EBW detonator 

 
4.1 RESULTS 
 
Both the output charge and input charge were subject to noticeable displacements at the detonator pole when 
subjected to elevated temperature. The model predicts a vertical increase of 35µm at the peak of the 
temperature cycle which is then lost when the model returns to ambient temperature (Figure 1). This is due to 
the current lack of material properties data regarding how materials will respond when held at elevated 
temperature. However, this value agrees reasonably with dimensional analysis of detonators exposed to this 
thermal treatment. These detonators retained an increased in height of 25µm when measured at ambient 
temperature. This indicates that the change in dimensions may be permanent after exposure to elevated 
temperatures (Figure 6). Improved material properties data may enable the model to be developed and this 
result to be replicated. 
Displacements across the equator were less pronounced, however, a gap was observed to open between the 
input and output charges. The predicted size of this gap was ~10µm which agrees reasonably with the gap 
sizes observed experimentally using X-Ray CT. This preferential formation of gaps between components 
around the equator, rather than the pole of the device also agrees with experimental observations. 
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Figure 5; Larger vertical displacement but smaller equatorial displacement  
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Figure 6; Increase in height recorded following 6 years elevated temperature cycling 

 
4.2 DISCUSSION 
 
The model currently only allows a qualitative prediction of how materials respond to changes in temperature. 
However the predicted increase in detonator height is similar to experimental observations. The location and 
size of gaps formed between explosive components also agrees with observations made using X-Ray CT. 
This provides confidence that further development may allow the formation of gaps to be predicted 
following long term exposure to extreme service or storage conditions. A number of improvements are 

Equator 

Pole 
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planned to enable quantitative predictions to be made which can then be validated using X-Ray CT. These 
improvements include tensile and compressive testing of the output charge at a range of temperatures and 
stain rates; volumetric strain versus pressure for the low density input charge; and the determination of 
thermal properties for the specific materials (i.e. density matched CTE, specific heat etc.) and how they may 
change with temperature.  
 
5. SUMMARY 
 
X-Ray CT is a valuable design tool for the assessment gap or crack formation during the manufacturing 
process or by aggressive environments. Observations made by the X-Ray CT of thermally treated detonators 
have been qualitatively replicated by a thermomechanical model of the device. Future work will aim to 
improve the thermomechanical model by the determination of the required materials properties data. These 
improved data will increase improve the accuracy of the model and allow the prediction of the detonator 
response to extreme service or storage environments. 
 
© British Crown Owned Copyright 2011/MOD 
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ABSTRACT  
 
 Since many years, technical ceramics, including functional and structural ones, arouse a growing 
interest of the scientific and engineering communities mainly owing to theirs numerous interesting and 
promising properties (electronic, optic, mechanic, thermal…). Their syntheses, at the nanometric scale, allow 
predicting an use of this family of materials in a larger number of applications including a lot of domains 
(energy, aeronautic, catalysis...). The properties of the nanomaterials or nanoparticles strongly depend on the 
synthesis conditions and although numerous synthetic methods have been developed to synthesize tunable 
nanomaterials (the sol-gel method, the hydrothermal synthesis, the precipitation in aqueous or organic 
solvents, the laser pyrolysis and the mechanical ball-milling), the research of an innovative and original 
synthesis process continues to be a real scientific challenge.  
In the present work, an “unconventional” synthetic method was used for synthesizing nano-sized ceramic 
materials [1-3]. This method is based on the detonation of a charge made of an inorganic salt and an 
energetic molecule. The energetic molecule or explosive allows the combination of high pressures (>20GPa) 
and temperatures (>2000°K) in a very short time range (<10µs) which can appear as favourable for the 
synthesis of very small materials. Such “so-hard” chemical reactions could be used to prepare new materials 
with novel phases, with promising properties and consequently to give rise to novel applications.  
 
 Typically, the experimental explosive charge was elaborated from tetrahydrate zirconium sulfate 
(Zr(SO4)2.4H2O) and 2,4,6 trinitrotoluene (TNT) previously mixed with hexanitrostylbene (HNS), as the 
inert and the energetic precursors, respectively. The mixing was performed by using a Turbula® mixer. Prior 
to the mixing, the inorganic salt was covered by an Estane 5703 polymer layer in order to reduce the possible 
friction phenomenon between the inert and the energetic molecules. The final mixture, with the following 
composition 90/10 of TNT-HNS/Estane-Zr(SO4)2.4H2O, was pressed under 100kN to obtain a cylindrical 
pellet (L = 50 mm, Ø = 45 mm) and then, placed in a bag holding distilled water and hung in the center of a 
steel detonation tank. A booster and an electric initiator (SA4000) were used to ignite the detonation 
experiment. Before this one, the mechanical and thermal sensitivities of the composites were investigated. 
Figure 1 shows the X-ray diffraction pattern of the purified detonated powder. The XRD pattern was indexed 
as a pure ZrO2 zirconia phase with both monoclinic and tetragonal structures. The first one is characterized 
by a space group of P21/a as reported by the JCPDS card No. 37-1484 and the second one by the P42/nmc 
space group according to the JCPDS card No. 72-7115. No crystalline impurities were detected on the 
diffractogram according to the resolution limit of the X-ray diffractometer. The lattice parameters, 
determined from a full pattern matching refinement (WinPLOTR – FullProf Suite software), were equal to   
a = 5.3379(3) Å, b = 5.2329(3) Å, c = 5.1210(1) Å,  = 99.46° and V = 141.098(1) Å3 for the monoclinic 
structure and a = 3.5979(3) Å, c = 5.1688(5) Å and V = 66.908(1) Å3 for the tetragonal structure. These 
values are very similar to the theoretical values that suggest a good stoichiometry of the ZrO2 detonated 
powder. The crystallite sizes were estimated to 163.77 (103.05) Å and 157.84 (38.04) Å for the monoclinic 
and tetragonal structures, respectively.  

1 
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Figure 1: Refinement result of the X-ray diffraction pattern of the ZrO2 detonated powder. 
 
Figure 2 shows representative SEM (a), TEM (b) and HRTEM (c) views of the zirconium based-detonated 
powder. As observed on the Figure 2a, the powder consists of particles of nanometric size (<< 100 nm). The 
particles appear highly agglomerated till to form micrometric aggregates. The specific surface area of the 
pristine powder, determined by nitrogen measurements, was estimated to 32 m2/g. According to the 
following equation: Ø = 6 / ( x S), where  is the volumic weight (5.89 g/cm3) and S the specific surface 
area, the average particle size of the zirconia particles (Ø) was calculated equal to 30 – 35 nm. On the Figure 
2b, the TEM bright field image clearly shows the shape and size (10 to 50 nm) of the ZrO2 particles and their 
agglomeration. The HRTEM image (Figure 2c) of one of the particles indicate the high crystallinity degree 
of these particles. The Fourier transform of one part of HRTEM image can be indexed using the monoclinic 
structure with a space group P21/a (JCPDS No 37-1484) corresponding to ZrO2. The zone axis of this 
diffraction pattern is [110]. 
 

 
 

Figure 2: SEM (a), TEM (b) and HRTEM (c) views of the ZrO2 detonated powder. 
   
  
 To conclude, the results clearly show the successful synthesis of oxide ceramic following a bottom-up 
approach from the detonation of highly energetic molecules. This "unconventional" method appears as a very 
interesting and promising process for synthesizing such inert nanoparticles since pure, well-crystallised and 
nanosized particles were obtained (ZrO2). Currently, an optimization of this process is under progress in 
order to improve the final result (smaller particle sizes, narrower particle size distribution...) and also to 
extend the technique to the preparation of multi-metal oxide materials.  
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A secured infrastructure design example 
 

In order to develop its offer of special tests on 
pyrotechnic devices and other hazardous materials 
and to enhance its environmental performance, 
ASTRIUM has designed and built an innovative 
test facility called PRIMEVERE (Pôle à Risques et 
Impacts Maîtrisés d’Essais de Validation et Essais 
de Robustesse Energétiques). Within the 
pyrotechnic scope, this installation aims at 
performing repetitive detonations up to 2.5 kgTNT, 
repetitive propellant burnings up to 50 kg. In all 
cases, the building is resistant to a 50 kgTNT 
explosion.  

 

Design main steps 

  
Wall and slabs max bending Theoretical reinforcements 

The main building was designed on the basis of three main 
requirements : usual static loads, specific and repetitive static 
loads due to propellant burning gas containment (200 mbar), 
repetitive dynamic loads and one shot accidental dynamic load. 
Static and dynamic loads have been respectively computed with 
Code Aster and Radioss and then expressed in theoretical 
reinforcements needs. Finally, practical bending maps have been 
produced on the basis of previous computations, building 
standards and UFC 3-340. 

Real time monitoring of the building 

     
Strain gauge on steel bar  Protected gauges on site 

In order to monitor wall and slabs bending under static or 
dynamic strains, 50 reinforcements at the most strained places of 
each bar mat, have been equiped on both sides with strain 
gauges. Such delicate components have needed a specific 
protection against the violent concrete pouring. Those 
equipements enable us to compare real bending to computational 
forecasts and to monitor the building during its whole lifetime. 

Tightness monitoring and tuning 

   
Connected air compressors  Test room filling with smoke 

Tightness improvement have been operated by insufflating air in 
the building thanks to 3 air compressors. The use of a persistent 
smoke generator permitted to quickly locate leakage spots and 
put them right. 

An original construction mode 

   
Sliding form just before starting Building on the 5th day 

Because of the buffer tank role of the building, a special effort 
was needed in order to enhance its tightness. It led us to 
choose a sliding form which has been continuously operated 
during 6 days and nights. The meeting of these technique 
and pyrotechnic requirements led to many difficulties for the 
bar benders. 

Static tests 
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20kg solid propellant burning : pressure vs time curve 

Many air insufflating tests and 3 solid propellant burning tests 
have been operated. In addition to embedded strain gauges, 
many static pressure and temperature sensors have been put 
in. Signals post-processing will allow us to compare real 
physical parametres to model forecasts and then reveal our 
practical safety margins. 

Dynamic tests 

 
150gTNT shot in the low energy room : pressure vs time curve 

Many detonation tests will be operated in each of the three 
rooms designed for repetitive detonations, up to their max 
explosive weight. In addition to building bendings monitoring, 
many overpressure measurements will allow us to better 
know inside and outside overpressure mapping, in low 
loaded buildings in the UFC 3-340 referential. 
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ABSTRACT  
 
The pyrotechnic shock or pyroshock qualification tests of different sub-assemblies and components are an 
important step in the development of new space vehicles. Nowadays, engineers work by try and error in 
order to reach the pyroshock test specifications required by space vehicles designers. This can lead to the 
realization of many preliminary tests and becomes time consuming and expensive. To reduce the number of 
experimental tests, numerical simulations can be carried out in order to assess the first test parameters. This 
paper deals with the numerical simulation of the pyroshock test using the finite element code ANSYS-
AUTODYN®. For this work, the test setup consists of a steel resonant plate subjected to a free air blast load 
and the dynamic response of the plate is recorded by means of a set of shock accelerometers located on the 
upper surface. As the pyroshock is generally quantified by a Shock Response Spectrum (SRS), this paper 
focuses on the analysis of parameters that can have any influence on the SRS. The obtained results show that 
the choice of a good set of parameters can lead to a good correspondence between numerical and 
experimental results. 

1. INTRODUCTION 

Pyrotechnic devices are used in the separation of boosters and stages of space vehicles. Detonation of these 
devices produces pyrotechnic shocks which cause the dynamic loading of the launcher structure and its 
components. Although pyroshock rarely damages structural members, it can cause failures in electronic 
components that are sensitive to the high-frequency pyroshock energy [1]. In order to verify critical 
components, such as electro-pneumatic components, it is necessary to perform pyrotechnic shock 
qualification tests to verify the shock specifications. In the aerospace industry, shock specifications are given 
in terms of SRS’s. The SRS is defined as the maximum response from a single degree-of-freedom system 
(SDOF) over the frequency range of interest to the applied shock. It is useful in the verification of the 
severity of different pyrotechnic shock loads and the response used for pyroshocks is the maximum absolute 
acceleration (positive and negative) [2, 3]. In general, manufacturers collect real shock levels on different 
components by means of real scale model tests and use them as design specifications. These shock levels 
have then to be reproduced in laboratory conditions using high explosive charges. Since the number of test 
parameters (type, location and quantity of explosive, standoff distance, type and dimensions of the shock 
plate, …) is important, this can lead to a large number of preliminary tests. To reduce the number of 
experimental tests, numerical simulations can be carried out in order to determine the first test parameters 
(type, location and quantity of explosive, standoff distance, type and dimensions of the shock plate).  
This paper deals with the simulation of one type of experimental pyroshock test setup. This setup consists of 
a steel resonant plate subjected to a free air blast load and the dynamic response of the plate is recorded by 
means of a set of shock accelerometers. The experimental tests are performed in order to obtain reference 
data that are used for the validation of the finite element models (FEM’s). In the FEM’s, the real blast 
pressure profile is replaced by a triangle profile in keeping the same main blast characteristics (peak 
overpressure and impulse).  

2. PYROSHOCK AND SHOCK RESPONSE SPECTRUM 

The pyroshock is the transient response of structural elements to loading induced by the detonation of 
pyrotechnic devices incorporated into or attached to the structure [1]. In general, the pyroshock environments 
are divided into three categories: near-field, mid-field, and far-field. The distinction between these three 
categories is the magnitude and spectral content.  
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• The near-field environment is dominated by direct wave propagation from the source, causing peak 
accelerations in excess of 5000 g and substantial spectral content above 100 kHz.  

• The mid-field environment is characterized by a combination of wave propagation and structural 
resonances, causing peak accelerations between 1000 and 5000 g and substantial spectral content 
above 10 kHz.  

• And the far-field environment is dominated by structural resonances, with peak accelerations below 
1000 g and most of the spectral content below 10 kHz. 

 
The pyroshock is in general described in terms of an acceleration time history and its computed spectrum. 
But the SRS is the one most commonly used for pyroshock environment and test description. The principle 
of the SRS consists in replacing the real structure by an array of independent single degree of freedom 
systems and to calculate the maximum response of each resonator when its foundation is animated by a 
motion corresponding to the shock time history. There are several different categories of SRS magnitude, 
including positive, negative, primary, residual, and maximax SRS [1, 6]. The latter SRS envelopes the 
previous four and is the one most commonly used for pyroshock testing. The SRS acceleration is also called 
the maximum or peak absolute response acceleration. Both the transient time history and resulting spectrum 
are critical to the environmental definition and test verification. In this paper, the term SRS relates to the 
maximax SRS. Using the maximax SRS, the test control tolerance is fixed as follow in the NASA 
STANDARD PYROSHOCK TEST CRITERIA:  
 

Natural frequency Tolerance 
fn≤ 3kHz ±6dB 

 +9dB/-6dB 

3. EXPERIMENTAL VALIDATION DATA 

The experimental tests are prepared and conducted in the Laboratory for the Analysis of Explosion Effect 
(LAEE) of the Royal Military Academy. The test room of the LAEE can be used for the detonation of non 
confined charges up to 150 gram eq. TNT and components of up to 25 kg can be tested. The experimental 
results are used as reference data for the validation of the numerical simulations. 

