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M i c r o n  s i z e  R D X  a r e  

c o n v er t e d  t h r ou gh  S F E  
i n t o  n an o pa r t i c l e s  

Abstract:  
Nanoparticles are intensively studied for their unique 
properties arising from their nanoscale dimension . The 
development of high energetic nanomaterials is focused on 
lower sensitivity and increased reactivity.  
The new Spray Flash Evaporation (SFE) process internal ly 
developed 1 , 2 and patented 3 is a promising tool for reaching 
the nanoscale. Nano RDX (100-200 nm) has already been 
recrystal l ized by SFE and was used for preparing ultrafine 
nanodiamonds (2-4 nm) by detonation4. 
The control  of the particle size to get smaller explosive is a 
chal lenge achieved here by the additio n of polymeric 
additives. The crystal l ization steps – crystal  growth and 
nucleation rate  – can be tuned by chemical additives. The 
present work shows the capacity of SFE to produce 
continuously bigger particles or smaller ones up to 
monocrystals,  simply by adding common polymers. 
The versati l ity of  SFE also allows the formation of cocrystals 5  
not only by co-solvation but also in  situ from different 
separated solvents, and sti l l  at the nanoscale.  In the field of 
energetic materials, cocrystals  represent an exceeding 
interest for outstanding reactivity and enhanced safety.  

 
B i o g r a ph y :  F l o r e n t  P e s s i n a  i s  p r e p a r i n g  a  P h D  t h e s i s  i n  t h e  l a b o r a t o r y  “ N a n o m a t é r i a u x  p o u r  l e s  S y s t è m e s  S o u s  
S o l l i c i t a t i o n s  E x t r ê m e s ”  ( U M R  I S L - C N R S - U N I S T RA )  b a s e d  a t  t h e  F r e n c h - G e r m a n  r e s e a r c h  I n s t i t u t e  o f  S a i n t - L o u i s  
( I S L )  u n d e r  t h e  d i r e c t i o n  o f  D r .  H D R  D e n i s  S P I T ZE R .  
 
  
( 1 )   R i s s e ,  B . ;  S p i t z e r ,  D . ;  H a ss l e r ,  D . ;  S c h n e l l ,  F . ;  C o m e t ,  M . ;  P i c h o t ,  V . ;  M u h r ,  H .  C o n t i n u o u s  F o r m a t i o n  o f  

S u b m i c r o n  E n e r g e t i c  P a r t i c l e s  b y  t h e  F l a s h - E v a p o r a t i o n  T e c h n i q u e .  C h e m .  E n g .  J .  2 0 1 2 ,  2 0 3 ,  1 5 8 – 1 6 5 .  
( 2 )   R i s s e ,  B .  C o n t i n u o u s  C r y s t a l l i z a t i o n  o f  U l t r a - F i n e  E n e r g e t i c  P a r t i c l e s  b y  t h e  F l a s h - E v a p o r a t i o n  P r o c e s s .  
( 3 )   R i s s e ,  B . ;  H as s l e r ,  D . ;  S p i t z e r ,  D .  P ré p a r a t i o n  d e  N a n o p a r t i c u l e s  P a r  É v a p o r a t i o n  F l a s h .  W O2 0 1 3 1 1 7 6 7 1  

A 1 ,  a o û t  2 0 1 3 .  
( 4 )   P i c h o t ,  V . ;  R i s s e ,  B . ;  S c h n e l l ,  F . ;  M o r y ,  J . ;  S p i t z e r ,  D .  U n d e r s t a n d i n g  U l t r a f i n e  N a n o d i a m o n d  F o r m a t i o n  

U s i n g  N a n o s t r u c t u r e d  E x p l o s i v e s .  S c i .  R e p .  2 0 1 3 ,  3 .  
( 5 )   S p i t z e r ,  D . ;  R i s s e ,  B . ;  S c h n e l l ,  F . ;  P i c h o t ,  V . ;  K l a u m ü n z e r ,  M . ;  S c h a e f e r ,  M .  R .  C o n t i n u o u s  E n g i n e e r i n g  o f  

N a n o - C o c r y s t a l s  f o r  M e d i c a l  a n d  E n e r g e t i c  A p p l i c a t i o n s .  S c i .  R e p .  2 0 1 4 ,  4 .  
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Abstract  
 
Due to their insensitivity, modern plastic bonded explosives are continuously replacing their 
TNT bonded predecessors in applications like warheads for missiles and torpedoes. The term 
“insensitivity” refers particularly to their high initiation threshold at projectile attack. Earlier 
works of the authors dealt with shaped charge jet initiation [1], the application of numerical ini-
tiation models [2], and insensitive munition tests with explosively formed projectiles [3]. In the 
present study, candidate explosives for a warhead were investigated, especially in connection 
with possible mitigation layers further improving the insensitiveness of the warhead within a 
missile system.  
 
A generic warhead was chosen for the initiation trials, namely a cylindrical charge (diameter 
100 mm) cast into a metallic casing and surrounded by various mitigation layers. Parameters of 
interest included casing thickness and strength, layered casings, and potential differences be-
tween metal and plastic casings. Explosives used in the trials were KS32 (HMX/PB 85/15) and 
KS33 (HMX/PB 90/10), both developed and manufactured by TDW and time-proven in service 
in several missile systems. The sample warheads were impacted by projectiles according to 
STANAG 4496 with diameters from 5 to 15 mm and velocities between 2000 and 5000 m/s. 
The response of the samples was classified as detonation or lower order reaction, mainly by 
capture and visual inspection of the remnants. 
 
Analysis and interpretation of the test results was based on two approaches. The first one 
amounted in an empirical description of the results using the well-known Jacobs-Roslund 
equation, i.e. establishing a functional dependence between the initiation stimulus and the 
thickness of the sample casing respectively the mitigation layer. The second type of analysis 
consisted of hydrocode simulations using the HVRB (History Variable Reactive Burn) model to 
describe the explosives. 
 
It was found that the Jacobs-Roslund equation could be calibrated to perfectly describe the 
experimental findings within the parameter range studied. This holds especially for the “v²d”-
criterion and the linear dependence of the initiation threshold on the thickness of the aluminum 
casing.  
 
The numerical part of the analysis was done using the hydrocode SPEED [4]. The HVRB pa-
rameter sets for the explosives had been derived from a variety of initiation and detonation 
propagation experiments, like gap tests, corner turning, and rate stick experiments. The over-
whelming majority of the projectile impact tests were correctly modelled. However, the effects 
of mitigation layers consisting of plastics were grossly under predicted. 
 
The paper concludes with a discussion of the results achieved and the consequences for in-
sensitive warhead designs. 
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ABSTRACT 
 
Due to their insensitivity, modern plastic bonded 
explosives are continuously replacing their TNT 
bonded predecessors in applications like warheads 
for missiles and torpedoes. The term “insensitivity” 
refers particularly to their high initiation threshold 
at projectile attack. Recent works of the authors [1]-
[3] dealt with shaped charge jet initiation, the 
application of numerical initiation models, and 
insensitive munition tests with explosively formed 
projectiles. In the present study, candidate 
explosives for a warhead were investigated, 
especially in connection with different Al casings 
and potential mitigation layers further improving 
the insensitiveness of the warhead within a missile 
system. 
  
1. INTRODUCTION 
 
Whereas in recent initiation studies of munitions 
shaped charge jets, shock waves, or explosively 
formed projectiles (EFP) (e.g. [1] - [3] were used 
for the munition attack now the test sample will be 
impacted by projectiles according to STANAG 
4496 [4]. This projectile representing fast fragments 
is very important for impact initiation tests with real 
munitions. Therefore it was planned to perform a 
parameter survey study with Al casings comprising 
the variation of 

� casing thickness 
� casing  strength 
� casing material (layered casing) 

Additionally the projectile diameter was varied 
between 5 mm, 10 mm and 14.3 mm to get the 
possibility for a comparison with the shaped charge 
jet impact trials (e.g. [1]).  
Analysis and interpretation of the test results was 
based on two approaches. The first one amounted in 
an empirical description of the results using the 
well-known Jacobs-Roslund equation, i.e. 
establishing a functional dependence between the 

initiation stimulus and the thickness of the sample 
casing respectively the mitigation layer. The second 
type of analysis consisted of hydrocode simulations 
using the HVRB (History Variable Reactive Burn) 
model to describe the explosives. 
 
2. CHARGE DESIGN AND TEST SETUP 
 
A generic warhead was chosen for the initiation 
trials, namely a cylindrical charge (length and 
diameter 100 mm, i.e. L/D = 1) cast into an 
Aluminum casing and surrounded by various layers 
(Fig. 1). Parameters of interest included casing 
thickness and strength, layered casings, and 
potential differences between metal and plastic 
casings. To simulate a missile shroud in many tests 
an Al plate with thickness s was used at 11 mm 
standoff to the charge casing. PBX explosives used 
in the trials were mainly KS33 (HMX/PB 90/10, ρ 
= 1.71 g/cc) and for fewer tests also KS32 
(HMX/PB 85/15, ρ = 1.64 g/cc) both developed and 
manufactured by TDW and time-proven in service 
in several missile systems. Two Al-lids were fixed 
with threads to the casing on both ends.  
 

 
 

Figure 1: Sketch of test charge and test setup. 
 
The sample warheads were impacted by projectiles 
according to STANAG 4496 [4] (Fig. 2). In 
addition to the standard 14.3 mm projectile two 



further diameters of 5 mm and 10 mm were shot 
while keeping the projectile’s L/D = 1 constant. The 
velocities were varied between 2000 and 5000 m/s 
using a two stage light gas gun (LGG) of the 
German Ernst-Mach Institute (EMI). The response 
of the samples was classified as detonation or lower 
order reaction, by the capture and visual inspection 
of the remnants and by thin Al witness plates in 1 m 
distance (not shown in Fig. 1). 
 

 
 
Figure 2: Sketch and photo of mild steel projectile 

according to STANAG 4496 [4]. 
 
3. JACAOBS-ROSLUND EQUATION  
 
As mentioned above an empirical description of the 
experimental results will be later conducted using 
the well-known Jacobs-Roslund (J-R) equation 
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vcrit designates the critical velocity where the 
reaction of the test sample starts. A is a constant, 
characterizing the sensitivity of the high explosive. 
B is a parameter to consider the nose shape of the 
projectile (0 = flat, 1 = spherical). C describes the 
influence of the casing with thickness t. Finally, Dp 
is the projectile diameter. As all trials were carried 
out under 90° angles so that cos� = 1. 
 
4. EXPERIMENTAL TRIALS  
 
  4.1 Velocity Correction  
 
To apply the J-R equation Eq. 1 the knowledge of 
the impact velocity vimp was necessary. But many of 
the trials were performed with an additional Al 
missile shroud as shown in Fig. 1. These trials 
should be made comparable with those conducted 
without a shroud. Therefore a velocity correction 
was necessary being realized by numerical 
simulations. Fig. 3 shows the model for the 
simulation with a 1.8 mm thick missile shroud.  
 

 
 

Figure 3: Numerical simulation model for the 
necessary velocity correction (1.8 mm Al missile 

shroud). 
 
The impact velocity on the shroud was 1850 m/s 
and the velocity plateau behind the shroud is 1769 
m/s (Fig. 4). In this case an effective velocity of veff 
= 0.956·vimp was used with the reduction factor of 
0.956. This correction factor was found to be 
relatively independent from the actual impact 
velocity and was thus applied for the evaluation of 
all trials with a 1.8 mm missile shroud. 

 

 
Figure 4: Velocity correction factor for a vimp = 
1850 m/s gives a velocity plateau of 1769 m/s 
behind the shroud (reduction factor of 0.956). 

  
  4.2 J-R Reference curve for KS33 
 
A necessary J-R reference curve for KS33 was 
developed from a test series with the following 
parameters  

� Al missile shroud: 0; 1.8 mm 
� Al charge casing: 0; 1.2; 3.65; 10 mm  

with the standard STANAG projectile of 14.3 mm 
diameter. The strength of the F28 aluminum alloy 
(AlCu4PbMgMn) applied for the missile and 
charge casings was Rm = 280 MPa. All test data is 
graphically shown in Fig. 5 using full symbols for a 
detonation (“go”) and empty symbols for no 
reactions (“no-go”). It was found that the Jacobs-
Roslund (J-R) equation Eq. 1 could be calibrated to 



perfectly describe the experimental findings within 
the parameter range studied (fit curve in Fig. 5). 
This holds especially for the “v²d”-criterion (v²d = 
const) and the linear dependence of the initiation 
threshold on the thickness of the aluminum casing. 
 

 
 

Figure 5: J-R reference curve for KS33 
 
This J-R reference curve was used as baseline for 
the further study of the potential influences on the 
initiation behavior while varying: 

� the projectile diameter 
� the casing strength 
� the casing material (layered casing) 

 
  4.3 Projectile Diameter 
 
Now using a test setup with 

� no missile shroud 
� Al charge casing: 1.2 mm 

the standard STANAG projectile diameter (14.3 
mm) was varied to 5 mm and 10 mm while using 
the same length (i.e. L/D = 1). After the 
performance of this test series the results were 
drawn into the graph of the J-R reference curve and 
graphically presented in Fig. 6 with the results 
normalized by the influence of the projectile 
diameter (see Eq. 1). 
 

 
 

Figure 6: Variation of the STANAG projectile 
diameter (5 mm and 10 mm; with standard 

diameter 14.3 mm) 

The results fit in perfectly without any changes of 
the KS33 J-R reference fit curve. 
 
  4.4 Al Casing Strength & Missile Shroud 
 
For special warhead applications a larger casing 
strength and a thicker missile shroud were of 
interest. To study this parameter set another test 
series was performed with the parameters 

� Al missile shroud: 6.6 mm 
� Al charge casing: 3.65 mm 
� Al casing alloys: F28 and F50 

with a significantly higher strength of F50 
aluminum (AlZn5.5MgCu with Rm = 500 MPa) 
compared to F28. A standard STANAG projectile 
(diameter 14.3 mm) was used for the tests. For the 
comparison to the J-R reference curve numerical 
simulations (see section 4.1) were necessary to get 
the new velocity correction for the thicker missile 
shroud of 6.6 mm. The results of the numerical 
simulations by applying the analogous model setup 
as in Fig. 3 are shown in Fig. 7.  The impact 
velocity was 2577 m/s with a velocity plateau 
behind the shroud of 2242 m/s giving a correction 
factor of veff = 0.870·vimp. 
 

 
 
Figure 7: Velocity correction factor for a v0 = 2577 
m/s gives a velocity plateau of 2242 m/s behind the 

shroud (reduction factor of 0.870). 
 
The results of this test series with varying charge 
casing strengths (F28 & F50) are graphically 
presented in Fig. 8. Two experimental findings can 
be ascertained: 

� no influence of the casing strength  
� the thicker missile shroud leads to a 

disagreement with the J-R reference fit 
curve. The charge behaves more 
insensitive. 

 



 
 

Figure 8: Variation of Al alloy charge casing 
strength combined with a thicker missile shroud of 

6.6 mm (including velocity corrections). 
 
  4.5 Mitigation Layers 
 
Besides simple thick metallic charge casings also 
layered ones should be investigated. The motivation 
was to improve the insensitivity and/or to decrease 
the weight by exchanging thick single metallic 
casings by lighter and layered ones. In [5] the 
advantages / disadvantages of internal and external 
layers (“mitigation sleeves”) were discussed. Basic 
studies of the authors [6] & [7] with shaped charge 
jets demonstrated a transition from a less sensitive 
“penetration initiation mode” towards a higher 
sensitive “impact initiation mode” when applying 
internal plastic layers. Therefore in this study only 
external layers were investigated. Further, instead 
of complex multiple-layered systems [8] only 
double-layered casings were considered. Finally, a 
test series with the following parameters was 
performed. 

� Al missile shroud: 1.75 mm 
� double-layered charge casings: 3 mm or 6 

mm plastics & 1.2 mm Al (F28) in contact 
with KS33 

Three different plastic layer materials were 
investigated: 

� polyvinyl chloride PVC, ρ = 1.38 g/cc  
� rubber, ρ = 1.05 g/cc 
� fiber reinforced plastics FRP, ρ = 0.97g/cc. 

A standard STANAG projectile with the diameter 
14.3 mm was used for the trials. Again an effective 
velocity of veff = 0.956∙vimp was applied to take into 
account the velocity correction due to the 1.75 mm 
missile shroud.  
In order to make the results of these tests 
comparable to the results in Fig. 5, i.e. to compare 
them with the J-R reference curve for KS33, the 
mass equivalent Al casing thicknesses t were 
calculated from Eq. 1 using the experimentally 
determined critical velocities.  

The results are shown in Fig. 9. The usual symbol 
designation is applied: full dark-colored symbols 
for detonations, empty symbols for no-reactions and 
additionally full light-colored symbols for 
deflagrations. 
 

 
Figure 9: Variation of plastic layers (mitigation 

sleeves: PVC, rubber, FRP) 
 
All detonation symbols for the layered casings lie at 
much higher impact velocities (up to 50%) than the 
fit curve for the “go / no-go threshold”, i.e. the 
double-layered casing with plastic materials are 
excellently suited for the mitigation of projectile 
impacts. The munition behaves much less sensitive 
than with a single thick metal casing.  
Regarding the J-R reference curve in Fig. 9 as the 
required protection level (veff), again mass-
equivalent Al-casings can be calculated. These 
equivalent casing thicknesses and respective mass 
reduction applying the mitigation layers are 
summarized in Tab. 1. Mass savings of more than 
70% can be achieved including a reduction of the 
necessary protection space. However, the 
differences in the results for the three applied 
plastic materials are not very distinct. 
 

Table 1: Mass-equivalent Al-casings 

 
 
  4.6 High Explosives KS32 
 
All trials so far were carried out with the PBX 
KS33 (HMX/PB 90/10). Now additional tests with 
the less sensitive KS32 (HMX/PB 85/15) were 
planned investigating the following test parameters:  

1.2mm Al + 3mm PVC > 6.7mm > 60%

1.2mm Al + 6mm PVC 11.2mm 63%

1.2mm Al + 3mm Rubber 6.4mm 63%

1.2mm Al + 6mm Rubber 10.7mm 65%

1.2mm Al + 3mm FRP > 8.6mm > 73%

1.2mm Al + 6mm FRP 10mm 66%

Casing composition Equivalent Al 
thickness

Mass 
reduction



� Al missile shroud: 0; 1.8 mm 
� Al charge casing: 1.2; 3.65 mm  

Only a few tests could be performed with KS32. 
Attacked with shaped charge jets (see [2]) KS33 
behaves in a “go/no-go” step-like manner whereas 
KS32 reveals a continuous ramp-like transition 
from no-reaction to full detonation. This seems to 
be also the case with the STANAG projectile. In the 
test series with KS32 also deflagrations were 
observed. The results are shown in Fig. 10 using the 
Jacobs-Roslund (J-R) equation Eq. 1 for fitting of 
the curve. Despite of only a few data available 
points and the uncertainty due to the mentioned 
reaction behavior the fitting curve can nevertheless 
be compared with the KS33 J-R reference curve of 
Fig. 5 showing higher insensitivity for KS32 as 
expected. This is not true if the fitting curve is 
extrapolated to bare charges (t = 0). But this 
extrapolation is not based on experimental data and 
should therefore better be ignored. 
 

 
 
Figure 10:  J-R velocity reference curve for KS32. 

 
5. NUMERICAL SIMULATIONS  
 
The numerical part of the analysis was done using 
the hydrocode SPEED [9] with the implemented 
HVRB burn model.  
 
  5.1 HVRB Model 
 
The “History Variable Reactive Burn (HVRB)” 
model was originally developed for the CTH 
hydrocode [10]. The model appeared very attractive 
for implementing it into SPEED needing only a few 
parameters. The model uses a parameter 0 ≤ � ≤ 1 
for the description of the transformation of high 
explosives into detonation products. The following 
mixing rule is applied: 
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with the indices s for solid and g for gas. For the 
gas a JWL equation of state (EoS) and for the solid 
material a shock EoS is used. A history variable 
was defined as: 
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PR, PI and Z are model parameters, which must be 
calibrated for every new high explosive as 
described in the next section. The scaling constant 
�R = 1 μs has a fixed value. The reaction variable is 
defined by additional parameters M and X as: 
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  5.2 HVRB Calibration  
 
The HVRB parameter sets for the plastic bonded 
explosives had been derived from a variety of 
initiation and detonation propagation experiments, 
like gap tests, corner turning, and rate stick 
experiments. The model parameters are thus 
calibrated for both the shock-detonation transition 
and for the propagation of the detonation front. The 
achieved parameter set for KS33 is listed in Tab. 2.  
 

Table 2: HVRB parameter set for KS33 

 
 
Fig. 11 exemplary shows the comparison of model 
and experiment for TDW gap test results [1].  
 

 
 

Figure 11: Comparison of simulation and 
experiment for gap test results of KS33 [1]. 

Parameter Value

P I 0.5 GPa

P R 10 GPa

Z 2.75

M 1.1

X 1



Fig. 12 illustrates a simulation example of the gap 
test.  The left color bar shows the burn fraction and 
the right one the pressure level. 
 

 
 
Figure 12: Numerical simulation with HVRB model 

of a TDW gap test with a 30 mm PMMA gap 
thickness. 

 
  5.3 HVRB Simulation Results  
 
For the numerical simulations the starting point was 
the experimentally determined threshold velocity 
for a “go/no-go” transition. If there was an 
agreement between simulation and experiment no 
further velocities were considered. If not, then the 
velocities were increased / decreased step-wise by 
50 m/sec or 100 m/sec until the reaction level was 
described correctly. A typical simulation example 
with an occurring detonation in KS33 with a 1.8 
mm Al shroud and a 3.65 mm Al charge casing is 
shown in Fig. 13.   
 

 
 

Figure 13: Simulation example with 1.8 mm Al 
shroud and 3.65 mm Al charge casing with an 

occurring detonation in the KS33 high explosive 
 
The over-whelming majority of the projectile 
impact tests were correctly modeled. Practically all 

test results with varying Al casing thickness and 
with or without the 1.8 mm shroud could be 
reproduced in the simulations (e.g. blue points in 
Fig. 14). However, the critical velocities in the tests 
with thicker Al shrouds and the effects of 
mitigation layers consisting of plastics were grossly 
under predicted. Fig. 14 illustrates the experimental 
and numerical “go” velocities for a 3.65 mm casing 
with a 6.6 mm shroud (red symbols) and for a 1.2 
mm casing with 3 and 6 mm PVC mitigation layer 
and a 1.8 mm shroud (green symbols). It can be 
seen that while the trends are captured in the 
simulations, the degree of mitigation is clearly not 
reproduced. 
 

 
 

Figure 14: Comparison model vs. experiment for 
KS33 and 14.3 mm projectile 

  
The reason for the observed deviations between the 
experimental outcomes and the simulation results 
for these cases is not obvious. A possible 
explanation might be desensitization effects in the 
KS33 caused by the shock preceding the projectile. 
However, this is only an assumption that is not 
backed by experimental evidence. 
 
6. CONCLUSIONS 
 
Several impact trial series with projectiles 
according to STANAG 4496 and derivatives with 
smaller diameters were performed against a 
representative charge with single Al casings and 
double-layered casings filled with the two TDW 
PBXs KS33 (HMX/PB 90/10) and KS32 (HMX/PB 
85/15). An additional Al plate was applied to 
simulate a missile shroud. For these Al shroud 
plates velocity corrections were carried out by 
numerical simulations to get a reduced effective 
impact velocity veff being used in a Jacobs-Roslund 
(J-R) equation. This J-R formula was applied to 
describe the initiation behavior of the charges. For 



both investigated high explosives (KS33 & KS32) 
most of the test results were in good agreement with 
the fitted J-R reference curves of the charges. 
But there were also disagreements found with two 
experimental setups: thicker Al shrouds (6.6 mm Al 
plates) and double-layered plastics/Al-combinations 
as charge casings. These charge mitigation layers 
demonstrated an excellent damping mechanism 
leading to very insensitive munitions.  
The HVRB model was implemented into the 
hydrocode SPEED and calibrated with a whole 
series of basic trials like gap tests, or rate stick 
experiments to get a HVRB parameter set suited to 
simulate the impact experiments.   
With this model the vast majority of the projectile 
impact tests were correctly described. However, the 
thicker Al shrouds, and especially the damping 
effects of the mitigation layers consisting of plastics 
were grossly under predicted. It was assumed that 
desensitization effects might have occurred in the 
explosive. However, this assumption has not been 
proven experimentally yet and the reason for 
observed under predictions will have to be further 
investigated. 
 
7. REFERENCES 
 
1. Arnold, W., Rottenkolber, E. & Hartmann, T. 

(2014). Analysis of Shock and Jet Initiation 
Tests of High Explosives. 15th International 
Detonation Symposium, San Francisco, 
California, USA, July 13-18. 

 
2. Arnold, W. & Rottenkolber, E. (2013). 

Significant Parameters Influencing the 
Shaped Charge Jet Initiation. 2013 
Insensitive Munitions & Energetic Materials 
Technology Symposium, San Diego, 
California, USA, October 7-10. 

  
3. Arnold, W. (2010). High Explosive Initiation by 

High Velocity Projectile Impact. 12th 

Hypervelocity Impact Symposium, Freiburg, 
Germany, April 11-15. 

4. STANAG 4496 (Ed. 1). (2006). Fragment 
Impact, Munitions Test Procedure. 

5. Pham, J., Daniels, A., Baker, E., Ng, K.-W. & 
Pfau, D. (2008). PIMS: Particle Impact 
Mitigation Sleeves. 24th International 
Ballistics Symposium, New Orleans, 
Louisiana, USA, Sept. 22-26.   

6. Arnold, W. & Rottenkolber, E. (2012). Shaped 
Charge Jet Initiation Phenomena of Plastic 
Bonded High Explosives. 2012 Insensitive 
Munitions & Energetic Materials Technology 
Symposium, Las Vegas, Nevada, USA, May 
14-17.   

7. Arnold, W. & Rottenkolber, E. (2012). High 
Explosive Behavior by Shaped Charge Jet 
Impacts. 12th Hypervelocity Impact 
Symposium, Baltimore, Maryland, USA, 
September 16-20. 

8. Huntington-Thresher, W., Frankl, P., Cook, M. & 
Williamson D. (2010). The Demonstration of 
a Predictive Modelling Approach to the 
Design of Mass Efficient Fragment 
Mitigation Systems. 2010 Insensitive 
Munitions & Energetic Materials Technology 
Symposium, Munich, Germany, October 11-
14. 

9. N. N. (2014). SPEED 2.2 (Shock Physics 
Explicit Eulerian Dynamics) Theory Manual. 
NUMERICS GmbH, Petershausen, Germany. 

10. Starkenberg, J. & Dorsey, T.M. (1998). An 
Assessment of the Performance of the History 
Variable Reactive Burn Explosive Initiation 
Model in the CTH Code. Army Research 
Laboratory ARL-TR-1667. 

 



Home     Comittees     Sponsors
GTPS Companies   Communications

SESSION S1A
Energetic materials and molecules

C. FOURNIER - TDA Armements SAS
New melt-cast high explosive tailored to large-series insensitive ammunition



TDA Armements SAS  EUROPYRO 2015     

NEW MELT-CAST HIGH EXPLOSIVE 
TAILORED TO LARGE-SERIES INSENSITIVE AMMUNITION  

 
Carole FOURNIER (speaker) 

Eroan BENADE  -    Christophe BAR 
 

TDA Armements SAS 
Route d’Ardon 

45240 La Ferté Saint Aubin   France 
 
 
ABSTRACT 
 
The beneficial contribution of IM ordnance to the general endeavour to limit both loss 
of human life and platforms vulnerability during conflicts has become so obvious for 
many end-users that modern Armies express today a great interest in enhanced 
insensitive mortar and rocket ammunition. In order to satisfy its customers, TDA 
Armements SAS has been developing, with the support of the French MOD, new HE 
ammunition which all exhibit IM performance and similar lethal performance 
compared to the previous munitions.  
 
To achieve this, TDA Armements SAS developed a new Insensitive High Explosive 
called TBI-70 for rocket and mortar HE fills. Compared to other melt-cast and cast-
cured I-HE candidates, this new explosive TBI-70 provides the following benefits: 
 

� An IM signature for rocket and mortar applications compliant with Stanag 4439 
requirements for such products: 

o A sensitivity to shock level enabling that the Sympathetic Reaction test 
can be passed without packaging, 

o The possibility to benefit from an innovative venting mechanism based 
on the solid-liquid change of phase of TBI-70 to pass the thermal tests. 

 
� A lethality level retained due to the optimal match of TBI-70 with the cast-iron 

body technology well optimized for anti-personal purpose. 
 

� A cost-effective global scenario:  
o Due to the utilisation of none-expensive energetic ingredients within the 

formulation of TBI-70, 
o Thanks to a filling solution compatible with existing melt-casting 

capabilities tailored to large-series production, 
o With an affordable possible demilitarisation issue thanks to the 

reversibility of the main high explosive casting process. 
 
Main results available so far will be provided in the fields of Lethal Performance and 
Ammunition Insensitivity, for both 120mm rifled & 81mm mortar I-HE projectiles and 
68mm I-HE anti-personal rockets, including comparison of results between TBI-70 
and other High Explosives evaluated by TDA.  
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The TATB production cost is currently too high to enable its use in conventional weapons. We have 
been focusing our efforts towards the development of low cost TATB based formulations. Two issues 
were addressed: overall cost of the composition and cost of TATB itself. 

 

1) Overall cost of the composition: the nature and ratio of the components were evaluated to 
decrease the cost without affecting the explosive properties of the formulations. The 
influence of the components modifications on sensitivity and mechanical properties were 
also studied. 

2) TATB cost: known syntheses were evaluated in terms of reliability and cost (including 
environmental aspects). It appeared that the 3,5-dichloroanisole (DCA) route was promising, 
but accurate cost studies highlighted that the major contributor was the starting material 
(DCA) itself. We therefore turned our attention towards this problem. 