3.1. TEST CONFIGURATION 

The pyroshock test facility of the LAEE consists of a steel resonant plate suspended in the horizontal 
position by means of 4 elastic cords. The elastic cords allow free movements of the plate during tests and 
reduce the amplitude of vibrations transmitted to the test frame. The plate is made of mild steel and has a 
thickness of 15mm and a surface of 990x1000mm. Within the framework of this study, no test component is 
used; the measurements are taken on the resonant plate. The dynamic response of the plate is captured with 
shock transducers (accelerometers) directly fixed on the plate. Figure 1 presents the pyroshock test facility.  

For this work, a spherical explosive charge of 20gr C4 is placed under the resonant plate in the centre and at 
a standoff distance of 11cm (see figure 2). The spherical shape of the explosive charge is chosen for the 
facility of modelling in the numerical simulations and the case of contact explosions is not considered. 

 

  
Figure 1: test facility of the LAEE Figure 2: shape and position of the explosive charge 

Elastic cords 

Steel plate 

Accelerometers 

Explosive charge 
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3.2. MEASUREMENT SYSTEM AND TEST PROCEDURE 

For these tests, a measurement grid of 6 points is defined on the half upper surface of the resonant plate. Due 
to the symmetry, measured signals can be reported on the other half surface of the plate. Figure 3 presents 
the measurement grid and the numbers 1 to 6 present the locations of the shock accelerometers. The 
accelerometers are screwed in the plate in order to ensure a perfect contact between the plate and the 
transducers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: measurement grid 

During the tests, the response signals are recorded by means of 6 accelerometers PCB, type 3054A, 
characterized by a sensitivity of 0.477mV/g. The signals from accelerometers are first conditioned by a Brüel 
& Kjær amplifier, type Nexus 2693, DeltaTron conditioning amplifiers units, before they are sent to the 
computer. The amplified signals are simultaneously sampled with two 14-bit data acquisition cards type 
SPECTRUM MI.4022, installed in an industrial computer. The sample rate of 1MHz is adopted with a length 
of 32768 data points to avoid the problem of aliasing. 5 experiments are performed and for each 
measurement point, the average signal from the 5 experiments is used for the calculation of the SRS. The 
envelope curves of maxima and minima of these SRS’s are used to define the confidence interval for the 
validation of the numerical simulations. 

3.3. EXPERIMENTAL RESULTS 

The SRS’s are then calculated from measured signals by considering a damping ratio of 5 % (Q=10) using a 
script written in MATLAB® [3]. These SRS’s are calculated, from 80Hz to 10 kHz with a resolution of 48 
points per octave. This frequency range corresponds to the range generally encountered in the pyroshock 
specifications [4]. Figure 4 presents the measured acceleration signal at the measurement point 4, while 
figure 5 presents the superposition of the 5 SRS’s obtained from the 5 pyroshock tests (measurement point 
4).  
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Figure 4: Acceleration signal at point 4 Figure 5: 5 SRS’s calculated from acceleration 
signals measured at point 4  

Figure 6 presents the calculated SRS (average) and the minimum and maximum envelope curves. The peak 
difference between the max and min SRS is smaller than 6dB, which is specified as the test control tolerance 
in the NASA STANDARD PYROSHOCK TEST CRITERIA [1]. This proves the repeatability of the 
experimental pyroshock tests. Figure 7 presents the details of the difference between the max and min 
envelope curves. This figure shows that the difference observed between the maximum and the minimum 
values of the SRS for the 5 experiments does not exceed 5.3dB and that the highest values are located in the 
higher frequency range (3kHz-10kHz).  
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Figure 6: Min Max SRS envelope curves  Figure 7: Difference Min Max SRS 

4. NUMERICAL SIMULATIONS 

The numerical simulations are performed using the explicit finite element code ANSYS-AUTODYN®, 
version 11SP1[5]. The mechanical properties used in the numerical models have been validated by 
comparing eigenfrequencies, from experimental and numerical modal analyses, of the first 15 eigenmodes 
(0-650Hz). This analysis is limited to the first 15 eigenmodes because of difficulties in the identification of 
the higher experimental mode shapes. The result of this analysis leads to a steel plate with a Young Modulus 
of 200GPa and a density of 7850k/m³. A linear equation of state and the Johnson Cook strength model are 
used in order to complete the description of this material in ANYS-AUTODYN. 



5/13 
 

4.1. FINITE ELEMENT MODEL (FEM) 

4.1.1. STEEL RESONANT PLATE  

The finite element model of the steel resonant plate is made using the 3D ANSYS-AUTODYN shell solver. 
As the frequency range considered for the analysis runs from 80Hz to 10kHz, the number of cells to consider 
should allow a correct description of the dynamic response of the plate in this frequency range. Wattiaux has 
shown that for this kind of plate, and for this frequency range, a finite element model with a grid of at least 
56x56 elements is sufficient [6]. 

4.1.2. EXPLOSION PHENOMENON 

It is common to use Euler and Lagrange solvers for the simulation of the interaction between blast waves and 
structures in explicit finite element codes. In that case, the Euler solver is used for the description of the 
detonation phenomenon and the blast wave propagation and the Lagrange solver is used to represent 
structures. The two solvers are then combined by defining a solver interaction [5]. For pyroshock tests, 
Mauleon and Ben Ali have shown that this way of working is very expensive in computation time and does 
not allow to reach the acceleration levels observed in experiments[7] [8]. In this paper, the explosion 
phenomenon is replaced by its action on the resonant plate, i.e. distributions of the blast overpressure and 
impulse.  

4.1.3. BLAST LOADING 

The blast load on the resonant plate is determined by using the module “Load on Structure” of the 
CONWEP software [9]. This module allows the calculation of the blast overpressure and impulse 
distributions on the surface impinged by the blast wave. Figure 8 and 9 presents the blast overpressure 
distribution for an explosion of 20gr of composition C4 placed in the centre at a standoff distance of 11cm. 
The pressure and impulse distributions are circular and make it easier the modelling of the blast loading in 
ANSYS-AUTODYN. The number of zone on these figures can be adapted by the user in order to optimize 
the simulations. In the following, it will be shown that the number of zones influences the SRS’s.  
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Figure 8: impulse distribution on the steel plate Figure 9: overpressure distribution on the steel plate 

4.1.4. BLAST LOAD IN ANSYS-AUTODYN  

The FEM of the steel plate is divided in a number of zones corresponding to those defined in the CONWEP 
code; each zone being loaded with a blast load corresponding to those calculated by CONWEP. In ANSYS-
AUTODYN, the real blast loading profile (figure 10) is simplified in a triangle (figure 11) by keeping the 
same blast loading main characteristics: the peak blast overpressure (pm) and blast impulse (i). In the 
triangular profile, the value of the peak overpressure, pm, is those obtained from CONWEP, but the positive 
phase duration, td, is calculated in such a way that the impulse is kept the same. Equation (1) presents the 
formulae used for the calculation of the new positive phase duration. It should also be noted that the negative 
impulse is neglected here.  
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Figure 10: real blast overpressure profile Figure 11: triangular blast overpressure profile 

In ANSYS-AUTODYN, the blast loads are applied as a series of stress boundary conditions (SBC). This 
means that, for a number of zones considered, the same number of stress boundary conditions have to be 
defined. Each boundary condition is characterized by four parameters: peak overpressure (Pmi); start time 
(tAi), peak time (tPi) and end time (tEi) (see figure 11). For each zone, the value of the peak overpressure 
considered is the linear average of its border values; the start time corresponds to the arrival time tA, the peak 
time varies between the stat time and the end time and is calculated in order to obtain the value of impulse 
calculated with CONWEP. Figure 12 describes the parameters used in the definition of the ANSYS-
AUTODYN stress boundary conditions. 

4.2. SIMULATION RESULTS 

In order to capture numerical accelerations, 6 numerical gauges are placed on the FEM of the steel plate at 
the same locations as in experiments. The obtained numerical accelerations are used for the calculation of the 
numerical SRS’s that are at the end compared to the experimental results. 4 sensitivity analyses on the SRS 
are performed: FEM mesh size, number of blast loading zones, arrival and peak time of the blast load.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: definition of the 7 stress boundary conditions 
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4.2.1. MESH SIZE SENSITIVITY  

The importance of the mesh size on the accuracy of numerical simulation is well known. Within the 
framework of this study, a mesh size sensitivity analysis is performed in order to find the optimal mesh 
size that allows a correct description of the dynamic response of the steel resonant plate. For this work, 6 
mesh sizes are analyzed: 100x100; 200x200; 300x300; 400x400; 500x500 and 750x750. For each case, 
the SRS’s for all the 6 points are calculated. Table 1 resumes the input parameters used in the definition 
of the SBC’s. It should be noted that the arrival time is the same for all SBC’s and that there is no delay 
between the arrival time and the peak time. 

Table 1: input parameters: mesh sensitivity 

Loading 
Zones  

Peak pressure 

[MPa] 

Arrival time 

TA [ms] 

Peak time  

TP [ms] 

End time  

TE [ms] 

1 50 1E-5 1E-5 3.4E-5 
2 30 1E-5 1E-5 3.3E-5 
3 15 1E-5 1E-5 3.1E-5 
4 4 1E-5 1E-5 6.0E-5 
5 1.25 1E-5 1E-5 1.14E-4 
6 0.5 1E-5 1E-5 1.90E-4 
7 0.2 1E-5 1E-5 2.10E-4 

 

Figure 13 presents the calculated SRS’s for the 6 mesh sizes at the measurement point 4 (for the location 
of the measurement points, see figure 3). This figure shows that: 

• in the lower and intermediate frequency ranges (80-500Hz; 500Hz-3kHz) and for the mesh 
sizes considered, the influence of the mesh size on the SRS is small and limited at about 
3.3dB; 

• in the higher frequency range (3kHz-10kHz), the influence of the mesh size on the SRS 
reaches a value of  5.3dB;  

• compared to experimental results, the FEM’s underestimates the SRS in the lower and 
higher frequency ranges. 

This analysis shows that from the mesh size of 300x300 and above, the deviation in SRS’s is limited at 
4.3dB in all the frequency range. In the rest of this paper, the mesh size of 300x300 will be used, because 
more than 48 hours of computation time is necessary for larger mesh sizes. 
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Figure 13: mesh size sensitivity 
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4.2.2. NUMBER OF LOADING ZONES 

The blast load on the steel resonant plate is not uniform; it is very high in the centre (in front of the 
explosive charge) but quickly decreases with distance. This evolution is simulated by defining a number 
of loading zones on the steel plate (see figure 12). Theoretically, this number is infinite, but in practice it 
is limited by the number of CONWEP colours, i.e. 24. In this paper 6 cases are investigated: 1, 3, 5, 7, 
and 10 loading zones. The input parameters are those presented in table 1, but the mesh size is kept 
constant at 300x300.  

Figure 14 presents the evolution of the SRS at the measurement point 4 in function of the number of 
loading zones considered. This figure shows that the FEM using: 

 1 loading zone overestimates the SRS in all the frequency range (maximum deviation: 
+15dB); 

 3 loading zones leads to SRS’s close to the experimental results but overestimates the SRS’s 
in the intermediate frequency range (max deviation: +11dB; -7dB ); 

 5 loading zones is the configuration that gives the closest SRS’s to the experimental one (max 
deviation: +3.8dB; -10dB);  

 7 loading zones underestimates the SRS in the higher frequency range (deviation: +1.2dB; -
13dB). 

 10 loading zones underestimates the SRS’s in the higher frequency range (deviation: +5dB, -
19dB). 

This analysis shows that the best results are obtained when using 5 loading zones. In this configuration, the 
difference between experimental and numerical SRS’s is limited at +3.8dB and -10dB. In the following 
analyses, only 5 loading zones are considered.  
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Figure 14: influence of the number of loading zone on the SRS   

4.2.3. ARRIVAL TIME 

The blast wave does not reach all the surface of the steel resonant plate at the same time. As the FEM of the 
steel plate is divided in blast loading zones, each zone is characterized by its arrival time. In this section, the 
effect of the delay in the arrival time on the SRS is analyzed. Table 2 presents the input parameters for this 
study. 5 loading zones are considered and the mesh size of 300x300 is used.   
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Table 2: input parameters: evolution of the SRS vs. arrival time  

Loading Zones  Peak pressure 

[MPa] 

Arrival time 

TA [ms] 

Peak time  

TP [ms] 

End time  

TE [ms] 

1 50 3E-5 3E-5 5.4E-5 
2 25 4E-5 4E-5 6.6E-5 
3 6 9E-5 9E-5 1.3E-4 
4 1.25 1.9E-4 1.9E-4 2.94E-4 
5 0.3 3.2E-4 3.2E-4 4.8E-4 

 

Figure 15 shows that when considering the same arrival time for all 5 loading zones, the SRS is 
underestimated in the lower and higher frequency range. The best results are obtained when considering 
different arrival time for each loading zone. The maximum deviation is in this last case limited at ± 5dB.  
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Figure 15: evolution of the SRS in function of the arrival time 

4.2.4. PEAK TIME 

The objective of this section is the evaluation of the influence of the peak time on the SRS. 7 cases are 
considered as shown in figure 16. For this analysis, the arrival time tA, the end time tE, the peak pressure Pm 
and the impulse i are kept constant, only the peak time varies. 5 loading zones are considered and the mesh 
size of 300x300 is used.  

 

 

 

 

 

 

 

 

 

 

Figure 16: peak time: cases considered 
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Figure 17 presents the calculated SRS’s. This figure shows that the influence of the peak time in the lower 
frequency is limited at 2dB in the lower and intermediate frequency ranges (80Hz-3kHz) and reaches a value 
of 4dB in the higher frequency range.  
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Figure 17: evolution of the SRS in function of the peak time 

4.2.5. FINITE LEMENT MODEL VALIDATION 

Comparing numerical and experimental results, these analyses have shown that the best numerical results are 
obtained with a FEM characterized by: 

 a mesh size of 300x300; 

 5 blast loading zones on the steel resonant plate; 

 different arrival time for each blast  loading zone; 

 and a correct peak time for each loading zone. 