Cost-effective synthesis of DCA: 

The major issue was to design an efficient synthesis without requiring any carcinogenic solvent. A 
number of solvents was screened to replace the toxic HMPA for methoxidation of the cheap 1,3,5-
trichlorobenzene. DMSO was selected and other experimental parameters (temperature, 
concentration…) were optimized to give high yields of DCA. The reaction was scaled-up at the 
kilogram scale. 
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CNRS; LAAS; 7 avenue du colonel Roche, 31031 Toulouse, France
Université de Toulouse; UPS, INSA, INP, ISAE, LAAS; F-31077 Toulouse, France

Abstract: 

Al based thermite combustion giving Al2O3 and metal as end reaction products is only a 
schematic representation of mechanisms. In most practical cases, various intermediates and 
end products, such as oxides, sub-oxides and alloys, are encountered during the reaction 
process. The formation of gaseous intermediates and their contribution to the pressurization
may suggest why a system such as Al/MoO3, which is thermodynamically predicted to
produce approximately half the gas that Al/CuO or Al/Bi2O3 does, can still react rapidly and 
exhibit pressures on the same order as the other thermites.
All thermite reaction intermediary phases are not characterized experimentally. A theoretical 
approach would require a thorough investigation, using quantum chemical methods, of all 
possible intermediates and end products, including metastable phases and metallic aggregates. 

This presents a theoretical model based on local thermodynamics equilibrium able to predict 
the maximum Al thermite combustion pressure, temperature and reaction end products (gas 
and solid formed species) as a function of the extent of reaction and compaction rate. We
consider that the high temperatures reached during the reaction, enhance the reactions towards 
the thermodynamic equilibrium locally. We introduce a parameter , extent of reaction, that 
represents the fraction of thermite mixture converted, while the remaining (1-
still in its initial form.

The total pressure and partial pressure components for five widely used thermites (Al/CuO, 
Al/Bi2O3, Al/Sb2O3, Al/MoO3 and Al/WO3) were predicted and compared with 
experiments showing a general agreement beyond the state of the art.

Mechanisms underlying pressure generation are detailed. Comparison of this thermodynamic 
model with the experiment stresses the issue of the understanding of the complex chemical 
processes taking place during thermite combustion. Density Functional Theory (DFT)
calculation is carried out to understand mechanism and reactions taking place during this 
combustion.
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In this paper we present the results of experiments on the development of 
pyrotechnic composition for receiving color lights. Developed an alternative 
pyrotechnics composition based on B2O3 and H3BO3, which burns green light
color. On the basis of experimental data is offered the mechanism of chemical 
reaction of burning for this pyrotechnic formulations. Shows the results 
demonstrating spectrum of the green wave in developed pyrotechnic 
composition.

At the present work was investigated the kinetic parameters of decomposition of 
oxidizing agent (ammonium nitrate NH4NO3) with the addition of dextran 
(C6H10O5)n by means of differential scanning calorimeter (DSC) method. Each 
formulation was studied experimentally by different heating rate (5 °C / min, 10 
°C / min, 20 °C / min.). 

Data processing (DSC) showed a tendency to lowering the activation energy of 
the oxidizer by adding dextran. Seemingly this is due to catalytic action of 
dextran.

Experimental data on the change of temperature of the combustion of 
composition depending on the content of cementing. Experimentally determined 
linear and mass rate of burning by normal conditions.

Keywords: pyrotechnic structures, flame of green color, ecological pure, 
differential scanning calorimeter, ammonium nitrate, dextran.
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ABSTRACT 
 

 

A new formulation for improvement of pyrotechnic 
composition to emitting colored green lights based 
on B2O3 and H3BO3 is presented. It should be noted 
that the pyrotechnics compositions based on 
borates are economically attractive and 
environmentally friendly. The kinetic parameters of 
decomposition of oxidizing agent (ammonium 
nitrate NH4NO3) with the addition of dextran 
(C6H10O5)n was investigated  using Differential 
Scanning Calorimeter (DSC). The minimum value 
of activation energy (64.6 kJ/mol) was determined 
at the dextran concentration of 5 wt. % in the 
mixture. Developed pyrotechnic compositions with 
boron oxide and boric acid at the ratio of 40 % 
B2O3 / 60 % H3BO3 exhibit the highest brightness 
level in the visible spectra. 

Keywords: pyrotechnics, green colored flame, activation 
energy, environmentally friendly composition, differential 
scanning calorimeter, ammonium nitrate, dextran. 
 
1. INTRODUCTION  
 
Pyrotechnic colorants are chemical formulations 
which generate a combustion flame with a 
particular color. These formulations are usually 
used to create colors in pyrotechnic systems like 
fireworks and produce the four primary effects: 
noise, light, smoke and floating materials. In this 
report we describe the development of alternative 
pyrotechnic compositions for generating green 
light colors based on B2O3 and H3BO3. We 
determined the mechanism of chemical reactions 
by using Differential Scanning Calorimeter (DSC) 
of pyrotechnic formulations. It should be noted that 
the pyrotechnics compositions based on borates are 
economically inexpensive and environmentally 
friendly.  
Mixture of fuel with the oxidizer is the basis of all 
pyrotechnical formulations. In order to get the 
amount of heat required to create the appropriate 

special effect, using oxygen from the air which 
could burn the fuel is not enough. Combustion of 
fuel components in such conditions is generally 
slower than their combustion by oxygen containing 
oxidizer. Thus, for pyrotechnic compositions it is 
important to choose the oxidizer 1]. 
In this work, we selected ammonium nitrate to play 
as the role of oxidizer, while dextran, (C6H10O5)n 
was used as a fuel. Ammonium nitrate NH4NO3 is 
a salt of nitric acid. This oxidizer as a component 
of energetic materials inspired numerous 
investigations on decomposition at high 
temperatures and requires further study [2]. For 
fabrication of pyrotechnic system fuel must meet 
the following basic requirements.  It should 
possess sufficient thermal effect, providing the best 
special effect composition, as well as have the 
ability to be easily oxidized by the oxygen of the 
oxidizer or by the air oxygen. Other requirements 
include the best special effect composition for the 
given combustion products, and being chemically 
and physically resistant in the temperature range 
from -60 °C to +60 °C, and whenever possible, be 
resistant to the action of mild acids and alkalis, as 
well as non-hygroscopic and accessible, and be 
environmentally friendly and abundant materials.  
The B2O3 and H3BO3 were used to generate the 
colored lights. As it is well known, boron, under 
strong heating, gives green light due to the 
formation of metastable boron oxides (BO) [3]. 
However, due to the fast burning rate of boron, the 
use of boron in pyrotechnics production does not 
have a wide scale application  
 
2. EXPERIMENTAL 
 
a. Material 
Borates (B2O3 and H3BO3), ammonium nitrate 
(NH4NO3), dextran (C6H10O5)n 
b. Instrumentations  



The Differential Scanning Calorimetry (DSC) and 
Thermogravimetric Analyzer (TGA) is an essential 
laboratory tool used for material and reaction 
characterization. The DSC/TGA analyses were 
performed using Q600 analyzer from TA 
Instruments. The experiments were carried out for 
heating rates 5, 10 and 20 ºC per minute under 
ambient (air) atmosphere.  
 The experimental setup is given in Figure 1.  
 

 
 

Figure 1  – Experimental setup 
 
 
Spectrometer, optical pyrometer (Raytek 3i Series 
Infrared Thermometer).  
Carver Model C 12 Ton Hydraulic Tabletop 
Laboratory Press. 
The wavelength of the emitted light was measured 
on a spectrophotometer. The Scheme of the 
spectrometer is given in Figure 2. 

 
1 – light source, 2 – an additional light source, , 3 – mirror, 4 – 

the diffraction grating, 5 – lens. 

Figure 2  – Experimental setup of spectrometer 
 

3. RESULTS AND DISCUSSION 

Although the system NH4NO3-dextran is 
frequently used in the pyrotechnic mixtures, the 
fundamental kinetic study is still required for this 
system. In this work, we deploy thermo-
gravimetric analysis to reveal activation energy 
change in this system depending on the weight 
percentage of dextran. Fundamental study of the 
kinetics of combustion process allows us to 
precisely control parameters such as speed, 
temperature, and the activation energy of the 
reaction.  
In order to develop green color scale formulations, 
studies have been conducted using standard and 
widely used color pyrotechnic mixtures. We 
should solve the problem that, in any weight ratios, 
all the components must be decomposed. 
Furthermore, we need to determine the reaction of 
the oxidizer with the combustion fuel (ammonium 
nitrate and dextran). The reaction scheme can be 
given according to the following equation: 

     12NH4NO3+C6H10O5=6CO2+12N2+29H2O    (1) 

with decomposition factor of NH4NO3 ( 85.5 wt. %) 
and C6H10O5  (14.5 wt. %) 
 
              NH4NO3�N2 + 1/2O2 + 2H2O              (2)  
               C6H10O5+ 6O2�6CO2+5H2O               (3) 
 
Working with pyrotechnic materials requires 
compliance with strict safety regulations. To 
increase the intensity of the combustion flame, it is 
recommended to add magnesium [1]. However, at 
high concentrations magnesium gives a bright 
white light.  
 

 
 

Figure 3 – Images of the compacted samples 
 
 
The photographic images of the compacted 
samples shown in Figure 3. Therefore, we added 3 



% of magnesium to enhance light intensity. The 
mixed compositions were compacted before 
combustion under pressure up to 2800 kg/cm2. In 

order to determine the maximum emitting results 
the samples were prepared in different composition 
ratios (Table 1).

 
 
 

Table 1 
Prototypes in different ratios of boron oxide and acid. 

 
 

We studied the systems with the dextran concentration 
up to 20 wt. %. We have estimated the activation 
energy from the DSC data by using the 
isoconversional method suggested by Starink [4], 
which was shown to provide a more accurate value 
than the Kissinger and Ozawa methods. The Starink 
method determines the activation energy from the 
equation: 
 

    (4) 
 

To determine the activation energy we use the data 
obtained by the DSC graphs. Ea is the apparent 
activation energy (in kJ/mol), β the heating rate in 
thermal analysis (in K/min), T is the peak temperature 
of the exothermic curve (in K), and R the universal 
gas constant. Ea is estimated from the slope of the 
graph of ln(T1.8/β) vs. 1/T. 
 Figure 4 is representing the decomposition pathway 
for dextran under argon flow (100 ml/min).  

 
 

Figure 4 – DSC curves and thermal decomposition of dextran 
under argon environment. 

We have gradual mass decline with removal of 
about 5 wt. % absorbed water until 100 °C. Near 
200 °C partial decomposition of dextran polymeric 
molecule chains occurs, which continues with two 
major endotherm peaks near 490 °C and 550 °C. 
The overall weight loss until 600 °C is about 30 
wt. %. 
Figure 5 is demonstrating the decomposition 
characteristics of NH4NO3. Crystallographic water 
molecules are removed at around 130 °C and 170 
°C with endotherm heat values of 44 J/g and 49 
J/g, respectively. Major decomposition takes place 
at around 250 J/g with decomposition energy of 
1370 J/g. 

 
 

Figure 5 – DSC curves and thermal decomposition of  
NH4NO3 under argon environment. 

 
 

Figure 6 is representing the interaction behavior in 
the mixture of NH4NO3 - 20 wt. % dextran. The 
decomposition takes place at around 250 ºC.  

Set 4 Set  5 Set 6 
NH4NO3  2,25 g NH4NO3  2,25 g NH4NO3  2,25 g 
C6H10O5  1,25 g C6H10O5  1,25 g C6H10O5  1,25 g 

B2O3 2 g + H3BO30,5 g B2O3 0,5  g + H3BO32 g B2O3 1,5 g + H3BO31,5 g 
Mg 0,2 g Mg 0,2 g No Magnesium 

Set 1 Set  2 Set 3 
NH4NO3  2,25 g NH4NO3  2,25 g NH4NO3  2,25 g 
C6H10O5 1,25 g C6H10O5  1,25 g C6H10O5  1,25 g 

B2O3 1,5 g + H3BO31 g B2O3 1 g + H3BO31,5 g B2O31,5 g + H3BO31,5 g 

Mg 0,2 g Mg 0,2 g Mg 0,2 g 



 
Figure 6 – DSC curves and thermal decomposition of 

NH4NO3/Dextran 20 wt. %. 

 

The small endotherms before decomposition are 
due to small amounts of moisture in the mixture, as 
well as polymeric chain scission of dextran 
molecules.  
Figure 7 is showing the plots of activation energy 
calculations for 5, 10 and 20 wt. % dextran 
containing compositions, as well as pure NH4NO3  
decomposition. For all mixtures the peak 
temperatures were taken and the activation energy 
calculations were made by plotting the ln(T1.8/β) 
vs. 1/T. The calculated activation energies were in 
the range 65-82 kJ/mol, and the energy values 
increase for the systems with higher dextran 
concentration (Table 2). 
 
 

 

a 

b 

 

 

 

c 

 

d 

Figure 7– Arrhenius plots for the exothermic peaks in the 
system NH4NO3/Dextran: (a) NH4NO3 decomposition, (b) 

NH4NO3-5 wt.% Dextran, (c) NH4NO3-10 wt.% Dextran, (d) 
NH4NO3-20 wt.% Dextran. 

 
Table 2  

The calculated activation energy for different ratios 
of NH4NO3/Dextran 

 
Concentrati

on of the 
dextran 
(wt. %) 

Heating 
rate Ea, KJ/mole Tpeak 

0 
5 
10 
20 

86.59 
282,27 

298,59 

310,52 
 

5 
5 
10 
20 

64.606 
242,78 

263,6 

288,72 
 

10 
5 
10 
20 

69.15 
236,07 

253,14 

277,73 
 

20 
5 
10 
20 

82.93 
239,89 

259,17 

275,42 
 

  a 



 
 

Figure 7 – Dependence of decomposition temperature of 
NH4NO3 and NH4NO3-dextran on a heating rate 

 
 

The lowes activation energy has the system 
with 5 wt. % dextran concentrations. As expected 
increasing the heating rate results on increasing of 
decomposition temperature in the system (Figure 
7). It should be noted that lower activation energy 
ensures complete combustion at lower 
temperatures. 

The decomposition activation energy for 
the NH4NO3 was around 86 kJ/mol, which is in 
good agreement with literature data [5].  Thus, 
small amount of dextran is acting as a catalyzer for 
decomposing the NH4NO3 with lesser amount of 
activation energy [6]. Further research is needed 
for expanding these results on various kinds of 
organic fuels used in the pyrotechnic mixtures.  
Application of boron is known as a green light 
emitter due to the formation of metastable boron 
oxides (BO). However, not all boron compounds 
are suitable for pyrotechnics. For example, the 
composition of amorphous boron and potassium 
nitrate (KNO3), burns too quickly, and the practical 
applications for long burning formulations remains 
unsolved problem. Attempts to slow down the 
combustion rate with additional additives may 
affect the formation of metastable molecules of 
boron and may not be economically efficient. 
Results of this study showed that the use of B2O3 
and H3BO3 in colored compositions proved an 
alternative method to obtain the composition of 
green flame. With the adjustment in the ratio of 
B2O3/H3BO3 variation in the brightness and color 
of the flame speed was observed. At higher 
concentrations of H3BO3 flame gets a green shade. 
The results showed that the composition could be a 
good alternative to existing green formulations. 
Figure 8 and Figure 9 is representing photographs 
and wavelength spectral analysis of burning 
samples with green flames and shows the 

wavelength of green light is approximately equal 
to 520 nm. 
 

 

a 

 

b 

Figure 8 – B2O3/H3BO3 burning pyrotechnic composition 
with green light (a) B2O3 1,5 g + H3BO3 1 g; (b) B2O3 1 g + 

H3BO3 1,5 g. 
 

 
 

Figure  – 9  Spectral analysis of the wavelength burning of 
pyrotechnic composition based on B2O3 / H3BO3 

 
We used standatd methodology to determination 
linear and mass burning rate under normal 
conditions. Table 3 is representing the data for 
linear and mass burning rate of samples taken from 
experimental sets 1-6 described in Table 1. 
 
 
 
 
 



 
 

Table 3.  
Linear and mass burning rate of samples. 

4. CONCLUSIONS 

Study shows that pyrotechnic compounds with 
B2O3 and H3BO3 additives display combustion 
with green color lights.  

Developed pyrotechnic compositions with boron 
oxide and boric acid at the ratio of 40 % B2O3 / 60 
% H3BO3 exhibit the highest brightness level in the 
visible spectra. The wavelength of green light is 
approximately equal to 520 nm 

Dependence of activation energy on dextran 
concentration in pyrotechnic compositions was 
determined. The minimum value of activation 
energy was determined at the dextran 
concentration of 5 wt. % in the mixture.  
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Sample 
number 

Sample height, 
mm 

Sample 
diameter, mm 

Sample weight, 
g 
 

Burning time, s 
 

Linear burning 
rate, mm 

Mass burning 
rate, g/sec 

1 25 20 6,5 50 0,5 4,14 *10-4 

2 25 20 6,5 59 0,42 3,5 *10-4 

3 24 20 6,5 63 0,38 3,28 *10-4 

4 24 20 6,5 70 0,34 2,95 *10-4 

5 24 20 6,5 78 0,3 2,65 *10-4 

6 23 20 6 90 0,25 2,12*10-4 
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During the two last decades, major progresses have been made in developing highly-
exothermic reactive mixtures. Mixtures of metallic and oxide powders have been used to 
release temperature and pressure waves and new compounds through exothermic reactions, 
called nanothermites. By downscaling powders size and by the choice of the oxidizer, we can 
tune the performance of these materials and multiply the applications. For some applications 
as impact primers, it is requested to generate a high pressure peak with the highest 
pressurization rate as possible. In this paper, we investigate the burning rate performances and 
over-pressure generation of different kinds of nanothermite mixtures prepared using 
aluminum nanoparticles mixed with different nano-sized metallic oxide oxidizers (CuO, 
Al/Bi2O3, Al/WO3, Al/Sb2O3 and MoO3) and micron-sized PTFE and we compare them to 
multilayer nanothermite. The unconfined burning rate spans 60 to several hundreds of m/s, 
depending on the powder mixture. The maximum pressurization rate is measured for Al/Bi2O3 
mixture. The shortest time needed to reach maximal pressure is also obtained for Al/Bi2O3. 
Burning rates follow the same tendency: the highest velocity is obtained for Al/Bi2O3, and 
slowest for Al/PTFE. The maximum pressure is a function of TMD percentage and is greatly 
impacted by the degree of completion of the reaction.  
This paper will also present the integration of such nanothermite mixtures to accelerate a thin 
flyer to ignite a secondary propellant directly. The proposed device is made of a combustion 
chamber, a thin flyer and a gun to accelerate the flyer.  
 



Home     Comittees     Sponsors
GTPS Companies   Communications

SESSION S1B
Energetic materials and molecules

AP. SHAW - US Army RDECOM-ARDEC
Metal-element compounds of titanium, zirconium, 

and hafnium as pyrotechnic fuels



Metal-Element Compounds of Titanium, Zirconium, and Hafnium 
as Pyrotechnic Fuels 

 
Anthony P. Shaw,* Rajendra K. Sadangi, Jay C. Poret, Christopher M. Csernica 

 
U.S. Army RDECOM-ARDEC, Picatinny Arsenal, New Jersey 07806 

* corresponding author email: anthony.p.shaw.civ@mail.mil 
 
 
 

ABSTRACT 
 

Conventional high-energy pyrotechnic fuels are typically metals, metalloids, or alloys. The use of 
inorganic compounds, including ceramic materials, in this role has been far less common. Following the 
development of boron carbide-based pyrotechnics in our laboratories, we have started to explore the 
pyrotechnic properties of other inorganic compounds, particularly those of titanium, zirconium, and 
hafnium. The transition metals of group 4 are well known as potent pyrotechnic fuels. However, metal 
powders are susceptible to aging and pyrotechnic compositions containing them can be sensitive to 
unintended ignition by electrostatic discharge. The use of the corresponding metal-element compounds 
may ameliorate these problems. In this article we report the results of initial experiments and 
thermodynamic calculations for pyrotechnic compositions containing hydrides, borides, carbides, nitrides, 
and silicides of the group 4 metals. Diverse predicted and observed behavior suggests that these 
compounds may be useful for a variety of pyrotechnic applications. 
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ABSTRACT 

Conventional high-energy pyrotechnic fuels are 
typically metals, metalloids, or alloys. The use of 
inorganic compounds including ceramic materials 
in this role has been far less common. Following the 
development of boron carbide-based pyrotechnics 
in our laboratories, we have started to explore the 
pyrotechnic properties of other inorganic 
compounds, particularly those of titanium, 
zirconium, and hafnium. The transition metals of 
group 4 are well known as potent pyrotechnic fuels. 
However, metal powders are susceptible to aging 
and pyrotechnic compositions containing them can 
be sensitive to unintended ignition by electrostatic 
discharge. The use of the corresponding metal-
element compounds may ameliorate these 
problems. Commercially available group 4 
compounds containing hydrogen, boron, carbon, 
nitrogen, silicon, and phosphorus were obtained for 
an initial survey. The as-received materials were 
characterized by XRD, XRF, and SEM. Binary 
compositions containing these fuels and KNO3 or 
Bi2O3 were prepared and tested. The experimental 
results were compared with the output from 
FactSage thermochemical software. Diverse 
observed and predicted behavior suggests that these 
compounds may be useful for a variety of 
pyrotechnic applications. 
 
1.  INTRODUCTION 

The recent use of boron carbide in smoke, delay, 
and illuminant compositions clearly demonstrates 
the potential of ceramic materials as advanced 
pyrotechnic fuels [1-3]. As a natural extension of 
this work, we have since started to explore the 
pyrotechnic properties of metal-element 

compounds containing group 4 metals. The group 4 
metals—titanium, zirconium, and hafnium—are 
potent pyrotechnic fuels. However, the metals 
themselves are often pyrophoric as fine powders 
[4,5] and pyrotechnic compositions containing them 
can be extremely sensitive to unintended ignition 
from electrostatic discharge [6]. Non-oxide group 4 
ceramics (borides, carbides, nitrides, silicides) and 
related covalent network solids (hydrides, 
phosphides) allow access to the group 4 elements 
indirectly. Many of these materials are available 
commercially as fine powders. The purpose of this 
initial investigation was to survey their 
characteristics and reactivity with two common 
pyrotechnic oxidizers, KNO3 and Bi2O3. 
 
2.  EXPERIMENTAL SECTION 

2.1.  Materials 
Potassium nitrate (MIL-P-156B, hammer milled, 
approximately 15 μm) was obtained from Hummel 
Croton and contained 0.2 wt% fumed silica, Cabot 
CAB-O-SIL M-5, as an anticaking agent. Bismuth 
oxide (Bi2O3, approximately 10 μm) was obtained 
from Alfa Aesar. Group 4 metal-element 
compounds were obtained from Atlantic Equipment 
Engineers (AEE), Alfa Aesar, and American 
Elements. These were characterized by X-ray 
diffraction (XRD), X-ray fluorescence (XRF), and 
scanning electron microscopy (SEM). 
 
2.2.  Material Analyses 
XRD was carried out in a Rigaku Ultima III 
diffractometer with CuKα radiation (1.54 Å). A step 
size of 0.02 degrees and a scan rate of 0.25 deg/min 
were used. The patterns were analyzed with JADE 
7 software (Materials Data Inc., Livermore CA). 



Semi-quantitative chemical composition 
analysis was carried out in a Rigaku ZSX Primus II 
wavelength dispersive XRF spectrometer. The 
spectrometer contained a 4 kW Rh anode and the 
detector system used a scintillation counter for 
detecting heavy elements and a flow proportional 
counter for detecting light elements. The samples 
were tested in a vacuum and the data were analyzed 
using SQX software that can correct for matrix 
effects, overlapping lines, and secondary excitation 
effects by photoelectrons. Increased accuracy was 
achieved using built-in matching library and perfect 
scan analysis programs. 

SEM was performed with a Zeiss Supra 40VP 
variable pressure field emission scanning electron 
microscope. Superb resolution and image quality at 
low operating voltages allows examination of non-
conducting samples without any conductive 
coating. 
 
2.3.  Experimental Methods 
Binary mixtures of the fuels and KNO3 or Bi2O3 
were prepared by combining the components in 
small conductive containers and mixing with a 
Scientific Industries Vortex Genie vibrating shaker. 
Each composition was mixed for 3 min. Two grams 
of each mixture was placed in an unconsolidated 
pile on a steel cylinder. The point of a nichrome 
wire was placed in the center of each pile. For each 
test, a digital video recording was used to capture 
the resulting qualitative behavior as the nichrome 
wire was electrically heated. 
 
2.4.  Computational Methods 
Thermodynamic calculations were performed with 
FactSage 6.4 (Thermfact/CRCT and GTT-
Technologies). The particular calculations 
presented in this paper made use of the FactPS and 
FToxid databases. The analyses were conducted in 
adiabatic mode (ΔH = 0). The results consist of 
predicted adiabatic reaction temperatures and the 
thermodynamic products at those temperatures. 
 

3.  RESULTS 

The results of the experimental ignition tests must 
be evaluated in the context of the material properties 
(Table 1). XRD was used to determine phase purity 
or to detect the presence of other phases. With only 
two exceptions, the compounds were phase pure or 
nearly so, containing small amounts of crystalline 
impurities. Titanium phosphide, sold as TiP, 
contained a substantial amount of Ti5P3. Zirconium 
silicide (ZrSi2) contained a large amount of Si, 
along with ZrSiO4 and ZrO2. 

Elemental compositions were determined 
semi-quantitatively by XRF. Common elemental 
impurities included Fe and Cr. In some cases, these 
may have been introduced through milling by the 
manufacturer. The zirconium compounds contained 
small amounts of Ti and/or Hf. The hafnium 
compounds all contained small amounts of Zr. 
Importantly, these impurities were not necessarily 
present as elemental materials and were most likely 
contained within compounds that were not detected 
by XRD or were not crystalline. 
 SEM was used to assess approximate particle 
size and qualitative sample characteristics. Many of 
the materials appeared to have been milled, as 
evidenced by sharp jagged edges and numerous 
fines. Some (ZrC, HfB2, HfC) were clearly present 
as they had crystallized and did not appear to have 
been milled to any significant degree. Others (TiB2, 
TiC) appeared to have been milled for a short time. 
Several examples are presented in Figures 1a-d. 

Balanced stoichiometries for simple binary 
combustion reactions may be calculated if certain 
products are assumed. Tables 2a-d show the results 
for such assumed reactions. In these tables, the 
group 4 metals are assumed to form the 
corresponding dioxides. Other elements are 
assumed to form simple oxides. Nitrogen from the 
nitrides and KNO3 is assumed to form N2, while the 
bismuth in Bi2O3 is assumed to form elemental Bi. 



For each binary system, FactSage was used to 
determine the stoichiometry with the highest 
predicted adiabatic temperature (Tad). This was 
accomplished by scanning each combination in 1 
wt% intervals. Tables 3a-d show the peak Tad 
values, the corresponding stoichiometries, and the 
major predicted products (at the adiabatic 
temperatures). Some compounds (Ti5Si3, TiP, 
HfSi2) were not in the FactSage databases, so 
systems containing them could not be modeled. 

Tables 4a-d show the results of experimental 
ignition tests. In these experiments, the 
stoichiometries obtained from FactSage (Tables 3a-
d) were used where available. For combinations 
containing Ti5Si3, TiP, and HfSi2, the 
stoichiometries from Tables 2a-d were used. 
 

 
 
 
 
Table 1. Material Properties 

Compound Vendor XRD Analysis 
XRF Impurities 

(0.1-2 wt%) 
SEM Particle Size (μm) 

SEM Apparent 
Characteristics 

TiH2 Alfa Aesar 
phase pure 
(TiH1.95) 

- 
fines < 2 

intermediate 2-8 
milled 

TiB2 AEE phase pure - mostly 1-7 minimally processed 

TiC Alfa Aesar 
phase pure 
(TiC0.93) 

Fe, Cr, V 
fines < 1 

intermediate 2-8 
minimally processed 

TiN AEE phase pure Fe 
fines < 1 

intermediate 2-8 
milled 

TiSi2 AEE 
trace TiSi, trace 

SiO2 
Fe, Cr, Al 

fines < 2 
int. 5-20, coarse 50-100 

milled 

Ti5Si3 Alfa Aesar phase pure Fe, Cr 
fines < 2 

int. 5-10, coarse 20-40 
milled 

TiP 
American 
Elements 

TiP, Ti5P3 Si, Al, Fe 
fines < 2 

intermediate 5-15 
milled 

ZrB2 AEE phase pure Ti, Fe, Ca 
fines < 2 

intermediate 5-20 
milled 

ZrC AEE phase pure Fe, Ti, Cr 
fines < 3 

intermediate 10-30 
as crystallized 

ZrN AEE trace Zr3O Hf, Ti, Fe, Er, Cr 
fines < 1 

intermediate 5-25 
milled 

ZrSi2 AEE 
Si, ZrSi2, ZrSiO4, 

ZrO2 
Ti, Hf, Fe, Al, Cr 

fines < 1 
int. 2-10, coarse 30-60 

milled 

HfB2 AEE phase pure Zr 
fines 1-2 

intermediate 5-10 
as crystallized 

HfC AEE phase pure Zr < 3 as crystallized 

HfSi2 AEE trace HfO2 Fe, Zr, Cr 
fines < 1 

intermediate 2-25 
milled 

 



Table 2a. Estimated Combustion Stoichiometry – Titanium Compounds, KNO3 
Equation Fuel (wt%) Oxidizer (wt%) 

5 TiH2 + 6 KNO3 → 5 TiO2 + 5 H2O + 3 K2O + 3 N2 29 71 
TiB2 + 2 KNO3 → TiO2 + B2O3 + K2O + N2 26 74 
5 TiC + 8 KNO3 → 5 TiO2 + 5 CO2 + 4 K2O + 4 N2 27 73 
10 TiN + 8 KNO3 → 10 TiO2 + 9 N2 + 4 K2O 43 57 
5 TiSi2 + 12 KNO3 → 5 TiO2 + 10 SiO2 + 6 K2O + 6 N2 30 70 
5 Ti5Si3 + 32 KNO3 → 25 TiO2 + 15 SiO2 + 16 K2O + 16 N2 33 67 
10 TiP + 18 KNO3 → 10 TiO2 + 5 P2O5 + 9 K2O + 9 N2 30 70 

 
 
Table 3a. FactSage Calculations – Titanium Compounds, KNO3 
Reactant 

Fuel 
Tad (°C) 

Fuel / KNO3 
(wt% ratio) 

Major Products 
(phase, wt%) 

TiH2 2495 41 / 59 Ti3O5 (s, 59.9), K (g, 19.9), N2 (g, 8.2), H2O (g, 5.2), KOH (g, 4.0) 
TiB2 2868 26 / 74 TiO2 (l, 16.3), Ti2O3 (l, 8.7), KBO2 (g, 56.0), N2 (g, 10.1), TiO2 (g, 3.5) 
TiC 2185 30 / 70 K2Ti6O13 (s, 40.6), TiO2 (l, 6.0), K (g, 21.1), CO2 (g, 18.5), N2 (g, 9.6), CO (g, 2.3) 
TiN 2176 45 / 55 K2Ti6O13 (s, 60.8), TiO2 (l, 7.3), N2 (g, 17.7), K (g, 12.7) 
TiSi2 2733 33 / 67 K2Si4O9 (l, 30.6), TiO2 (l, 23.9), K (g, 18.2), SiO (g, 10.4), N2 (g, 9.0), O2 (g, 2.6) 
Ti5Si3 - - - 
TiP - - - 

 
 
Table 4a. Experimental Results – Titanium Compounds, KNO3 

(a) Mixture 
(b) wt% Ratio Ignition 

Self-
Sustained 

Combustion 

Amount 
Consumed 

(a) Type 
(b) Duration (s) Flame 

(a) Sparks 
(b) Smoke 

(c) Slag 

(a) TiH2 / KNO3 
(b) 41 / 59 yes yes all (a) flash 

(b) 0.3 
large, white with 

violet tinge 

(a) some, white-yellow 
(b) obscured by flash 

(c) none 

(a) TiB2 / KNO3 
(b) 26 / 74 yes yes part (a) sparkler 

(b) 6 
small, white 

with green tinge 

(a) lots, yellow 
(b) white 
(c) some 

(a) TiC / KNO3 
(b) 30 / 70 yes no part (a) sparkler 

(b) 2 
small, white 

with violet tinge 

(a) lots, yellow 
(b) some, white 

(c) some 

(a) TiN / KNO3 
(b) 45 / 55 no no part heated (a) N/A 

(b) N/A N/A 
(a) N/A 

(b) fumes on heating 
(c) some, where heated 

(a) TiSi2 / KNO3 
(b) 33 / 67 yes yes part 

(a) incandescent 
slag pile 

(b) 5 
none 

(a) none 
(b) some, white 

(c) lots 

(a) Ti5Si3 / KNO3 
(b) 33 / 67 yes yes all (a) sparkler 

(b) 2 small, white 
(a) lots, white-yellow 

(b) white 
(c) some 

(a) TiP / KNO3 
(b) 30 / 70 yes no part 

(a) intermittent 
flash/spark 

(b) N/A 
small, white 

(a) some, white 
(b) white 
(c) some 

 



Table 2b. Estimated Combustion Stoichiometry – Zirconium and Hafnium Compounds, KNO3 
Equation Fuel (wt%) Oxidizer (wt%) 

ZrB2 + 2 KNO3 → ZrO2 + B2O3 + K2O + N2 36 64 
5 ZrC + 8 KNO3 → 5 ZrO2 + 5 CO2 + 4 K2O + 4 N2 39 61 
10 ZrN + 8 KNO3 → 10 ZrO2 + 9 N2 + 4 K2O 57 43 
5 ZrSi2 + 12 KNO3 → 5 ZrO2 + 10 SiO2 + 6 K2O + 6 N2 38 62 
HfB2 + 2 KNO3 → HfO2 + B2O3 + K2O + N2 50 50 
5 HfC + 8 KNO3 → 5 HfO2 + 5 CO2 + 4 K2O + 4 N2 54 46 
5 HfSi2 + 12 KNO3 → 5 HfO2 + 10 SiO2 + 6 K2O + 6 N2 49 51 

 
 
Table 3b. FactSage Calculations – Zirconium and Hafnium Compounds, KNO3 
Reactant 

Fuel 
Tad (°C) 

Fuel / KNO3 
(wt% ratio) 

Major Products 
(phase, wt%) 

ZrB2 3099 36 / 64 ZrO2 (l, 38.9), KBO2 (g, 43.8), N2 (g, 8.8), K (g, 3.8) 
ZrC 2678 49 / 51 ZrO2 (s, 51.8), ZrO2 (l, 6.7), K (g, 19.6), CO (g, 11.3), N2 (g, 7.0), CO2 (g, 3.2) 
ZrN 2678 61 / 39 ZrO2 (s, 57.1), ZrO2 (l, 14.1), K (g, 15.1), N2 (g, 13.5) 
ZrSi2 2754 41 / 59 ZrO2 (l, 34.3), K2Si4O9 (l, 23.8), K (g, 16.7), SiO (g, 11.2), N2 (g, 7.9), O2 (g, 3.0) 
HfB2 3074 50 / 50 HfO2 (l, 52.6), KBO2 (g, 34.6), N2 (g, 6.8), K (g, 2.8) 
HfC 2557 65 / 35 HfO2 (s, 71.8), K (g, 13.5), CO (g, 9.2), N2 (g, 4.8) 

HfSi2 - - - 

 
 
Table 4b. Experimental Results – Zirconium and Hafnium Compounds, KNO3 

(a) Mixture 
(b) wt% Ratio Ignition 

Self-
Sustained 

Combustion 

Amount 
Consumed 

(a) Type 
(b) Duration (s) Flame 

(a) Sparks 
(b) Smoke 

(c) Slag 

(a) ZrB2 / KNO3 
(b) 36 / 64 yes yes part 

(a) pulsating 
flash/flame 

(b) 4 
moderate, green 

(a) none 
(b) white 

(c) moderate 

(a) ZrC / KNO3 
(b) 49 / 51 yes yes all (a) flame 

(b) 1.7 
moderate, white 
with violet tinge 

(a) minimal, yellow 
(b) white 

(c) crusty white slag 

(a) ZrN / KNO3 
(b) 61 / 39 yes yes all (a) flame 

(b) 1.3 
moderate, 

yellow 

(a) some, yellow 
(b) white 

(c) crusty white slag 

(a) ZrSi2 / KNO3 
(b) 41 / 59 no no part heated (a) N/A 

(b) N/A N/A 
(a) N/A 

(b) fumes on heating 
(c) some, where heated 

(a) HfB2 / KNO3 
(b) 50 / 50 yes yes all (a) flame 

(b) 1.6 large, green 
(a) on ignition, white 

(b) white 
(c) almost none 

(a) HfC / KNO3 
(b) 65 / 35 yes yes all (a) photoflash 

(b) < 0.1 
large, white with 

violet tinge 

(a) some, yellow 
(b) obscured by flash 

(c) none 

(a) HfSi2 / KNO3 
(b) 49 / 51 yes yes all (a) sparkler 

(b) 5 small, white 
(a) lots, white 

(b) white 
(c) lots 

 



Table 2c. Estimated Combustion Stoichiometry – Titanium Compounds, Bi2O3 
Equation Fuel (wt%) Oxidizer (wt%) 

TiH2 + Bi2O3 → TiO2 + H2O + 2 Bi 10 90 
3 TiB2 + 5 Bi2O3 → 3 TiO2 + 3 B2O3 + 10 Bi 8 92 
3 TiC + 4 Bi2O3 → 3 TiO2 + 3 CO2 + 8 Bi 9 91 
6 TiN + 4 Bi2O3 → 6 TiO2 + 3 N2 + 8 Bi 17 83 
TiSi2 + 2 Bi2O3 → TiO2 + 2 SiO2 + 4 Bi 10 90 
3 Ti5Si3 + 16 Bi2O3 → 15 TiO2 + 9 SiO2 + 32 Bi 12 88 
2 TiP + 3 Bi2O3 → 2 TiO2 + P2O5 + 6 Bi 10 90 

 
 
Table 3c. FactSage Calculations – Titanium Compounds, Bi2O3 
Reactant 

Fuel 
Tad (°C) 

Fuel / Bi2O3 
(wt% ratio) 

Major Products 
(phase, wt%) 

TiH2 1531 14 / 86 Ti7O13 (s, 19.0), Ti8O15 (s, 2.8), Bi2 (g, 44.7), Bi (g, 32.5) 
TiB2 1618 9 / 91 Ti3O5 (s, 9.4), B2O3 (l, 8.4), Bi2 (g, 48.3), Bi (g, 33.4) 
TiC 1402 9 / 91 TiO2 (s, 12.0), Bi (l, 60.7), Bi2 (g, 14.1), Bi (g, 6.8), CO2 (g, 5.9) 
TiN 1375 17 / 83 Ti20O39 (s, 19.5), Ti10O19 (s, 2.2), Bi (l, 60.1), Bi2 (g, 9.8), Bi (g, 4.6), N2 (g, 3.8) 
TiSi2 1994 10 / 90 SiO2 (l, 11.5), TiO2 (l, 7.7), Bi (g, 64.3), Bi2 (g, 15.8) 
Ti5Si3 - - - 
TiP - - - 

 
 
Table 4c. Experimental Results – Titanium Compounds, Bi2O3 

(a) Mixture 
(b) wt% Ratio Ignition 

Self-
Sustained 

Combustion 

Amount 
Consumed 

(a) Type 
(b) Duration (s) Flame 

(a) Sparks 
(b) Smoke 

(c) Slag 

(a) TiH2 / Bi2O3 
(b) 14 / 86 yes yes all (a) burst 

(b) 0.2 
large, yellow-

orange 

(a) white, branching 
(b) lots, yellow 

(c) none 

(a) TiB2 / Bi2O3 
(b) 9 / 91 yes yes all (a) burst 

(b) 0.2 
large, yellow-

orange 

(a) none 
(b) lots, yellow 
(c) almost none 

(a) TiC / Bi2O3 
(b) 9 / 91 difficult no part heated (a) N/A 

(b) N/A 
small, orange, 
where heated 

(a) none 
(b) some, yellow 

(c) some, where heated 

(a) TiN / Bi2O3 
(b) 17 / 83 yes yes all (a) slow-burning 

(b) 6 small, orange 
(a) none 

(b) minimal, yellow 
(c) lots 

(a) TiSi2 / Bi2O3 
(b) 10 / 90 yes yes all 

(a) incandescent 
slag pile 

(b) 5 

very small, 
orange 

(a) none 
(b) minimal, yellow 

(c) lots 

(a) Ti5Si3 / Bi2O3 
(b) 12 / 88 yes yes all (a) flame 

(b) 0.6 
moderate, 

orange 

(a) some, white 
(b) lots, yellow 

(c) metallic beads 

(a) TiP / Bi2O3 
(b) 10 / 90 yes yes all (a) burst 

(b) 0.2 
large, yellow-

orange 

(a) none 
(b) lots, yellow 

(c) none 

 



Table 2d. Estimated Combustion Stoichiometry – Zirconium and Hafnium Compounds, Bi2O3 
Equation Fuel (wt%) Oxidizer (wt%) 

3 ZrB2 + 5 Bi2O3 → 3 ZrO2 + 3 B2O3 + 10 Bi 13 87 
3 ZrC + 4 Bi2O3 → 3 ZrO2 + 3 CO2 + 8 Bi 14 86 
6 ZrN + 4 Bi2O3 → 6 ZrO2 + 3 N2 + 8 Bi 25 75 
ZrSi2 + 2 Bi2O3 → ZrO2 + 2 SiO2 + 4 Bi 14 86 
3 HfB2 + 5 Bi2O3 → 3 HfO2 + 3 B2O3 + 10 Bi 20 80 
3 HfC + 4 Bi2O3 → 3 HfO2 + 3 CO2 + 8 Bi 23 77 
HfSi2 + 2 Bi2O3 → HfO2 + 2 SiO2 + 4 Bi 20 80 

 
 
Table 3d. FactSage Calculations – Zirconium and Hafnium Compounds, Bi2O3 
Reactant 

Fuel 
Tad (°C) 

Fuel / Bi2O3 
(wt% ratio) 

Major Products 
(phase, wt%) 

ZrB2 1711 13 / 87 ZrO2 (s, 14.0), B2O3 (l, 6.5), Bi (g, 41.4), Bi2 (g, 36.6) 
ZrC 1554 21 / 79 ZrO2 (s, 24.4), Bi2 (g, 43.1), Bi (g, 27.8), CO (g, 3.1) 
ZrN 1494 26 / 74 ZrO2 (s, 29.4), Bi (l, 9.8), Bi2 (g, 37.4), Bi (g, 19.1), N2 (g, 3.3) 
ZrSi2 2266 14 / 86 ZrO2 (s, 11.7), SiO2 (l, 10.4), Bi (g, 71.4), Bi2 (g, 5.5) 
HfB2 1712 20 / 80 HfO2 (s, 21.0), B2O3 (l, 6.2), Bi (g, 37.0), Bi2 (g, 31.8), BiO (g, 3.1) 
HfC 1562 33 / 67 HfO2 (s, 36.1), Bi2 (g, 36.1), Bi (g, 24.0), CO (g, 2.5) 

HfSi2 - - - 

 
 
Table 4d. Experimental Results – Zirconium and Hafnium Compounds, Bi2O3 

(a) Mixture 
(b) wt% Ratio Ignition 

Self-
Sustained 

Combustion 

Amount 
Consumed 

(a) Type 
(b) Duration (s) Flame 

(a) Sparks 
(b) Smoke 

(c) Slag 

(a) ZrB2 / Bi2O3 
(b) 13 / 87 yes yes all (a) flame 

(b) 0.6 
moderate, 

orange 

(a) some, orange 
(b) lots, yellow 

(c) some 

(a) ZrC / Bi2O3 
(b) 21 / 79 yes yes all 

(a) spark/slag 
shower 
(b) 0.7 

minimal, orange 
(a) lots, orange 

(b) moderate, yellow 
(c) minimal 

(a) ZrN / Bi2O3 
(b) 26 / 74 yes yes all (a) flame 

(b) 1.2 
moderate, 

orange 

(a) some, white 
(b) lots, yellow 

(c) some 

(a) ZrSi2 / Bi2O3 
(b) 14 / 86 yes yes all 

(a) incandescent 
slag pile 

(b) 5 
minimal, orange 

(a) none 
(b) some, yellow 

(c) large metallic beads 

(a) HfB2 / Bi2O3 
(b) 20 / 80 yes yes all (a) flame 

(b) 0.5 
moderate, 

orange 

(a) none 
(b) lots, yellow 

(c) small metallic beads 

(a) HfC / Bi2O3 
(b) 33 / 67 yes yes all (a) burst 

(b) ~ 0.15 large, orange 
(a) none 

(b) lots, yellow 
(c) none 

(a) HfSi2 / Bi2O3 
(b) 20 / 80 yes yes all (a) flame 

(b) 1 
moderate, 

orange 

(a) none 
(b) some, yellow 

(c) large metallic beads 

 



           
 

           

Figures 1a-d. SEM images at 1,000 X. 
TiB2 (a) top left; ZrB2 (b) top right; TiH2 (c) bottom left; HfC (d) bottom right. 

 
4.  DISCUSSION 

The fuel/oxidizer weight ratios estimated using the 
assumed reactions in Tables 2a-d are, for the most 
part, remarkably similar to those predicted with 
FactSage in Tables 3a-d. Exceptions include 
TiH2/KNO3 and reactions involving ZrC and HfC. 
Notably, the weight ratios predicted to give peak Tad 
values (Tables 3a-d) either match those in Tables 
2a-d or are seemingly fuel-rich. The greatest 
discrepancies are due to the predicted formation of 
K(g) and CO(g) instead of K2O and CO2. In other 
cases, the estimated and predicted weight ratios 
match or are similar despite substantially different 
predicted products such as potassium silicates and 
titanates. Potassium in the presence of boron is 
predicted to form KBO2. Indeed, “KBO2” is one 
known crystalline phase in the often glassy and non-
stoichiometric K2O∙B2O3 system [7,8]. 

Combustion temperatures of the metal-element 
compound/oxidizer mixtures are expected to be 
lower than those of the corresponding 
metal/oxidizer systems for two reasons. First, the 
metal-element compounds have negative enthalpies 
of formation. Second, production of additional 
reaction products in the liquid and gas phases 
(KBO2, B2O3, SiO2, and others) consumes energy 
that would otherwise increase temperature. As 
shown in Tables 5a and 5b, reactions involving the 
group 4 metals have greater predicted peak Tad 
values (compare to Tables 3a-d). The combustion 
temperatures of metal/oxidizer systems, especially 
those containing very reducing metals and strong 
oxidizers, are limited by the substantial enthalpies 
of vaporization of the metal oxide products. The 
predicted adiabatic reaction temperatures and 
reaction products in Table 5a illustrate this well. 
 



Table 5a. FactSage Calculations – Group 4 Metals, KNO3 
Reactant 

Fuel 
Tad (°C) 

Fuel / KNO3 
(wt% ratio) 

Major Products 
(phase, wt%) 

Ti 3257 49 / 51 Ti2O3 (l, 58.5), K (g, 19.7), TiO (g, 8.8), N2 (g, 7.0), TiO2 (g, 5.5) 
Zr 3717 58 / 42 ZrO2 (l, 58.5), K (g, 16.2), ZrO (g, 9.3), ZrO2 (g, 9.2), N2 (g, 5.7) 
Hf 4404 72 / 28 HfO2 (l, 82.6), K (g, 10.8), N2 (g, 3.8) 

 
 
Table 5b. FactSage Calculations – Group 4 Metals, Bi2O3 
Reactant 

Fuel 
Tad (°C) 

Fuel / Bi2O3 
(wt% ratio) 

Major Products 
(phase, wt%) 

Ti 2515 15 / 85 Ti3O5 (s, 17.2), TiO2 (l, 5.9), Bi (g, 73.5), Bi2 (g, 2.5) 
Zr 3004 23 / 77 ZrO2 (l, 30.0), Bi (g, 68.5) 
Hf 3015 37 / 63 HfO2 (l, 42.7), Bi (g, 56.0) 

 
 

           
 

           

Figures 2a-d. Images from tests involving TiH2 and HfC (see Tables 4a-d). 
TiH2/KNO3 (a) top left; TiH2/Bi2O3 (b) top right; HfC/KNO3 (c) bottom left; HfC/Bi2O3 (d) bottom right. 

 
 

Diverse reactivity was observed in qualitative 
ignition tests (Tables 4a-d). The titanium and 
zirconium disilicides were relatively unreactive, 
while the hafnium analogue and Ti5Si3 were much 
more reactive. Other compounds appeared to be 
more reactive with one of the oxidizers but less so 
with the other (examples include TiB2, TiC, TiN, 
TiP, and ZrB2). Of these, TiC and TiN were the least 

reactive. ZrC, ZrN, and HfB2 were vigorously 
reactive with both KNO3 and Bi2O3. The only two 
compounds that were violently reactive with both 
oxidizers were TiH2 and HfC (Figures 2a-d). The 
HfC sample was composed of very fine particles 
and appeared to have a large surface area (Figures 
1d and 3). Titanium hydride (TiH2) and subhydrides 
(TiHx) paired with KClO4 have been studied 



extensively as spark-insensitive pyrotechnic 
actuators and igniters intended for nuclear weapons 
applications [9]. To the best of our knowledge, HfC 
has not been examined in a pyrotechnic context 
before. 
 

 

Figure 3. SEM image of HfC at 10,000 X. 
 

The perceived vigorousness of the reactions is 
largely influenced by burning rate, temperature, and 
gas production. Compositions that burn rapidly at a 
high temperature with sufficient gas production 
produce a blinding flash, as observed for some of 
the fuel/KNO3 mixtures. In contrast, the fuel/Bi2O3 
mixtures seem to burn at lower temperatures, with 
even the most rapid reactions producing large 
orange fireballs of moderate intensity. These 
observations are in agreement with the 
corresponding trend in predicted Tad (Tables 3a-d). 
Although, it should be noted that the predicted 
adiabatic reaction temperatures represent upper 
limits. The actual events are expected to occur at 
lower temperatures due to heat loss to the 
surroundings and the formation of non-equilibrium 
products. 

Many of the compositions produced sparks, 
particularly the ones containing KNO3 (Figure 4). 
Other notable qualitative characteristics included 
the violet and green hues of some of the flames, 
presumably caused by gaseous K and BO2, 
respectively (Figures 2a, 2c, and 5). Some of the 
reactions with Bi2O3 produced metallic beads – 
elemental bismuth. Additionally, many of the 
reactions with Bi2O3 produced yellow smoke. This 
is attributed to the formation of gaseous Bi, which 

re-oxidizes in the air forming a yellow bismuth 
oxide aerosol. 
 

 

Figure 4. HfSi2/KNO3 sparking (see Table 4b). 
 

 

Figure 5. ZrB2/KNO3 green flame (see Table 4b). 
 
 
5.  SUMMARY AND CONCLUSIONS 

Metal-element compounds of titanium, zirconium, 
and hafnium have been surveyed as pyrotechnic 
fuels. A variety of observed qualitative effects 
indicate that these fuels may be useful for multiple 
pyrotechnic applications. Considering that this 
survey made use of as-received materials, it may be 
possible to achieve more vigorous reactivity 
through the use of finer samples. Experiments with 
other oxidizers and characterization of mixture 
sensitivity to various ignition stimuli are areas of 
ongoing research in our laboratories. 
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SEM, scanning electron microscopy 

XRD, X-ray diffraction 

XRF, X-ray fluorescence 
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Pyrotechnic formulations comprising potassium ferrate as the oxidizer blended with a benign metal fuel 
have high potential as environmentally acceptable alternatives to existing formulations. The use of 
potassium ferrate in this capacity also offers the ability to provide an exothermic reaction with minimal 
smoke and gas evolved. Pyrotechnic formulations containing potassium ferrate as the oxidizer have been 
formulated and subjected to bench-scale evaluative and analytical tests to characterize the thermal, 
ignition sensitivity, and burn performance properties of such mixtures. Data for each set of evaluations 
and tests were compared to data for existing pyrotechnic formulations. Results show that these 
pyrotechnic mixtures demonstrate acceptable properties and further testing of potassium ferrate as a 
pyrotechnic oxidizer is warranted. 
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IRCM pyrotechnic formulations based on boron carbide as the fuel. 

J. S. Brusnahan*, M. Morgan, R. Pietrobon 
 
Abstract 
Aircraft are facing a steadily increasing threat by infrared (IR) guided ground-to-air and air-to-air missiles 

working in the α (1.8-2.5 µm) and β (3.6-5.3 µm) bands. Modern IR weapon systems contain processing 
technology that allows the missile to automatically analyse the intensity in these bands via the colour ratio 

θβ/α. To decoy such missiles ‘spectrally matched’ pyrotechnic flare formulations have been developed. 
 

Spectrally matched formulations are predominately based on producing selective emitters in the β-band 

and decreasing the emitters of the α-band. Some spectral based payloads employ boron as the fuel to 

generate β-band emitting boron oxides such as B2O2, B2O3, FBO, HBO, HOBO, KBO2 all mainly based on 
the B=O vibration mode. Although the use of boron has shown promise, boron is an expensive fuel and 
readily undergoes air oxidation in the presence of moisture to generate B2O3, which adds to production 
costs and reduced performance of the pyrotechnic device. 
 
Recently, the use of boron carbide as a replacement to boron, in military pyrotechnic formulations such as 
green light formulations, smoke formulations and delay formulations has been reported. In this work the 
use of boron carbide in place of boron is reported for pyrotechnic flares. The spectral performance, 
sensitiveness to ignition stimuli and burning rate of IRCM type formulations containing boron carbide as 
the fuel is reported. Potassium nitrate and potassium perchlorate were employed as the oxidiser. It was 
found that the use of boron carbide resulted in less sensitive formulations to electrostatic discharge and 

greater energy in the α and β-bands, compared to the boron based formulations. Use of potassium 

perchlorate as the oxidiser resulted in the greatest θβ/α.(1.9) and highest spectral efficiency in the β-band (Eλ 

= 26.5 J.g.sr-1) whereas the use of potassium nitrate resulted in the highest spectral efficiency in the α-band 
(22.3 J.g.sr-1).  
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Abstract 
Many spectrally matched Infrared 
Countermeasures (IRCM) use boron as the 
main fuel in the payload. Although boron has 
shown promise, it is expensive which leads to 
increased production costs. Recently boron 
carbide has been reported as an alternative 
fuel to boron in military pyrotechnic 
formulations. This paper provides a baseline 
characterisation of boron carbide based IRCM 
formulations and includes the determination of 
sensitiveness to ignition stimuli, burning rate 
and spectral performance. 

Introduction 
 To protect themselves against infrared 
guided missiles, aircraft and helicopters expel 
pyrotechnic IRCM [1]. A typical IRCM consists 
of a chemical composition, such as 
Magnesium, Teflon™ (polytetrafluoroethylene) 
and Viton™ (co-polymer of vinylidene fluoride 
and hexafluoropropene) (MTV), which upon 
combustion produces grey body emission with 
a peak intensity in the 1.8 - 2.5 μm (�-band) 
range [2]. First and second generation missile 
seekers track in the �-band and thus are 
readily decoyed by MTV based IRCM. 
 Aerial targets do not exhibit a grey body 
type signature but radiate selectively in the 
range of the combustion products H2O (1.87, 
2.7 μm) and CO2 (2.7, 4.3 μm) [3]. Thus some 
advanced IR missiles are equipped with a 
counter-countermeasure system which is 
capable of discriminating between the spectral 
signatures of aircraft and that produced by 
MTV based flares [3]. These missiles (two 
colour seekers) evaluate the intensity ratio 
(θ�/�) of the �-band and the �-band 
(3.6 - 5.3 μm) [3]. MTV based flares yield 
θ�/� < 1, whereas targets yield values of 
θ�/� = 1.25 - 20 [2]. The reduced effectiveness 

of MTV against two colour seekers has led to 
the development of ‘spectrally matched’ flare 
compositions [3]. 
 Some spectrally matched IRCMs utilise 
boron as the fuel which on combustion with an 
oxidiser yield a series of beneficial emitters 
such as B2O2, B2O3, FBO, HBO, HOBO and 
gaseous alkali metalborates (M-BO2(g), with M 
a metal) all mainly based on the B=O vibration 
mode [4,5]. In addition, boron is a highly 
energetic fuel which upon oxidation also yields 
good heat output.� Callaway has disclosed a 
boron based spectral flare formulation 
employing potassium nitrate as the oxidiser, 
formulation A. 
 
Formulation A 
Potassium nitrate 70 wt-% 
Boron 30 wt-% 
Viton 5 wt-% (in addition) 
 
The use of boron also poses the following 
issues; amorphous boron is only available in 
92-94 % purity with the major impurity being 
magnesium poly borides [6]. Boron is a 
relatively expensive fuel and readily undergoes 
air oxidation in the presence of moisture by the 
following reaction [7, 8]. 
 

2B + 3/2O2 � B2O3 

 
 On the other hand boron carbide is 
capable of providing almost the same energy 
of boron moreover; boron carbide is 25 % the 
cost of boron and does not react with the 
atmosphere to form oxides [9]. Recently the 
use of boron carbide in military pyrotechnic 
formulations such as green light formulations 
[10], smoke formulations [11] and delay 
formulations [12] has been reported. Given 
that boron carbide contains both of the desired 
building blocks for the generation of �-band 
emitting species, it was envisaged that the use 



of boron carbide as a fuel in IRCM may prove 
beneficial. This paper examines this 
hypothesis. 
 
Experimental 
� Reagent grade acetone, potassium 
perchlorate and potassium nitrate were 
purchased from Sigma-Aldrich, Australia. 
Boron carbide powder (1 - 10 μm) was 
purchased from Optigen Ingredients, South 
Australia and used as received. Hytemp 4454 
was purchased from Zeon Chemicals, 
Kentucky, US 40211. Amorphous boron 
(Trona 90-92 %, 1 μm) was purchased from 
Tronox. Pelletised Viton A was purchased from 
Du Point Australia. Both potassium perchlorate 
and potassium nitrate were milled using a 
Hosohava Micro Pulveriser and sieved through 
a BSS350 (45 μm) sieve before use. After 
drying the chemicals overnight at 100 °C, 30 g 
of each composition was prepared by weighing 
out the chemicals according to their respective 
weight percentages for each formulation. 
Hytemp 4454 (3 % weight of the total 
composition) was dissolved in acetone 
(0.9 g/15 mL) overnight with stirring and 
subsequently added to the potassium 
perchlorate. The mixture was hand blended for 
2 min and then the fuel added in one portion. 
After hand blending for a further 20 min 
granulation was achieved by passing the 
composition through a BSS18 (850 μm) sieve. 
The granulated composition was dried in the 
oven overnight at 60 °C before pressing. For 
the Viton A formulations the Hytemp 4454 
binder was replaced with Viton A (1.5 g/15 mL) 
with the same mix procedure as above 
adopted.  
 Sensitiveness data was measured in 
accordance with established protocols [13]. 
Friction sensitiveness was measured using a 
Julius Peters BAM friction apparatus. 
Sensitiveness to impact was determined 
utilising a Rotter Impact apparatus (DSTO). 
Sensitiveness to electrostatic discharge (ESD) 
was measured by passing electrical 
discharges of 4.5 J and 0.45 J through 10 mg 
samples utilising purpose built equipment. 
 The heat of reaction was measured using 
a Parr 6200 Bomb calorimeter. For each test, 
an accurately weighed pellet (approx. 1 g) of 
each formulation was placed into a Parr 1108 
oxygen combustion vessel. The vessel was 
flushed with high purity argon three times 
before being charged with argon to 3 MPa. 
The data reported is the average of 5 pellets.
 Between 8.98 g and 9.02 g of each 
composition was weighed and pressed into a 
pellet with a tooling die (diameter 23.6 mm) 

using a Marlco Press at a consolidation dead 
load of 40 kN and 30 s dwell time. Three 
pellets were prepared from each 30 g batch of 
prepared material.  
 The combustion of the pellets was tested 
in a flare tunnel under an exhaust fan 
operating to draw air at a rate of 0.5 m.s-1 to 
carry away the combustion products from the 
reaction zone. The emission was recorded 
with a Bomem FTIR MR304 instrument, fitted 
with a Sterling cooling (77 K) InSb detector, at 
a distance of 13.4 m from the pellet and 
16 cm-1 resolution. The spectrometer was 
calibrated with a black body at 100, 175, 250 
and 275 °C. Each of the measured spectral 
scans was integrated to obtain the total radiant 
intensity. The integrations were performed 
over the � and �-bands. The data reported is 
the average obtained from 5 pellets (unless 
otherwise stated). The mass consumption rate 
and linear burn rate is reported as the time 
between ignition and 10 % of the maximum 
intensity at the end of the burn observed in the 
�-band (unless otherwise stated). 