Figure 18 presents the experimental SRS superposed on the numerical SRS calculated with the above-
mentioned parameters while figure 19 presents the deviation between the two SRS’s. It should be noted that 
the deviation between these SRS’s does not exceed the experimental confidence interval of 5.3 dB. 
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Figure 18 comparison of experimental and numerical SRS: point 4 
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5. INFLUENCE OF A STRUCTURE ON THE SRS 

In this section, the influence of a structure on the shape of the SRS is investigated. For this analysis, a steel 
block is screwed on the upper surface of the shock plate in order to simulate an electronic component. Two 
different positions are analysed as shown in figure 19. For each position, a series of different mass values 
were used (see Table 3)  

 

 
 

Figure 19: test configuration; M : structure located on the median of the steel plate;  
D : structure located on the diagonal of the steel plate  

Ai : shock accelerometers 

 
Table 3: mass of the structrure  

Mass of the structure
[kg] 

% mass relative to the 
mass of the plate 

4 3.4 

8 6.9 

12 10,3 

16 13.7 

22 18,9 

28 24,0 
 
The upper part of figure 20 presents the evolution of SRS as a function of the mass of the structure placed on 
the diagonal of the plate while the lower part presents the value of the difference between the reference SRS 
(without structure) and the SRS’s calculated with different masses of the structure. This figure shows that the 
influence of the structure on the SRS is limited for structures with masses less than 22kg (+5 dB,-8dB), 20% 
of the plate mass. It becomes significant for heavier masses, especially in the lower frequency range 
(<1kHz). This observation remains the same for all other measurement points on the plate.  
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Figure 20: Evolution of the SRS in function of the mass of the structure 
structure position: D; measurement point 4  

 
The upper part of figure 21 presents the evolution of SRS as a function of the mass of the structure placed on 
the median of the plate while the lower part presents the value of the difference between the reference SRS 
(without structure) and the SRS’s calculated with different masses of the structure. This figure shows that the 
influence of the structure on the SRS is limited for all masses considered (+5dB/-8dB).  
 

 
 

Figure 21: Evolution of the SRS in function of the mass of the structure 
structure position: M; measurement point 4  
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This analysis shows that the influence of the structure on the SRS remains limited for a structure 
with a mass less than 20% of the steel plate. This means that for this kind of structure, a finite 
element model of the steel plate is sufficient for the first pyroshock test parameters. For heavier 
structures, the position and mass of the structure should be included in the finite element model in 
order to obtain accurate results.    

6. CONCLUSIONS 

This paper describes the numerical simulation of one type of pyroshock test setup using the finite element 
code ANSYS-AUTODYN. This test setup consists of a steel resonant plate subjected to a free air blast load 
caused by an explosive charge of 20gr C4 placed in the centre and at a standoff distance of 11cm. In the 
simulations, the blast load is replaced by a set of 5 stress boundary conditions and the steel plate is modelled 
with the 3D ANSYS-AUTODYN Shell solver. 4 sensitivity analyses on the SRS are performed: FEM mesh 
size, number of blast loading zones, arrival and peak time of the blast load. In addition, the influence of the 
structure on the SRS is also analysed. Next to numerical simulations, some experimental tests are performed 
and their results serve as reference data for the validation of the finite element models. From experimental 
and numerical acceleration signals, the SRS are calculated and compared.  

The results on these analyses have shown that a good choice of the set of the FEM parameters can lead to a 
good correspondence between numerical and experimental results. The observed difference between 
experimental and numerical SRS’s does not exceed, on the one hand 5.3dB which is the confidence interval 
for the experimental tests and on the other hand 6dB which is known as the test control tolerance in the 
NASA STANDARD PYROSHOCK TEST CRITERIA. These results show that the approach followed in 
this paper by replacing the blast loading by it equivalent set of stress boundary conditions allow the good 
estimation of the dynamic response of resonant plate expressed in terms of SRS. In addition, the influence of 
the structure on the SRS remains limited for a structure with a mass less than 20% of the steel plate. For 
heavier structures, the position and mass of the structure should be included in the finite element model in 
order to obtain accurate results. 
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ABSTRACT  
 

Nowadays, inflators for airbags are mounted in all vehicles. Their functioning is submitted to draconian 
safety rules for vehicle occupants. The pyrotechnic system contained in the inflator delivers combustion gas 
very quickly and thus inflates the bag. In the case of this study, the inflator structure is a thin tube closed at 
both extremities, crimped and perforated with exit ports for combustion gas release. Before being 
commercialized, the pyrotechnic system undergoes validation tests. These validation tests (burst test) consist 
in putting inflator combustion chamber under various pressure ramps until structure failure. 
 

The aim of this work is to increase the efficiency and to reduce the cost of the inflators development by 
decreasing real tests quantities. We have chosen to optimize mechanical resistance of inflators by the finite 
element analysis (FEA). 
 

This document especially deals with experimental and numerical study of the dynamic ductile damage of 
tubular inflators.  

 
To characterize material behaviour, the first difficulty consists in obtaining experimental results from 

tests performed on curved samples taken from thin tubes with small diameter (e/Øm << 1). To optimize 
sample geometry, a dimensional study has been carried out with the finite element code ABAQUS®. 
 

From this dimensional study, the material was characterized under tension, compression, torsion and 
shear loading conditions at several strain rates [1]. It was found to be elastic-viscoplastic and prone to ductile 
fracture.  

The behaviour of the material was then modelled using Gurson-Tvergaard-Needleman (GTN) approach, 
and the material constants were identified via the gradient-based inverse method. The observed and predicted 
locations of the damage induce by void growth during the crimping process showed good agreement. In 
addition, the numerical simulations of the burst test yielded a Mode I-like failure process, as observed 
experimentally. The burst pressure value predicted was found to be very similar to the experimental value 
[2], which confirms that the conservative method presented here could be usefully applied to industrial 
situations. 
 
Key words: inflator, burst test, non-linear FEA, plastic ductile damage. 
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ABSTRACT 
 
All along their life time, the Airbags must comply with drastic safety rules and various 
environmental specifications. Besides, the airbag effluents must be innocuous for the car 
occupants. To meet these requirements, both airbag components and effluents must be 
accurately evaluated. The airbag components are made of many kinds of materials : 
ignition powders, propellants, thermal fuses, plastics, stored gases, metallic parts… And 
these materials consist of several chemical substances : organic molecules (energetic 
molecules, small inert molecules and polymers), gases, ionic compounds, metallic 
elements. The airbag effluents contain both gases and particles. Again, these effluents 
consist of many chemical substances : combustion gases, ionic compounds, metallic 
oxides. To be able to evaluate this wide range of chemical substances, a complete 
Chemical Laboratory has been created at Autoliv Livbag plant with up-to-date 
technologies adapted both to pyrotechnics and car industry : FTIR (Fourier Transform 
Infra-Red), GC/MS (Gas chromatography Coupled with Mass Spectrometry), NMR 
(Nuclear Magnetic Resonance), LC (Liquid Chromatography), ICP OES (Inductively 
Coupled Plasma Optical Emission Spectrometry)… 
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1. INTRODUCTION 
 
During the development of the airbags, all the components are carefully selected to comply with safety 
rules an environmental specifications defined by the manufacturers. The energetic materials are 
systematically appraised by a stringent vacuum stability test, and the residual water content of these 
materials is controlled at each step of the manufacturing process. Ageing tests are performed on the 
components made of organic compounds (plastics and energetic materials) and their chemical 
evolution is fully investigated. Quality controls are performed on the metallic components according 
to the specifications stated by Autoliv and the car manufacturers. The composition of the stored gases 
is checked for quality controls and after ageing tests. All along the validation steps of the airbags, 
chemical evaluations are performed on the combustion residues and on the combustion gases, the 
results are compared to international toxicological specifications stated by the car manufacturers. 
To be able to perform all these tests, both on solids and gases, a complete Chemical Laboratory has 
been created at Autoliv Livbag plant. This Laboratory is equipped with up-to-date technologies : FTIR 
(Fourier Transform Infra-Red), GC/MS (Gas chromatography Coupled with Mass Spectrometry), 
NMR (Nuclear Magnetic Resonance), LC (Liquid Chromatography), ICP OES (Inductively Coupled 
Plasma Optical Emission Spectrometry), elemental analysis of carbon, hydrogen and nitrogen… 
The aim of this publication is to present how these techniques were adapted to the chemical 
evaluations of the airbag components and effluents. 
 
2. CHEMICAL EVALUATIONS OF SOLID SAMPLES 
 

2.1. VACUUM STABILITY TESTS ON ENERGETIC MATERIALS 
 

The energetic material can potentially react during ageing. So, a very sensitive test has been set up to 
appraise their reactivity. This test is a vacuum stability test. It is systematically performed on the new 
energetic materials used in the airbags.  
The sample to be tested is put under static vacuum in a tube heated at 120°C during 200 hours. 
Pressure sensors are connected to the tube, and the pressure is recorded all along the test. The volume 
of the released gases is deducted from the pressure increase.  
Both pure materials and mixture of materials are tested. When the volume of the released gases by a 
pure material is inferior to 2 cm3, the material is classified as thermally stable. When the volume of the 
released gases of a mixture of materials is inferior to 2 cm3, the materials are classified as thermally 
compatible.  
 

2.2. WATER TITRATION ON ENERGETIC MATERIALS 
 

The performance of the energetic materials depends of their residual water content. So a water titration 
test has been set up in order to check the residual water content of the energetic materials at each step 
of the manufacturing process of the inflators for airbag.  
The sample to be tested is put in an oven heated at 140°C. The residual water of the sample is 
thermally extracted and flushed by dry air into a Karl Fischer coulometric cell. The extracted water is 
titrated in the coulometric cell according to the following reactions : 
 

2I-     I2 + 2e-           (I2 generated by electrolysis) 
I2 + H2O + SO2   2HI + SO3       (Karl Fischer reaction) 
 

A typical water titration curve in propellants is given in picture 1. 
Very small amount of I2 can be generated by electrolysis. This enables the titration of very small 
amounts of water as low as 50 ppm with a sample of 1 gram. 
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2.3. CHEMICAL EVALUATIONS OF ORGANIC COMPOUNDS 

 
The plastics and the energetic materials used in the airbag industry must be carefully selected in order 
to be sure they remain stable during all the life of the car. Chemical evaluations are performed before 
and after ageing tests in order to appraise the eventual chemical evolutions. 
 

2.3.1. Chemical evaluations by FTIR/ATR 
 
The FTIR (Fourier Transform Infra-Red) spectrometry is generally used to analyse the polymers. 
For these analyses, the FTIR spectrometer is fitted with an ATR (Attenuated Total Reflection) 
accessory. The plastic components are directly analysed, the polymers used as binders in the 
propellants are analysed after extraction of the active molecules. The infrared spectra are interpreted 
with the help of an infrared spectrum user library. A vide range of polymers, linear or cross linked, are 
tested by FTIR/ATR : polyacrylates, polyamides, polyesters, polyurethanes, silicones… An FTIR 
spectrum of a polyamide bag is given in picture 2 as an example. 
Complementary analyses are performed by NMR when no spectrum of the library matches with the 
sample spectrum. That often occurs with new products, for example complex copolymers. 
 

2.3.2. Chemical evaluations by GC/MS 
 
The GC/MS (Gas Chromatography Coupled with Mass Spectrometry) is used to analyse small 
molecules (plasticizers, stabilizers…) incorporated in the plastics and the energetic materials. These 
molecules are extracted with solvents. The resulting solutions are injected in the GC/MS. 
For these analyses, the GC/MS is fitted with a WCOT (Wall Coated Open Tubular) column. The 
carrier gas flow, the injector and oven temperatures are optimized for each application. The molecules 
are identified from their retention time and their mass spectrum. The mass spectra are interpreted with 
the help of a mass spectrum user library. 
An application example is given in picture 3. The right part of the picture shows the ion chromatogram 
of a mixture of polyurethane additives collected in dichloromethane. Each peak of the chromatogram 
represents a molecule. A mass spectrum is associated to each peak. The left part of the picture shows 
the mass spectrum of one of the peaks. In this application, the spectra were those of heavy amino 
compounds. The spectra were interpreted with the help of the mass spectrum user library, but also with 
complementary analyses performed by NMR. 
 

2.3.3. Chemical evaluations by NMR 
 
The NMR (Nuclear Magnetic Resonance) is used to analyse all the soluble organic molecules : linear 
polymers, soluble fraction of cross linked polymers and small molecules (energetic materials, 
plasticizers, stabilizers…). So this spectrometry is often used in synergy with FTIR and GC/MS. 
These molecules are put in solution in deuterated solvents (CDCl3, DMSO-D6, D2O…). The resulting 
solutions are analysed with a 300 MHz NMR spectrometer. The NMR spectra are interpreted with the 
help of an NMR spectrum user library. Picture 4 shows, as an example, the proton and carbon spectra 
of a propellant stabilizer with the assignment of the peaks. Each kind of proton and carbon generates a 
characteristic peak, so the NMR information gives very accurate information on the molecules. 
 

2.3.4. Chemical evaluations by LC 
 
The LC (Liquid Chromatography) is used to accurately determine the amount of certain molecules 
when an evolution of their concentration is suspected. A typical application is the control of the 
stabilizer concentration in nitrocellulosic propellants. 
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For these analyses, the LC is fitted with a C18-graft column and an UV (Ultra violet) detector. 
The molecules are extracted with solvents. The resulting solutions are injected in the LC after dilution. 
Quantitative results are calculated comparatively with certified standards. 
 

2.4. ELEMENTS IN METALLIC COMPONENTS 
 
The metallic components of the airbags are controlled according to Autoliv specifications. In addition, 
controls are also performed on demand according to car manufacturer specifications. These controls 
include metallic element and light elements. 
 

2.4.1. Metallic element by ICP OES analyses 
 
The samples are digested in strong acids and diluted in deionised water. The resulting solutions are 
analyzed by the ICP OES (Inductively Coupled Plasma Optical Emission Spectrometry).  
 
Controls according to Autoliv specifications  
 
The aim of these controls is to check the chemical composition of the metallic components. 
For each metallic element listed in the specifications, a specific mono element method was 
programmed in order to get accurate results. Application examples are : 
 

Cr, Mn, Ni, P, S, Si in steel 
Cr, Fe, Ni in inconel 

 
Controls according to car manufacturer specifications 
 
The aim of these controls is generally to prove that the heavy metals amounts are below the car 
manufacturer specifications. 
Methods with standard additions corresponding to the specified levels are used. An example is given 
in table 5.  
 

2.4.2. CHN elemental analyses 
 
The aim of the CHN (carbon, hydrogen and nitrogen) analyses is to check the chemical composition of 
the metallic components. 
The samples weighed in tin capsules are burnt under oxygen in an oxidation-reduction reactor. 
Carbon, hydrogen and nitrogen elements are respectively converted to CO2, H2O and N2. These gases 
are separated with a packed chromatographic column and finally detected with a TCD (Thermal 
Conductivity Detector). A typical chromatogram a given in picture 6. Application examples are : 
 

C, N in steel 
H in titanium hydride 

 
2.5. CHEMICAL EVALUATIONS ON COMBUSTION RESIDUES 

 
Chemical evaluations on combustion residues are carried out all along the validation steps of the 
inflators for airbags. The tests are performed in closed testing tanks, the combustion residues are 
collected with deionised water. Most of the specifications of the car manufacturers stipulate that the 
combustion residues must be fully investigated. Basic measurements are required, such as pH and  
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mass determinations. But the complete chemical composition of the soluble and the insoluble residues 
is also required. To comply with these last requirements, the following techniques were developed. 
 

2.5.1. Metallic element by ICP OES analysis 
 
The soluble residues are directly analysed by the ICP OES. The insoluble residues are first digested in 
strong acids. Both current elements and heavy metals are analysed using the same procedures as for 
the metallic components (see section 2.4.1). 
The following elements are systematically investigated : Al, As, B, Cd, Cr, Cu, Fe, Hg, Pb, Ni, Zn. 
 

2.5.2. Ions by LC 
 
The LC (section 2.3.4) is used to analyse the cations and the anions of the soluble residues. 
For these analyses, the LC is fitted with cation-exchange and anion-exchange columns and ionic 
detectors. The solutions of soluble residues are injected in the LC after dilution. Quantitative results 
are calculated comparatively with certified multi-standard solutions. Picture 7 shows a chromatogram 
of a certified multi-standard solution used to calibrate the LC. 
 
3. CHEMICAL EVALUATIONS ON GAS SAMPLES 
 

3.1. STORED GASES 
 
The stored gases used in inflators for airbag are mixtures of helium, argon and nitrous oxide. The 
composition of these mixtures is checked both for quality controls and after ageing tests. 
The analyses are performed with an especially designed GC (Gas Chromatograph). The gases are 
introduced with a gas sample loop, separated with a PLOT (Porous Layer Open Tubular) column, and 
detected with a TCD (Thermal Conductivity Detector). The carrier gas flow and the oven temperature 
were optimized in order to separate the 3 molecules of interest and the air components : oxygen, 
nitrogen, water and carbon dioxide. Quantitative results are calculated comparatively with certified 
standards. Picture 8 shows a chromatogram of a mixture of helium, argon and nitrous oxide. 
 

3.2. COMBUSTION GASES 
 
Toxicological measurements are carried out all along the validation steps of the airbags, both in a 
vehicle simulator (100 ft3 tank) and in actual cars. The innocuousness of the airbag combustion gases 
is measured by comparison to worldwide known specifications settled by the USCAR (the main 
American car manufacturers association) and the Arbeitskreiß (the main German car manufacturers 
association). These specifications stipulate that the airbag supplier shall characterize and report the 
presence of all chemical constituents, both listed and unlisted gases.  
Table 9 gives the listed gases and the specifications of the USCAR for a whole vehicle.  
The limits for each airbag must be fractions of these vehicle limits, so the USCAR recommends 
apportionments like : 
 

Front airbags : 1/3 for the driver, 2/3 for the passenger 
Side airbags : 1/8 for the thorax, 1/8 for the curtain 
 

Besides, the USCAR stipulates following the gas concentration every five minutes during 20 minutes. 



CHEMICAL EVALUATIONS OF AIRBAG COMPONENTS AND EFFLUENTS 

 6

 
3.2.1. FTIR analysis 

 
Most of the USCAR listed gases are determined using a FTIR (Fourier Transform Infra-Red) 
spectrometer. 
For these analyses, the FTIR spectrometer is fitted with a long optical path length (10 m) gas cell. A 
complex mathematical model was developed to determine 14 molecules simultaneously. In this model, 
46 spectral regions were carefully selected in order to get a good sensitivity and to avoid spectral 
interferences, 39 calibration points have been carried out with certified standards. 
The achieved detection limits are given in table 10. They range from 1 ppm to 0.04 ppm (except for 
CO2 and CH4 naturally found in the air). All these detection limits are lower than 1/8 of the USCAR 
vehicle levels limits.  
Table 11 gives an example of FTIR simultaneous gas analysis carried out with a thorax airbag. 
The acquisition time is about 1 minute, which allows following the evolution of the gas concentration 
every 5 minutes.  
So, this FTIR equipment is both a very high sensitive and a very productive gas analyzer able to prove 
that the airbags meet the international specifications like the USCAR. Only 3 molecules among the 17  
of the USCAR list have to be determined by complementary techniques (indicator tubes and gas 
chromatography). 
 

3.2.2. GC/MS analysis 
 
The unlisted gases are determined using the GC/MS technique (Gas Chromatography Coupled with 
Mass Spectrometry). 
For these analyses, the GC/MS is fitted with a PLOT (Porous Layer Open Tubular) column, and the 
gases are introduced with a gas sample loop. The carrier gas flow and the oven temperature were 
optimized in order to separate a maximum of molecules. More than 30 molecules have been separated. 
The ions collected by the mass spectrometer are carefully selected to quantify the molecules with a 
good sensitivity. Quantitative results are calculated when standards of the detected molecules are 
available. The detection limits are generally 0.5 ppm, and even lower with certain molecules (0.2 ppm 
for C6H6). An example of GC/MS gas analysis compared with the same FTIR gas analysis is given in 
table 12. 
For acetylene, benzene, ethylene and hydrogen cyanide, the GC/MS gives results consistent with the 
FTIR. These correlations validate the FTIR mathematical model in combustion gases.  
In addition, the GC/MS shows there is no significant amount of molecules unlisted by the USCAR 
specification. 
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4. CONCLUSION 
 
A complete Chemical Laboratory has been created at Autoliv Livbag plant in order to evaluate solids 
and gases. The techniques are adapted to the chemical evaluation of the airbag components and 
effluents.  
The new energetic materials undergo a stringent vacuum stability test, and their residual water content 
is controlled by a very sensitive Karl Fischer method. 
The new organic components are evaluated with FTIR, GC/MS and NMR techniques used in synergy 
with the help of user libraries. 
Various quality controls are performed according to the specifications stated by Autoliv and the car 
manufacturers. ICP OES and CHN methods are used to analyse the metallic components, GC methods 
are used to analyse the stored gases. 
Specific methods by ICP OES and LC are used to fully investigate the combustion residues according 
to the car manufacturer specifications.  
Finally, in order to guarantee the innocuousness of the combustion gases, an FTIR method allows the 
simultaneous determination of 14 molecules in the combustion gases with detection limits lower than 
the toxicological limits stated by the car manufacturers for the individual airbags. A GC/MS method 
allows the detection of any other unlisted molecule. 
So, the chemical analyses of Autoliv Livbag plant are based on powerful and complementary 
techniques especially adapted to the requests of both pyrotechnics and car industry. A synoptic table 
of all these evaluations with the corresponding techniques is given in table 13. 
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Picture 1 : Typical water titration curve in a propellant 
 
 
 
 
 
 
 

 
Picture 2 : FTIR spectrum of a polyamide bag 
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Picture 3 : Ion Chromatogram with a mass spectrum of a mixture of polyurethane  additives 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Picture 4 : NMR spectra  of a stabilizer 
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 Cd Cr Hg Pb 

Without 
Standard 
Addition 

Cd 228.802

Longueur d'onde (nm)

Intensité

200

300

250

228.751 228.842228.780 228.800 228.820

S: 230 B: 225 SBR: 0.025  

Cr 284.984

Longueur d'onde (nm)

Intensité

700

1000

800

900

284.922 285.032284.950 285.000

S: 821 B: 819 SBR: 0.003

Hg 194.164

Longueur d'onde (nm)

Intensité

60

70

62

64

66

68

194.123 194.199194.140 194.160 194.180

S: 64 B: 62 SBR: 0.036  

Pb 220.353

Longueur d'onde (nm)

Intensité

200

300

250

220.306 220.392220.340 220.360

S: 262 B: 251 SBR: 0.041

With 
Standard 
Addition 

Cd 228.802

Longueur d'onde (nm)

Intensité

200

500

300

400

228.751 228.842228.780 228.800 228.820

S: 448 B: 229 SBR: 0.959  

Cr 284.984

Longueur d'onde (nm)

Intensité

700

4000

2000

3000

284.922 285.032284.950 285.000

S: 2914 B: 834 SBR: 2.496

Hg 194.164

Longueur d'onde (nm)

Intensité

18

1100

500

1000

194.123 194.199194.140 194.160 194.180

S: 814 B: 65 SBR: 11.436  

Pb 220.353

Longueur d'onde (nm)

Intensité

200

800

400

600

220.306 220.392220.340 220.360

S: 665 B: 255 SBR: 1.603

Results << 0.01 % << 0.1 % <<0.1 % << 0.1 % 
 

Table 5 : Examples of ICP OES control according to a car manufacturer specification 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Picture 6 : Typical CHN chromatogram 
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Picture 7 : Anion chromatogram of a multi-standard solution 
 
 
 
 
 
 

 
Picture 8 : Chromatogram of a mixture of helium, argon and nitrous oxide 
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Table 9 : USCAR specifications for combustion gases 

 
 
 
 

 
Table 10 : The FTIR detection limits compared with 1/8 USCAR limits 

 

Molecule Vehicle limit (ppm) 
Acetylene C2H2 25000 
Ammonia NH3 35.0 
Benzene C6H6 22.5 
Carbon monoxide CO 461 
Carbon dioxide CO2 30000 
Chlorine Cl2 1.0 
Ethylene C2H4 27000 
Formaldehyde HCHO 2.0 
Hydrogen H2 40000 
Hydrogen chloride HCl 5.0 
Hydrogen cyanide HCN 4.7 
Hydrogen sulfide H2S 15.0 
Methane CH4 50000 
Nitric oxide NO 75.0 
Nitrogen dioxide NO2 5.0 
Phosgene COCl2 0.3 
Sulfur dioxide SO2 5.0 

Molecule FTIR detection limit (ppm) 1/8 USCAR vehicle limit (ppm) 
Acetylene C2H2 0.2 3125 
Ammonia NH3 1 4.4 
Benzene C6H6 0.5 2.8 
Carbon monoxide CO 1 57.6 
Carbon dioxide CO2 350 (air) 3750 
Ethylene C2H4 1 3375 
Formaldehyde HCHO 0.2 0.3 
Hydrogen chloride HCl 0.5 0.6 
Hydrogen cyanide HCN 0.5 0.6 
Methane CH4 1 (air) 6250 
Nitric oxide NO 0.5 9.4 
Nitrogen dioxide NO2 0.5 0.6 
Phosgene COCl2 0.04 0.05 
Sulfur dioxide SO2 0.5 0.6 
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Table 11 : FTIR simultaneous gas analysis in 100 ft3 tank with a thorax airbag 

 
 
 
 

 
Table 12 : GC/MS gas analysis in 100 ft3 tank with a pelvis thorax airbag, comparison with FTIR results 

Molecule Result (ppm) 
Acetylene C2H2 0.3 
Ammonia NH3 < 1 
Benzene C6H6 < 0.5 
Carbon monoxide CO 27 
Carbon dioxide CO2 424 
Ethylene C2H4 < 1 
Formaldehyde HCHO < 0.2 
Hydrogen chloride HCl < 0.5 
Hydrogen cyanide HCN < 0.5 
Methane CH4 2 
Nitric oxide NO 4 
Nitrogen dioxide NO2 < 0.5 
Phosgene COCl2 < 0.04 
Sulfur dioxide SO2 < 0.5 

 GC/MS result (ppm) FTIR result (ppm) 
Acetonitrile CH3CN < 0.5 / 
Acetylene C2H2 4 4 
Acrylonitrile CH2CHCN < 0.5 / 
Benzene C6H6 0.5 0.6 
1-3 Butadiene CH2CHCHCH2 0.6 / 
Ethylene C2H4 7 8 
Hydrogen cyanide HCN < 0.5 < 0.5 
Propene CH2CHCH3 0.6 / 
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Table 13 : Chemical evaluations synoptic table 

Mass Spectrometry
(GC/MS) 

Nuclear Magnetic
Resonance (NMR) 

Liquid 
Chromatography 

Fourier Transform 
Infrared (FTIR) 

Gas 
Chromatography 

ICP Emission 
Spectrometry 

CHN Elemental 
Analysis 

Karl Fischer Water 
Titration 

Vacuum Stability
Test 

Combustion gases 

Plastics 

Combustion 
residues 

Stored gases 

Metallic parts 

Energetic materials 
Coulometry after thermal 
extraction 

Gas cell 
ATR accessory 

PLOT column and TCD 

Argon plasma 

Ion-exchange columns 
C18-graft column 

Flash combustion 

300 MHz magnetic field 

WCOT column 
PLOT column 

Heat test under vacuum with a 
pressure sensor 
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La Direction des applications militaires, 
pôle Défense du CEA 

 
 
 
Un pôle au service de la dissuasion 
 
La Direction des applications militaires (DAM), pôle Défense du CEA, a pour mission de concevoir, fabriquer, 
maintenir en condition opérationnelle, puis démanteler les têtes nucléaires qui équipent les forces 
océaniques et aéroportées.  
 
Elle doit être en mesure de garantir sur le long terme la fiabilité et la sûreté de ces têtes sans recourir aux 
essais nucléaires, définitivement arrêtés en 1996. A cette fin, la priorité de la DAM est de mettre en œuvre le 
programme Simulation.  
 
La DAM est également responsable de l’approvisionnement en matières nucléaires pour les besoins de la 
défense, et ceci dans le respect des décisions prises par notre pays d’arrêter la production de matières 
fissiles destinées aux armes et de démanteler les usines de productions associées. 
 
Elle est chargée de la conception et de l’entretien des réacteurs nucléaires assurant la propulsion des 
bâtiments de la Marine nationale (sous-marins et porte-avions). 
 
Enfin, la DAM contribue, pour les instances nationales et internationales, à la surveillance du respect du 
Traité d’interdiction complète des essais nucléaires (Tice) et à la lutte contre la prolifération et le terrorisme. 
Elle pilote l’ensemble des actions de recherche et développement conduite par le CEA dans le domaine de 
la sécurité globale. 
 
 
Un pôle ouvert à la recherche et à l’industrie  
 
Le partage national et international des connaissances, la confrontation à l’évaluation scientifique extérieure, 
l’intégration à des réseaux de compétence constituent des gages de crédibilité scientifique. Les équipes de 
la DAM réalisent chaque année environ 2 000 publications et communications scientifiques. Cette ouverture 
de la DAM passe également par la mise à la disposition de la communauté des chercheurs de ses moyens 
expérimentaux et par la contribution de ses équipes à d’autres programmes de recherche, nucléaires ou 
non. 
 
Le pôle Défense a également pour objectif de développer l’ancrage de ses centres dans la vie économique 
locale par son implication dans les pôles de compétitivité. Il valorise ses recherches par le transfert de 
technologies vers l’industrie et le dépôt de nombreux brevets. 
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Un format adapté aux nouveaux enjeux  
 
En 1996, après la réalisation de l’ultime campagne d’essais nucléaires, la DAM a mené une importante 
restructuration lui permettant de s’adapter au contexte résultant de l'arrêt définitif des essais et du lancement 
du programme Simulation. Outre le démantèlement des installations du Centre d'expérimentations du 
Pacifique, cette restructuration s'est traduite, en région parisienne, par la fermeture des Centres de Vaujours 
et de Limeil-Valenton et du site de Montlhéry. L’adaptation du format, passé de 5700 personnes en 1995 à 
4700 actuellement, s’est accompagnée du recrutement de plusieurs centaines de jeunes physiciens, 
assurant ainsi le renouvellement des équipes et garantissant la continuité de la compétence sur le long 
terme. 
 