 
Results and Discussion 
� The development of IRCM formulations 
containing boron carbide (B4C) as a fuel 
commenced with a “drop-in” experiment of 
Callway’s boron (B) baseline formulation in 
which B was replaced directly with B4C [4]. It 
was also decided to examine the effect that 
the use of a more energetic oxidiser, 
potassium perchlorate (KClO4), would have on 
the sensitiveness and spectral properties of 
the formulations. The chemical and physical 
properties of the ingredients in the 
formulations tested are given in Table 1. 
 The experimental formulations, including 
the reference formulation reported by Callaway 
(A), along with the sensitiveness of the 
formulations to various ignition stimuli are 
displayed in Table 2. Replacement of B with 
the B4C resulted in a markedly decreased 
sensitiveness to impact as shown by the 
higher F of I value obtained for formulation B 
compared to A. This formulation was also 
found to be less electrostatically sensitive and 
more thermally stable than the control, with no 
ignition at 4.5 J and a T of I greater than 
400 °C obtained. Replacing potassium nitrate 
(KNO3) with KClO4 resulted in a slight increase 
to sensitiveness to impact for the B based 
formulations (A and C) but a large increase 
was observed for the B4C based formulations 
(B and D). This trend is generally observed in 
pyrotechnics when KNO3 is exchanged for 
KClO4, as KClO4 decomposes slightly 
exothermically compared to the endothermic 
decomposition of KNO3 [7]. All the B4C, 



formulations were found to be relatively less 
susceptible to initiation by ESD compared to 
the B based equivalents. 
 The spectral performance of the 
formulations is summarised in Table 3. The 
spectral efficiency for the reference formulation 
A, in both the α and β-bands was found to be 
quite low (2.8 and 5.7 J.g-1.sr-1). Low values 
were also observed when the KNO3 was 
replaced with KClO4, formulation C. 
  It was observed that a direct swap of B for 
B4C (formulation B) resulted in a large 
increase in both the α-band (Eα, 11.0 J.g-1.sr-1) 
and β-band (Eβ, 15.6 J.g-1.sr-1), although 
resulting in a slight reduction in the overall 
colour ratio (θβ/α, 1.4). A similar effect was also 
observed when potassium perchlorate was 
used as the oxidiser (formulations C and D).  
 Having established that the use of B4C 
gave reasonable spectral efficiency values and 
colour ratios attention was turned to examining 
the influence that stoichiometry played when 
utilising B4C as a fuel. As shown in Tables 4 
and 5, the weight-% of B4C and oxidiser were 
varied in 10 % iterations. Viton A was also 
replaced with Hytemp 4454, with the aim of 
eliminating any potential reaction between the 
binder and B4C. 
� Despite the abrasive nature of B4C and the 
absence of Viton A, which possesses 
lubricating properties, all the formulations were 
found to be friction insensitive (>360 N, Tables 
4 & 5). The formulations also exhibited high 
thermal stability with T of I values greater than 
400 °C achieved. Utilisation of the more 
energetic KClO4 oxidiser resulted in these 
formulations having an increased 
sensitiveness to impact compared to the 
corresponding KNO3 formulations. All the 
formulations were found to be relatively 
insensitive to ESD with both sets following the 
same trend, that is no ignition at 4.5 J for 
formulations containing 80 wt-% or above 
oxidiser and ignition occurring at 4.5 J for 
formulations containing less than 70 wt-% 
oxidiser and no ignition at 0.45 J. 
 The performance of the KNO3 formulations 
are summarised in Table 6. Utilising 10 wt-% 
of B4C and 90 wt-% KNO3 resulted in a slow 
burning pellet with an intense green light and 
little sparking. The green emission is 
associated with the boron oxidation product, 
BO2 radical [10]. This green emission is the 
only reliable evidence of the presence of this 
species as the radical does not produce 
emission in the infrared regions under 
examination [14, 15] and little thermodynamic 
chemical data is available due to the lack of 
information regarding BO2 radicals. The 
energy produced by this formulation in the IR 

bands of interest was negligible with no 
significant energy increase observed above 
the baseline noise level in the 1.5 - 5.3 μm 
range.  
 Apart from the 10 wt-% (formulation I) all 
the B4C experimental formulations 
outperformed the B baseline formulation A, 
reported by Callaway, in both E� and E�. 
Formulation F gave the highest E� value 

(25.9 J.g
-1

.sr
-1

) with formulation H giving the 

lowest E� (15.2 J.g
-1

.sr
-1

) value of the nitrate 
series. After a peak E� value is obtained at 
40 wt-% B4C, an increase in oxygen balance 
(Λε) of the formulation resulted in a decrease 
in both E� and E�. It is hypothesised that with 
increasing oxygen balance that the amount of 
the BO2 radical oxidation product increases 
steadily, thus shifting the emitting species from 
the 1.5 - 5.3 μm band to the visual.  
 For the KClO4 series (Table 7) K was 

found to give the highest E� (26.5 J.g
-1

.sr
-1

) 

and E� (15.8 J.g
-1

.sr
-1

) values. The colour 
ratios (θ�/�) obtained for the KClO4 series are 
all higher than that of the corresponding KNO3 
formulations. 
 Figure 1 shows the normalised (using the 
maximum intensity) averaged emission 
spectrum obtained from the combustion of 
formulations F (60 wt-% KNO3, 40 wt-% B4C) 
and K (60 wt-% KClO4, 40 wt-% B4C). Both 
spectra exhibit grey body features from 
1.8 - 4.1 μm and then is superimposed with 
selective emission from the presence of hot 
CO2 gas. The typical blue (4.2 μm) and red 
(4.4 μm) spike of the CO2 gas is present due 
to some absorption from the cold CO2 in the 
atmosphere. Emission due to oxidised boron 
species such as BO, B2O2 and B2O3 are 
present as evident by the emission peaks in 
the 4.6 - 5.3 μm range. The two spectra also 
highlight the difference in the colour ratio 
achieved when using the alternative oxidisers, 
with the maximum peak intensity for the KNO3 

formulation occurring at 1.9 μm whereas the 
maximum occurs at 4.4 μm when KClO4 is 
used as the oxidiser.  
 



 
Figure 1: Averaged apparent spectral emission spectrum 
obtained from the combustion of formulations F and K. 
  
To examine the effect that the different 
oxidisers had on the combustion energy (ΔHc) 
of the formulations, the ΔHc was determined 
for each formulation by bomb calorimetry 
under an inert atmosphere (Argon) and are 
reported in Table 9. As shown in Table 9 the 
more highly energetic KClO4 oxidiser resulted 
in consistently higher ΔHc energy than that of 
the KNO3 series. The maximum ΔHc occurs 
close to stoichiometry for the KNO3 series, with 
formulation H yielding the highest ΔHc. 
Surprisingly, for the KClO4 series, the 
maximum ΔHc occurs at 30�wt-% B4C not at 
the more stoichiometric mix (20 wt-% B4C, M) 
which is generally observed for pyrotechnic 
compositions [7]. 
 The spectral efficiency (Eλ) of a 
pyrotechnic IRCM formulation is closely 
related to the ΔHc of the formulation, the plume 
temperature and the spectral emissivity of its 
combustion products as described in Equation 
1 [16]. 

awc FHE δδ
π

λλ ⋅⋅⋅⋅Δ=
4

1  (1) 

 The experimental ΔHc values obtained for 
the B4C formulations do not correspond to 
spectral efficiencies observed. This is most 
likely a result of the calorimetry experiments 
haven been undertaken under an inert 
atmosphere and thus only taking into account 
the anaerobic reaction. What is clear from the 
combustion data is the substantial difference in 
energy between the combustion of the nitrate 

based formulation F (4870 J.g
-1

) and the 

perchlorate based formulation K (5871 J.g
-1

). It 
was observed that formulation K gave a higher 
θ�/� than formulation F. This is a consequence 
of the reduced E� obtained on combustion and 
not a markedly increase in E�. It is 
hypothesised that the increased combustion 
energy liberated by formulation K in the 
primary combustion zone activates a larger 
percentage of the �-band type combustion 
products for further reaction with oxygen from 
the atmosphere in the secondary reaction 

zone. This increased energy may also lead to 
the volatilisation of a greater percentage of the 
�-band type combustion products and thus 
decrease their concentration. Either 
mechanism would explain the observed 
reduction in E� for formulation K when 
compared to F.  

 

Conclusion and Future Work 
This work examined the use of boron carbide 
as an alternative fuel to boron in pyrotechnic 
IRCM formulations. It was found, in this 
instance, that the replacement of boron with 
boron carbide yielded formulations that were 
less sensitive to ignition by electrical static 
discharge and with greater spectral efficiency. 
Employing potassium perchlorate as the 
oxidiser resulted in consistently higher θ�/�, 
higher anaerobic combustion energy and the 
highest spectral efficiency in the �-band 
(E� = 26.5 J.g.sr-1). An undesirable effect of 
the potassium perchlorate formulations are the 
increased sensitiveness to impact compared to 
the potassium nitrate formulations, which were 
found to be relatively insensitive to impact. 
 Use of potassium nitrate resulted in the 
highest spectral efficiency in the �-band 
(22.3 J.g.sr-1) and consistently gave lower θ�/�. 
Thus from this study it would appear that 
potassium perchlorate is the oxidiser of choice 
for spectral based IRCM formulations utilising 
boron carbide as the fuel. The potassium 
nitrate formulations, with their grey body 
spectra and reduced sensitiveness, may find 
application as alternative low temperature grey 
body IRCM compared to MTV. 
 For future work formulations K (spectral) 
and F (alternate grey body) are being scaled 
up and tested under windstream and dynamic 
conditions using DTSOs Reusable 
Aerodynamic Flare Ejection Capability 
(RAFEC). Also modelling of the formulations 
will be undertaken. 
�
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Symbols and Abbreviations 
�-band 1.8 – 2.5 μm 
�-band 3.6-5.3 μm 
δa Aspect angle factor 
bp Boiling point 
B Boron 
B4C Boron carbide 
BS British Standard 
CAS-No Chemical Abstracts Number 
dp Decomposition point 
DSTO Defence Science and Technology 

Organisation 
ρ Density 
ESD Electrostatic discharge 

ο
)c(HΔ  Enthalpy of combustion 

ο
fHΔ  Enthalpy of formation 

F of I Figure of Insensitiveness 
FTIR Fourier Transfer Infrared 

Spectroscopy 
g Grams 
InSb Indium antimony detector  
IRCM Infrared Countermeasure 
θ�/� Intensity ratio 
μ Mass consumption rate 
Mp Melting point 
Mr Molecular weight 
N Newtons 
Λε Oxygen balance 
KNO3 Potassium nitrate 
KClO4 Potassium perchlorate 
s Seconds 
Eλ Spectral efficiency 
T of I Temperature of Ignition 
wt-% Weight percent 

 



Table 1 Properties of investigated ingredients. 

 B B4C KNO3 KClO4 Viton A 

CAS-No 7440-42-8 12069-32-8 7757-79-1 7778-74-7 9011-17-0 

Mr [g.mol
-1

] 10.8 55.25 101.10 138.55 374.14 

ρ [g.cm
-1

] 2.34 2.52 2.11 2.52 1.85 

ΔHf [kJ.mol
-1
] 0 -62.68 -494.63 -432.79 -2784.03 

Mp [°C] 2300 2450 334 610 - 

dp/bp [°C] 2550 - 400 - >400 

�
Table 2 Sensitiveness data of the boron and boron carbide based spectral formulations 

utilising Viton A (5%) as the binder. 

Formulation A B C D 
KNO3 [wt-%] 70 70 - - 
KClO4 [wt-%]  - 70 70 
B [wt-%] 30 - 30 - 
B4C [wt-%] - 30 - 30 
     
Impact [F of I] 40  170  20  40  
Friction [N] 360 360 252 360 
ESD [J] Ignition at 0.45  

not at 0.045 
No Ignition at 4.5 Ignition at 0.45  

not at 0.045 
Ignition at 4.5 

not at 0.45 
T of I [°C] 375 >400 325 348 

�
Table 3  Spectral performance of boron and boron carbide formulations containing Viton A 

(5% of the total weight) as the binder. 
Formulation A B C D 

E� [J.g
-1
.sr

-1
] 2.8 ± 0.4 11.0 ± 0.8 4.0 ± 0.2 7.1 ± 1.1 

E� [J.g
-1
.sr

-1
] 5.7 ± 0.6 15.6 ± 0.8 7.5 ± 0.6 11.3 ± 1.1 

θ�/� [-] 2.1 ± 0.2 1.4 ± 0.1 1.9 ± 0.2 1.6 ± 0.2 

ρ [g.cm
-3

] 1.62 1.83 1.75 1.96 
TMD [%] 75 85 81 79 

μ [g.s
-1

] 6.7 ± 0.6 4.6 ± 0.6 9.5 ± 0.7 3.2 ± 0.6 

r [mm.s
-1

]  11.1 ± 1.0 6.8 ± 0.8 14.3 ± 1.1 4.4 ± 0.8 

�
Table 4 Boron carbide and potassium nitrate formulations and sensitiveness data 

Formulation
i
 E F G H I 

KNO3 [wt-%] 50 60 70 80 90 
B4C [wt-%] 50 40 30 20 10 

Λε

ii -96.05 -68.93 -41.81 -14.68 12.44 

Impact [F of I] 180 >200 >200 >200 >200 
Friction [N] 360 360 360 360 360 
ESD [J] Ignition at 4.5 

not at 0.45 
Ignition at 4.5 

not at 0.45 
Ignition at 4.5 

not at 0.45 
No ignition at 4.5 No ignition at 4.5 

T of I [°C] <400 <400 <400 <400 <400 
i 
All formulations contain Hytemp 4454 as the binder (3 % of the total weight). 

ii 
Oxygen balance (Λε) is calculated on the basis of the theoretical equation 5B4C(s) + 16KNO3(s) � 8K2O(s) + 8N2(g) + 10B2O3(g) + 

5CO2(g). 
 
Table 5 Boron carbide and potassium perchlorate formulations and sensitiveness data 

Formulation
i
 J K L M N 

KClO4 [wt-%] 50 60 70 80 90 
B4C [wt-%] 50 40 30 20 10 

Λε

ii -92.74 -64.95 -37.16 -9.38 18.41 

Impact [F of I] 50  60 40 50 70 
Friction [N] 360 360 360 360 360 
ESD [J] Ignition at 4.5 

not at 0.45 
Ignition at 4.5 

not at 0.45 
Ignition at 4.5 

not at 0.45 
No ignition at 4.5 No ignition at 4.5 

T of I [°C] <400 <400 <400 <400 <400 
i 
All formulations contain Hytemp 4454 as the binder (3 % of the total weight). 

ii
Λε is calculated on the basis of the theoretical equation B4C(s) + 2KClO4(s) � 2B2O3(g) + 2KCl(s) + CO2(g). 
 



Table 6  Spectral performance of boron carbide formulations with potassium nitrate as the 
oxidiser. 

Formulation
i
 E F G H I 

KNO3 [wt-%] 50 60 70 80 90 
B4C [wt-%] 50 40 30 20 10 

E� [J.g
-1

.sr
-1

] 17.0 ± 1.2 22.3 ± 1.3 20.8 ± 2.0 10.6 ± 1.6 n.a. 

E� [J.g
-1

.sr
-1

] 21.7 ± 1.2 25.9 ± 2.7 24.1 ± 2.0 15.2 ± 1.3 n.a. 
θ�/� [-] 1.3 ± 0.1 1.2 ± 0.1 1.2 ± 0.1 1.5 ± 0.3 n.a. 

ρ [g.cm
-3

] 1.65 1.69 1.75 1.80 1.84 
TMD [%] 65 67 69 71 73 

μ [g.s
-1

] 4.1 ± 0.2 4.4 ± 0.9 3.4 ± 0.5 3.2 ± 0.2 1.1
ii
 ± 0.1 

r [mm.s
-1

]  6.5 ± 0.4 6.9 ± 1.5 5.2 ± 0.7 4.4 ± 0.4 1.6
ii
 ± 0.2 

i 
All formulations contain Hytemp 4454 as the binder (3 % of the total weight). 

ii
 Determined from video footage. 
�
Table 7  Spectral performance of boron carbide formulations with potassium perchlorate as 

the oxidiser. 
Formulation

i
 J K L M N 

KClO4 [wt-%] 50 60 70 80 90 
B4C [wt-%] 50 40 30 20 10 

E� [J.g
-1

.sr
-1

] 9.5 ± 0.8 15.8 ± 1.5 10.1 ± 1.4 3.4 ± 0.1 n.a. 

E� [J.g
-1

.sr
-1

] 18.0 ± 1.3 26.5 ± 1.5 15.6 ± 0.7 6.8 ± 1.9 n.a. 

θ�/� [-] 1.9 ± 0.1 1.7 ± 0.1 1.5 ± 0.1 1.9 ± 0.1 n.a. 

ρ [g.cm
-3

] 1.72 1.81 1.91 2.02 2.13 
TMD [%] 68 72 76 80 85 

μ [g.s
-1

] 4.0 ± 0.7 3.3 ± 0.2 3.6 ± 0.5 2.4 ± 0.1 0.6
ii
 ± 0.1 

r [mm.s
-1

]  6.1 ± 1.0 4.8 ± 0.2 5.1 ± 0.6 3.3 ± 0.1 0.9
ii
 ± 0.1 

i 
All formulations contain Hytemp 4454 as the binder (3 % of the total weight). 

ii
 Determined from video footage. 
�
Table 8  Experimentally obtained heat of combustion values of boron carbide based 

formulations. 
KNO3 Formulation ΔΔΔΔHc (J.g

-1
) KClO4 Formulation ΔΔΔΔHc (J.g

-1
) 

E 4093  ± 46 J  4856 ± 8 
F 4870  ± 57 K 5871 ± 32 
G 5621  ± 41 L 6686 ± 18 
H 6012 ± 13 M 6116 ± 14 
I 4452 ± 24 N n.a. 

�
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Abstract:  The use of small  bui lding blocks,  i .e.  submicron- or 
nanoparticles,  to prepare energetic compositions leads to 
materials with new reactive properties and outstanding 
pyrotechnic effects,  ranging from the incandescence 
propagation to detonation. Furthermore, the deflagration or 
detonation, which are generally considered as destructive 
processes can be used to sculpt the morphology of matter at 
small  scale.   
The study of reactive phenomena also lead to understand 
what really happens when the species contained in a 
composition interact.  For instance, in Al-based 
nanothermites,  the abrupt reaction mechanism originates 
from the melt dispersion mechanism of Al nanoparticles 
proposed by Levitas 1 .  The lower reactivity of B-based 
nanothermites is attributed to a surface reaction 
mechanism 2

The use of ultrafine nanodiamonds synthesized by detonation 
(  5 nm) in KClO3 based formulations,  has not only permitted 
to account for the existence of two combustion modes 
(continuous/pulsed),  but also to give an estimate of the 
oxidation rate of nanodiamond ( 0.8 mm/s),  confirming the 
value of this substance as dense carbonaceous fuel

,  whi le phosphorus vapors play a determinant 
role in the ignition and the combustion of P-based thermites.  

3

 

.   

B i o g r a p h y :  C é d r i c  M A R T I N  i s  p r e p a r i n g  a  P h D  t h e s i s  i n  t h e  l a b o r a t o r y  “ N a n o m a t é r i a u x  p o u r  l e s  S y s t è m e s  S o u s  
S o l l i c i t a t i o n s  E x t r ê m e s ”  ( U M R  I S L - C N R S - U N I S T R A )  b a s e d  a t  t h e  F r e n c h - G e r m a n  r e s e a r c h  I n s t i t u t e  o f  S a i n t - L o u i s  
( I S L )  u n d e r  t h e  d i r e c t i o n  o f  D r . H D R  M a r c  C O M E T .   
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2 M.  Comet  e t  a l . ,  Energy  &  Fue l ,  28  (6 ) ,  2014 ,  4139-4148 .
3 M.  Comet  e t  a l . ,  Diamond  and  Re la ted  Mate r ia l s ,  47 ,  2014 ,  35 -39 .
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ABSTRACT 

 

The use of small building blocks, i.e. submicron- 
or nanoparticles, to prepare energetic compositions 
leads to materials with new reactive properties and 
outstanding pyrotechnic effects, ranging from the 
incandescence propagation to detonation. The 
study of reactive phenomena leads to understand 
what really happens when the species contained in 
a composition interact. For instance, in Al-based 
nanothermites, the abrupt reaction mechanism 
originates from the melt dispersion mechanism of 
Al nanoparticles proposed by Levitas. The lower 
reactivity of B-based nanothermites is attributed to 
a surface reaction mechanism, while phosphorus 
vapors play a determinant role in the ignition and 
the combustion of P-based thermites. 
Nanodiamond powder prepared by detonation has 
a high oxidation enthalpy, but a low oxidation 
kinetic (≈ 0.8 mm/s) which makes it unusable as 
fuel in nanothermite compositions. 
 
1. NANOTHERMITE PREPARATION 

 
The methods used for preparing nanothermites 
have been reviewed by Zhou et al.[1] The main 
sophisticated techniques are: (i) The sol-gel 
process which consists in enclosing fuel 
nanoparticles into an oxide gel[2]; (ii) the arrested 
reactive milling, in which micron-sized particles 
are converted into composite particles with nano-
sized domains nested into each other[3]; (iii) the 
self-assembly techniques use electrostatic 
interactions of different types as driving force for 

assembling the fuel and the oxidizer particles; (iv) 
the layer vapor deposition[4] which can be 
considered as pseudo-tridimensional formulation.  
Contrary to these methods, the physical mixing is a 
simple, inexpensive and industrially scalable 
process to prepare nanothermite mixtures. It has 
been used in NS3E laboratory to manufacture a 
large panel of energetic nanocompositions, with 
different fuels (Al, B, P) and oxidizers (MOx, 
MySO4).  
 
2. FUELS FOR NANOTHERMITES 

 
2.1. Aluminum 

Al-based nanothermites are the most reactive. The 
very specific behavior of Al nanoparticles in 
energetic compositions arise from their core-shell 
morphology. The oxide shell (E > 2-3 nm)[5,6] 

confines the Al core, which leads to the dynamical 
effects observed by Wang et al.[7] and induces an 
explosive dispersion of molten aluminum, in 
accordance with the MDM theory proposed by 
Levitas[8,9]. Molten Al nano-sized droplets are 
ejected with high speeds (100 – 250 m/s) and 
propagate the alminothermy reaction in their 
surroundings. The global reaction also involves 
convection processes of the gas products into the 
fresh downstream composition. The modeling of 
the surface oxidation of Al by molecular dynamic 
simulations shows that the alumina layer thickens 
at about 50 m/s[10]. In other words, the Al droplets 
propelled by the MDM have an extremely short 
lifetime before being totally converted into 



alumina when the nanothermites are fired in the 
presence of gaseous oxygen-containing species.  
 
2.2. Boron 

Boron is a refractory fuel which melts above 
2079°C. This ceramic fuel has an extremely high 
oxidation enthalpy (58 kJ/g or 143 kJ/cm3)[11], 
making it particularly attractive from a 
thermodynamic point of view. Boron nanoparticles 
are enclosed into a B2O3 shell, which evaporates at 
far lower temperatures (1860°C). Moreover, as 
B2O3 melts at 450°C it is likely that it reacts with 
the metallic oxide present in the thermite 
composition, to give glass species. It can be 
noticed here, that borax is used as flux to dissolve 
metallic oxides for welding metal pieces. In B-
based nanothermites, the oxidation of boron is 
probably a surface mechanism which is limited by 
the presence of this glass layer. This phenomenon 
has been observed by Comet et al. in Bi2O3/B 
nanothermites[12]. The ejection rates of CuO/B and 
Bi2O3/B nanocompositions, measured in the same 
conditions as homologous Al-based nanothermites, 
are two orders of magnitude smaller, which means 
that boron oxidation has a slower kinetic than the 
one of aluminum. Sullivan et al. have pointed out 
that the addition of small amounts of boron in 
Al/CuO nanothermites may improve their 
reactivity[13]. This is an interesting example of the 
tuning of reactive properties through the use of a 
ternary composition. B-based nanothermites are 
promising materials for the first reactive stage in 
pyrotechnic chains, as they can be ignited easily by 
a hot wire, a cap or an open flame.  
 
2.3. Red phosphorus 

Red phosphorus has a strong affinity for oxygen. It 
can react with a number of nano-sized metallic 
oxides (Fe2O3, Bi2O3, CuO, PbO2), leading to 
reactions from incandescence propagation to 
deflagration[14]. The ignition is attributed to the 
reaction of phosphorus vapors with surrounding 
oxygen-containing species. The reaction products 
are metals, metal oxides and phosphides, as well as 
complex phosphates species[15].  

 

2.4. Nanodiamond 

Nanodiamond powder (NDP) prepared by the 
detonation of hexolite charges are the densest 
carbonaceous fuel (d ≈ 3,2 g/cm3). Bulk diamond 
is very difficult to oxidize. However, at nanoscale 
the oxidation occurs more easily due to the small 
size of diamond nanoparticles (3 - 20 nm) and to 
the partial oxidation of diamond surface[16,17]. The 
comprehensive study of potassium 
chlorate/nanodiamond compositions has led to 
estimate the oxidation rate of nanodiamond, which 
is only 0.8 mm/s[18,19].  
Despite its high oxidation energy, NDP has a too 
low oxidation kinetic for being used in fast 
reacting energetic composite materials. The 
reaction probably involves a graphitization step, 
followed by the oxidation in which the carbon at 
solid state is gasified. The NDP oxidation requires 
strong oxidizers like chlorates or perchlorates, and 
cannot be performed with weak oxidizing 
substances like metallic oxides. The use of NDP in 
nanothermites is therefore limited to the 
modifications of their properties.  
 
 
3. APPLICATIONS 

Al-based nanothermites generally have high 
reactive performances. They are ideal candidates 
for all kind of applications needing high power, 
combustion heat and propagation velocity[20,21].  
B-based nanothermites can be used as ignition 
substances for more energetic, albeit less heat-
sensitive compositions.  
P-based nanothermites also ignite readily and find 
interesting applications in one-shot systems.  
Nanodiamond powder cannot be used as fuel in 
nanothermites, as its oxidation needs strong 
oxidizing salts. Nevertheless, they can be used as 
additives for changing the properties of 
nanothermites.  
The solid combustion products of unconfined (or 
partly confined) nanothermites (Fig. 1) are 
dispersed in the form of fumes, whereas bulk 
agglomerates are formed by the reaction of 
confined nanothermites. These particles have 
beneficial effects on the ignition of energetic 



materials which are less sensitive to heat, as for 
instance LOVA powders[22].  
 

 
 
Figure 1. Bulk combustion residues of Al, B and P-

based nanothermites (from left to right). 
 

4. CONCLUSION 

 
Nanothermites are a wide family gathering various 
fuels such as Al, B, P which are combined with 
nano-sized oxygen-donors like metallic oxides or 
sulphates. The particular oxidation mechanism of 
each fuel and the nature of the oxidizer, plays a 
key role in the specific reactive behaviour of the 
compositions prepared by combining these 
precursors. This offers to scientists working in 
pyrotechnics, a real physicochemical toolbox for 
designing materials customized for precise 
applications.  
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Over the last years, growing research efforts are performed to the development of safer 

energetic materials. The reason is that the energetic materials have to respond to the international 

security standards1 to ensure an optimal safety of the user during the manufacturing, the handling or 

the transport operations. Among the numerous safety recommendations, the shock, the friction and 

the electrostatic discharge sensitivities are fundamental; their threshold values are of 2 J, 80 N and

ranged from 8 to 20 mJ2, respectively. 

Conventional thermites are micronsized pyrotechnic compositions made of a metallic fuel (Al) 

mixed with a transition metal oxide (WO3, MoO3…) used as oxidizer. The use of nanopowders, i.e.; the 

nanostructuration, allows the improvement of the reactivity of the compositions (ignition, combustion 

velocity) to the detriment of their mechanical and electrical sensitivities. For instance, the 

nanostructuration of an Al/WO3 thermite leads to a sensitization to the shock and the friction stresses 

and the maintaining of the high electrostatic discharge sensitivity (< 1 mJ)3. Results of a recent work4

1 Recommendations on the Transport of Dangerous Goods, United Nations, New York, 2009.

focussed on the adding of a conductive material on the Al/WO3 nanothermite will be presented and 

discussed. The additive was prepared with various aspect ratios, gradual conductive properties and 

added following different amounts (1 – 5 weight %) to the nanothermite. A desensitization to the 

friction stress coupled to a strong increase of the electrostatic discharge threshold (from 0.14 mJ up to 

120 mJ) with a combustion velocity value at the same level than for the binary nanothermite were 

successfully achieved.

2 Talawar M.B. et al., J Hazard Mater, 2006, 137, 1074-1078.
3 Gibot P. et al., Solid State Sci, 2001, 13, 908-914.
4 Bach A., Thèse de doctorat, Universités de Mulhouse et Strasbourg, 2014.
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ABSTRACT

Thermites are energetic micronsized composites
that are made of a metallic fuel - frequently 
aluminum - mixed with a transition metal oxide 
used as oxidizer. Due to nanostructuration,
nanothermites exhibit improved combustion 
properties (ignition and combustion velocity) but
become more sensitive to shock and friction 
stresses and keep an extreme sensitivity to 
electrostatic discharges.
An electrically conductive additive was prepared
with a fiber morphology and added following 
different amounts (1 – 5 weight %) to a Al/WO3
nanothermite. A desensitization to the mechanical
stresses coupled to a high increase of the 
electrostatic discharge threshold with a combustion 
velocity value at the same level than for the 
classical binary nanothermite were successfully 
achieved.

1. INTRODUCTION

Over the last years, increasing research efforts are 
performed to the development of safer energetic 
materials. The reason is that the energetic materials 
have to respond to the international security 
standards [1] to ensure an optimal safety of the 
user during the manufacturing, the handling or the 
transport operations. Among the numerous safety 
recommendations, the shock, the friction and the 
electrostatic discharge sensitivities are 
fundamental; their threshold values are of 2 J, 80 N 
and ranged from 8 to 20 mJ [2], respectively.
Conventional thermites are micronsized 
pyrotechnic compositions made of a metallic fuel 
(Al) mixed with a transition metal oxide (WO3,
MoO3…) used as oxidizer. The use of 

nanopowders, i.e.; the nanostructuration, allows 
the improvement of the reactivity of the
compositions (ignition, combustion velocity) to the 
detriment of their mechanical and electrical 
sensitivities. For instance, the nanostructuration of 
an Al/WO3 thermite leads to a sensitization to the 
shock and the friction stresses and the maintaining 
of the high electrostatic discharge sensitivity (< 1 
mJ) [3]. Electrostatic and mechanical 
desensitization have been obtained by using 
additives with appropriate electrical and 
mechanical properties. However, the reactivity was
drastically reduced [4, 5]. Results of a recent work
[6] focussed on the adding of a conductive material 
on the Al/WO3 nanothermite will be presented and 
discussed. The additive, with fibrous morphology, 
was prepared with various aspect ratios and
gradual conductive properties. The conductive 
additive was mixed in an Al/WO3 nanothermite 
following different amounts (1 – 5 weight %) to 
the nanothermite. Desensitization to the friction 
stress coupled to a strong increase of the 
electrostatic discharge threshold (from 0.14 mJ up 
to 120 mJ) were determined. About, the 
combustion velocity, values for the classical binary 
nanothermite and the one with the additive are at 
the same level.

2. EXPERIMENTAL SECTION

2.1. Thermite materials and preparation

Fuel used in this study was aluminium 
nanoparticles supplied from Novacentrix, Austin, 
Texas (SBET = 40 m²/g). The oxidizer was tungsten
(VI) trioxide nanoparticles purchased from DK 
Nanomaterials, Beijing, China (SBET = 17 m²/g, 40 
nm x 100 nm). The additive material is a common 



conductive polymer prepared following a 
published protocol [7].
Aluminium and tungsten (VI) trioxide react 
through the following aluminothermic reaction Eq. 
1:

2 Al + WO3 2O3 + W + H (1)

where H corresponds to the released energy. 
Thermites are classically prepared with an excess 

the following Eq. 2: =  ( / )( / ) (2)

where MF and MO are the mass ratio of fuel and 
oxidizer,  (exp) and (st) stand for experimental and 
stoichiometry. The Al/WO3 thermite optimal 
value, where combustion velocity is maximal, is 
1.4 as determined by Sanders [8].
In a round-shaped bottom flask, calculated 
amounts of aluminium, tungsten (VI) trioxide and 
additive are dispersed in 60 mL of acetonitrile. The 
suspension was homogenized by ultrasonication 
and stirring during 1 hour. Acetonitrile was 
removed by evaporation under vacuum (0.2 bar) at 
80 °C during 1 hour. A black powder is obtained. 
Combustion properties (ignition delay time, 
combustion velocity) are determined on 
nanothermite loose powder confined in glass tubes
whereas sensitivity properties (shock, friction, 
electrical discharge) were measured on loose 
powder.

2.2. Combustion and sensitivities 
characterization

Electrical and mechanical sensitivities were 
measured on energetic composite loose powder. 
Experiments were carried out in compliance with 
the NATO standards [9-11]. The United Nations 
standards for transport of explosive goods consider 
energetic materials to be too dangerous for 
transport when impact and friction sensitivities are 
below 2 J and 80 N, respectively [1]. The impact 
sensitivity is determined with a Julius Peters BAM 
Fallhammer apparatus. During the experiment, the 
energetic material is placed between two steel 
cylinders. A hammer (1 or 5 kg) falls from various 
drop heights (max. 1 m) on the energetic material. 
The impact threshold value is given in joules (J). 
The friction sensitivity is determined with a  Julius 
Perters BAM Friction apparatus. Under 
experimental conditions, the energetic material is 

placed between a ceramic plate and a peg: the 
force applied is a function of the weights attached 
at specific locations on a lever arm. The friction 
threshold value is given in newtons (N). 
Electrostatic discharge (ESD) sensitivity is 
measured by using an ESD 2008 testing device 
from OZM Research, Czech Republic, with a 
discharge voltage of 4-10 kV and a distance of 
exactly 1 mm between the electrodes. The ESD 
threshold value is given in joules (J). No standards 
are available with respect to electrostatic hazards 
but some values have been defined as the 
minimum energy that can be generated by an 
ungrounded human body through electrostatic 
discharge: 20 mJ [2]. In each sensitivity test, the 
threshold is the highest value at which 6 reaction 
tests are all related to a no-combustion result.
Combustion velocities were measured during the 
combustion of loose powder (<10 %TMD) placed
in a glass tube (L = 150 mm, = 3 mm) and 
ignited by an electric primer following the work of 
Comet [12]. Combustion phenomena are recorded 
with a high speed camera video granting the 
determination of the combustion duration, and then 
calculating the average combustion velocity.

3. RESULTS

3.1. Pristine materials characterization

Images of aluminium Al50P nanoparticles 
obtained by Transmission Electron Microscopy 
(TEM) show a distribution of spherical-shaped 
nanoparticles with a mean diameter of 50 nm (Fig. 
1.a). Fig. 1.b illustrates a core-shell structure. Each 
particle of aluminium Al50P is covered by a shell 
of amorphous alumina (Al2O3) with an average 
thickness of 3 nm. Thermo-gravimetric analysis 
performed on aluminium Al50P powder has 
revealed an alumina mass content of 40 %. 
Specific surface area of about 40m2/g was 
determined by nitrogen adsorption measurement at 
77 K following the Brunauer Emmet Teller (BET) 
method.
TEM images of tungsten trioxide nanoparticles 
reveal a plate-shaped morphology with lateral size 
of 40 – 60 nm and 100 – 200 nm long (Fig. 1.c). 
Specific surface area is found to be 17 m²/g. XRD 
analysis was realized on a Brucker D8 Advance 
diffractometer
form the diffractogram can be attributed to a 
monoclinic structure with a P21/n space group 
according to the JCPDS card No. 01-083-0950.
Images of the additive show a fiber morphology 
(Fig. 2). The aspect ratio of the polymer have been 



tailored during the polymerization process leading 
to short and long nanofibers with longitudinal 
length of 0.5 µm and 2 µm, respectively, and in 
both case a diameter around 50 nm. 

Figure 1: Transmission electron microscope 
images of aluminium nanoparticles (A-B) and 

tungsten trioxide nanopowder (C).

3.2. Sensitivity properties

Effects of the adding of the conductive material 
and its aspect ratio on the behaviour of the binary 
nanothermite Al/WO3 have been studied. Resulting 
ternary nanothermites were prepared with short 
and long nanofibers of conductive polymer. A
post-polymerization chemical treatment has been 
performed leading to the synthesis of insulative 

nanofibers which was used for preparing an 
nanothermite for comparisons. The binary 
nanothermite has thresholds above 50 J and of 8 N 
to shock and friction stresses, respectively. For 
reminder, United Nations standards are set at 2 J 
and 80 N [1].

Figure 2: Transmission electron microscope images of 
short and long nanofibers of the conductive additive.

The use of the additive leads to the increase of the 
friction threshold above 240 N while the 
insensitivity to shock stress was preserved with 
values ranged from 10 to 50 J. For the electrostatic 
discharge sensitivity, the Al/WO3 binary 
nanothermite has a threshold below 0.14 mJ. For 
reminder, an ungrounded human body can generate 
sparks with energy of 20 mJ [2]. The adding of the 
long conductive nanofibers leads to the increase of 
the threshold up to 120 mJ due to the formation of 
a conductive network limiting the ignition of the 
pyrotechnic formulation. When reducing the 
additive mass content below 5 wt%, the thresholds 
values are below 0.14 mJ. This indicates that the 
percolation is obtained at 5 wt% with the long 
nanofibers. Short conductive nanofibers and 
insulative long nanofibers have no effect on the 
electrostatic discharge threshold with values below 



0.14 mJ demonstrating the need of coupling the 
electrical properties and the morphology of the 
additive to be efficient in the desensitization of 
nanothermite toward electrical discharge.

3.2. Combustion properties

Combustion velocities were determined during the 
combustion of loose powders confined in glass 
tube. The binary nanothermite have a combustion 
velocity of ~ 620 m/s and the ternary 
nanothermites have values around ~ 400 m/s. The 
decrease is attributed to the lower exothermic 
combustion of the additive compared to the higher 
exothermic reaction between WO3 and Al as 
measured by calorimetric bomb.

4. CONCLUSIONS

The aim of this study was to modulate the 
pyrotechnical and sensitivity properties of an 
aluminium/tungsten (VI) trioxide nanothermite.
For that, the nanofiber structure of a conductive 
polymer was investigated as an additive in this 
binary energetic formulation. The aspect ratio and 
the amount of the additive were examined. The 
better response - mechanical and electrical 
desensitizations with interesting reactive properties 
– was observed for the longer nanofibers (5 weight 
%) well dispersed in the Al/WO3 energetic 
composite. The results show that using an 
conductive organic additive in nanothermites 
seems to be a promising route in the development 
of insensitive and reactive energetic formulations. 
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the development of compact and reliable ignition methods can extend the applicability of 

nEMs to various thermal engineering fields. In this study we report the development of a 

nEMs-on-a-chip initiator with controlled explosive reactivity using concepts usually applied 

to microelectromechanical systems (MEMS) and simple nanofabrication processes. The 

nEMs fabricated in this study consisted of aluminum nanoparticles (Al NPs) as the fuel and 

copper oxide nanoparticles (CuO NPs) as the oxidizer accumulated on a silicone oxide 

substrate with a serpentine-shaped gold (Au) electrode. The nEMs-on-a-chip rapidly ignited 

and exploded when minimal current was supplied. The effects of accumulating structures of 

Al and CuO-based nEM multilayers on the explosive properties were systematically 

investigated in terms of the pressurization rate, peak burning time, and heat flow. 

Pressurization rates of 0.004-0.025 MPa·μs-1 and heat flows of 2.0-3.8 kJ·g-1 with a 

commonly fast response time of less than 20 ms could be achieved by simply changing the 

interfacial structures of the Al and CuO multilayers. The nEMs-on-a-chip fabricated in this 

study was reliable, compact, and proved to be a versatile platform, exhibiting controlled 

explosive reactivity and fast response time, which could be used for various civilian and 

military thermal engineering applications, such as in initiators and propulsion, welding, and 
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ABSTRACT 
The interfacial contact area between the 

fuel and oxidizer components plays an 
important role determining the explosive 
reactivity of nanoscale energetic materials 
(nEMs). In addition, the development of 
compact and reliable ignition methods can 
extend the applicability of nEMs to various 
thermal engineering fields. In this study we 
report the development of a nEMs-on-a-chip 
initiator with controlled explosive reactivity 
using concepts usually applied to 
microelectromechanical systems (MEMS) 
and simple nanofabrication processes. The 
nEMs fabricated in this study consisted of 
aluminum nanoparticles (Al NPs) as the fuel 
and copper oxide nanoparticles (CuO NPs) 
as the oxidizer accumulated on a silicone 
oxide substrate with a serpentine-shaped 
gold (Au) electrode. The nEMs-on-a-chip 
rapidly ignited and exploded when minimal 
current was supplied. The effects of 
accumulating structures of Al and CuO-
based nEM multilayers on the explosive 
properties were systematically investigated 
in terms of the pressurization rate, peak 
burning time, and heat flow. Pressurization 
rates of 0.004-0.025 MPa·μs-1 and heat 
flows of 2.0-3.8 kJ·g-1 with a commonly fast 
response time of less than 20 ms could be 
achieved by simply changing the interfacial 
structures of the Al and CuO multilayers. 
The nEMs-on-a-chip fabricated in this study 
was reliable, compact, and proved to be a 
versatile platform, exhibiting controlled 
explosive reactivity and fast response time, 
which could be used for various civilian and 
military thermal engineering applications, 

such as in initiators and propulsion, welding, 
and ordinance systems.     
 

1. INTRODUCTION 
To ignite the nEMs, various methods 

involving mechanical impact, flame, and hot 
wire have been developed. The development 
of an effective ignition method is a very 
important requirement for precisely 
controlling the energetic properties (e.g., 
sensitivity, reaction rate, and energy output) 
and greatly broadening the potential 
applications of the nEMs. Among the 
various ignition methods, an 
electropyrotechnic igniter activated by 
minimal electrical energy input is very 
attractive and is advantageous because of 
the relative simplicity, easy handling, and 
compact device realization. Recently, 
microscale electrothermal heaters, which 
have been fabricated using 
microelectromechanical system (MEMS)-
based processing, are being used as 
explosive initiators for a wide range of 
civilian and military applications [1,2]. The 
integration of nEMs on a microscale chip 
(hereafter referred to as nEMs-on-a-chip) 
enables the effective supply of high heat for 
multiscale device-based thermal engineering 
systems. The performances of such nEMs-
on-a-chips have greatly enhanced; however, 
various fundamental challenges, such as 
explosion controllability, ignition reliability, 
and effective harnessing of heat and 
pressure, still remain [3,4].  
This study reports the design, assembly, 

and characterization of nEMs-on-a-chip 
with highly reliable ignition and controllable  
  



explosive reactivity. Briefly, a microscale 
electrothermal initiator platform was 
fabricated on a silicon substrate to rapidly 
and effectively ignite nEM-accumulated 
multilayers. Tuning of the explosive 
reactivity of the nEMs-on-a-chip was 
systematically investigated by varying the 
internal structures of the Al and CuO 
multilayers accumulated on the surface of 
the gold (Au) wire-patterned microchips. 
The energetic properties of a given nEMs-
on-a-chip device assembled by this 
approach have been exhibited in terms of 
the heat flow, peak explosion time, and 
pressurization rate when ignited. 
 
2. EXPERIMENTAL 
The micro-hot-plate (MHP) chips were 

fabricated by a metal lift-off process, as 
illustrated schematically in Fig. 1a. A 
photoresist mold ~1.4 μm in thickness (PR; 
AZ5214, Clariant) was first formed on an 
oxidized silicon substrate by a standard 
image reversal (IR) photolithography 
process. The IR process is useful for 
producing negatively sloped sidewalls in a 
PR mold, which makes the subsequent lift-
off easier. Hence, the PR was spin-coated on 
the oxidized silicon substrate at 4000 rpm 
for 35 s and soft-baked on a hotplate at 
95 °C for 5 min. The PR layer was then 
exposed to ultraviolet (UV) radiation with 
an intensity of ~20 mW·cm-2 through a 
photomask using a commercially-available 
mask aligning system (MDA-400M, Midas 
System). The UV-exposed region of the PR 
layer was cross-linked by further baking on 
a hot-plate at 115 °C for 2.5 min. 
Subsequently, the processed PR layer was 
entirely exposed to the UV radiation without 
a photomask to solubilize the non-cross-
linked region. Finally, the PR mold patterns 
were produced by dissolving the non-cross-
linked region using a developer (AZ300 
MIF, Clariant). A gold (Au) layer, ~150 nm 
in thickness, was then deposited on the 
prepared mold substrate containing a 
chromium (Cr) adhesion layer (~10 nm in 
thickness) using a thermal evaporation 

technique. Finally, serpentine-shaped MHP 
patterns were defined by selectively 
removing the unnecessary portions of the 
deposited Au thin film in an ultrasonic bath 
containing acetone. Fig. 1b shows the digital 
image of the fabricated MHP chip with an 
effective heating area of ~ 3 mm × 4 mm. 
Voltage was applied to the fabricated MHP 
chips using a variable alternating current 
(AC) autotransformer (Variac, HCA-2SD20, 
Han Chang Trans Co. Ltd.) capable of 
supplying an output voltage of up to ~240 V. 
The temperature distribution of the MHPs 
applied with various voltages was then 
measured using an infrared thermal camera 
(FLK-TI55FT-10/20/54, Fluke). 
 

 
 
Figure 1. (a) The schematic representation 
of the MEMS-based processes used for 
fabricating the MHPs, (b) photographs and 
optical microscope images of the MHPs 
fabricated 
 
3. RESULTS AND DISCUSSION 
The ignition and explosive reactivity of the 

Al/CuO multilayers (MLs) was qualitatively 
measured using a high speed camera. Fig. 2 
shows the snapshots of the peak explosive 
reactivity of each Al/CuO ML ignited by the 
MHP. Initially, several local explosion spots 
were present in a given nEMs layer and 
thereafter, the diameter of the explosion-
induced flash propagation rapidly increased. 
The peak explosion time (tpeak) significantly 
decreased with increase in the number of the 
nEM-accumulated MLs because of the 
enhanced explosive reactivity. The peak 



explosion time was measured from the initial 
ignition to the moment of peak explosion. With 
the assistance of a pressure cell tester (PCT), the 
pressurization rates of all the Al/CuO MLs were 
also analyzed. The pressurization rate (P) 
significantly increased with increase in the 
number of the Al/CuO MLs and the highest 
pressurization rate of approximately 0.025 
MPa·�s-1 was achieved in the case of the 
Al/CuO-based UML.  
 

 
Figure 2. Sequential snapshots of MHP-
induced ignition in six layers of Al/CuO-
based nEMs. 
 
Fig. 3 shows that the peak explosion time 

significantly decreased, while the 
pressurization significantly increased with 
increase in the number of the Al/CuO MLs 
on account of their enhanced explosive 
reactivity, which was occurred because of 
the increase in the interfacial contact area 
between Al and CuO NPs. This suggests 
that the explosive reactivity and peak 
explosion time of the nEM-on-a-chip can be 
simply controlled by designing the 
accumulation structures of the nEM-based 
MLs. 
 

 

Figure 3. The pressurization rates and peak 
explosion times of the various nEM MLs.  
 

4. CONCLUSIONS 
In this work, various Al/CuO-based nEM 

MLs were integrated on a silicon oxide 
substrate with serpentine-shaped Au 
electrodes to realize nEMs-on-a-chip with 
controlled explosive reactivity. The nEMs-
on-a-chip was fabricated using a 
combination of MEMS-based processes and 
simple nanofabrication methods, which 
enabled the building of of potentially 
compact and small-scale devices. Various 
thin films composed of Al/CuO-based nEMs 
coated with a fixed thickness of ~ 50 �m 
were ignited and rapidly exploded when a 
current was supplied to the MHPs. The 
nEMs-on-a-chip assembled by the approach 
demonstrated the capability to be ignited 
with a high reliability of a firing current 
range of approximately 8 A with a 
compliance of 100 V and a relatively fast 
response time ranging from 2 to 20 ms. The 
nEMs-on-a-chip realized by the approach 
detailed in this report exhibits controlled 
explosive reactivity and fast response time 
and can potentially be used in civilian and 
military applications.     
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Abstract

For several years, Le Bouchet Research Centre (France) has studied very low critical diameter 
explosive compositions. The final application for this type of explosives is to be integrated in a 
multipoint initiation system. The interest of these systems is the capability for an explosive charge 
to dial their yield or their effects direction depending on the target. As a consequence, the 
efficiency of the whole ammunition is increased and the collateral damages are reduced in the 
other directions. 

Nowadays, low critical diameter compositions are investigated with two main objectives: optimizing 
the formulation and developing the characterization of this type of composition. 

First, common references agree with the fact that reducing critical diameter is possible by 
increasing the amount of explosive particles and reducing their size. Formulation of explosive 
compositions integrating a high rate of fine explosive particles is complex with standard process. 
That is the reason why the formulation of low critical diameter compositions should be based on a 
new kind of process that could allow us to introduce a high rate of fine explosive particles. This 
new process could also make easier the integration of the composition in the network. Based on 
these hypotheses, CL20 and RDX based compositions were formulated with standard process. 
The use of a rolling machine creating easy-to-cut flexible explosive sheets allowed us to formulate 
high rate RDX based compositions. 

Second, standard experimental facilities are not adapted to characterize the behavior of low critical 
diameter explosives when integrated in 1x1 mm² section channels. Based on this assertion, it is 
essential to develop new experimental facilities to determine critical diameter of formulated 
compositions, to observe in which configurations detonation is transmitted and to visualize the 
detonation wave curve. Through that way, formulated explosives were characterized in 
representative configurations of ignition networks. Interesting results were obtained for high rate of 
fine particles of RDX based compositions. The detonation wave curve has also been visualized 
through an electronic streak camera associated with a microscope. 

The present paper points out the recent results we obtained when studying very low critical 
diameter explosive compositions. Formulation and characterization aspects are discussed and 
perspectives allowed by this study are eventually presented. 
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Abstract. For several years, Le Bouchet Research Centre (France) has been studying very 
low critical diameter explosive compositions. Nowadays, low critical diameter 
compositions are investigated with two main objectives: optimizing the formulation and 
developing the characterization of this type of composition. 

First, common references agree with the fact that reducing critical diameter is possible by 
increasing the amount of explosive particles and reducing their size. Formulation of 
explosive compositions integrating a high rate of fine explosive particles is complex with 
standard process. That is the reason why the formulation of low critical diameter 
compositions should be based on a new kind of process that could allow us to introduce a 
high rate of fine explosive particles. This new process could also make easier the 
integration of the composition in the network. Based on these hypotheses, CL20 and RDX 
based compositions were formulated with standard process. The use of a rolling machine 
creating easy-to-cut flexible explosive sheets allowed us to formulate high rate RDX 
based compositions.  

Second, standard experimental facilities are not adapted to characterize the behavior of 
low critical diameter explosives when integrated in 1x1 mm² section channels. Based on 
this assertion, it is essential to develop new experimental facilities to determine critical 
diameter of formulated compositions, to observe in which configurations detonation is 
transmitted and to visualize the detonation wave curve. The detonation wave curve has 
also been visualized through an electronic streak camera associated with a microscope. 

1. INTRODUCTION 

For several years, Le Bouchet Research Center 
(Vert-le-Petit, France) has been studying very 
low critical diameter explosive compositions, 
meaning with a critical diameter lower than 1 
mm. 

The final application for this type of High 
Explosives (HE) is to be integrated in a 
multipoint initiation system. Indeed, this kind 
of systems is made with micro channels filled 

with an explosive composition. The detonation 
has to be stable in these channels and that is the 
reason why we need a very low critical 
diameter explosive composition. 

The interest of these multipoint initiation 
systems is the capability for an explosive 
charge to dial their yield or their effects 
direction depending on the target. As a 
consequence, the efficiency of the whole 
ammunition is increased and the collateral 
damages are reduced in the other directions. 



The following figure presents an example of a 
multipoint initiation system proposed by SNPE 
in 1982 (1). 

Figure 1. Illustration of a multipoint initiation 
system proposed by SNPE (1) 

Nowadays, low critical diameter compositions 
are investigated with two main objectives: 
optimizing the formulation with two types of 
process (mixing and rolling) and developing 
the characterization of this type of 
compositions. 

2. GENERAL POINTS ABOUT THE 
CRITICAL DIAMETER 

The critical diameter is defined for a 
cylindrical solid charge as the minimum 
diameter at which a steady state detonation can 
propagate. 

D. Price and H. Moulard among others (2, 3) 
have highlighted the most influent parameters 
on critical diameter of High Explosives: 
porosity, particle size, confinement, 
temperature, explosive charge type and rate. 

2.1. Effect of porosity on critical diameter 

Considering the first parameter, the porosity, 
D. Price (2) presented in 1981 a classification 
of HE depending on the evolution of their 
critical diameter versus the percent of 
Theoretical Maximum Density (%TMD). 
When the critical diameter increases while 
%TMD decreases, then HE belong to the first 
group and when critical diameter and %TMD 
increase, HE belong to the second group. The 
following charts present these two groups. 

  

Figure 2. HE classification proposed by D. 
Price (2) – Up: group I –Down: group II 

2.2. Effect of particle size on critical 
diameter 

The second parameter which has an important 
effect on the critical diameter is the particle 
size. D. Price (2) and especially H. Moulard (3) 



have shown that when the particle size 
decreases, the critical diameter decreases. With 
four different RDX based formulations, 
Moulard et al. showed that fine particles based 
compositions (� and �) have lower critical 
diameter than coarse particles ones (� and �). 
The following chart presents the evolution of 
detonation velocity and critical diameter for 
four formulations with different particle size. 

Figure 3. Effect of particle size on detonation 
velocity and critical diameter (3) – Detonation 

velocity (m/s) versus 1/diameter (mm-1) 

2.3. Effect of confinement on critical 
diameter

One of the most influent parameters is the 
confinement. In fact, the confinement delays 
the expansion of the gaseous detonation 
products and thus increases the time available 
for reaction at high temperature and pressure 
before a rarefaction reaches the reaction zone. 
In this way, the HE behaves like a larger bare 

charge. D. Price presents some interesting 
results in this way in (2). Collet et al. (4) also 
showed that critical diameter of PBXN109 
could have been artificially increased (almost 
50%) thanks to a steel confinement. 

2.4. Effect of temperature on critical 
diameter 

It is also known that temperature has a 
significant influence on critical diameter of 
HE. In fact, common references show that at 
low temperature, critical diameter increases, 
whereas at high temperature, critical diameter 
decreases. Mala et al. (5) showed an increase 
of critical diameter of several compositions 
like B2248A, B2211D or B2214B at -55°C. D. 
Price also showed this effect in (2) and the 
following chart presents the evolution of 
critical diameter of powdered TNT versus 
temperature. 

Figure 4. Effect of temperature on powdered 
TNT critical diameter (2) 

2.5. Effect of explosive charge and filling 
rate on critical diameter 

Finally, our experience on PBX shows us that 
type and rate of explosive charges have also a 
significant effect on critical diameter. The 
following table presents some of these results. 



Table 1. Presentation of some HE formulated 
in Le Bouchet Research Centre 

 Charge Rate 
(%w) 

Critical 
diameter 

(mm) 
PBX #A PETN > 75 < 1 
PBX #B HMX > 80 < 2 
PBX #C RDX > 80 < 2 

The table above shows us that the more the rate 
of explosive charge is important, the lower is 
the critical diameter. Besides, some explosive 
charges seem to have an effect on the critical 
diameter. For the same particle size and the 
same rate, an explosive formulation with 
PETN has a lower critical diameter than a 
RDX based composition. It is also known that 
CL20 based composition have relatively low 
critical diameters (6) compared to RDX based 
compositions. 

Considering all these parameters, we tried to 
formulate HE with a very low critical diameter 
using two different processes: standard mixing 
to formulate HTPB based compositions and 
mixing with a rolling machine to formulate 
thermoplastic binder based HE. Three 
explosive charges have been chosen for this 
study: RDX, HMX and CL20. 

3. FORMULATION OF VERY LOW 
CRITICAL DIAMETER 
COMPOSITIONS WITH A 
STANDARD MIXING PROCESS 

These first compositions have been formulated 
with a standard mixing process and using a 
HTPB inert binder. The following figure 
presents the mixer and the pouring phase. This 
way of formulation is commonly used in Le 
Bouchet Research Centre (7). 

Figure 5. Pictures of HTPB based HE during 
fabrication – Left: during mixing phase – 

Right: during pouring phase (7) 

Eight compositions have been formulated with 
different types of explosive charges, particle 
sizes and filling rates. Safety data have also 
been determined with the help of two kinds of 
safety tests: 

- Impact test: the sample to be tested is 
confined in a steel device composed of two 
cylinders placed inside a centering ring. By 
modifying the drop mass and height, it is 
possible to vary the energy delivered to the 
sample from 1 to 50.1 Joule. Thanks to a 
Bruceton Method, it is possible to estimate 
the energy leading to 50 % of positive 
results. 

- Friction test: the sample to be tested is 
placed on a porcelain plate. A porcelain peg 
is applied on the sample with a varying 
load. Once only, the porcelain plate and the 
sample to be tested are moved, backwards 
and forwards beneath the porcelain peg. 
The maximum applied loading is 360 N. 
Thanks to a Bruceton Method, it is possible 
to estimate the solicitation leading to 50 % 
of positive results. 

The following table summarizes these eight 
compositions with safety and viscosity data. 



Table 2. Presentation of very low critical diameter HTPB based compositions 

Charge Rate 
(%w) Particle size 

Impact 
sensitivity 

(J) 

Friction 
sensitivity 

(N) 

Viscosity 
(kPo) 

PBX #1 CL20 > 80 Fine 3,5 2+/30 @ 353 15.6 

PBX #2 CL20 > 75 Fine - - - 

PBX #3 RDX > 75 Fine - - - 

PBX #4 RDX > 80 Fine 21 353 62 

PBX #5 RDX > 85 Coarse 19 230 46.4 

PBX #6 RDX > 88 Coarse/Fine  
(80/20) 19 230 8 

PBX #7 HMX > 85 Coarse/Fine  
(50/50) 20 353 8 

PBX #8 RDX/CL20 > 85 Coarse/Fine  
(50/50) - - 9.6 

In the table above, we can already see that 
compositions with a high rate of CL20 (PBX 
#1 for example) present an important impact 
sensitivity in comparison with RDX based 
compositions. We can also see that 
compositions with only one particle size (fine 
or coarse, RDX or CL20) present a very high 
viscosity over 15 kPo. If we want to formulate 
very low critical diameter formulations with 
only fine particles, we may encounter 
feasibility problems. 

The critical diameter has been measured with 
a specific mean allowing us to see if the 

composition is able to detonate in 4x4 mm² to 
1x1 mm² cross section channels. The 
composition is fired thanks to an initiation 
cone and a small igniter. The formulated HE 
are directly poured into the PMMA support 
and an aluminum plate is placed below the 
composition to witness the reaction type of 
the HE. The following figure presents the 
critical diameter test used for this study. 

The results we get on the eight HTPB based 
compositions are presented in Table 3. 
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Figure 6. Left: Critical diameter test used for this study – Right: Aluminum witness plate after 
test 

Table 3. Critical diameter of very low critical diameter HTPB based compositions 

Charge Rate 
(%w) Particle size 

Detonation 
in 2x2 mm² 

cross section 

Detonation 
in 1x1 mm² 

cross section 

PBX #1 CL20 > 80 Fine YES YES 

PBX #2 CL20 > 75 Fine YES NO 

PBX #3 RDX > 75 Fine NO NO 

PBX #4 RDX > 80 Fine NO NO 

PBX #5 RDX > 85 Coarse YES NO 

PBX #6 RDX > 88 Coarse/Fine  
(80/20) YES NO 

PBX #7 HMX > 85 Coarse/Fine  
(50/50) NO NO 

The table above shows us the significant 
influence of all the parameters we have seen 
earlier: type of explosive charge, rate and 
particle size. To reach a critical diameter 
lower than 1 mm, we have to consider a fine 
CL20 based composition with a filling rate 
higher than 80%. We have seen in Table 2 

that this kind of formulation presented a high 
viscosity (superior to 15 kPo). This means 
that this may be very complicated to pour this 
type of composition in a multipoint initiation 
system and ensure a homogeneous 
composition in the device. At this point, only 



one HTPB based composition presents a 
critical diameter lower than 1 mm, PBX #1. 

4. FORMULATION OF VERY LOW 
CRITICAL DIAMETER 
COMPOSITIONS WITH A ROLLING 
MACHINE 

The compositions we are now presenting have 
been formulated with a rolling machine 

consisting in two heated rolling cylinders 
between which, all components are directly 
mixed together. For this type of compositions, 
we have used a thermoplastic binder which is 
particularly adapted to this process. The 
following photograph presents the rolling 
machine with the binder. 
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Figure 7. Left: Rolling machine used to formulate thermoplastic binder based compositions – 
Right: Explosive sheet at the end of mixing process

With this kind of process, we get explosive 
sheets with a calibrated thickness. In this way, 
we were able to formulate 0.8 to 3 mm 
explosive sheets. The idea is to directly get 
the multipoint initiation system from the 
sheet, by a punch system. 