 
Aujourd’hui, la DAM comprend cinq centres aux missions homogènes, dont les activités se répartissent entre 

la recherche de base, le développement et la 
fabrication : 
 

 DAM-Ile-de-France (DIF), à Bruyères-le-
Châtel dans l'Essonne et à Moronvilliers en 
Champagne, où sont menées les recherches 
en physique des armes et les activités de 
simulation numérique et de surveillance des 
traités ; 
 

 Valduc, en Bourgogne, dédié aux 
matériaux nucléaires ; 
 

 Le Ripault, en Touraine, dédié aux 
matériaux non nucléaires ; 
 

 Le Cesta, en Aquitaine, consacré à 
l’architecture des armes, aux tests de tenue à 
l’environnement et aux grands équipements 
de physique pour la simulation (lasers de 
puissance). 
 

 Gramat, en Midi-Pyrénées : a rejoint le 
CEA le 1er janvier 2010. Gramat est le centre 
de référence pour la défense en vulnérabilité 

des systèmes et efficacité des armements. 
 

Elle dispose également d'une antenne sur le site de Cadarache où sont implantées les installations d'essais 
à terre de la propulsion nucléaire navale. 
 
 
 

GRAMAT 















Laboratoire Synthèse et Formulation

Contact : CEA Le Ripault ‐ Laboratoire Synthèse et Formulation 

: 02‐47‐34‐45‐41 – Fax : 02‐47‐34‐51‐58 

Le Chef du Laboratoire :
Le Laboratoire Synthèse et 
Formulation conçoit, synthétise et 
formule des matériaux énergétiques 
et organiques pour plusieurs 
applications. Le développement de 
nouvelles compositions énergétiques 
pour l’armement conventionnel et 
civil ou pour la propulsion, la mise au 
point de détecteurs de gaz et 
d’explosifs ainsi que l’expertise dans 
le domaine des explosifs artisanaux 
consistent le cœur de nos activités. 
Ces missions sont menées à bien 
grâce aux compétences et aux divers 
équipements disponibles au 
laboratoire permettant d’étudier les 
procédés d’élaboration de ces 
matériaux du gramme à plusieurs 
kilogrammes

ACTIVITES

Objectifs:
‐ Mise au point de procédés 
de formulation
‐ Choix du liant 
‐ Choix du/des explosif(s)
‐ Sécurité de base (sensibilité)

Objectifs:
‐Homologation
‐Production de la composition
explosive

Objectifs:
‐ Robustesse du procédé
‐ Essais de sécurité
‐ Détonique

0,1  ↔ 3kg

FORMULATION DE COMPOSITIONS 
ENERGETIQUES

Laboratoire Synthèse

NO
2

CH3

NO
2

et FormulationNO
2

NO
2

NO
2

DDééveloppementveloppement

EchelleEchelle
LaboratoireLaboratoire

IndustrialisationIndustrialisation
PressagePressage

UsinageUsinage

20  ↔ 60 kg

150 kg

‐ Synthèse organique
‐ Formulation de compositions énergétiques
‐ Détection de gaz et d’explosifs

Le laboratoire se compose d’une équipe de 16 personnes renforcée 
par des doctorants, post‐doctorants et stagiaires universitaires.

Conception et mise en forme matériaux 
sensibles

Compréhension des interactions

Génération de gaz et métrologie

Evaluation des 
performances de 

détection (3S)

Qualification

Traitement du 
signal

Benchmarking

Prototypage et recherche de 
partenaires industriels

100 ppb exp

X5 bas

X5 haut
Zone détection

F (Hz)

Tps (s)

Masse   Lumière   Conductivité  

    gaz 

Matériau  
sensible 

[ 
[ 

Fréquence   Lumière   Electricité  
Substrat [ 

Vers signal 

Sublimation sous vide

Spin coating

Spray

Dip coating
nm

0
2000
4000
6000
8000
10000
12000
14000
16000
18000
20000
22000
24000
26000
28000
30000
32000

CAPTEURS ET DETECTION

SYNTHESE ORGANIQUE

‐ Synthèse organique [du mg au kg]

‐ Synthèse à distance

‐ Réacteurs sous pression, réacteur micro‐onde

‐ Expertise sur la synthèse d’explosifs artisanaux

‐ Caractérisation de routine (FTIR, GC/MS, HPLC, AE)

Contact : CEA Le Ripault ‐ Laboratoire Synthèse et Formulation 

: 02‐47‐34‐45‐41 – Fax : 02‐47‐34‐51‐58 



Contrôle Qualité de Produits Organiques

Expertises, études de vieillissement, compatibilité

Développement de nouvelles techniques analytiques

Sécurité et Environnement

Lutte antiterrorisme (détection d’explosifs)

Caractérisation de Surface

Laboratoire de Physico‐Chimie

Le Chef du Laboratoire :

Notre métier consiste à
caractériser les matériaux 
organiques afin de déterminer 
leur composition chimique, leur 
structure moléculaire et leurs 
propriétés intrinsèques. 
Nous avons la capacité
d’analyser tous types de 
matériaux organiques : solides, 
liquides et gazeux. 
Ces moyens et compétences 
sont mis à profit pour analyser 
en particulier les explosifs, en 
développant de nouvelles 
techniques de caractérisation, 
mais également développer des 
dispositifs de détection 
atmosphérique par 
concentration en milieu liquide 
ou sur supports solides. 

Analyse par chromatographies (HPLC ; SEC ; GC ; …) 

Spectroscopies IR, RMN (200 à 400 MHz)

Spectrométrie de masse et méthodes couplées (ATG/MS, 
GC/MS, HPLC/MS)

Analyse thermique (DSC, ATG, Stabilité sous vide, 
Calorimétrie)

Densité, indice de réfraction, viscosité, dosages en solution 

Microscopies optique, infrarouge, AFM, DSC

Granulométrie laser

NOS DOMAINES D’ACTIVITE

NOS EQUIPEMENTS

Analyses thermiques

Contact : CEA Le Ripault - Laboratoire Physico-Chimie 

: 02-47-34-58-07 – Fax : 02-47-34-51-48 

Spectroscopie  IR

Résonnance 
Magnétique 

Nucléaire

DMA

ATG/MS

Spectrométrie de masse

HPLC

DSC

DETEGENHY

NEBULEX

Le Laboratoire PC est composé d’une équipe de 22 personnes renforcée 
Régulièrement par des doctorants, post‐doctorants et stagiaires universitaires

NOS REALISATIONS
DETECTION D’EXPLOSIFS

DETECTION ENVIRONNEMENTALE
µ DSC

AFM

Concentration sur supports solides

Détection de traces de composés organiques dans 
l’atmosphère par concentration sur support solide

Applications : Surveillance au poste de travail – NRBC 
– Détection polluants…

Cartographie chimique 
d’une composition 

nanostructurée

Développement de sondes AFM dotées d’interactions spécifiques
avec un 

des constituants

Après solubilisation, un réactif réagit spécifiquement avec 
l’explosif. La détection a lieu par colorimétrie, fluorescence 
ou électrochimie. 2 brevets déposés

Détection de traces d’explosifs dans l’air

NH3BH3 (l)                     NH2BH2 (s) + H2 (g)                        BHNH (s) + H2 (g)

90°C 140°C
NH3BH3 (l)                     NH2BH2 (s) + H2 (g)                        BHNH (s) + H2 (g)

90°C 140°C

‐ Générer  de  l’hydrogène  pour  micropile à combustible  à partir  de 
matériaux à base d’Ammoniaborane (NH3BH3)

‐ Concevoir des systèmes portable de génération d’hydrogène

‐ Maîtriser, adapter  les paramètres physico‐chimiques et  thermiques pour 
générer l’hydrogène à partir de matériaux organiques

Démonstrateur

NH3BH3

Permet d’acquérir en une
seule expérience un
thermogramme DSC  et  une  visualisation 
microscopique  de  matériau  en  fonction  de  la 
température  (identification  de  nouveaux 
phénomènes thermiques ou d’impuretés)

Contact : CEA Le Ripault - Laboratoire Physico-Chimie 

: 02-47-34-58-07 – Fax : 02-47-34-51-48 



Laboratoire simulation 
des Matériaux Energétiques

Contact : CEA Le Ripault – Laboratoire simulation des Matériaux Energétiques
: 02-47-34-43-27 – Fax : 02-47-34-51-58 

Le Chef du Laboratoire :

«C’est un couplage très 
intime entre la modélisation 
et l’approche expérimentale 
qui permet à notre 
laboratoire d’accroître 
continûment ses capacités 
prédictives dans ses 
différents domaines  
d’activité : conception des 
explosifs et simulation du 
comportement mécanique 
et de la réactivité de ces 
matériaux. 
L’efficacité de cette 
démarche, multi-échelle, 
fondée sur la prise en 
compte de structures 
moléculaires toujours plus 
élaborées, ouvre la voie 
vers une connaissance 
approfondie des explosifs 
et de leurs mécanismes de 
décomposition, autant que 
vers une maîtrise accrue de 
la sécurité de l’utilisation 
des matériaux 
énergétiques.»

Proposition de structures moléculaires adaptées

- Calculs de performances et de sensibilité
- Sélection d’architectures chimiques 

CONCEPTION MOLECULAIRE

SECURITE PYROTECHNIQUE

CARACTERISATION MECANIQUE

La maîtrise de la sécurité d’emploi des explosifs et des structures 
pyrotechniques nécessite l’analyse des conséquences de différentes 
agressions. 
Des modèles prédictifs sont alors élaborés à partir des données 
acquises à l’aide de techniques expérimentales très spécifiques.

Simulation de la réponse d’un 
explosif  à l’impact d’un projectile

Microstructure d’un explosif

Le laboratoire est doté de moyens permettant 
d’engendrer des efforts de 5 kg à 40 tonnes, pour des 
vitesses de sollicitation allant de 10-6 à 103 s-1. 
Ainsi, depuis les essais de fluage lent jusqu’aux 
impacts, une large gamme de sollicitations peut être 
explorée. 
En fonction des besoins, les instrumentations 
nécessaires sont développées par nos équipes.Mesure des champs de 

déformation d’un échantillon 
d’explosif sous pression.

Simulation numérique

MOYENS ET EQUIPEMENTS

Contact : CEA Le Ripault – Laboratoire simulation des Matériaux Energétiques
: 02-47-34-43-27 – Fax : 02-47-34-51-58 

Le laboratoire se compose de 10 permanents (ingénieurs-chercheurs, techniciens)

ainsi que de doctorants, post-doctorants et stagiaires

Codes de calculs utilisés dans les domaines de chimie théorique, thermochimie, 
hydrodynamique, calcul de structures et sécurité pyrotechnique.

Traitement des données de 
microscopie

PARTENAIRES

Machine de traction-compression
(DY26, MTS, Z100, DIHM)

Presse 40TDMA                                
(Analyse Mécanique Dynamique)

Organismes de Recherche et Groupe Industriels : ONERA, DGA, SME

Universités : Tours, Poitiers, UTT

Ecoles : ENS Cachan, ENSMA Poitiers, EC Nantes, Mines Paris

Grands Instruments : LLB, ESRF, SOLEIL

Réseau GMM et réseau S (relié au calculateur TERA 10) 
utilisés pour les besoins en modélisation



ETUDE DU COMPORTEMENT DES MATÉRIAUX RÉACTIFS

Laboratoire Caractérisations Réactives

Contact : CEA Le Ripault - Laboratoire Caractérisations Réactives 

: 02-47-34-58-07 – Fax : 02-47-34-51-48 

Le Chef du Laboratoire : 

Le Laboratoire Caractérisations 
Réactives a en charge la 
conception et la réalisation 
d’expériences mettant en œuvre 
des matériaux énergétiques 
dans des domaines variés, 
depuis les activités de défense 
jusqu’aux applications civiles. Il 
assure également la conception 
et le développement des 
systèmes d’amorçage mis en 
œuvre à la Direction des 
Applications Militaires du CEA. 
Son expertise s’appuie sur un 
personnel qualifié, des sites 
d’essais performants, et du 
matériel de haute technologie.

Explosifs
Tests normalisés (ONU, GEMO,…)

Homologation au transport

Essais sous sollicitations diverses 
(thermique, mécanique, électrique, 
…)

Exemple de caractérisation des matériaux :
le ‘mouton vertical’ ou chute d’une masse 
variable sur un explosif

Procédés
Conception d’essais de   

sécurité sur cahier des charges

Comportement d’une 
pile au Lithium sous 
une agression 
thermique intense

Développement et fabrication de dispositifs d’amorçage 
à haut niveau de sécurité

Détonateur électrique de 
type « slapper »Ligne d’amorçage optique

Développement

SECURITE PYROTECHNIQUE

AMORCAGE

Expertise

Simulation du 

fonctionnement pyrotechnique

Tests en situations dégradées

Démonstrations de fiabilité

Sécurité pyrotechnique associée à
la rupture d’un rotor de RMN

EE

Le laboratoire se compose de 9 ingénieurs et 9 techniciens,

à dominante physique

Énergétique
Performance des matériaux

Vitesse de détonation

Diagnostics laser
Développement de méthodes expérimentales

Caméra ultra rapide (milliardième de seconde)

Cinématographie laser 2 ns d’un 
projectile en mouvement

Cuve d’expérimentations de détonique

Cellule et dalles d’essais

Dalles d’essais (impact, tour de chute, …)

Chambres de tir

Cuves de tir

SITES D’ESSAIS

CARACTERISATION / ETUDE DES EXPLOSIFS

Etude des performances explosives par 
mesure de la vitesse de relèvement d’un 

cylindre – équivalent TNT

Chaîne de 
vélocimétrie laser

Laboratoire Caractérisations Réactives

Contact : CEA Le Ripault - Laboratoire Caractérisations Réactives 

: 02-47-34-58-07 – Fax : 02-47-34-51-48 



8 ingénieurs et 5 projeteurs

Maîtrise d’œuvre en conception de systèmes mécaniques et de 
sous-ensembles pyrotechniques complexes

Gestion de projets et sous-traitance
Conception / architecture (CAO)
Ingénierie / simulation numérique (IAO)
Expertise en conception d’édifices
et d’artifices pyrotechniques
Etudes en Sécurité Pyrotechnique
(effets des explosions)

Ingénierie d’Affaires 
Assistance à maîtrise d’oeuvre
Cahier des charges
Logique de développement, suivi et planification
Gestion de la sous-traitance, suivi de marché
Dossiers justificatifs de définition

Analyse fonctionnelle

Analyse de fiabilité, Analyse de défaillances (AMDEC)
(Sérénade)

Analyse de sûreté

Programmes de qualification
(calculs et essais)

Laboratoire Bureau d’études et Calculs

Le chef du laboratoire :

« Intégré aujourd’hui au 
Service Développement et 
Réalisation Pyrotechnique du 
DXPL, le Laboratoire Bureau 
d’études et Calculs est 
chargé de la définition des 
sous-ensembles 
pyrotechniques pour les 
projets armes de la Direction 
des Applications Militaires. 
Depuis la faisabilité jusqu’à
la phase de conception, de la 
liasse de papier à la 
qualification expérimentale, 
c’est toute une chaîne de 
métiers et de domaines de 
compétences qui s’exerce au 
sein du laboratoire.
Plus généralement, les 
compétences et les outils 
dans le domaine de la 
conception et de la simulation 
numérique nous permettent  
d’assurer un rôle d’architecte 
en conception de systèmes 
mécaniques pour les divers 
projets de la DAM. »

Contact : CEA Le Ripault – Laboratoire Bureau d’études et Calculs

: 02-47-34-47-60 – Fax : 02-47-34-51-41 

GESTION DE PROJETS/
QUALIFICATION DES SYSTEMES

MOYENS HUMAINS/COMPETENCES

De la mécanique des structures à la mécanique des fluides en intégrant
la sécurité pyrotechnique

Conception Assistée par Ordinateur (CATIA)

Système de Gestion de Données Techniques (SMARTEAM)
Assistance à maitrise d’œuvre
Systèmes mécaniques complexes
Intégration des systèmes, gestion des interfaces
Outillages de qualification des systèmes

Contact : CEA Le Ripault – Laboratoire Bureau d’études et Calculs

: 02-47-34-47-60 – Fax : 02-47-34-51-41 

Flambement et vibrations
(Abaqus)

Allumage thermique 
dans un exposif (Abaqus)

Calcul de la pression 
après explosion dans un bâtiment

(Hesione)

Calcul d’un mélange de deux fluides (FLUENT et FLOWMASTER)

CONCEPTION/ARCHITECTURE MECANIQUE

SIMULATION NUMERIQUE

Laboratoire Bureau d’études et Calculs



Le Bureau des Etudes Industrielles élabore le dossier de réalisation des 
édifices pyrotechniques à partir du dossier de définition fourni par le 
Bureau d’Etudes du DXPL ou d’un autre Département. Il conçoit également 
des outillages de fabrication, d’essais, des gabarits et assure leur 
lancement en sous-contractance. 