Many compositions with different explosive 
charges (RDX, CL20), different rates and 
different additives have been formulated. 
Critical diameter of each composition has 
been evaluated with the same test that the one 
used for HTPB based compositions. 



Table 4. Critical diameter of very low critical diameter thermoplastic binder based compositions 

Charge Rate 
(%w) Particle size 

Detonation 
in 2x2 mm² 

cross section 

Detonation 
in 1x1 mm² 

cross section 

TPBX #1 RDX CH > 85 Coarse/Fine  
(70/30) YES NO 

TPBX #2 RDX B > 85 Coarse/Fine  
(50/50) YES NO 

TPBX #3 RDX B > 88 Coarse/Fine  
(50/50) YES NO 

TPBX #4 RDX B > 88 Fine YES YES 

TPBX #5 CL20 > 85 Fine NO NO 

TPBX #6 CL20 > 86 Fine YES NO 

TPBX #7 CL20 > 87 Fine YES NO 

TPBX #8 RDX / Glass 
spheres > 85 Fine YES NO 

In the table above, we can clearly see the 
significant influence of particle size between 
composition TPBX #3 and #4. Indeed, in 
composition #3, we have mixed coarse and 
fine particles and the critical diameter was 
between 1 and 2 mm. For composition #4 
with only fine RDX particles, critical diameter 
is lower than 1 mm. 

Surprising results have been obtained with 
CL20 based compositions. In fact, considering 
the results we get with HTPB based 
compositions and the fact that we had very 
low critical diameter compositions with 
CL20, we thought that critical diameter of 
compositions TPBX #5, #6 and #7 would 
have been lower than 1 mm. These results are 
still under investigation, but they could be 
explained by the CL20 quality. Further CL20 
based compositions should be formulated. 

Finally, we have seen that formulation of very 
low critical diameter is not simple because we 

have to create compositions with a high rate 
of fine particles. Using a standard mixing 
process, we obtained explosive compositions 
with a high viscosity. With a rolling machine 
process, we were able to get homogeneous 
compositions with a very high rate (> 88%) of 
fine explosive particles. 

The composition TPBX #4 with a critical 
diameter lower than 1 mm has been evaluated 
in terms of safety. The following table 
presents safety data. 



Table 5. Safety data of TPBX#4 

Value 
Impact sensitivity 

(J) 41 

Fiction sensitivity 
(N) 13+/30 @ 353 

Auto-ignition 
temperature with slow 

heating 
(°C)

219 

Spark 
(mJ) � 788 

Detonation velocity 
(m/s) 8160 

For characterization aspects, we have chosen 
two compositions: a HTPB based 
composition, PBX #1, and a thermoplastic 
binder based composition, TPBX #4. 

5. FRONT CURVATURE 
CHARACTERIZATION 

Based on works of Tran (8) and Plaskin (9), 
we have developed a front curvature 
visualization test adapted to very small 
samples. 

The principle of this kind of test is to 
visualize, thanks to a streak camera, the 
detonation wave when it comes out of the 
explosive charge. The objective of this test is 
to see what the influence of lateral rarefaction 
on the detonation wave curvature is, 
especially when the charge has a diameter 
close to the critical dimension. 

To adapt the classic test to micro samples, we 
have used an optical microscope that we 
placed between the explosive charge and the 
streak camera. The sample to test is confined 
in a PMMA support, which is also put into a 
steel tube to confine all the fragments due to 
the detonation. In front of the sample, we 
have placed a small chamber (0.3 mm 
thickness) filled with argon in order to 
enhance the luminous phenomena. This 
chamber is closed with a PMMA wall. The 
microscope is also protected from the sample 
detonation with a transparent window made 
with Lexan. The following figure presents the 
experimental set-up. 
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Figure 8. Experimental set-up for front curvature visualization of micro samples 



We have tested two compositions (PBX #1 
and TPBX #4) with samples which cross 
section was 2x2 mm² and 1x1 mm² for each 
formulation. The results we obtained are quite 
similar, that is the reason why we will focus 
on the results we get with HTPB based 
composition with CL20. 

On the recorded films, we can observe three 
different phenomena: 

- The detonation wave comes out the HE at 
the center of the sample and then at the rim 
of the sample. Front curvature is not 
regular but its shape is in accordance with 
common references (9). 

- When the shock wave is out of the HE, in 
the argon chamber, we can clearly observe 
detonation gases. 

- When the shock wave reaches the PMMA 
wall, there is a brighter phenomenon on 
the film which corresponds to the shock 
reflection. Then, as the shock is travelling 
in the PMMA wall, there is a loss of light 
due to the change of optical index of 
PMMA under shock. 

The following figures present two films 
obtained with the CL20 based composition. 
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Figure 9. Front curvature obtained on HTPB 
based composition (1x1 mm² cross section) 
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Figure 10. Front curvature obtained on HTPB 
based composition (2x2 mm² cross section) 

Based on these films, the front curvatures in 
both cases have been modeled thanks to a 
quadratic function. The following figure 



presents modeled front curvatures in both 
cases.  
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Figure 11. Modeled front curvatures obtained 
on HTPB based composition 

On the figure above, we can clearly see that 
diameter of the sample has an effect on the 
wave curvature, even when the sample is very 
small. With this type of test, we are able to 
visualize the front curvature of very small 
samples. 

We are now going to see how we adapted this 
test in order to get a 3D visualization of the 
front curvature. In fact, Plaskin et al. (9, 10) 
used optical fibers to visualize detonation 
wave propagation with two streaks: one at the 
end of the explosive charge, and one on the 
side. The following figure presents the 
experimental set-up of Plaskin. 

Figure 12. Plaskin experimental set-up (9) 

For our test, we gathered 37 optical fibers on 
a 1 mm diameter circle. The diameter of each 
fiber is 100 µm. The following figure presents 
the optical fibers arrangement we used. 

Figure 13. Optical fibers we used for the front 
curvature visualization 

Optical fibers are placed in front of the 
sample and an argon chamber (0.3 mm 
thickness) is used between the sample and the 
fibers. All the fibers are directly connected to 
a streak camera Thomson TSN 506 N. The 
following pictures present the experimental 
set-up. 



Figure 14. Left: Optical fibers connected to a streak camera – Right: Optical fibers placed in 
front of the sample with the argon chamber 

Each fiber is detected on a static film. When 
the sample detonates, we get with the streak 
camera the exact time when the light reaches 
the optical fiber end. With the dynamic film, 
we are then able to build a 3D visualization of 
the shock front. The following figures present 
2D and 3D visualizations of the front obtained 
with a 1 mm section sample. 
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Figure 15. 2D visualization of the front 
curvature 
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Figure 16. 3D visualization of the front 
curvature 

We clearly see that with this technique, we are 
able to build a 3D visualization of the front 
curvature of micro samples. We can see that 
the part of the shock in the center of the 
sample is quite “flat” and then, we can see a 
strong curvature of the front due to lateral 
depress. The temporal shift between the center 
and the external circle (18 ns) is in coherence 
with the previous results. 



6. CONCLUSION 

Formulation of very low critical diameter 
compositions allows showing all the 
parameters which have a significant influence 
on the critical diameter. With two different 
processes, we were able to formulate 
explosive compositions with a critical 
diameter lower than 1 mm. With standard 
mixing process, we have formulated a HTPB 
based composition with a high rate of fine 
CL20 particles. With a rolling machine, we 
have formulated an explosive sheet with a 
thermoplastic binder and a high rate of fine 
RDX particles. The advantage of the 
explosive sheets is to get a homogeneous HE, 
whereas the HTPB based composition 
presented a very high viscosity. 

Application of optical fiber methods allows 
the direct visualization of front curvatures 
emerging from micro samples. The results we 
get allow us a better understanding of the 
micro-detonics mechanisms in fine CL20 and 
fine RDX compositions. We have seen that 
the shape of the front was in accordance with 
the literature and even with 1x1 mm² cross 
section samples, we were able to see the 
influence of the sample dimensions on the 
front curvature. 
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The cellulose nitrates (CN) are among the most widely used cellulose ethers both military 

and civilian sectors of the economy. The different applications of CN are defined by their 

specific properties. High mechanical strength and ability to transfer to a plasticized state, good 

solubility and compatibility with available plasticizers - all these contributed the increase of CN 

production for gunpowder, varnishes, paints, etc. In recent years, the CN varying degrees of 

substitution are used as biological membranes, radiation detectors, test diagnostics of different 

diseases, they are components of composite compounds which work in conditions of unfavorable 

factors such as increased temperature, UV-and γ-radiation. 

It is known that particle sizes provide the largest influence on rheology parameters of CN 

solutions and consequently on technological characteristics. The sizes changing and mutual 

arrangement of the elements of morphological structure, fractional composition allows to vary 

the properties of CN solutions. Based on the above, the purpose of the study was to obtain and 

explore the properties of nanoscale cellulose nitrates. 

The nanofibrillar cellulose nitrate was obtained from commercially available brands of 

cellulose nitrate with various nitrogen content using of two-stage high-pressure homogenizer. 

The structural characteristics of cellulose nitrate were evaluated by electron microscopy. It was 

confirmed that after homogenization a significant reduction in a fiber thickness up to about 200 

nm occurs. The homogenization has no significant effect on a molecular composition of 

cellulose nitrate and the average molecular weight of nanosized CN is reduced on the average for 

20%. The character of thermal decomposition of nanoscale CN and CN before homogenization 

is similar. 
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Abstract 
 
HNF (hydrazinium nitroformate) and ADN (ammonium dinitramide) are seen as possible 
replacements for the common oxidizer ammonium perchlorate (AP) in composite rocket propellants. 
Both HNF and ADN have the relatively great advantage to be chlorine free. But their chemical stability 
is much lower than the one of AP. In spite of this they are still on the list as replacement candidates. 
This paper intends to review and compile essential features in stability, compatibility and 
decomposition behaviour of the two candidates.  
 
HNF alone can be seen as relatively stable at temperatures up to 50°C. But it shows self-
accelerating decomposition behaviour. In such a case normally stabilizers help to suppress 
autocatalytic behaviour as it is possible with nitrate esters. This seems not a way with HNF. A look on 
decomposition behaviour reveals that HNF seems not stabilizable. Further problems are chemical 
compatibility and a too high pressure exponent of the propellant formulations. 
 
ADN can be qualified as medium stable at lower temperatures similar to NC-based products. Also 
ADN shows self-accelerated decomposition. In contrast to HNF, it can be stabilized and a lot of 
possibilities exist, some stabilizers are superior. The reason for the stabilisation by stabilisers can be 
found in the difference in decomposition mechanisms, which will be shown.  
 
From the results presented one can conclude that ADN has a perspective to replace AP in propellants 
designed for selected applications. A ‘universal’ application as with AP-based composite rocket 
propellants seems at time not realistic. Special measures as coating of ADN particles may improve 
the situation with regard to manufacturing and compatibility, but the limited in-service temperature 
range will be not changed. 
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ABSTRACT 

HNF (hydrazinium nitroformate) and ADN (ammonium dinitramide) are seen as possible replacements 
for the common oxidizer ammonium perchlorate (AP) in composite rocket propellants. Both HNF and 
ADN have the relatively great advantage to be chlorine free. But their chemical stability is much lower 
than the one of AP. In spite of this they are still on the list as replacement candidates. This paper in-
tends to review and compile essential features in stability, compatibility and decomposition behaviour 
of the two candidates. HNF alone can be seen as relatively stable at temperatures up to 50°C. But it 
shows self-accelerating decomposition behaviour. In such a case normally stabilizers help to suppress 
autocatalytic behaviour. However, a look on the possible decomposition behaviour reveals that HNF 
seems not stabilizable. Further problems are chemical compatibility and too high pressure exponents of 
the propellant formulations. ADN can be qualified as medium stable at lower temperatures similar to 
NC-based products. Also ADN shows self-accelerated decomposition, but it can be stabilized. Some 
stabilizers are superior. From the results presented one can conclude that ADN has a perspective to re-
place AP in propellants designed for selected applications. A ‘universal’ application seems at time not 
realistic. Special measures as coating of ADN particles may improve the situation, but the limited in-
service temperature range will be not changed. 
Keywords: HNF; ADN; stability of HNF; decomposition of HNF; stability of ADN; decomposition of 
ADN

1 INTRODUCTION

At time the common high-performance rocket propellants are based on an elastomeric binder con-
taining as oxidizer AP (ammonium perchlorate) and as fuel besides the binder Al powder. The disad-
vantage is the production of HCl (hydrogen chloride) from AP, which is highly corrosive, loads plat-
forms and personal and causes undesired signature. Further on, AP produces increasing problems by 
contaminating drinking water, which can affect the thyroid gland function, because the quite persistent 
perchlorate anion competes with the iodide anion in the thyroid tissue [1].  

Figure 1: Structure of BTNEN (bis (trinitroethyl) nitramine), an organic oxidizer with OB =16.5%. 
The nitroform groups show the typical propeller conformation. (red = oxygen, blue = nitrogen, grey = 

carbon, white = hydrogen). 

Paper on the Europyro 2015, held in conjunction with the 41st International Pyrotechnics Seminar. May 4-7, 2015,
Toulouse, France. 



Therefore, a lot of effort was and is made to replace AP in order to get so-named ‘green’ propel-
lants. Surely, one main driver too is to reduce signature of the composite propellants. Also organic 
compounds are looked for as possible replacement oxidiser [2, 3], for example the BTNEN (bis 
(trinitroethyl) nitramine), which has as HNF the nitroform group as the oxygen carrying group. This 
type of substance is named also high-energy dense oxidizers (HEDOs). It was investigated already 
quite early [4]. The results on chemical stability are not satisfactory. 

Meanwhile a lot of work was dedicated into the investigation of HNF and ADN: decomposition 
behaviour of ADN [5 - 40] stabilization of ADN [41 - 45], use of ADN in propellants [46 - 53] and 
decomposition and burning behaviour of HNF and some investigations in model-type propellants [54 - 
86]. Figure 2 shows the chemical structures of ADN, HNF, AP and AN. In Table 1 some basic per-
formance data are listed. 
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Figure 2: Chemical structure formulas of ADN (ammonium dinitramide), HNF (hydrazinium nitro-
formate), AP (ammonium perchlorate) and AN (ammonium nitrate) (from left to right). In the solid 

phase all four substances are present in ionic forms. 

Table 1: Performance data of the oxidizers ADN, AP, AN and HNF. The values of the heats 
of explosion and gas volumes have been calculated by the ICT-Thermodynamic-Code. The 
other data are from the ICT-Thermochemical Data Base [87]. 

Sub-
stance molar mass O2-

balance enthalpy of formation Hf
0 QEX

*) density gas vol. 
*] TM

 [g/mol] [%] [kJ/mol] [J/g] [J/g] [g/cm3] [cm3/g] [°C] 
ADN 124.056  25.8  149.8  1207.5 3337 1.81 592 92.9 
AP 117.489  34.0  295.8  2517.7 1972 1.95 533 130;  D 
AN 80.043  20.0  365.6  4567.5 2479 1.73 459 169.9 

HNF 183.081  13.1  76.9  420.0 5579 1.91 568 124;  D 
*) QEX heat of explosion, with reaction water as liquid (25°C), the value represents thermodynamically 
    controlled combustion 
*] gas volume at 25°C, 1 bar without water, for thermodynamically controlled combustion. 
D in the column of TM (melting temp.) means decomposition at the given temperature, which may vary 
with the sensitivity of the observation. 

2 SUBSTANCES

Three lots of HNF were obtained from the company APP (Aerospace Propulsion Products BV), 
RT Klundert, The Netherlands. The colour of all three samples was intensively yellow-orange. The 
particle shape was different between HNF lot 1, 2 and HNF lot 3. HNF lots 1 and 2 were more needle-
like and coarser than the HNF lot 3, which appeared nearly equal in all three geometric dimensions. 
The mean particle size of lot 1 was about 240µm with a length to diameter ratio (aspect) of 7.4, the 
data of lot 3 have been 76µm and aspect 2.8. Table 2 lists some data. The HNF was used as delivered. 
The purity is according to APP information between 98.8 mass-% and 99.6 mass-% based on acid con-
tent (not further specified) and between 97.2 mass-% and 99.6 mass-% based on hydrazine content. 

Table 2: Characteristic data determined with HNF lot 1. Experimental oxygen content as dif-
ference to 100 mass-% from measured CNH data. S means limit impact energy (impact sensi-
tivity); R means limit friction force (friction sensitivity) determined with the BAM methods. 

elemental composition 
[mass-%] 

C H N O 

S
[Nm] 

R
[N] 

density 
[g/cm3]

Heat of 
comb. 
[J/g] 

measured at ICT 7.01 2.78 37.64 (52.57) 2 16 1.846 5796 
theoretical value 6.560 2.753 38.254 52.433 - - 1.87 - 1.93 (5579) 

NO

O

O

NH4
+



APP-data  - - - - 2-5 18-36 1.86 5824 

The ADN used in this work was purchased from company NEXPLO Bofors AB, Karlskoga, Swe-
den, now EURENCO Bofors AB. The lot named ADN-prills 2011 was manufactured in 2011, the lot 
named ADN 2002 was manufactured in 2002. They were used as delivered. With ADN lot 2002 the 
ADN content is given as better than 98 mass-%, the water content was < 0.02 mass-% and the melting 
point (DSC) 92.4°C. This lot contained residual potassium. The new lots have less potassium, < 0.4 
mass-%, melting point is near 93°C. 

3 STABILITY DATA OF ADN AND HNF 

3.1 How to determine the chemical stability 

First let us clarify the term stability of an energetic material, because there is still some not ade-
quate use and mixing of terms. Here we consider the thermal or better the chemical stability deter-
mined by special methods, which have such a high sensitivity to follow substance conversions in the 
lower temperature range, means between 60°C and maximum 100°C, preferably up to only 80°C with 
the substances in consideration here. The emphasis is on determined substance conversion. Typical 
thermal analysis done by DSC is not able to give the necessary information on substance conversion in 
this low temperature range, because of to less sensitivity, mainly because of the restriction to apply 
substance amounts in the lower mg range with energetic materials. The standard methods used for sta-
bility assessment are: Mass loss with sample amounts of 2 to 4 g, 50°C to 100°C, heat generation rate 
(microcalorimetry) with sample amounts of 1 to 3 g, 50°C to 100°C and gas generation in vacuum 
(vacuum stability testing, VST) with sample amount of 1 to 3 g, 50°C to 100°C. The high sample 
amounts enable to follow substance conversions at these low temperatures. Without recognizing de-
fined substance conversion at these temperatures no assessment of stability is possible. This is the case 
with typical thermograms taken with DSC and TGA. These two methods belong not to the ones for 
stability assessment. Moreover, to get the necessary conversion at 60°C or even 50°C, a quite long 
measurement time has to be allowed, which can easily reach one, two and more years. Further compli-
cation may appear because of mechanistic change in decomposition behaviour. Often the overall de-
composition behaviour above 120°C is different from the one at say 60°C to 90°C. The reason is the 
different weighing of reactions involved according to their activation energy [88]. 

3.2 Basic stability data of ADN and HNF 

To assess the stability of ADN and HNF the used methods have been: Mass loss (ML) heat gen-
eration rate (HGR) by microcalorimetry and gas generation by VST. Basic stability data obtained by 
VST are compiled in Table 2 for HNF and in Table 3 for ADN. Clear differences in stability can be 
seen: HNF is much less stable than ADN. From these data the conclusion is: HNF exceeds by far the 
stability criterion in contrast to ADN. With such data HNF is already sorted out for military use, if 
there is not a possibility of stabilisation. 

Table 3: Stability test data of the investigated HNF lots, determined as autoignition tempera-
ture and gas generation in vacuum stability test (VST) apparatus. The measured data at 60°C 
over 48h have been scaled to the other temperatures with a factor of F = 4 per each 10°C tem-
perature increase . Factor 4 is appropriate because of the found activation energies and the 
temperature range. In the last column the up-scaling is done with factor F = 3.5. The criterion 
is at 100°C over 40 hours a maximum of 2g/ml gas generation. 

extrapolated VST data 

HNF lot 

autoignition
temp. at 
5°C/min

[°C]

VST
60°C, 48 h, 2g 

[ml/g]

80°C, 40h 
F = 4 
[ml/g]

90°C, 40h 
F = 4 
[ml/g]

100°C, 40h 
F = 4
[ml/g]

100°C, 40h 
F = 3.5 
[ml/g]

HNF lot 1 131 0.082 1.10 4.4 17.5 10.25 
HNF lot 2 129 0.084 1.13 4.5 17.9 10.50 
HNF lot 3 129 0.072 0.95 3.8 15.4 9.00 

F = 4.0 corresponds in average to 146 kJ/mol from 60 to 100°C 
F = 3.5 corresponds in average to 130 kJ/mol from 60 to 100°C 



From the measured data at 60°C or 80°C the results have been scaled up to the standard test tem-
perature of 100°C and standard test time of 40h using the generalized van’t Hoff rule [88], whereby the 
factor F for 10°C temperature change was determined by Eq.(1) [88]. 

K10T
1

T
1

R
EaexpF

11
        (1) 

Table 4: Stability test data of two investigated ADN lots, determined as autoignition tem-
perature and gas generation in vacuum stability test (VST) apparatus. The measured data at 
80°C over 40h and 96h have been scaled to the other temperatures, as above. 

extrapolated VST data 

ADN lot 
ADN-

content 
[mass-%] 

autoignition
temp. at 
5°C/min

[°C]

VST
80°C, 40 h, 

2.5g
[ml/g]

VST
80°C, 96 h, 

2g
[ml/g]

100°C, 40h
F = 4.0  
[ml/g]

100°C,
40h

F = 3.5 
[ml/g]

100°C, 40h
F = 3.0 
[ml/g]

ADN prills,
lot 2011  99.4 167 - 0.179 1.19 0.91 0.67 

ADN, (no prills) 
lot 2002  98 168 0.170 - 2.72 2.10 1.53 

F = 3.5 corresponds in average to 138 kJ/mol from 80 to 100°C 
F = 3.0 corresponds in average to 120 kJ/mol from 80 to 100°C 

4 DECOMPOSITION AND STABILIZATION OF ADN 

4.1 Time-temperature data of ADN used to determine decomposition parameters 

The investigations presented here were performed with the older standard lots of ICT. At that time 
the ICT material was better than the Eurenco material. In Figure 3 the mass loss can be seen at four 
temperatures. 
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Figure 3: Mass loss of unstabilized ADN lot ICT-1998 at temperatures between 65°C and 80°C. 

Especially at 75°C and 80°C one observes an acceleratory behaviour, which appears also at lower 
temperatures after the appropriate time period. This acceleratory behaviour is seen to have two causes: 



first an autocatalytic part, second a topological increase in reaction rate because of slow liquefaction of 
the samples. This latter effect originates by the slow formation of ammonium nitrate from ADN de-
composition, which reduces the melting point of the mixture [11,12]. The curves shown in Figure 3 can 
be well described with autocatalytic models, see [17, 89]. Results from this modeling are given in Ta-
ble 5 below. They coincide well with the data from [5] for solid state decomposition of ADN. 

4.2 Stabilisation of ADN 

In [11, 12] it was postulated that some weak bonds are responsible for the decomposition of ADN 
in solid state and these weak bonds are fostered by the formation of nitrate from ADN and MDN 
(metal dintraimide, M especially alkali metals). Later Rahm and Brinck [37, 38] have used these ideas 
given in [11, 12] to formulate a model for the anomalous decomposition [5] of ADN based on rupture 
of a NO2-N(NO2) bond in the dinitramide, especially at the surface of the crystals. Another hypothesis 
assumes a pre-dissociation of ADN and with additional protonation of the formed HDN (dinitramine 
acid). This substance decomposes fast into protonated nitric acid and dinitrogen oxide, N2O. This proc-
ess happens also at the surface. This mechanism opens the possibility of stabilization of ADN by weak 
bases to remove migrating protons. This is consistent with the observation of the stabilization of ADN 
dissolved in water [43, 44] and of melted ADN [41, 45]. Also in these both cases weak bases act as 
stabilizers. The pure surface theory is not giving explanation in these latter cases. In the fist case it is 
postulated that the weak bond is stabilized (means shortened) by interaction with stabilizers and even 
with water to some extent. However, that protonation definitely lowers the stability of ADN was 
clearly shown by Kazakov a.o. [14,15,16]. Therefore trusting on the protonation mechanism, a series of 
investigation was started [19] to stabilize ADN in the solid phase by adding substances catching in a 
mild way the protons. The result can be seen in Figures 4 and 5. They show the mass losses of ADN 
alone and of ADN with added S, numbered from S1 to S8 at 80°C and 75°C. In all cases the autocata-
lytic type increase of the mass losses of ADN alone can be suppressed. In Fig. 4 the measurements 
have been extended until the stabilizers have been consumed. Then the autocatalytic increase starts also 
with the samples with added S#. As long as the stabilizers are active, the mass losses of the samples 
increase linearly, means the content of ADN decreases according to a reaction of zero order [19]. From 
this part of the measurements the reaction rate constant for the intrinsic decomposition of ADN can be 
obtained, but slightly influenced by the effectiveness of the stabilizer. The smaller the slope of the 
mass loss the better the stabilizer. For the kinetic description of mass loss data see [89]. 
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Figure 4: Mass loss at 80°C of ADN lot ICT-1998 alone and with added substances. The stabilizing 
effect is achieved with all additives. The lower the mass loss in the region up to 60 to 70 days the better 

the stabilizing effect.
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Figure 5: Mass loss at 75°C of ADN lot ICT-1998 alone and with added substances. 

Table 5: Experimental Arrhenius parameters of thermal decomposition of ADN at different 
conditions. All evaluations assume a first order decomposition, the two exceptions are indi-
cated, there autocatalysis is included. 

activ. energy 
[kJ/mol]

pre-exponential fac-
tor corr. coeff. temp. range [°C], conditions Reference 

decomposition of ADN without additives 
138.2 2.379E+13 cm3/g/s 0.9999 40 to 80°C, solid phase, gas formation Manelis [5] 

148.5 2.51 E+14 1/s ? 97 to 115°C and 150 to 170°C, liquid phase, 
gas formation Manelis [5] 

136 8.72 E+12 %/s 0.9943 65 to 80°C, solid phase, mass loss up to 
0.5% Bohn [19] 

138 6.31 E+11 1/s 0.99 65 to 80°C, solid phase, mass loss up to 3% 
non-autocatalytic part Bohn [17 ] 

132 1.59 E+13 1/s 0.98 autocatalytic part  

133.9 3.5 E+15 1/s ? 100 to 300°C, fast heating up, product analy-
sis with TOF MS 

Korob-einichev 
[8] 

166.9 8.81 E+16 1/s 0.9994 160°C, 180°C, 200°C, liquid, dinitramide 
depletion Oxley [10] 

75.4 7.7 E+5 1/s 0.9991 120°C, 140°C, 160°C, liquid, dinitramide 
depletion Oxley [10] 

157.4 1.007 E+16 1/s 0.9999 120 to 200°C, 20 mass-% ADN in water, DN 
depletion Oxley [10] 

237.1 1.2 E+26 1/s ? liquid, DSC (Kissinger method ?) Trubert [18] 
113 1.8 E+11 1/s ? liquid, DSC-ASTM-method Oxley [10] 

170.4 1.7 E+17 1/s ? dilute aqueous solution of ADN, decomp. of 
N(NO2)2  anion Kazakov [16] 

113.9 3.3 E+14 1/s ? dilute aqueous solution of ADN, non-
dissociated HN(NO2)2

Kazakov [16] 

65.7 1 E+12 1/s ? aqueous + H2SO4 solution of ADN, proto-
nated HN(NO2)2

Kazakov [16] 

60.7 6.3 E+2  1/s ? aqueous + HNO3 solution of ADN, proto-
nated HN(NO2)2

Kazakov [16] 

144.8 7.7 E+14 ? liquid ADN non-autocatalytic part Kazakov [16] 
93.1 5.6 E+12 ? autocatalytic part  

decomposition of solid ADN with additives 

235 (average)   65 to 80°C, solid phase with additives, mass 
loss up to 2% Bohn [19] 



From the above discussion one can conclude that a stabilizing additive for ADN should suppress 
the protonation of HDN. Table 5 contains also the averaged activation energy of the decomposition of 
ADN with the additives S1 to S8 given above with exception of additive S2. This additive caused de-
composition with nearly the same activation energy as for ADN without additive. Therefore it is not 
considered as a possible stabilizer. The activation energies of the mixtures range between 210 and 280 
kJ/mol. The cause of this variation is some temperature dependent stabilization ability of the investi-
gated additives. At 70°C the following series of the stabilization ability was found:  S8 > S7 > S3 > S4 

 S6 > S5  S1 > S2. 

4.3 Decomposition mechanism of ADN 

To further consolidate the hypothesis of protonation of the dinitramide anion with subsequent en-
hanced decomposition rate a lot of experimental and quantum mechanical (QM) calculations have been 
performed [14, 15, 16] and [21, 22, 23]. Also at ICT a QM calculation of transition states was per-
formed [35]. Some hypothesis used in conjunction with ammonium nitrate is the so-named pre-
dissociation of ADN, see Figure 6.  

N
NO

NO2

2

NH4
+

H-N

NO2

NO2

NH3 .

Figure 6: Pre-dissociation of ADN. 

Figure 7: Crystal structure of ADN. One dinitramide anion is marked. 

Figure 8: Scheme of rearrangement of the protonated dinitramine acid to protonated nitric acid and 
N2O. The OH group at the left nitrogen moves to the right nitrogen. 
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Figure 9: Transition state search paths undertaken by TS algorithm of DMol3. The state marked was 
found as the TS. 

If one considers the crystal structure, Figure 7, this seems not impossible. But may be it is thermo-
dynamically not favoured in the solid sate. Without doubt a lot of hydrogen bridging will occur and 
there some of them might be indicating a pre-dissociation. Anyway in the presence of protons the dini-
tramide will be attractive for them and in this way a protonated dinitramide acid may be formed. The 
idea what will happen with HDN & H+ is shown in Figure 8. The protonated HDN rearranges to proto-
nated nitric acid and N2O. This way explains the major products obtained by the decomposition of 
ADN, namely AN and the gas dinitrogen oxide. To have a ‘proof’ of this idea the transition state calcu-
lation was performed for the pathway shown in Figure 8. With the QM Programme DMol3 from Accel-
rys Inc, San Diego CA, USA (now named Biovia) molecular structures and parameters of the involved 
dinitramide species could be calculated. The programme was able to identify a transition state structure 
for the decomposition of protonated dinitramine acid into protonated nitric acid and dinitrogen oxide, 
see Figure 9. In Figure 10 some molecular parameters are given together with the energies and enthal-
pies of the educts. the transition state and the products. The found activation energy is with 63.9 kJ/mol 
in the range of experimentally determined activation energies for the decomposition of protonated 
HDN in acidified dilute solutions in water [16], see Table 5. 
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    transition state,  
H(TS - educt) = 63.9 kJ/mol 

  educt 

                 products 
               H(products - educt) = - 187.9 kJ/mol 

molecular configuration EelR (0 K) 
[kJ/mol]

EelDR (0 K) 
[kJ/mol]

HR(25°C)
[kJ/mol]

GR(25°C)
[kJ/mol]

HOHODN+   TS + 76.1 + 62.8 + 63.9 + 59.1 
HOHODN+   N2O  + H2NO3

+ - 184.3 - 187.9 - 187.9 - 194.4 

Figure 10: Transition state data: decomposition of protonated HDN to protonated nitric acid (H2NO3
+) and N2O.