Le chef du laboratoire:

Le Laboratoire DSP 
intervient tout au long 
du cycle de vie des 
systèmes 
pyrotechniques de la 
DAM. Il se consacre ainsi  
aux métiers du 
développement de 
procédés, de la 
préparation, du contrôle,  
de la qualité et de la 
logistique.

Ces métiers variés, mais 
complémentaires, 
forment un ensemble 
offrant de nombreuses 
ouvertures vers les 
autres unités du site et  
de nombreux partenaires 
extérieurs.

BUREAU ETUDES INDUSTRIELLES

Laboratoire de Développement de 
Systèmes Pyrotechniques

PÔLE QUALITE

Le pôle qualité regroupe l’ensemble des activités qualité « système » et 
qualité « produit » du Service DRP.

Contact : CEA Le Ripault – Laboratoire de Développement de Systèmes Pyrotechniques
: 02-47-34-48-60      fax : 02-47-34-51-14

Elaboration des programmes 
d’usinage à partir du logiciel de CFAO 
CATIA V5

Rédaction des gammes de fabrication

Conception des systèmes 
mécaniques à partir du logiciel de CAO 
CATIA V5

Recette de pièces sur site ou en usine

Recueil et archivage des données de réalisation d’un 
produit, rédaction de documents de synthèse

Utilisation d’outils informatiques de gestion de la qualité
(SEQUOIA)

Rédaction de la documentation 
d’organisation du service DRP

Préparation et suivi des audits

Elaboration des nomenclatures de 
réalisation

Rédaction des Formats de Relevés de 
Mesures 

Soutien technique à la fabrication

CELLULE POSAT

La cellule Planification, Ordonnancement, Synthèse, Approvisionnement, 
Transports assure le soutien logistique dans le cadre des activités du 
service.

PÔLE CONTRÔLE

Contact : CEA Le Ripault – Laboratoire de Développement de Systèmes Pyrotechniques
: 02-47-34-48-60      fax : 02-47-34-51-14

Planification des différentes activités de réalisation,

Lancement des fabrications

Reporting vers la hiérarchie du Service et du Département, 

Gestion de la sous-traitance du DXPL, 

Stockage des pièces mécaniques, des pièces 
pyrotechniques et des produits organiques

Brûlage des déchets

Mise en place des transports

Le pôle contrôle garantit la conformité des produits réalisés à SDRP à chaque étape de fabrication. Il 
dispose des moyens suivants :

2 machines à Mesurer Tridimensionnelles et 1 projecteur de profil

1 laser tracker équipé d’un scanner

4 générateurs RX (450, 225 et 160 kV) 

4 postes de mesure de densité (120 mg à 50 kg)

1 banc de pertes de charges

1 chromatographe

1 poste de contrôle de soudure FE par ultrasons

PÔLE DEVELOPPEMENT

Le pôle développement assure les essais de mise au point de procédé et de qualification par parties des 
produits réalisés au SDRP et met ses compétences aux services des autres entités du LR.

Le Coordinateur des Actions d’Aménagement des Infrastructures SDRP spécifie les besoins SDRP  en vue 
de l’aménagement du secteur pyrotechnique.

Essais de pressage en enceinte isostatique 

Essais d’injection de silicones et résines

Essais en enceinte thermique et climatique

Essais en enceinte sous vide

Essais de tenue mécanique

Essais d’éclatement sous pression

Essais en environnement vibratoire

Laboratoire de Développement de 
Systèmes Pyrotechniques
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La société EUROPULSE est une PME 
indépendante crée en 1989. Elle est implantée 
à Cressensac (Lot) dans des locaux modernes 
faciles d’accès, à proximité de l’aéroport Brive 

Souillac et de l’autoroute A20.

La superficie des locaux est de 750 m2 avec 
une possibilité d'extension temporaire couverte 
de 400 m2 . Un terrain de 1000 m2 est aussi 
disponible pour des expérimentations en 
extérieur.
Un espace d’accueil indépendant réservé aux  

intervenants est aménagé à l’intérieur des 

locaux. 

La société EUROPULSE étudie et réalise des 
générateurs d'impulsions électriques et des dispositifs de 
commutation dans une gamme de tension et de courant 
pouvant atteindre plus d’un million de volts et plusieurs 

centaines de kiloampères .
Elle dispose de moyens de mesure performants  
(oscilloscope 40 GS/s…) adaptés à son domaine 

d’activité.

Une salle d’essais faisant l’objet d’une autorisation de 

l’Autorité de Sûreté Nucléaire lui permet de développer et 

de tester ses générateurs de radiographie éclair et 
d’électrons pulsés.

Ses compétences lui permettent d’aborder aussi bien les 

phénomènes ultra rapides que quasi statiques. 
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Europulse is an independently owned medium-

sized business founded in 1989. The company is 

located at Cressensac, in France’s Lot region, 

near by Brive Souillac airport and A20 High way.

The company has facilities covering 750 m2 with 

the ability to add a temporary covered extension 

of 400 m2. A further land area of 1000 m2  is also 

available for outdoor experiments.

Seperate inside space is available so that 

outside contractors can be hosted by the 

company when required.

EUROPULSE designs and makes electric pulse 

generators  and switching equipments covering a range 

of voltage and current levels that can extend to more one 

million volts and many hundred kiloamps.

The company has means of measure high-performance 

(40 Gs/s scope…) adapted to its field of activity.
A testing room being the object of an authorization of the 

Authority of Nuclear Safety allows Europulse to develop 

and to test its generators of Flash X-rays and pulsed 

electrons beam.

The company’s expertise ensure that  she can handle 

both ultrafast and quasi-static phenomena.
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EXPLOSEUR BASSE TENSION EP5012

Z charge : 125Ω

V crête 900V 
W stockée : 40J
Ton ≤ 300 ns
T50 7,5ms
Jitter (Δt) ≤ ± 100 ns
Ohmmètre - Batteries
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EXPLOSEUR HAUTE TENSION EP5011

Z charge : 3,3Ω

V crête 2kV 
W stockée : 6J
Ton ≤ 200ns
T50 2,3µs
Jitter (Δt) ≤ ± 100 ns
Ohmmètre - Batteries
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EXPLOSEUR HAUTE TENSION EP5005

2 voies synchrones
Z charge : 3,5Ω

V crête 5kV 
W stockée : 2J/voie
Ton ≤ 100 ns
T50 300ns
Jitter (Δt) ≤ ± 30ns
Test  HT ligne MAF
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EXPLOSEUR HAUTE TENSION EP5081

Z charge : 3,3Ω

V crête 4,8kV 
W stockée : 3J
Ton ≤ 100ns
T50 300ns
Jitter (Δt) ≤ ± 100 ns
Ohmmètre - Batteries
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EXPLOSEUR HAUTE TENSION EP5006

Z charge : 3,3Ω

V crête 4kV 
W stockée : 3J
Ton ≤ 100 ns
T50 500ns
Jitter (Δt) ≤ ± 50ns
Boîtier cde/bloc HT séparés (30m)



EUROPULSE  Route de Gignac – 46600 Cressensac – 33 (0)5 65 37 76 66       europulse@euro-pulse.com

9

EXPLOSEUR HAUTE TENSION EP5007

Z charge : 15Ω

V crête 7,5kV 
W stockée : 5J
Ton ≤ 100ns
T50 1µs
Jitter (Δt) ≤ ± 100 ns
Ohmmètre 
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EXPLOSEUR HAUTE TENSION EP5007

4 voies synchrones (1ns)
Z charge : 3,5Ω

V crête 3,5kV 
W stockée : 1,7J/voie
Ton ≤ 100 ns
T50 400ns
Jitter (Δt) ≤ ± 50ns
Ohmmètre – Batteries (bloc HT)
Boîtier cde/bloc HT séparés (150m)
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GENERATEUR HAUTE TENSION 9kV
POUR FIL EXPLOSE EP5009

Z charge : 2,1Ω

V crête 4 à 7kV 
W stockée : 64J
Ton ≤ 200ns
T50 2µs
Jitter (Δt) ≤ ± 50ns
Boîtier cde/bloc HT séparés (10m)
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SEQUENCEUR 32 VOIES EP7004

32 Voies indépendantes
Charge* : Flashes magnésiques
V crête 40V (2,2Ω)
W stockée : 0,55J/voie
Retard initial : 1 à 999ms
Retard par voie : 1 à 999ms 
Jitter (Δt) ≤ ± 50ns
Interface virtuelle (labview)
Liaison RS 485 (300m)
* Autres caractéristiques sur spécifications
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Boîtier terminal  pour 
Exploseurs HT

Contrôleur de mise de feu 
haute tension EP EP1914
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Contacts peigne

Sonde à ionisation

Capteur de flux 
lumineux EP1517
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BARRIERE DE DETECTION OPTIQUE 3VOIES EP1706
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GENERATEUR DECHARGES ELECTROSTATIQUES ± 40kV EP1503

Générateur  haute impédance
Profil rectangulaire , + ou –, ou alterné
Fonctionnement  :  mono coup, rafale
Charge : capacitive (qq 100pF)
V crête : ± 5 à 40 kV
Ton ≤ 100ms 
Tdescente ≤ 10ms 
T50 : 0,2 à 99,99s
Tmort : 0,8 à 99,99s
Rsérie : 7,5MΩ

Isortie : ± 0,8mA à 40kV
Boîtier cde/bloc HT séparés (10m)
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GENERATEUR DECHARGES ELECTROSTATIQUES ± 80kV EP1505

Générateur  haute impédance
Profil rectangulaire , + ou –, ou alterné
Fonctionnement  :  mono coup, rafale
Charge : capacitive (qq 100pF)
V crête : ± 5 à 80 kV
Ton : 100 à 400ms 
Tdescente ≤ 100ms 
T50 : 0,4 à 99,99s
Tmort : 2 à 99,99s
Rsérie : 26,4kΩ

Isortie : ± 2,5mA à 80kV
Boîtier cde/bloc HT séparés (10m)
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GENERATEUR DECHARGES 25kV EP1517 

Mode opératoire GEMO / NFT 70-539  sensibilité à l’étincelle

V charge : +3 à +25kV 
Capacités : 27, 47,100, 470 pF, 

1, 4.7, 50 nF, Cext
Fonctionnement  mono coup
Déclenchement : manuel, impulsion
Boîtier cde/bloc HT séparés (20m)
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ENCEINTE PYROTECHNIQUE EP6004

Mode opératoire GEMO 

NFT 70-539  sensibilité à l’étincelle
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GENERATEUR DE COURANT 4kA EP5502

Profil rectangulaire
Z charge : 1,5Ω

I crête ≤ 4kA 
W stockée : 40J
Ton ≤ 15 ns
T50 100ns
Jitter (Δt) ≤ ± 10 ns
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Autres domaines d’activité :

Radiographie éclair
Champs Electriques Pulsés
Bancs de stockage d’énergie

Impulsion ElectroMagnétique Nucléaire
Rayonnement Ultra Large Bande
Impulsions haute tension récurrentes
Maintenance systèmes haute tension

Exposé Europulse sur les systèmes impulsionnels http://sfp.in2p3.fr/expo/EPI10/Brion.pdf



 

FEATURES 
Displacement interferometer 
Eye safety (1.55 µm), all fibered design 
Speed measurement : 0 to 20 km/s 
Time uncertainty :  200 ps on the raw signal,  
   5 ns on velocity after processing 
High dynamics (>27 dB) 
Minimum reflectance required –60dB 
High sensitivity (>50dB) 
Continuous or triggered mode 
Low heat deposition on sample 
  

IDIL Fibres Optiques, opto-electronics engineering company  
specialized in fibre optics and ultra fast phenomena, has developped the 
first industrial Photonic Doppler Velocimeter for shocks applications. This 
technology allows to measure unique or multiple speeds, in the range of 
0 to 20 km/s with an excellent temporal resolution. A dedicated  
software, based on a Fourier Transform algorithm, allows a rapid  
visualisation of the speed fields.  
 

 

DON’T MISS ANY PHENOMENA IN YOUR HIGH SPEED  
MEASUREMENT WITH  THE IDIL PHOTONIC  
DOPPLER VELOCIMETRY SYSTEM 

OPTO-ELECTRONICS ENGINEERING - ULTRA FAST PHENOMENA - SENSORS - OPTICAL COMPLEX SYSTEMS 
SHORT PULSES - FIBER LASER SYSTEMS 

 
Rue Claude Chappe - 22300 LANNION - France 

Tel : +33 (0)2.96.05.40.20 
www.idil.fr 

APPLICATIONS 
Shock physics, Solid materials, High 
explosives, gun, particle ejection, plasma… 
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Née en décembre 2001 de la fusion de plus de 50 ans
d’expériences des principaux missiliers français, anglais et
italiens, la société MBDA s'est développée pour devenir l'un
des leaders mondiaux du secteur des missiles et systèmes de
missiles. Grâce à une stratégie de croissance interne et
organique, avec plus récemment l'intégration de l'allemand
EADS/LFK et l'acquisition des compétences de Bayern-Chemie
en matière de technologie des statoréacteurs, MBDA est
devenue une société multinationale qui emploie aujourd'hui
près de 10 000 personnes (dont 60 % d'ingénieurs) et compte
plus de 90 clients dans le monde. Ses compétences internes
couvrent tous les secteurs de la conception, du développement
et de la fabrication des systèmes de missiles dont les
autodirecteurs, les systèmes de guidage et de propulsion, les
systèmes de commandement et de contrôle, ou encore
l'intégration aux plates-formes et les tests.

MBDA est la première société de défense européenne
réellement intégrée et la seule capable de fournir des systèmes
d'armes guidées pour les trois forces armées : Air, Marine et
Terre. Si MBDA a développé ses systèmes d'armes en réponse
aux besoins européens, ces mêmes besoins – principalement
axés sur la défense du territoire national, plutôt que sur des
opérations globales et à grande échelle – sont aussi ceux d'un
grand nombre d'autres pays. C'est ainsi que MBDA travaille en
partenariat avec ses clients sur tous les continents.

MBDA s'attache aussi à améliorer sans cesse sa structure
industrielle et son offre de produits pour répondre de manière
plus efficace aux besoins opérationnels de ses clients nationaux
et export. En outre, la société est stratégiquement positionnée
pour développer et entretenir une coopération transatlantique
avec les Etats-Unis.

Même si elle fonctionne de façon autonome, la Société
bénéficie de l'appui de ses trois actionnaires, acteurs majeurs
du domaine aérospatial et de la défense :
BAE Systems (37,5 %), EADS (37,5 %) et Finmeccanica (25 %).

MBDA, avec sa gamme complète de produits et sa
maîtrise de toutes les technologies clés, a développé
des partenariats avec de nombreux clients sur
l'ensemble du marché mondial accessible

UN LEADER EUROPEEN
DE DIMENSION MONDIALE



Les clients demandent le respect des délais, l'optimisation
des coûts et une livraison répondant à des critères de
qualité spécifiques. Ces attentes sont d'autant plus
légitimes dans le domaine de la défense, où les budgets
sont constamment sous contrainte.

Bien plus qu'un simple fournisseur, MBDA est un véritable
partenaire commercial qui a compris la nécessité de
s'améliorer sans cesse, de réduire les coûts, de proposer
des produits compétitifs et de travailler dans des délais
qui répondent aux attentes et aux besoins de ses clients.

Cette recherche constante de l'excellence opérationnelle
est d'autant plus importante que MBDA se positionne
comme le partenaire de choix et le moteur indispensable
du maintien de l'autonomie européenne en matière de
technologie de défense. Sur le plan technologique, le
nom de MBDA est déjà associé à différents systèmes
d'armes dont les performances restent inégalées.
La Société a, en outre, parfaitement compris que pour
rester à la pointe de la technologie, il lui faut innover en
permanence. Nos collaborateurs se préparent aujourd'hui
aux programmes européens de demain, développent des
solutions modulaires, recherchent les nouvelles technologies,
ou au contraire, selon les cas, cherchent à adapter des
technologies existantes qui ont fait leurs preuves.

Fire Shadow
Aster Block2

�

En faisant appel à l'excellence opérationnelle et aux
capacités d'innovation de MBDA, nos clients seront
mieux armés pour faire face aux menaces et enjeux
d'un XXIème siècle de plus en plus incertain

L'EXCELLENCE OPERATIONNELLE
AU SERVICE DE L'INNOVATION



• Maîtrise de l’espace aérien
Les systèmes d'armes air-air et air-sol de MBDA équipent ou
équiperont un grand nombre d'aéronefs actuels et futurs du
monde entier. Meteor, MICA, ASRAAM, Storm Shadow/SCALP et
Taurus KEPD 350 ne sont que quelques-uns des systèmes d'armes
qui ont fait la réputation de MBDA en tant que spécialiste de la
supériorité aérienne dans le monde.

• Défense antiaérienne
MBDA intègre à sa technologie toute sa connaissance des
architectures de défense antiaérienne. Ses systèmes Aster SAMP/T,
VL MICA, Jernas, Spada et Mistral sont capables de contrer un large
éventail de menaces, qu’il s’agisse de chasseurs ou de missiles
balistiques de théâtre. En Allemagne et en Italie, MBDA participe
aussi au grand programme transatlantique MEADS.

• Suprématie navale
La Société propose une gamme complète d'armes antiaériennes et
antinavires, opérationnelles depuis des aéronefs ou des bâtiments,
qui contribuent à garantir la supériorité maritime. MBDA équipe
notamment un certain nombre de frégates, destroyers et sous-marins
de dernière génération comme FREMM, Horizon, Type 45, Scorpene,
ou Barracuda.

• Combat terrestre
Les armes d'aujourd'hui doivent offrir les meilleurs niveaux de
précision et de souplesse d’emploi. Que ce soit pour des armes
d'appui au combat rapproché, comme les missiles Eryx et Milan ER,
ou pour des armes antichars aéroportées comme le Dual Mode
Brimstone et le PARS 3 LR, MBDA offre de nombreuses
solutions pouvant agir en réseau pour répondre aux exigences
actuelles du combat terrestre.

Aster, Famille de missiles à lancement vertical équipant
des systèmes de défense antiaérienne navals et terrestres pour
les marché nationaux et export.

Meteor
Aster SAMP/T
Exocet MM40 Block3
Milan ER

�

�

MBDA est la seule société de son secteur capable
de répondre aux besoins en systèmes d'armes guidées
de chacune des trois armées. Elle met en pratique
sa longue expérience en matière d'intégration sur une
large gamme de plates-formes existantes ou de
nouvelle génération

MBDA REPOND A TOUS LES
BESOINS OPERATIONNELS,
DANS LES AIRS, SUR TERRE
OU SUR LES MERS
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Les grandes réussites que sont le missile de croisière à
longue portée Storm Shadow/SCALP, le missile Meteor tiré
au-delà de la vue directe (BVRAAM) ou encore le système
de défense antiaérienne de zone, de flotte navale et
d'autoprotection PAAMS, soulignent bien toute l'importance
et l'efficacité de la consolidation et de la coopération
industrielle en Europe. Grâce au regroupement des
meilleures compétences technologiques dans ses différents
pays - la France, le Royaume-Uni, l’Italie et l’Allemagne -,
MBDA dispose de tous les atouts et de tous les outils pour
répondre aux besoins spécifiques de l'Europe.

France
Les produits de MBDA vont doter les bâtiments de prochaine génération de
la Marine (Horizon, FREMM et Barracuda) des systèmes d'armes les plus
avancés et les plus efficaces, comme les systèmes PAAMS, Exocet MM40
Block3 et SCALP Naval. L'avion de combat Rafale intègrera un ensemble
complet d'armes de MBDA, comme les missiles MICA, Meteor et Storm
Shadow/SCALP, ainsi que le missile nucléaire à statoréacteur ASMPA.

Royaume-Uni
Emmené par MBDA UK, la Team Complex Weapons s'appuiera à la fois
sur les technologies existantes et ou en développement pour proposer
toute une série de solutions modulaires pour un certain nombre d'armes,
dont un missile rôdeur innovant. Il est acquis que ces solutions, de même
que différents systèmes tels que le Meteor, le Sea Viper (PAAMS),
ASRAAM, le Storm Shadow/SCALP, le Sea Wolf et le Rapier, équiperont
les trois forces armées britanniques pendant de nombreuses années.

Italie
MBDA répond aux besoins de défense antiaérienne navale et
terrestre de l'Italie avec ses systèmes Aster et MEADS. La société
travaille aussi en étroite collaboration avec la Marine italienne, pour
équiper ses frégates de nouvelle génération Orizzonte et FREMM,
ainsi que sa nouvelle génération d'hélicoptères NH90 et AW101,
des missiles antinavires Teseo (Otomat) et Marte.

Allemagne
MBDA Allemagne poursuit le travail de coopération très étroite
qu'avait initié son prédécesseur, EADS/LFK, avec l'armée allemande.
Après avoir livré le système PARS 3 LR pour l'hélicoptère Tigre et le
Taurus KEPD 350 pour le Tornado IDS, MBDA travaille actuellement
avec d'autres grands partenaires industriels allemands sur le nouveau
système de défense antiaérienne à courte portée SysFla, qui intégrera
le nouveau missile LFK NG.

La consolidation de l’industrie européenne des
systèmes de missiles a permis à l'Europe non seulement
d'acquérir une véritable autonomie face à une
concurrence très vive, mais aussi de se doter de
compétences pour développer les meilleurs systèmes
d'armes au monde

Partenaire de premier plan dans chacun de ces
quatre pays, MBDA continue de montrer toute
l'étendue de ses capacités de maître d'œuvre à la tête
de grands programmes pour équiper aussi bien des
aéronefs et des bâtiments de guerre de toute dernière
génération, que des fantassins. Certains de nos
systèmes d'armes sont particulièrement représentatifs
de la manière dont la coopération industrielle a
contribué à satisfaire les besoins de défense sur les
marchés nationaux de MBDA.

LE SPECIALISTE EUROPEEN
DES SYSTEMES DE MISSILES

SCALP Naval

�

Dual Mode Brimstone

�

Marte Mk2

�

MEADS

�

FRANCE

Région parisienne
Management / R&D

Région Centre
Production / Intégration
R&D

Compiègne
Electronique

ITALIE

Rome
Management
R&D

Fusaro
R&D
Production / Intégration

La Spezia
R&D / Intégration

BELGIQUE

Bruxelles
Bureau de représentation

USA

Westlake
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La Direction Services et Soutien aux Clients (CSS) de
MBDA propose une gamme complète de solutions
particulièrement innovantes pour répondre aux besoins
opérationnels de chaque client. Cet ensemble de
services est conçu pour apporter un accompagnement
permanent, depuis l'acquisition initiale jusqu'à la
démilitarisation des systèmes. L’offre comprend toute
une série de prestations, du soutien logistique initial
jusqu'au contrat de disponibilité opérationnelle, en
passant par la formation personnalisée. Totalement
flexible, cette offre de services a pour vocation de répondre
aux besoins spécifiques de chacun de nos clients.

Nos solutions complètes de soutien sont déjà déployées
au Royaume-Uni, où elles contribuent à la nouvelle
stratégie britannique reposant sur le concept de
disponibilité opérationnelle d'armes complexes. Mais
ces solutions sont également disponibles et peuvent être
mises en œuvre pour tous les autres clients de MBDA
dans le monde.

Meteor, missile dont la portée, la vitesse terminale
et la zone d’interception assurée "no-escape-zone" restent

inégalées, est développé par une équipe de projet internationale
conjointe regroupant six nations européennes partenaires, pour

équiper l'Eurofighter Typhoon, le Gripen et le Rafale.

�

Un système d'armes représente un véritable
investissement en terme de coût mais aussi pour
la sécurité et la défense à long terme d’un pays.
Il est donc important de garantir une performance
maximale tout au long de son cycle de vie

MAINTIEN EN CONDITION
OPERATIONNELLE

INTÉGREZ LES
SOLUTIONS MBDA











A dynamic future



The market volatility of propulsion systems for cruise missiles,

tactical missile systems and missile defence systems has lead

many participants in these markets to re-evaluate their 

working practices in order to adapt to future trends and changes.

There are three main challenges that face the industry:

• The long term requirements of the European countries and

the ability to meet this demand, via a common European

defence policy, either in competition or co-operation with US

companies,

• The modernisation requirements for existing weapons 

systems so that they remain operational, have improved per-

formance and/or are able to adapt to new requirements such

as insensitive munitions demands and demilitarisation,

• Being able to operate outside the home market due to

a highly regulated environment of export controls

and international treaties on the non-prolife-

ration of military technology.

In close co-operation with both the European Defence

Authorities and with the Weapon System Primes, Roxel is well

positioned to contribute either by itself, or to develop in 

partnership with others, and to act as a centre of excellence to

address these issues.

This can be demonstrated by Roxel’s position on a large number

of programmes covering the whole market and working with

missile system primes such as MBDA, Thales Air Defence, and

Saab Bofors Dynamics.

The position of Roxel is further reinforced by its success both

in Europe and the wider Global market with modernisation 

programmes such as those for the 122mm calibre rocket 

system and co-operation agreements set up with US

industry on programmes such as Joint Common

Missile and Guided MLRS where common 

solutions to both the US and European 

requirements are being developed. 

Proactive market positioning

company impetus…
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…providing technical excellence…

The propulsion systems designed, developed and manufactu-

red by Roxel Group play a key role in all the operational phases

of the missile systems for which they are designed; these

included everything from the launch phase through trajectory

forming, main flight and terminal guidance or course 

correction. To support this diversity of requirements, the range

and variety of our products and services, as well as their long

term support, are built on a

solid technological base

and strong design to

manufacture capability.
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Proactive industrial…



…to our clients.

…& technological

development
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In accordance with its strategy, Roxel always applies its

technological knowledge and industrial capability to provide

the optimum solution for every client requirement including:

• Survivability: insensitive munitions, increased range, discretion,

integrated monitoring of the product throughout its life, 

• Efficiency: variable thrust, velocity, guided attacks.



…turning to the future.

In order to respond rapidly to changing markets and anticipate

the new requirements of its customers, Roxel is dedicated to

developing new technologies, industrial processes and capa-

bilities that build on its existing first rate technological and

industrial capability and take advantage of its Anglo-

French heritage. Recent successes on programmes

such as RBS15, Common Missile and GMLRS are

examples of how Roxel’s strategy of innovation

and innovative solutions helped it to secure new

opportunities and penetrate new markets.

Through the development of a truly dynamic strategy, Roxel

permanently aims to deliver the highest standards in concept,

design, system development, qualification and production in

order to remain a leader in the field of propulsion systems.

On the 18th February 2003, Celerg and Royal Ordnance plc

Rocket Motors Division took the European rocket motor 

industry by storm when they combined their french and british

expertise in the field of propulsion systems.

The outcome of this was the Roxel Group, a company

which offers to all its customers a unique synergy

born out of the combined technological expertise

and knowledge. 

Having achieved international recognition, Roxel provides

optimum technological solutions for all types of requirements

in the field of propulsion systems for cruise missiles, tactical

weapons systems, and missile defence systems. Building on

its strengths, Roxel plays an important strategic role within the

overall European defence industry.