EelR (0 K) electronic energy of reaction, energy levels taken from the minimum of potential on. 
EelDR (0 K) electronic energy of reaction, energy levels taken from ZPV levels on. 
H R(25°C) enthalpy of reaction at 25°C. 
G R(25°C) free enthalpy (Gibbs free energy) of reaction at 25°C. 



5 DECOMPOSITION AND STABILIZATION OF HNF 

5.1 Time-temperature data of HNF used to determine decomposition parameters 

Three lots of HNF were investigated with regard to chemical stability. The methods have been gas 
generation determined by VST, microcalorimetry, mass loss and adiabatic selfheating determined by 
ARCTM (Accelerated Rate Calorimetry). This quite extensive work was documented in [54, 55, 56]. It 
seems that this documentation is nearly the only one, except [57], which dealt really with the chemical 
stability of HNF in the sense defined in section 3.1.  

In Figure 11 and 12 the mass loss data of HNF lot 1 are shown, determined at 50°C, 60°C, 65°C 
70°C 75°C and 80°C. All curves at all temperatures show acceleratory decomposition behaviour of the 
HNF, which means here HNF decomposes autocatalytically. For definition and description see [89] and 
for more general considerations of autocatalytic modelling see [90]. The paper [54] contains a lot of 
measured data on mass loss and heat generation rate and also the modelling of the data with autocata-
lytic models. Some of the evaluated data are presented in Table 6. The quantities with index 1 charac-
terize the intrinsic decomposition and the ones with index 2 the autocatalytic part. In Figure 13 it is 
shown that HNF decomposes nearly to 100% at 80°C. Only little residue is found even at 70°C. Figures 
14 and 15 compare the stability between lot 2 and lot 1 as well as between lot 3 and lot 1 via mass loss. 
HNF lot 1 is the more stable compound. 
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Figure 11: HNF lot 1:  Mass loss as function of time at the temperatures 50°C, 60°C, 65°C, 70°C, 75°C 
and 80°C. 

Table 6: Arrhenius parameters of the HNF lots in overview. 
HNF
lot

atmo-
sphere 

dataty
pe temp. range Ea1

[kJ/mol]
lg(Z1
[1/d]) R2

1
Ea2

[kJ/mol] lg(Z2 [1/d]) R2
2

lot 1 air ML 50°C - 80°C 166.2
± 10 

21.92
± 1.5 0.993 158.6

± 5 
23.20
± 0.8 0.998

lot 2 air HG 60°C - 75°C 139.3
± 18 

17.94
± 2.8 0.983 128.4

± 10 
19.08
± 1.6 0.994

lot 3 air HG 60°C - 75°C 132.4
± 7 

16.82
± 1.1 0.994 116.6

± 5 
17.38
± 0.8 0.997
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Figure 12: HNF lot 1:  Same as Fig. 13, but coordinate scaling adapted to the curves at 50°C, 60°C and 
65°C. Surprisingly, 1% ML is reached at 50°C after nearly one year. 
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Figure 13: HNF lot 1: Mass loss at 80°C up to complete decomposition. HNF forms only a very small 
residue in slow thermal decomposition. 
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Figure 14: HNF lot 2:  Mass loss at 65°C, 70°C 
and 75°C, compared with lot 1 at 75°C.. 

Figure 15: HNF lot3:  Mass loss at 65°C, 70°C 
and 75°C, compared with lot 1 at 75°C. 



5.2 Comparison between HNF and ADN with some time-temperature data 

To get an impression about the stability of HNF, comparisons with other substances are made: in 
Figure 16 with nitrocellulose per mass loss, in Figure 17 with ADN per mass loss and in Figure 18 with 
several other substances, showing the adiabatic selfheating [91]. The data are more or less self-
explaining: HNF is clearly less stable than NC; HNF is clearly less stable than ADN. In the series of 
adiabatic selfheatings HNF is the first in the row with lowest thermal stability 
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Figure 16: Comparison between nitrocellulose (N-content = 13.15%) and HNF lot 1 by mass loss 
measurements. 
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Figure 17: Comparison by mass loss measurements of HNF lot 1 with un-stabilized ADN manufac-
tured at ICT. 
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Figure 18: Adiabatic self heat rate h as function of the adiabatically reached temperature of HNF, 
ADN, NC and some high explosives. Measurements performed with an ARCTM. Sample mass between 

200mg and 300mg performed in titanium measurement cells of about 6g mass [91]. 

5.3 Decomposition mechanism of HNF 

It is well documented in the HNF literature that the following decomposition products are formed: 
1.  Permanent gases, low molecular volatiles 
         N2O (much),  N2 (much)   CO,  CO2,   H2O (much),    O2 (?);
         rarely  NO,  NO2
2.  ammonium nitroformate (ANF); 
3.  the dissociation products of HNF: the acid nitroform (trinitromethane) and hydrazine. 

In the following it is shown, what type of decomposition reaction can lead to these reaction prod-
ucts. With HNF also a type of pre-dissociation is assumed as it is found with ammonium nitrate (AN) 
and ammonium perchlorate (AP), Figure 19. This pre-dissociation leads easily to ammonium nitrofor-
mate by scissioning the hydrazine molecule, whereby a nitrene is formed, Figure 20. In Figure 21 it is 
shown that the decomposition of hydrazine is triggered also without pre-dissociation. It is a rule that the 
hydrogen is bonded to the site with the highest electronegativity, which is here one of the oxygen of the 
nitro groups. By this process the nitrene NH is formed. The nitrene NH is very reactive and performs 
immediately so named insertion reactions, Figure 22. By the shown reaction, the N2O is formed, a ma-
jor decomposition product of HNF. Another reaction way is shown in Figure 23: formation of HONO, 
which reacts immediately with NH3 to water and nitrogen, thereby forming another very reactive spe-
cies, a carbene, which stabilizes also by insertion reaction, here shown with water in Figure 24. Further 
consecutive reactions can produce CO2, Figure 25, and in Figure 26 the other consecutive reactions be-
tween small species are shown. As a whole, the found product spectrum of HNF can be achieved. 

Figure 19: Pre-dissociation of HNF. 
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Figure 20: Decomposition of hydrazine and formation of ammonium nitroformate. 

Figure 21: Intramolecular triggering of hydrazinium splitting, formation of a nitrene NH and of ANF. 

Figure 22: The very reactive nitrene NH performs immediately so named insertion reactions. With the 
shown reaction the N2O is formed, a major decomposition product of HNF.  

Figure 23: After insertion of the nitrene another reaction is splitting off of HONO as intermediate, 
which immediately reacts with ammonia to water and nitrogen. Thereby a carbene is formed. 

Figure 24: The resulting carbene is a very reactive species and not stabilizable by ‘external’ stabilizers. 
It reacts for example with water or in another way. 
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Figure 25: Some consecutive reactions producing CO2 and reactive species. 

Figure 26: Reactions between low molecular mass products produce N2, H2O and N2O, all three major 
decomposition products. 

5.4 SUMMARY OF HNF STABILITY AND REACTIVITY 

The thermal-chemical stability of the energetic substance HNF is such that it must not be seen as 
non-handling substance. At room temperature it can be stored for several years as pure material. Sub-
stances like un-stabilized NC and ADN have better stability behaviour than HNF. The determined rela-
tively small values of activation energies, from mass loss (lot 1) data 166 kJ/mol and with heat genera-
tion between 132 and 140 kJ/mol for lot 2 and 3, each for the intrinsic decomposition reaction, reflect 
the reduced thermal stability of HNF. HNF decomposes autocatalytically. The activation energies for 
the autocatalytic part are smaller than for the intrinsic decomposition. A comparative discussion of the 
here found Arrhenius parameters and those which can be found in the literature shows a good agree-
ment between the methods of same probing type: means agreement between mass loss and gas genera-
tion and between evaluations based on heat generation, see [54, 55, 56, 57, 62, 63]. The autocatalytic 
decomposition of HNF is not delayed as with nitrocellulose, it starts from begin on. An additional 
source of risk is the high heat generation rate HNF is able to show. This limits non-stabilized HNF to be 
handled only in containers of small geometric dimensions. The use in military ammunition with the 
demand to handle it up to 71°C (highest environmental temperature according to STANAG 2895) 
seems not advisable. The high heat generation rates during HNF decomposition would be a source of a 
non-manageable danger. Further to this the possibility to stabilize HNF seems questionable. HNF de-
composes via very reactive species, which can not be trapped by stabilizers added in usual amounts and 
acting in usual way. If ever, HNF would be stabilizable only by 1:1 complex formation with another 
substance changing its electronic situation to a more distributed and therefore more stable one. 

6 CONCLUSIONS 

Between ADN and HNF there is a difference in chemical stability which could be named funda-
mental. First the intrinsic stability of ADN is significantly higher than the one of HNF. The decomposi-
tion of ADN is very probably triggered by protonation of the dinitramide anion. When this protonation 
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is hindered, ADN is highly stable in solid state with activation energies of decomposition well beyond 
220 kJ/mol. The protonation can be hindered easily by adding substances capturing protons. 

HNF decomposes much faster than ADN and faster than non-stabilized nitrocellulose. However the 
main feature of HNF decomposition is the intrinsic production of highly reactive species as nitrene and 
carbenes. These species are so reactive that they immediately make insertion reaction in some 
neighbouring bond of what is just nearby. Added substances in usual amounts of 1 to 2 mass-% are 
practically without any effect in capturing theses reactive species. In other words: HNF is not stabiliz-
able.

Other problems exist, which have not been discussed here. One is the compatibility with other in-
gredients. ADN is not free of problems in this regard, but HNF is superior in incompatibility. Finally, 
HNF formulations have a not benign burning behaviour. All attempts to get an acceptable pressure ex-
ponent n in the burning law failed so far [86]. 
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ABSTRACT 
 
 
Nexter Munitions is recognized for its studies led in the field of the melt-cast process, which consists in 
obtaining a homogeneous biphasic concentrated suspension by mixing a melted fusible material with 
granular materials. The obtained formulation is then poured by gravity into shells. So, in order to 
develop products compliant with the requirement criteria of the market, Nexter Munitions wishes to 
deepen its knowledge regarding the physicochemical properties of the granular materials influencing 
the rheological behavior of those suspensions. Indeed, the rheology of such formulations was and still 
is accurately studied in various industries, because of the rheological complexity and interest of this 
type of mixture. 
The aim of this thesis work is to link the properties of the solid phase to the flowability of the whole 
suspension, by adopting an experimental approach followed by the modeling of such a rheological 
behavior. This paper presents the context and the problematic of this thesis, as well as the first results 
and conclusions obtained up till now. 
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Octahydro-1,3,5,7-tétranitro-1,3,5,7-tétrazocine (HMX) and 2,4,6-triamino-1,3,5-

trinitrobenzène (TATB) are base compounds commonly used in high performance 

explosives. It is due to their thermal stability and high detonation velocities compared to other 

material. Their insensitivity and intrinsic properties such as mechanical properties are related 

to the stability of their crystalline structure, i.e. the relative spatial arrangement of the 

molecules. The structures of HMX and TATB were determined in the 1960’s by Cady and co-

workers on monocrystals and correspond to stable phases at ambient temperature and 

pressure. Even though the structures are very stable, some modifications during different 

steps of processing or during mechanical or thermal stress may occur and no studies of 

these structural evolutions have been address. 

We present X-ray diffraction analyses on powders, mold powders or pressed compounds 

having TATB or HMX as main ingredient. Associated Rietveld calculation using MAUD© 

software was performed in order to determine crystallographic parameters. In particular, 

lattice parameters and structural defects in terms of crystallite size and micro-deformation 

were determined. Structural modifications induced by the fabrication process are discussed. 

A link with morphological examinations by optical or scanning electron microscopy has been 

attempt. Structural evolution of TATB and HMX with temperature is under investigation in 

order to observe crystalline phase transformations or dilatation along the different 

crystallographic axes. 
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ABSTRACT 

 Octahydro-1,3,5,7-tétranitro-1,3,5,7-tétrazocine (HMX) and 2,4,6-triamino-1,3,5-trinitrobenzène (TATB) 
are base compounds commonly used in high performance explosives because of their thermal stability and 
high detonation velocities compared to other materials. Their insensitivity and mechanical properties are 
related to the stability of their crystalline structure. Even though the structures are very stable, some 
modifications during different steps of processing or during mechanical or thermal stress may occur and no 
studies of these structural evolutions have been addressed. We present X-ray diffraction analyses on 
powders, molding powders or pressed compounds having TATB or HMX as main ingredient. Associated 
Rietveld calculations were performed in order to determine crystallographic parameters. Structural 
modifications induced by the fabrication process are discussed in this paper. A link with morphological 
examinations by optical microscopy has been attempted. Structural evolution of TATB and HMX with 
temperature is also under investigation and preliminary results are given. 

1. INTRODUCTION 

HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine) and TATB (1,3,5-Triamino-2, 4,6-
trinitrobenzene) are commonly used explosives 
because of their low sensitivity and their high 
detonation velocity. Their crystal structures are 
particularly stable, especially for TATB due to the 
numerous hydrogen bonds formed. However, 
during the synthesis, molding powder and pressing 
processes, these materials are subjected to both 
thermal and mechanical stresses. These processes 
affect significantly both on the TATB structure [1-
3] as that of HMX [4-5]. Furthermore, 
characteristics of starting powders and subsequent 
processes may influence the crystal structure of the 
material. As some crystalline features, such as 
crystal defects are involved in for example 
mechanical resistance, it is important to study the 
evolution of crystallographic parameters with 
respect to the fabrication conditions. 

Analyses by X-ray diffraction give the following 
structural parameters: crystalline phase 
identification, calculation of the crystal lattice 
parameters, average crystallite size and lattice 

micro-strain, undesirable phases.... The knowledge 
of these parameters allows comparing different 
batches of material, whether in the form of powder, 
molding powder or pressed matter. In addition, the 
evolution of these microstructural parameters 
under thermal and mechanical loads can also be 
studied. 

In this work, we present the results of structural 
analyses of several TATB synthesized under 
different conditions. Rietveld analysis and 
calculation of full widths at half maximum 
(FWHM) of diffraction peaks are  the parameters 
of interest to study the structure of the material and 
the rate of structural defects during the formation 
of molding powder and pressed compositions. The 
effect of ex-situ thermal treatments is also studied. 



 

 

 

 

 

Table 1: Washing and filtering parameters of TATB powders 

 

We also study the influence of the recrystallization 
media on HMX crystals structure. It had been 
showed that the morphology of HMX particles 
could depend on the solvent used in the reactive 
solution [6-7]. We confirm these observations and 
complete this morphology report by structural 
considerations of HMX powders obtained in two 
different solvents. The modifications generated by 
grinding the starting powder are also presented. 
Finally, molding powders and pressed 
compositions resulting from a mixing of grinding 
and not grinding powders are studied. 

2. SAMPLES AND EXPERIMENTS 

Nine batches of TATB have been synthesized in 
the form of powders with particle sizes of several 
tens of microns (Table 1). The particles were then 
coated with a binder to form molding powders 
having a dimension of a few hundred microns. 
These granules were pressed uniaxially in the form 
of pellets of 1.5 mm in height and 10 mm in 
diameter and heat treated. 

HMX particles were synthesized in the form of 
particles of several hundreds of microns in two 
different recrystallization media. Grinded and not 
grinded particles were coated with a binder to form 
molding powder and a pressed HMX was also 
prepared. 

Molding powder of TATB and HMX are 
embedded in epoxy and polished mechanically (pre 
polishing with SiC papers and final polishing with 

diamond solutions and colloidal silica) before 
being studied by X-ray diffraction.  

Our X-ray diffraction instrument is a Siemens 
D5000 diffractometer in θ-θ configuration with a 
copper anticathode and without any 
monochromator. The diffraction analysis range is 
10 to 45° degrees (2��) for TATB and between 10 
and 54° for HMX depending on the extent of peaks 
having enough intensity. For each analysis, the 
powder is deposited on a disoriented silicon 
substrate which does not induce parasitic 
diffraction lines, and spread to form a layer as thin 
as possible to overcome X-ray penetration effects. 
The sample holder rotates with a 30°/min. speed to 
enhance the statistics of the measurement. For each 
sample, two diffraction records were carried out to 
ensure the reproducibility, and two Rietveld 
treatment methods have been performed from 
slightly different starting parameters to improve 
the resulting solution. NIST Si and LaB6 powders 
were used for modelling the instrumental function. 

Rietveld analyses are based on a comparison 
between a simulated diffraction pattern and an 
experimental diffraction pattern. Starting from a 
reference structure, a refinement of the various 
parameters of the simulated function is performed 
in order to minimize the correlation coefficient R 
defined by Eq.1: 

                                                   (1) 

Sample Stirring speed 
(tr/mn) Filter Washing parameters 

TATB-A 120 Press Simple Washing  

TATB-B 120 Press Simple Washing  

TATB-C 120 Press Simple Washing  

TATB-D 120 Press 
Simple Washing 

TATB-E - Press MEK Washing 

TATB-F - Press MEK Washing 

TATB-G - Press MEK Washing 

TATB-H 127 Static Stirring Washing 



 is the intensity of the experimental diffraction 
pattern at point i and  is the intensity of the 
simulated diffraction pattern at point i. It is 
generally considered that an R ratio below 15% is 
sufficiently good for low symmetry crystals such 
as monoclinic (HMX) or triclinic (TATB) 
structures. 

The reference structures used for the Rietveld 
calculation were determined by Cady et al. [8,9] 
for TATB and HMX. Our X-ray analyzes were 
firstly performed using the ORIGIN software on 
each well separated peak, while Rietveld analyzes 
were carried with the MAUD [10] software on the 
whole diagram. The instrumental function is 
implemented in MAUD and used to determine the 
lattice parameters, crystallite size and micro-strain 
of the crystals. These two last parameters, since 
they contribute to increase the FWHM of 
diffraction peaks, are considered representing the 
rate of structural defects.  

Optical microscopy images were obtained using a 
Keyence VHX 200 microscope. 

3. RESULTS AND DISCUSSION 

3.1 TATB base composition 

3.1.1 Powder analysis 
TATB crystalline structure is presented Fig. 1. 
TATB is a triclinic crystal with two molecules in 
the unit cell. The crystal structure is graphite like, 
with hydrogen-bonded sheets of molecules along 
the a b plane. Lattice parameters determined by 
Cady [6] are: a = 0.9010 nm, b = 0.9028 nm, c = 
0.6812 nm, α = 108.59°, β = 91.82°, γ = 119.97° 
and the lattice volume is V = 442,485. 

 

Figure 1: Representation of 4 TATB cells (2 along 
a and c and 1 along b). The black atoms forms the 
aromatic ring while the N atoms appear yellow, 

the O atoms appear white and the H atoms green. 
Note the H-bonds between NH2 and NO2 groups. 

To evaluate the effect of synthesis conditions on 
TATB, nine batches with different synthesis 
characteristics were analyzed by X-ray diffraction 
(noted TATB-A to TATB-I). The experimental 
diagrams superimpose perfectly with diagrams 
calculated from the reference structure of Cady 
(see Fig. 2). 

 

Figure 2: Comparison between an experimental 
and a simulated diagram for TATB-A. The other 

TATB give similar results. 

At the end of the refinement, the correlation 
coefficient R between the simulated diagram and 
the experimental diagram is always inferior or 
equal to 0.15. This result is quite satisfactory in 
regard to the capabilities of our diffractometer and 
the complex triclinic structure of TATB. From 
these refinements, we determined for each batch, 
the lattice parameters of TATB and calculated the 
corresponding cell volumes (Eq. 2). Lattice 
parameters and cell volumes are listed in Tab. 2.   

                        (2) 

As the resolution of our instrument is low 
(experimental FWHM = 0.10°) and the FWHM of 
our sample quite close to the experimental value it 
is difficult to give an accurate result about the 



average crystallite size and lattice microstrains. So, 
we choose only the average FWHM of our samples 

to assess their defect densities. 

 

 

Table 2: Lattice parameters, FWHM and R coefficient of TATB powders  

The lattice parameters are all very close one from 
another for all the TATB powders. As a 
consequence it has to be noticed that the 
differences between the values of the volumes of 
the triclinic cells do not exceed 0.8 Å3, which is 
very low. For comparison, we can mention that in 
their work, Kolb and Rizzo [2] found a volume 
expansion of the TATB lattice of 4 Å3 when the 
temperature only increases from 23 to 35 °C. This 
result indicates that the structural arrangement of 
TATB molecules is not modified by the process 
conditions used in this study. The lattice 
parameters are also in accordance with the values 
obtained by Cady even though our calculation 
gives systematically slightly lower values for the 
cell volumes. This can be due to the absence of any 
defect on the monocrystal used for the structure 
determination compared to the powders 
synthesized by reactive precipitation. As the 
structural configuration of TATB does not change 
for these conditions, we have also performed 
Rietveld analyses on an older TATB (TATB-I) 
containing 0.4 wt. % of water which is a very high 
value for our conditions. However, the same lattice 
parameters cell volume and FWHM are obtained 

compared to other batches. It indicates 
unambiguously that this water rate has no 
influence on the structure and that water would not 
penetrate into the cell of TATB.  
 
FWHM is similar on each diffraction peak, 
showing no visible preferred orientation. It seems 
that the batch prepared using a static filter and a 
high stirring speed leads to more crystal defects 
(larger FWHM). 

3.1.2 Molding powder analysis 
X- ray diffraction analysis on molding powder 
from TATB-A, TATB-B and TATB-C, noted 
TATB-A-mp, TATB-B-mp and TATB-C-mp 
respectively, always shows that the drying thermal 
conditions (in a rotating vat or not) does not affect 
the diffraction patterns as shown in Fig. 3 for 
TATB-A. 

Sample a (Å) b (Å) c (Å) α (°) β (°) γ (°) V(Å3) FWHM (°) R (%) 

TATB-A 9.014 9.029 6.817 108.647 91.831 119.947 442.9 0.170 12.5 

TATB-B 9.015 9.030 6.817 108.651 91.812 119.959 443.0 0.150 12.1 

TATB-C 9.011 9.027 6.816 108.653 91.814 119.962 442.5 0.153 14.1 

TATB-D 9.011 9.029 6.815 108.672 91.825 119.941 442.7 0.181 13.5 

TATB-E 9.009 9.024 6.814 108.640 91.816 119.972 442.2 0.195 14.4 

TATB-F 9.013 9.028 6.817 108.663 91.797 119.961 442.8 0.155 15.9 

TATB-G 9.012 9.029 6.816 108.656 91.812 119.963 442.7 0.189 13.2 

TATB-H 9.013 9.031 6.815 108.665 91.814 119.955 442.7 0.203 14.6 

TATB-I 9.013 9.031 6.815 108.645 91.801 119.952 442.6 0.172 12.2 



 

Figure 3: Diffraction pattern TATB-A-mp with 
rotating vat or not and inset zoom from 2θ = 18 to 

23° 

Analyses of the cell volume after drying in a 
rotating vat of each molding powders are presented 
in Tab. 2. The correlation coefficients R are always 
less than 8 %, which is a good result. 

Sample Rotating 
vat 

Cell Volume 
(A3) 

L 
(nm) 

ε 
(%) 

R 
(%) 

TATB-A-mp Yes 442.6 132 8-04 7.7 

TATB-B-mp Yes 442.4 115 8-04 5.5 

TATB-C-mp Yes 442.5 123 7-04 4.8 
Table 3: Crystallite size and micro-strain of 

molding powders 

The cell parameters and volume are comprised 
between 442.4 and 442.7 A3. They are similar and 
do not differ from those determined for the powder 
(between 442.2 and 443 A3). Parameters related to 
structural defects such as the average crystallite 
sizes and the microstrain rates were also evaluated 
by Rietveld refinement, and are presented in Tab. 
3. The calculation gives the crystallite sizes less 
than 140 nm and close to each other. The micro-
strain rates are low and vary little (between 7x10-4 
and 1x10-3 %). By observing the crystallite sizes of 
the different batches, we can confirm that this 
parameter does not depend on the method of 
drying. It can be seen that the FWHM are greater 
than those obtained on the powders. 

3.1.3 Isostatically pressed TATB analysis 
A pressed compound obtained from TATB-A-mp 
is also analyzed (it is noted TATB-A-pr). A 

comparison of the diagrams of TATB-A powder, 
molding powder and pressed is shown in Fig. 4.  

 

 

 

 

 

 

Figure 4: Diffraction pattern of TATB-A at the 
stage of powder, molding powder and after 

pressing inset 

There is a significant line broadening during the 
transition molding powder-pressed compound. 
Strong observed enlargements make it difficult to 
quantify the size of crystallites and micro-strain 
because of too much superimposed peaks and 
asymmetry of peaks due to the fact that the pressed 
compound is not polished (in progress). However, 
we were able to determine the cell volume. A few 
compression of the cell after pressing (see Table 2) 
from 442.5 A3 to 442 A3is pointed out. This result 
is consistent with the pressing process. 
Nevertheless it has to be noticed that the TATB 
structure remains very close to the initial one after 
each step of processing. 

3.1.4 Effects of thermal treatments on 
TATB structure 

Analyzes are performed ex-situ on TATB powder 
after heating at 65, 90, 120, 140 and 175°C at 30°C 
/ min. The temperature holding time is 16 hours for 
the first four temperatures and 30 hours for the 
latter. In all cases, the diffraction analyzes are at 
least doubled to ensure the reproducibility of 
measurements. 

The determined parameters lead to values close but 
slightly higher than those of the cell reference (Fig. 
5). The correlation coefficient R obtained for the 
different temperature diagrams are lower than 
10%. 

--TATB-A 
--TATB-A-mp 
-- TATB-A-pr 



As can be seen in Fig. 5.a, which shows the cell 
volume as a function of the temperature treatment, 
a tendency of volume reduction occurs even 
though the differences remain very low (from 
443.7 to 442.9 Å3) when the temperature treatment 
increases from 20 to 90°C. Beyond 90°C, the cell 
volumes are almost constant. 

 

 

a) 

 

b) 

Figure 5: Evolution of the lattice volume and 
crystallite sizes of TATB in function of temperature 

Furthermore, Fig. 5b indicates a decrease of 
FWHM between room temperature and after a 
treatment of 90°C. Since the instrumental 
resolution is not better than 0.1° (2�), it is difficult 
to estimate a “true” value of the average crystallite 
size for thermal treatments at temperatures higher 
than 90°C. 

We deduce from these experiments that both the 
cell volume and the FWHM of the diffraction 
peaks have a tendency to decrease after a thermal 
treatment of 90 °C.  Our results, after thermal 
treatments at temperatures higher than 90 °C, show 
that residual defects coming from synthesis are 
removed to get closer to the monocrystal structure 
used by Cady et al. [8] for the TATB structure 

determination. Another possibility could be a 
significant grain growth at high temperature. 

3.2 HMX base composition 

3.2.1 Powder Analysis 
Two HMX particles were synthetized in different 
recrystallization media giving HMX-A and HMX-
B. Diffraction patterns of each kind of particles are 
different as shown in Fig. 6 and none of them 
matches the reference structure of Cady et al. [9]. 
It is particularly clear for some intensities which 
are more or less exalted, typically around 2θ = 14, 
16 or 50°. On the other hand, some peaks are 
extinguished or has undergone a significant 
decrease of intensity (in the vicinity of 2θ = 20 or 
26° for example). The corresponding 
crystallographic layers whose corresponding 
diffraction peaks are either enhanced or lowered 
are emphasized on Fig.6: the layers having the 
more exalted intensities are marked in black for 
HMX-A and in red for HMX-B. The layers in grey 
correspond to peaks whose intensity is strongly 
lowered in both HMX-A and HMX-B. 

 

 

Figure 6: Diffraction patterns of HMX-A (black) 
and HMX-B (red). 

As optical microscopy images, see an example on 
Fig. 7, show for HMX-A and HMX-B a rod 
morphology, we have considered that preferential 
orientations may occur. As a consequence, 
Rietveld analyses are conducted with this 
hypothesis and it is necessary to add a texture 
component. The texture model of March-Dollase 
[11] based on Eq.2 is chosen. 

                             (2)                     
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In this relation, r is a refinable parameter, related to 
the weight of the preferred orientation and α is the 
angle between the preferred orientation plane 
family (HKL), and a given plane family (hkl). We 
can relate these coefficients r to the degree of 
preferred orientations η (percentage of planes 
oriented in the given direction) by Eq.3 [12]:  

                                          (3)                                        

 

 

Figure 7: Optical microscope image of HMX-A 
(upper image) and HMX-B (lower image) 

We have chosen to see the influence of each 
possible plane presenting a preferential orientation. 
The model will then determine the weight of each 
component, and thus the importance of each of the 
orientations. It turns out that the only way to 
approach the experimental diagrams is to choose 
three or four planes having preferred orientations: 
(011), (020) and (031) for HMX-A. It is interesting 
to note, from the calculation, that the (-111) plane 
does not contribute to the preferential orientation. 
It is not obvious since the -111 diffraction peak 

exhibits nearly the same diffraction angle 2θ as the 
020 peak. The comparison between the simulated 
and the experimental diagrams is displayed on Fig. 
8. It shows that the correlation between the two 
charts is not yet satisfactory, as evidenced by the 
correlation coefficient R = 25%. For HMX-B, the 
same planes contribute to the orientation, but also 
the (-122) one. The correlation coefficient is R = 
27%. 