International Strategic impetus
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Roxel Group
Centre d’affaires “La Boursidière“ - Immeuble Jura

92357 Le Plessis-Robinson Cedex - France

Tél. : + 33 (0) 1 41 07 82 82

Fax : + 33 (0) 1 41 07 82 03

Subsidiaries

Roxel France
Avenue Gay Lussac

33167 Saint-Médard-en-Jalles Cedex - France

Tél. : + 33 (0) 5 56 70 50 50

Fax : + 33 (0) 5 56 70 75 22

Roxel (UK Rocket Motors) Limited 
Summerfield, Kidderminster - Worcestershire DY11 7RZ

United Kingdom

Tel.: + 44 (0) 1562 824061

Fax: + 44 (0) 1562 828126

www.roxelgroup.com

AN ISO 9001

REGISTERED COMPANY
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SME 

Core business:

design, development and 

production of energetic materials

�Ballistic Missiles

�Space Launchers

�Tactical Missiles

�Automotive Safety

�Pyrotecs

�Composite Materials

�Raw Materials

SME presentation

SME organization

SME activities

Certifications
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� Key figures

1550 employees 
worldwide 

Production facilities in France 
and in Europe 

Consolidated sales:
270 millions euros in 2010

SME

SME presentation

SME organization

SME activities

Certifications

Energetic
Materials
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SME: locations

Toulouse REGULUS

PARIS

St Médard en Jalles

Les Mureaux Vert-le-Petit

La ferté St Aubin

Toulon

Bourges Pyroalliance

Structil

Roxel

SME SA

Bordeaux

Marseille

G2P (GIE)

Kourou

SME presentation

SME organization

SME activities

Certifications

Roxel UK
Summerfield
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- Chemical Synthesis

- Analysis

- Mechanical Properties

- Formulation

- Detonics

- Ballistics

- Computer simulation

To prepare the future with the support of French defense procurement 

agency (DGA) , the Bouchet Research Center (CRB) constitutes a 

unique centre of excellence in Europe in advanced research into 

energetic materials. 

CRB (Large scientific knowledge)

SME - Research & Technology Division
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• Two main goals for research
– Developing new technologies: molecules, 

energetic materials, processes, concepts …

– Increasing knowledge: operation, life duration, 

safety/vulnerability, to guarantee the operating 

safety of the designed systems

• Conduct industrialization works on new 
materials for Propulsion and Pyrotechnic 

fields  

Satisfy operational requirements of explosive and propulsive sysSatisfy operational requirements of explosive and propulsive systems tems 

with an adequate answer in terms energetic materials with an adequate answer in terms energetic materials 

SME - Research & Technology Division

SME presentation

SME organization

SME activities

Certifications



This document is SME ’s property and it may not be reproduced and communicated 
to third parties without its written authorization

9

IngredientsIngredients

(filler, polymer, plasticizer, additive)

Energetic Materials & LinersEnergetic Materials & Liners

(rocket and gun propellants, cast PBXs,           

gas generators)

Modelling and SimulationModelling and Simulation

(Behaviour & Functioning)

ConceptsConcepts

(Propulsion, Energetic, High Explosives, 

Ammunitions)

Four technological levers to design new energetic materialsFour technological levers to design new energetic materials

SME - Research & Technology Division

SME presentation

SME organization

SME activities

Certifications
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A research in the heart of an industrial Group

Roxel UK

ESM, Toulouse
(SME & Roxel)

Les Mureaux, Toulon
PyroAlliance

Bourges, La Ferté
Roxel 

CRB, research centre of SME for 
energetic materials

� 130 scientists and technicians

Development and industrialization sector
for rocket propellants and gas 
generator, located in Saint-Médard 
plant

� 75 scientists and technicians

SME - Research & Technology Division

SME presentation

SME organization

SME activities

Certifications
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SME SME -- Research & Technology DivisionResearch & Technology Division
skilled departments for research and industrialization of energetic materials

� Chemistry Departments

• CRB (3 skilled laboratories ): chemical synthesis, energetic materials formulation, 

analysis. From mg to x.10 kg of energetic materials (rocket propellant, gun 

propellant, cast PBXs, gas generator) throughout batch and continuous processes

• St Médard : from kg to x.100 kg of energetic materials (rocket propellants and gas 

generator) throughout batch and continuous processes

� Physical Behaviour & Functioning 

• CRB (4 skilled laboratories) : Mechanical properties, Ballistics, Combustion and gas 

generator Design, Detonics - Safety & Vulnerability. 

Characterization tools until first level (TRL 3) of demonstration of new energetic 

materials based systems (i.e. until 120 kg solid propellant based rocket motors)

• St Médard : Mechanical and Climatical Environments Simulation Centre

� Numerical Simulation 

• 5 skilled laboratories  located at CRB and St Médard : aerothermochemistry, 

ballistics, mechanics, detonics and propellant grains architecture 

• Environ 1 Teraflops au total

TRL : Technology Readiness Level

SME presentation

SME organization

SME activities

Certifications





 
 
TDA a key player in a 
changing world 

 
 

In today's rapidly changing environment, TDA is 
constantly adapting its equipment and systems to 
meet the emerging requirements of its customers. 

A lead company in its sector, TDA proposes tailored responses to each type of threat and delivers effective security and 
protection solutions for deployed forces. 
With more than 30 references throughout the world (including in the US), TDA focuses its expertise and experience on open 

systems that can be configured to meet the full spectrum of requirements, and on smart and insensitive munitions.  
TDA has operations at two sites: Its industrial centre at La Ferté Saint-Aubin, France. 
From design concept to system integration, simulation, to field trial, the full complement of capabilities  and tools are combined at 

this single site, dedicated to delivering comprehensive solutions. 
Herstal, Belgium, home to TDA's FZ subsidiary. Through FZ, TDA is the European leader in rocket system in the air-launched 
weapon segment. 

TDA pursues excellence in four key areas : 
� Pyrotechnics and detonics 
� Material mechanics 

� Ballistics and aerodynamics 
� Systems engineering 

 
Protection systems 
 
Area Protection 
 
PROTECTION OF PERSONNEL 
 

 
To ensure the success of out-of-area missions, land forces have expressed the need for effective protection systems.  
This is the purpose of the SPECTRE programme, for which TDA is developing the demonstrator. The SPECTRE area protection 

system will provide secure perimeter protection for units stationed in the field. To optimise and adapt each area protection system 
to its intended environments, TDA uses virtual and real simulation means to involve customers and operatives in the design of 
their future systems. 
 

Platform protection 
  
ACTIVE PROTECTION 
 
TDA is developing the SHARK active protection system for the DGA. The SHARK system for armoured vehicles is design to 

destroy armour-piercing projectiles before they reach their target. SHARK uses sensors to provide full 360° detection of threats 
and pyrotechnic countermeasures to destroy them.  
The SHARK design concept and associated technologies will ensure an effective capability to protect all type of light, medium and 

heavy armoured vehicles, with or without turret. Reduced collateral effects will make it ideally suited for operations in urban 
environments and open country. 
 

PASSIVE PROTECTION 
 
To improve ballistic protection within the strict weight limitations of armoured vehicles, TDA designs innovative armour solutions 
based on the use of new composite materials 

 
 



 

 
Ground-based  
Weapon systems 
 
Developed in the 1920s, smooth-bore mortar 
technology was replaced in the 1970s by rifled 

mortar technology, which offers significantly 
higher weapon performance. 

On the basis of these improvements, 25 countries throughout the world, including various NATO customers, have adopted the 

120 mm rifled mortar from TDA, widely considered as the symbol of the company's know-how and excellence. 
Designed as a complete system, the 120 RT rifled towed mortar and 2R2M rifled vehicle-mounted mortar offer the highest ballistic 
performance in the 120 mm rifled mortar category: extended range of 13 km, high terminal effectiveness and excellent precision, 

as well as unrivalled reliability and endurance. 
The 2R2M vehicle-mounted version offers high levels of automation and rapid deployment and battery withdrawal, with a reduced 
crew of just three personnel. With its excellent track record, the 2R2M has been selected by the land forces of two Middle Easter 

countries for its mobility, precision and low signature (the carrier vehicle is unmarked). The 2R2M is light and compact for easy 
integration on armoured vehicles in the 10 to 15 tonne class without the need for structural modification. 
TDA has produced and sold more than 3 million rifled munitions throughout the world.  

To further enhance user safety, TDA has developed solutions to propose insensitive version of its 81 mm and 120 mm munitions 
to ballistic and thermal stress.   
 

 
 

Ground-based  
Weapon systems 

 

 68 mm rocket warheads 
 
 The 68 mm rocket family covers the full spectrum 

of operational requirements, form training to 

tactical deployment, for fixed and rotary wing 
applications 

A range of warheads is available to deliver a high level of effectiveness against most battlefield targets: lightly armoured vehicles, 

infrastructure, light watercraft, etc. 
� Explosive warheads (HE and ECC) can combine fragment, blast and shaped charge effects. 
� Multi-penetrator warheads provide an anti-material and anti-vehicle capability. Each head ejects a large number of 

armour-piercing projectiles at a preprogrammed point on the rocket trajectory, or when triggered by the fire control 
system. 

These rockets use dialogue-by-induction technology for energy transfer, programming and motor ignition. This contact less 

concept simplifies operational deployment, increases reliability and also makes munitions tamperproof. 
TDA is developing: 
� An enhanced-precision laser-guided rocket compatible with current systems and launchers. This rocket is designed to 

deliver various types of warheads (HE, HE-CC, Blast, XFUM impact marker). 
� A multi-mission  explosive rocket.  

 

Rocket launchers 
 
The 68 mm rocket launcher is fully dismountable for easy maintainability and exceptional durability. The rocket retainer system 

combined with programming and ignition by induction coil allows for easier deployment. 
TDA's range of 68 mm rocket launchers meet the requirements of the Tiger helicopter and can be adapted to all other combat 
platform types.  

TDA is developing a rocket launcher for fixed-wing combat aircraft based on the proven technologies used on its Tiger launcher. 
In addition, TDA continues to support previous-generation 68 mm rocket launchers for fixed-wing aircraft (LRF4 / 155 and F2). 

 

 

 



Our expertise :                                         
 
Our founders have a combined 40 years of experience in the field of equipment, 
electronic and pyromechanic systems. 
This experience, consolidated by competent, reliable, faithful and complementary 
partners covers R & D, quality assurance, production and management. 
 
TETHYS rapidly grew into a significant player in the field of pyrotechnic devices and 
systems, and electronic onboard control. 
 
Tethys’s diversity of experience provides a broad range of skills such as:  fire 
protection, protection of trust values, protection of industrial processes in chemical 
and nuclear industries, command functions on the equipment and defense gear, 
offshore equipment, medical applications, aviation equipment, protection of forklift 
drivers and race drivers, protection of energy transportation networks, technological 
expertise. 
 
 

 
 
 
Tethys’s objective is efficiency. We also strive for satisfaction of customers and 
partners as well as the respect for the community and  environment. 



Effect of the oxygen balance on ignition and detonation properties of liquid 
explosive mixtures 
 
M. Genetier, A. Osmont, G. Baudin, R. Serradeill 
 
 The aim of this basic study is to compare the ignition and detonation 
properties of various liquid high explosives, one with a negative oxygen balance, an 
other one with a quasi nil balance and a last one with a positive balance. The first 
one is nitromethane sensitized with diethylenetriamine. The second one is a 
saccharose and hydrogen peroxide based mixture. The third one is hydrogen 
peroxide based mixture. 
 The decomposition kinetic rates and the equations of state (EOS) for the liquid 
mixtures and detonation products (DP) are the input data for a detonation model. 
EOS are theoretically determined using the universal liquid polar shock law and 
thermochemical computations for DP. The decomposition kinetic rate laws are 
determined to reproduce the shock to detonation transition (SDT) for the mixtures 
submitted to planar plate impacts. 
 It is well known that such a basic model, based on the simple EOS for DP 
leads to bad results for open field explosion. In such experiments, the overpressure 
signals are good in the first microseconds, however, after it becomes worse at large 
expansion of the fireball. As a consequence, the impulse is underestimated. The 
problem of the DP EOS alone is that it takes only the detonation into account, the 
secondary combustion (post-combustion) being not considered. As an example for 
TNT, the energy released during the post-combustion is higher than the energy 
released during the detonation itself. 
 To solve this problem a secondary combustion model has been developed in 
the reference [1] to take into account the effect of oxygen balance on the secondary 
combustion of detonation products with air. 
 The detonation model (equations of state and kinetic rate laws) has been 
validated on planar plate impact experiments realized using the ARES powder gun of 
caliber 98 mm. The secondary combustion parameters were deduced from 
thermochemical calculation. The whole model has been used to predict the effects of 
the oxygen balance on open air blast effects of spherical charges using an ALE 1D 
hydrocode. Such computations are useful for experiments design in order to validate 
our secondary combustion model in a wide range of oxygen balance. 
 
[1]: G. Baudin, L. Munier, A simple URANS approach for secondary combustion of 
the detonation products, APS shock compression in condensed materials, 2009 



 

 

 
 
Snecma Propulsion Solide is the top European manufacturer of Solid Rocket Motors. Its products power tactical 
and ballistic missiles, interceptors and space launchers.  
  
Snecma Propulsion Solide, as the SAFRAN group’s international technical and industrial center of excellence for 
thermostructural composites, develops and produces composite materials designed to operate at high 
temperatures. 
Snecma Propulsion Solide is also recognized within the SAFRAN Group as a the competence center for aircraft 
jet engines nozzles. 
 
The specialist in solid propulsion and thermostructural composites is a leading manufacturer with three major 
activities : 
 

 
 Defense propulsion : Design, development and production 

of propulsion systems for strategic and tactical missiles, in 
addition to hot-gas vector control and thrust vector control 
systems for tactical missiles and interceptors. 
 

 Space propulsion : Project management of Solid Rocket 
Motors (SRM) for the Ariane 5 launcher and for the P80 first 
stage rocket for the VEGA launcher, via Europropulsion (50% 
SAFRAN, 50% Avio). Design, development and production of 
the nozzles for these motors. 
 

 Aéronautique et composites : Design and development of 
subassemblies made primarily from high-temperature 
composite materials. Production of more than 6,000 parts per 
year used in various applications: space, defense, aeronautics. 
 
 

 
    

 Pyrotechnics serving 
 space and defense propulsion  
 
 
 

Snecma Propulsion Solide, SAFRAN Group, has all the skills and means for research, production and testing of 
initiation and ignition systems. For over 40 years, it has committed to maintain this capacity to meet the needs of 
its customers (DGA, CEA, MBDA, ...) throughout the operational life of engines and devices. 
 

These ignition systems are equipped with ignition safety 1A-1W and squibs made from pyrotechnic compositions 
initially developed in the company. 
 

More than 24 types of squibs and igniters have been designed and produced, for the M45 and M51 ballistic 
missiles, and  the VSHORAD Mistral interceptor. 
 

Specific products requiring high miniaturization, high reliability and a double safety barrier (fuse and electrical 
filtering) are also in production for the needs of the CEA. 
 

Technologies in which Snecma Propulsion Solide retains control are in particular : the ceramic to metal sealing, 
micro-welding, soldering, laser welding and electron beam welding on active product, etching technic on thin film 
deposited, … 
 

Other concepts are currently under development such as opto-pyrotechnic chain ignited by laser. 
The final elements of the ignition systems that are the igniters, are also designed and manufactured in-house for 
strategic and tactical motors . The company also produces space igniters and motor starters of the HM7B 
cryogenic upper stage of the Ariane V ECA. 
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