 

Figure 8: Comparison of experimental and 
simulated diffraction patterns of HMX-A with 

preferred orientations of planes (011), (020) and 
(031) 

The r and η coefficients obtained for each of the 
plane families are listed in Tab. 4,: 

(hkl) r HMX-A  HMX-A 
(%) r HMX-B  HMX-B 

(%) 
(011) 0.49 39 0.22 69 
(020) 0.85 10 0.24 67 
(031) 0.68 22 0.17 76 
(-122)   0.2 72 

Table 4: March-Dollase r coefficient and 
percentage η of particles having a preferred 

orientation for the HMX- A and HMX-B 

HMX-A particles are strongly oriented with the 
(011) plane parallel to the growth direction. The 
total exceeds 100% for HMX-B, which is 
unrealistic. Moreover, no orientation is more 
important than the others which seems strange 
considering the relative intensities. To go further, it 
could be necessary to perform a complete 
structural determination including the calculation 
of atomic positions. However, such studies require 
either working on a single crystal or on powders 
but with better instrumental resolution, and 

100 μm 



detection (signal / noise ratio). The fact that several 
planes are lying parallel to the growth directions 
can be due to the special growth of some particles 
which have typical L and T shape (see Fig. 7). 
Since the FWHMs of HMX-A and HMX-B are 
very close to our diffractometer resolution (0.10°) 
the average crystallite sizes and lattice microstrains 
can’t be determined by Rietveld refinement. 

The morphology analysis of the ground powder 
particles (noted HMX-A-gr and HMX-B-gr) shows 
that the particle size is comprised between 0 and 
100 microns and do not have any particular shape 
(see Fig. 9).  

 

 

Figure 9: Optical microscopy image of ground 
HMX-A (upper image) and HMX-B (lower image) 

The diffraction patterns of HMX-A-gr and HMX-
B-gr are similar (fig.10) and correspond to the 
reference HMX lattice published by Cady et al. [2]. 
They were able to be indexed using this reference 
and allows Rietveld analysis. 

The Rietveld model allows the calculation of the 
cell parameters, average crystallite size and 
microstrain rate with R inferior to 15% (Tab. 5).  

 

Figure 10: Diffraction patterns of HMX-A-gr 
(black) and HMX-B-gr (red). 

After grinding, ”crystalline perfection” decreases 
both for HMX-A and HMX-B. Moreover, the 
grinding breaks the crystals and removes the 
elongation morphology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Lots a 
(A) 

b 
(A) 

c 
(A) 

β 
(°) 

Volume 
(A3) 

L 
(nm) 

ε 
(%) 

R 
(%) 

HMX-A-gr 6.537 11.046 8.706 124.37 518.90 200>L>150 1.2-03 13.2 
HMX-B-gr 6.539 11.043 8.709 124.40 518.89 200>L>150 1.3-03 13.6 

HMX-A-mp 6.538 11.047 8.715 124.44 519.22 L≈100 1.1-03 7.3 
HMX-B-mp 6.546 11.041 8.719 124.43 519.78 L≈120 1.1-03 6.8 
HMX-A-pr 6.547 11.057 8.718 124.45 520.52 200>L>150 6.8-04 10.2 

Référence [2] 6.537 11.054 8.701 124.44 518.55 - - - 
Table 5: Cell parameters and volume, average crystallite size and microstrain and R value determined by 

Rietveld refinement for HMX-A and HMX-B

3.2.2 Molding powder analysis 
Molding powders have been prepared with a 
mixture of initial and ground powders for both 
HMX-A and HMX-B, resulting in HMX-A-mp 
and HMX-B-mp respectively. The diffraction 
patterns of HMX-A-mp and HMX-B-mp after 
polishing are shown in Fig. 11. They are similar 
and correspond to the reference structure with the 
expected intensities. 

 

Figure 11: Diffraction patterns of HMX-A-mp 
(red) and HMX-B-mp (blue).  

Rietveld analyses confirm the good 
correspondence with the HMX structure reference 
of Cady and al. (see Tab. 5). It has to be noticed 
that the microstrain rates and average crystallite 
sizes are close one from another. The lattice 
parameters and cell volumes are of the same that 
the starting powder, since the lattice volume 
variation is only 0.9 Å3. 

It is not surprising that the singularities in the 
relative intensities observed in the powders are not 
observed anymore. When positioning the powder 
on the sample holder, the elongating particles will 
lie with the oriented crystallographic planes 
parallel to the growth direction. In the molding 
powder embedded in an epoxy resin, the 

orientation of the particles remains but do not 
appear on the polished surface.  

3.2.3 Pressed compound analysis 
The diffraction pattern of pressed HMX-A-mp 
(noted HMX-A-pr) is shown in Fig. 11 . The 
comparison with HMX-A-mp shows a significant 
increase of the intensity of diffraction line at 
around 32 ° corresponding to the plane (-132). 

 

Figure 12: Comparison between HMX-A powder 
and the massive compound 

To simulate the pattern, it could be necessary to 
add a component to our model taking into account 
preferential orientations. In such a treatment, the 
resulting Marsh-Dollase r coefficient is 0.63, 
which would result in 25% of diffracting planes 
oriented along the axis (-132). Nevertheless, the 
plane (-132) is not a low energy plane in the 
growth construction considering PBC analysis [6]. 

In this peculiar case, it could be interesting to 
determine a structure with different positions of the 
atoms in the HMX cell. Analyses are underway on 
this point. It is also observed from Rietveld 
calculations (see Tab. 5) that the FWHMs 
decreases between HMX-A-mp and HMX-A-Pr 
indicating a tendency to cure some crystalline or 
increase the crystal sizes. This could be explained 
by a heat treatment applied after pressing in order 
to relax some micro-stresses. It is interesting to 



note that the pressing step has a strong influence 
on the crystalline quality of TATB (very large 
FWHMs) but very little on HMX. Moreover, the 
cell volume of HMX-A-pr is 1,5 Å3 higher than the 
reference structure.  

4 CONCLUSION  

X-Ray diffraction analyses have shown only a 
slight influence of the synthesis conditions on 
FWHM and thus on the structural defects of 
different TATB. A higher stirring speed and the 
use of a static filter instead of a press filter are 
correlated with higher FWHM. Furthermore, no 
effect was observed on cell parameters of the 
TATB lattice. During the molding powder 
fabrication process, there is no effect of the drying 
method (rotating vat or not) on the structure or the 
defects rate. During the pressing step a small 
decrease in the crystal lattice can be observed 
coupled with a significant line broadening 
indicating unambiguously a sharp decrease in the 
quality of the crystals. Regarding the effect of 
thermal treatment, a contraction of the lattice 
during heat treatment is observed and an increase 
of the crystallite size between room temperature 
and 90°C is reached up to a threshold effect. It can 
be explained by lower levels micro-stress. 

This study has also shown that the HMX synthesis 
medium influences the growth of the particles. In 
particular, preferred orientations occur. After 
grinding, the preferential orientation is lost since 
the particles and probably the crystals are broken. 
However, grinding leads to a decrease of the 
quality of the crystals. After granulation from 
mixing ground and not ground particles we still 
find the HMX reference structure without 
significant differences between the two powders. 
During pressing, a decrease in the micro-strain rate 
and crystallite sizes takes place. This could be 
explained by the relaxation heat treatment. It 
therefore appears that the compression process has 
a more significant effect on TATB than on HMX. 

Complementary works are under progress to better 
understand the pressing and thermal treatment on 
the crystalline quality of the final compounds. 

Moreover, a furnace is being installed on our 
diffractometer for in-situ thermal observations on 
TATB and HMX crystallographic structures. 
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Abstract:  Conventional nanothermites  are energetic 
materials prepared by mixing a metall ic oxide with Al 
nanoparticles.  The main features of these energetic 
are: ( i )  low sensit ivity thresholds to friction and 
electrostatic discharge, ( i i)  high f lame propagation 
velocity in loose powder state (100 – 2500 m/s),  ( i i i )  
low Pm a x  values and pressurization rates in combustion 
chamber in comparison with those of high explosives.  
The definit ion of nanothermites can be extended to 
pyrotechnic mixtures containing significant amounts of 
metal-based compounds as reactive species and at least 
one nano-sized reactive component.  
The different “material  approaches” which have been 
studied in NS3E laboratory have led to a new 
generation of highly reactive pyrotechnics, whose 
outstanding characteristics and performances wi l l  be 
discussed in this presentation.  
The properties of these improved nanothermites can be 
tuned not only through their chemical composition but 
also by playing on the morphology of their components.  
Nanothermites offer to pyrotechnics a real  toolbox for 
preparing a variety of smart and environmental fr iendly 
reactive materials,  which can be customized for the 
precise needs required by specific  applications in the 
f ield of ignition, propulsion and initiation.  
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ABSTRACT

Conventional nanothermites are energetic materials 
prepared by mixing a metallic oxide with Al 
nanoparticles. The main features of these energetic 
are: (i) low sensitivity thresholds to friction and 
electrostatic discharge, (ii) high flame propagation 
velocity in loose powder state, (iii) low Pmax values 
and pressurization rates in comparison with those 
of high explosives. 
The definition of nanothermites can be extended to 
pyrotechnic mixtures containing significant 
amounts of metal-based compounds as reactive 
species and at least one nano-sized reactive 
component. 
The different “material approaches” which have 
been studied in the NS3E laboratory have led to a 
new generation of highly reactive pyrotechnics, 
whose outstanding characteristics and 
performances will be discussed in this 
presentation. 
Nanothermites offer to pyrotechnics a real toolbox 
for preparing a variety of smart and environmental 
friendly reactive materials, which can be 
customized for the precise needs required by 
applications in the field of ignition, propulsion and 
initiation. 

1. Al-BASED NANOTHERMITES

Due to its unique characteristics, aluminium 
nanopowder is the most commonly used fuel for 
preparing nanothermites. First, aluminium has a 
good combustion enthalpy (31 kJ/g and 
84 kJ/cm3)[1]. Second, Al nanoparticles are stable 
provided that they are stabilized by an oxide shell 
thick enough, to prevent unintentional oxidation
(E > 2-3 nm)[2,3]. Third, Al nanopowders with 
various particle size distributions are now 
produced at industrial scale by different processes 
in several countries. Last but not least, aluminium 
nanopowder has a strong reactivity which 

originates from the core-shell morphology of Al 
nanoparticles. The oxidation mechanism of 
aluminium nanoparticles (Al-NP) is a controversial 
issue. Three apparently competing theories 
accounting for Al-NP oxidation can be found in 
literature: (i) the Fickian or electrostatic diffusion 
of species through the oxide shell[4-6], (ii) the melt 
dispersion mechanism[7,8] and (iii) the kinetic of 
gas phase reactions of Al-containing species[9]. It
can be stated that these three approaches are 
actually complementary, as they describe different 
aspects of the same reality. But anyway, the results 
published for over two decades have led to the 
experimental evidence that nanosized Al powder is 
probably one of the best fuels for preparing 
nanothermites. 

2. HOW TO IMPROVE THE REACTIVITY?

Having defined the fuel, the question is now: how 
to increase the performances of Al-based 
nanothermites? This can be achieved either by 
adding a gas generating agent like an explosive[10]

or by using strong oxidizers as potassium 
permanganate[11], silver iodate[12] or iodine 
pentoxide[13] in spite of classical metallic oxides 
like WO3, MoO3, CuO, Bi2O3

[14-17]. Strong 
oxidizing salts are well suited to the preparation of 
energetic compositions with high performances,
although a number of them have precarious 
stability when they are mixed with fuels. 
The concept of negative explosives has been 
introduced by Shimizu[18,19]. In these energetic 
materials, the oxidizers are salts which are
traditionally considered inert in pyrotechnics, such 
as carbonates or sulphates. The reduction reaction 
is only possible with fuels having high affinity for 
oxygen (e.g. Al, Mg, P). The sulphates are 
probably the most promising “inert salts” for 
unconventional pyrotechnics as they contain 
oxygen, sulphur and hydration water, which can 



react with the metals with which they are mixed.

3. SULFATE-BASED NANOTHERMITES

An aluminium nanopowder (d 100 nm, Al 
content: 74 wt%) was used as fuel with a series of 
metallic sulphates (Al, Bi, Ca, Cu, K, Mg, Mn, Na, 
Zn, Zr)[19]. The materials were prepared either by 
physical mixing of Al nanopowder with micron-
sized sulphates or by the precipitation of the
sulphate in the presence of dispersed Al-NP by an 
antisolvent process. 
The combustion heat (Qexp) of sulphate-based 
thermites follows a parabolic law as a function of 
the Al content. The highest values of Qexp are 
obtained for compositions containing 40 to 60 wt% 
of Al nanopowder. The maximal reaction heats are 
between 4 and 6 kJ/g, depending on the nature of 
the metal and on the proportion of hydration water. 
The flame propagation velocities (FPV) in loose 
powders were measured by high speed video, in 
transparent PMMA tubes. The FPV ranges from 
about 200 m/s to 840 m/s depending on the nature 
and the morphology of the sulphate used.
The sensitivity thresholds to friction, impact and 
electrostatic discharge (ESD) were measured on 
the compositions optimized in terms of reaction 
heats. Sulphate-based nanothermite are insensitive 
to friction. All the compositions tested were found 
to have a reaction threshold above 360 N, with the 
exception of the composition prepared from 
bismuth sulphate, which is moderately sensitive 
(168 N). The outstanding insensitivity of these 
materials to friction allows one to prepare them 
safely by simple crushing of the powders in a 
mortar. 
The sensitivity to impact of compositions prepared 
from micron-sized sulphates depends on the 
number of water molecules present in the sulphate 
(Fig. 1). 

Figure 1. Evolution of the sensitivity thresholds to 
impact of micron-sized sulphates / Al-NP.

The higher sensitivity to friction is observed for 
compositions prepared from sulphates containing 
an intermediate number of water hydration 
molecules. In other words, water plays a 
determining role in the thermal ignition of these 
materials. It can be assumed that Al-NPs first react 
with water: the energy released by this initial 
reaction further activates the reaction of aluminium 
with sulphate. Compositions prepared from highly 
hydrated sulphates are less sensitive to impact, 
because of the heat absorbed by water, which acts 
as a calorie sink. 
The sensitivity thresholds to ESD linearly 
increases with the number of water molecules 
contained in the sulphate (Fig. 2). The 
nanothermites prepared from sulphates are less 
sensitive to ESD than those prepared from the 
corresponding metallic oxides but more sensitive 
to this kind of stress than most of conventional 
secondary explosives. The increase of the ESD 
threshold with the number of water molecules 
contained in the sulphate is attributed: (i) to the 
heat sink effect of hydration water; and (ii) to the 
conductivity increase originating from the sulphate 
dissolution into its hydration water along the path 
followed by the spark. 

Figure 2. Evolution of the sensitivity thresholds to 
ESD of micron-sized sulphates / Al-NP.

Aluminium nanopowder not only gives explosive 
compositions with metallic sulphates, but also with 
other sulphur oxygenates like sulphites (SO3

2-),
thiosulfates (S2O3

2-) and peroxodisulfates (S2O8
2-).

4. CONCLUSIONS

The compositions prepared from micron- or 
nanosized metallic sulphates and aluminium 
nanopowder have high reaction heats (4 – 6 kJ/g) 
and fast flame propagation velocities (200 –
840 m/s). Amongst many interesting properties, 

these new energetic materials are particularly 



insensitive to friction, which makes their 
preparation and handling particularly safe. The 
sensitivity thresholds to impact and electrostatic 
discharge mainly depend on the crystallization 
water present in the sulphate. 
Depending on the nature of the sulphate 
counterion, these compositions can be considered 
as “green” energetic materials. The particular 
characteristics of these compositions open new 
horizons for ignition and initiation applications. 
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M i c r o n  s i z e  R D X  a r e  

c o n v er t e d  t h r ou gh  S F E  
i n t o  n an o pa r t i c l e s  

Abstract:  
Nanoparticles are intensively studied for their unique 
properties arising from their nanoscale dimension . The 
development of high energetic nanomaterials is focused on 
lower sensitivity and increased reactivity.  
The new Spray Flash Evaporation (SFE) process internal ly 
developed 1 , 2 and patented 3 is a promising tool for reaching 
the nanoscale. Nano RDX (100-200 nm) has already been 
recrystal l ized by SFE and was used for preparing ultrafine 
nanodiamonds (2-4 nm) by detonation4. 
The control  of the particle size to get smaller explosive is a 
chal lenge achieved here by the additio n of polymeric 
additives. The crystal l ization steps – crystal  growth and 
nucleation rate  – can be tuned by chemical additives. The 
present work shows the capacity of SFE to produce 
continuously bigger particles or smaller ones up to 
monocrystals,  simply by adding common polymers. 
The versati l ity of  SFE also allows the formation of cocrystals 5  
not only by co-solvation but also in  situ from different 
separated solvents, and sti l l  at the nanoscale.  In the field of 
energetic materials, cocrystals  represent an exceeding 
interest for outstanding reactivity and enhanced safety.  

 
B i o g r a ph y :  F l o r e n t  P e s s i n a  i s  p r e p a r i n g  a  P h D  t h e s i s  i n  t h e  l a b o r a t o r y  “ N a n o m a t é r i a u x  p o u r  l e s  S y s t è m e s  S o u s  
S o l l i c i t a t i o n s  E x t r ê m e s ”  ( U M R  I S L - C N R S - U N I S T RA )  b a s e d  a t  t h e  F r e n c h - G e r m a n  r e s e a r c h  I n s t i t u t e  o f  S a i n t - L o u i s  
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ABSTRACT 

Nanoparticles are intensively studied for their 
unique properties arising from their nanoscale 
dimension. Since the past twenty years, the 
nanocristallisation of high energetic nanomaterials 
continuously at a large scale has been intensively 
studied; the development of high energetic 
nanomaterials is focused on lower sensitivity and 
increased reactivity. 
Sub-micron 1,3,5-Trinitroperhydro-1,3,5-triazine 
(RDX) have already been produced continuously 
using Spray Flash Evaporation by  Risse et al.1, 
and nano-hexolite is currently used for producing 
nano-diamond by Pichot et al.2. Other multi-
compound systems like cocrystals exhibit 
interesting sensitivities when crystallized at the 
nanoscale by the SFE, as reported by Spitzer et 
al.3. 
In this present work, the crystallization steps have 
been controlled -crystal growth and nucleation 
rate- to recrystallize RDX by SFE under 100nm, 
very close to be single crystals. 
  
1. INTRODUCTION 

High explosives, such as RDX, may be 
accidentally initiated under the influence of a 
strong mechanical impulse, great heat or an 
electrostatic discharge. Smallest impurities, open 
pores, entrapped gases or other inhomogeneities 
within the explosive matrix may convert the 
delivered energy into heat, causing the formation 
of a so called hot-spots. A hot-spot size of a few 
micrometers can already be sufficient to initiate a 
deflagration or even a detonation of the explosive. 
By decreasing the particle size of the explosive, the 
formation of hot-spots is inhibited, resulting in a 
less sensitive material. Tarver4 calculated for HMX 
the critical temperature of different sized hot-spots. 
A 2 µm sized hot-spot gives a critical temperature 
of 985 K, whereas the critical temperature for a 0.2 
µm sized hotspot already rises to 1162 K. So in the 
past twenty years, the outstanding properties of 
new nano-materials led the research in energetic 
material to embrace this trend. 

 
1.1. Recrystallization of high energetic 

material 

In 1992, Gallagher et al.5 recrystallized RDX using 
the Gas AntiSolvent Precipitation (GAS) technic 
where the liquid solution is first loaded into the 
vessel, before the addition of the supercritical anti-
solvent -CO2 for RDX-; micrometer size RDX of 
different morphology were obtained depending on 
the operating conditions. 
Tillotson et al.6 prepared in 1997 a silica-explosion 
gel using RDX; the explosive, the silica precursor 
and a catalyst are dissolved in a co-solvent, then an 
anti-solvent of the explosive is injected to 
precipitate the explosive in that silica matrix. That 
year, Teipel et al.7 reported the processing of TNT 
by Rapid Expansion of Supercritical Solutions 
(RESS) a method first described by Hannay and 
Hogart more than a century ago. 10 µm large TNT 
particles were obtained from supercritical carbon 
dioxide 
Dabin et al.8 have developed in 1999 an ingenious 
method to prepare nanometer RDX with a diameter 
of 70-100 nm: the crystallization is triggered by a 
solvent substitution, and the nanometer scale is 
obtained by restricting the reactor volume to such a 
scale with reverse micelles. 
The Physical Vapor Deposition developed by 
Frolov and Pivkina lead to nanoparticles of 50nm, 
first reported in 20029. 
In 200310, Stepanov went a step further with the 
RESS process reporting promising results for the 
industrial nanocristallisation of RDX: the formed 
RDX particles had a mean particle diameter 
ranging from 110 to 220 nm with a spherical 
morphology. A scaled up version could produce up 
to 6g/h but with a CO2 consumption of 35 kg/h. 
Guo et al.11 reported in 2006 one of the smallest 
nano-RDX: RDX/Resorcinol-formaldehyde (RF) 
nano-composite has been synthesized where 38 nm 
large nano-RDX has crystallized in an RF aerogel 
matrix with a surface area of 551.5 m2/g without 
RDX. 



The milling technic is one of the easiest methods; 
the disadvantage, however, is the requirement of a 
fluid which has to be dried afterward. This drying 
is a critical point to get a nanopowder. Redner et 
al.12 developed a batch wet-milling process, 
producing sub-micrometer RDX. Then in 2013 Liu 
et al.13,14 dried the RDX under different conditions: 
freeze drying and supercritical drying lead to 160 
nm and 200 nm nano-RDX respectively, from a 
solution containing an average particle size of 64 
nm. 
The RESS method has been coupled with an anti-
solvent and polymeric coating after the spray by 
Essel et al.15,16. They reported a production of 30 
nm sized RDX using a ph-7 stabilized solution, 
although a polymer coating (PEI or PVP) is 
necessary to avoid any agglomeration and so 
stabilize the colloid from Ostwald ripening. This 
RESS-AS or RESOLV system has been reported 
then for colloidal suspensions. 
Spitzer et al.17,18 developed in 2010 the 
recrystallization of RDX by ultrasonic atomization 
and drying, to obtain elementary particles of about 
20–50 nm in size and agglomerates of about 200–
500 nm. Kim et al.19 in 2011 went further with this 
method using polymeric additives which reduced 
or improved the shape of the sub-micron particles. 
In 2012, Gottfried et al.20 successfully produced for 
the first time nano particles of RDX using LASER 
ablation, with a particle size distribution around 
64nm. Radacsi used in 201221 an innovative and 
advanced technique to crystallize sub-micrometer 
RDX: a Collision nebulizer aerosolize a RDX-
acetone solution to a surface dielectric barrier 
discharge plate (SDBD) where a cold plasma 
disrupt the droplet by the Coulomb fission. The 

minimal mean size obtained was 500 nm, with a 
range from 200 to 900 nm and prismatic and 
spherical shapes. Radacsi et al.22 so reported in 
2011 400 nm large RDX particles produced by 
electrospray. 
Solution Enhanced Dispersion by Supercritical 
fluids (SEDS) process was used in 2014 by Shang  
and Zhang23 to produce spherical RDX particles 
with a mean particle size of 770 nm. 
 
In one hand, wet recrystallization methods could 
be easily scaled up to continuous industrial 
processes, but the drying has a negative influence 
on the resulting particles size; from a nano 
suspension, a sub-micron powder is recovered. On 
the other hand, dry recrystallization technics allow 
the direct formation of a nanopowder, with the 
disadvantage of being technically impossible to 
scale up (LASER, PVD, Plasma, ultrasonic 
atomization) or with solubility issues due to the of 
supercritical CO2 (RESS, GAS, SEDS…). 
The Spray Flash Evaporation (SFE) was developed 
in our laboratory to find an answer for those 
problems. A parametric study was performed24 in 
order to decrease the particle size and obtaining a 
narrower particle size distribution optimized to 
produce energetic sub-micron or nanoparticles in a 
multigram scale. The process is based on a spray 
drying process where superheated solutions are 
continuously atomized in vacuum. The versatility 
of the flash-crystallization process allows the 
preparation of a large number of energetic and 
inert substances and compositions. 
 

1.2. SFE PRINCIPLE 

The SFE is a continuous operating flash-
crystallization process. The flash evaporation 
occurs at higher pressure and temperature than 
spray drying, as depicted in the phase diagram in 
Figure 1. This diagram shows the required range of 
temperature and pressure from spray drying over 
flash-evaporation to RESS, for the same solvent. 
That evaporation is the critical factor to reach the 
smallest particle size; the high evaporation rate of 
the SFE is obtain by storing all or most of the 
required energy in the solvent itself. Therefore the 
heat transfer is increased when compared to 
classical spray drying.  
 
By applying a sufficient high pressure to acetone, 
the solution can be heated above its normal boiling 
point: this overheated solution remains in a 
thermodynamic stable liquid state. Then all that 

Figure 1. Phase diagram illustrating qualitatively the 
operating conditions for spray drying, SFE and RESS, for a 

common solvent. 



energy is released when spraying under vacuum, 
which leads to an almost instantaneous conversion 
of thermal heat to latent heat in an adiabatic 
evaporation process. 
 
Depending of the solute and the desired particle 
size range, the SFE can be adapted changing the 
following parameters: 
 

� Type of solvent 
� Overheating temperature 
� Pre-expansion pressure 
� Saturation pressure and temperature 
� Nozzle diameter 

 
The most suitable solvents for SFE are low-boiling 
solvents with a high molar heat capacity. For easy 
handling and recovery, the solvents should have a 
boiling point in the range of 30–70°C.  
The overheating temperature is proportional to the 
mass flow and the fluid properties. An increased 
overheating temperature enables higher 
evaporation rate. 
The pre-expansion pressure has to be above the 
vapor pressure of the superheated solvent and 
compatible with nozzle diameter and type. The 
droplet size is also known to decrease at higher 
pressure. 
Saturation pressure and temperature of the spray 
cone in the atomization chamber depend mostly of 
the performance of the vacuum pump. 
For most nozzles types like hollow cone nozzle, 
full cone nozzle, or flat jet nozzle, a decreasing 
orifice diameter decreases the droplet size, but 
increases the pre-expansion pressure. 

 
2. EXPERIMENTAL 

Several SFE pilots has been built by the Institute of 
Saint-Louis. The Figure 2 is a schematic diagram 
of the process, where the high pressure part is the 
red zone and the low pressure one in blue. 
One storage tank (4) is filled with technical grade 
solvent and is used for pre-heating, cooling and 
washing. The other tank (1) is filled with the 
solution containing the compound to recrystallize. 
Both are closed and pressurized with compressed 
nitrogen at the pre-expansion pressure. Hydraulic 
tubes bring the fluid inside the atomization 
chamber; there, a heating jacket overheats the 
liquid, with a regulation made of thermocouple 
plugged to a proportional-integral-derivative (PID) 
controller. 
The overheated fluid is sprayed by a hollow cone 
nozzle (3) into the atomization chamber under a 
vacuum below 10 mbar. The gaseous flow from 
the evaporation and the recrystallized product are 
pumped to a cyclonic separator. The cyclones are 
made from the description of Chen and Tsai [9] 
who found a cut-off diameter of 21.7–49.8 nm in 
their work. Each cyclone unit can be isolated from 
the vacuum to allow the recovery of the product 
from one unit and the continuous separation inside 
the other: the two cyclones in parallel ensure the 
continuous functioning of the process at any flow 
rate. 
At the end the flow of gaseous solvent passes 
through a 40 m3/h vacuum pump; a condenser just 
before the pump could recover the solvent for 
industrial installations. 
 

Figure 2. SFE schema. In red the high pressure section and in blue the low pressure section. 



3. METHOD 

3.1. Sample preparation 

The solutions were prepared with 2%wt of class-A 
RDX dissolved by stirring and one minute of 
sonication, in acetone CHROMASOLV® - HPLC 
grade ≥99.8% - from Sigma Aldrich. In the case of 
samples made with the growth inhibitor, 1%wt per 
gram of RDX of the inhibitor was added when 
stirring, and a qualitative filtration performed 
before sonication. 
One tank of the SFE is filled with the solution with 
RDX solvated and the other tank is filled with 
technical grade acetone. These storage tanks are 
pressurized to 40 bar using nitrogen. The solution 
is sprayed through a 60µm hollow cone nozzle 
heated to 160 °C, to a vacuum around 5 mbar. 
Every 15 minutes, the product is collected from the 
operating cyclone. 
Three samples of each were processed by SFE for 
repeatability purpose. 
 

3.2. Atomic Force Microscopy 

Nanopowders of high energetic material are quite 
difficult to characterize. Due a lower melting point 
and a higher specific area, nanoparticles are more 
sensitive to electron beam; therefore HR-TEM is 
not suitable and the limit of resolution of SEM is 
around the sub-micrometer scale. Atomic Force 
Microscopy is non-destructive imaging technic 
suitable for nanoparticles; the challenge is the 

deposition of particles to minimize the surface 
roughness. 
Samples visualized at AFM are pressed into 
cylindrical pellets at 96 MPa, with a diameter of 5 
mm. A microtome flattens the surface of the pellets 
down to a cut thickness of one micron. 
The Multimode AFM from Bruker is used at 
ambient conditions to image the pellets in tapping 
mode. Several areas of 5x5 µm are scanned with a 
RTESP tip (MPP-11100 from Veeco) to get 
representative results of the whole pellet. Then 
topography pictures with a resolution of 
1024x1024 px are processed using the Watershed 
method implemented in the software Gwyddion; 
after a manual correction of the segmentation, a 
lognormal fit is applied on the particles size 
distribution (PSD). Gaussian fitting is in poor 
accordance; droplets size distributions of aerosols 
are well known to have a lognormal shape25. 
 

3.3. Nuclear magnetic resonance (NMR) 

Purity of the samples has been tested by standard 
proton nuclear magnetic resonance (NMR) with 
acetone as solvent.  
 

3.4. X-Ray Diffraction 

Samples have been investigated by powder X-Ray 
Diffraction (XRD) using a Bruker D8 Advance 
with a LinxEye detector, under flat plate geometry, 
2-theta scan. 
 

Figure 3. 1H NMR in acetone of micrometric raw RDX (black and triangles), nano-RDX with growth inhibitor 
(orange and circles) and nano-RDX without growth inhibitor (orange and circles). 



4. RESULTS AND DISCUSSION 

4.1. NMR 

Figure 3 shows the NMR peaks of the raw 
materials and nano RDX with and without the 
growth inhibitor. The multiple peaks at 2.062, 
2.057, 2.052, 2.046 and 2.041 ppm are from the 
acetone and for all samples traces of water are 
found around 2.8 ppm. Growth inhibitor peaks are 
not found or can’t be discriminated from 
background noises. The lack of peaks from the 
inhibitor and the strong peak at 6.252 ppm from 
RDX clearly indicates high-purity products. 
 

4.2. XRD 

The diffraction patterns of nanopowders show a 
high degree of crystallinity, without amorphous 
phase. On the Figure 4 a slight peak broadening 
can be seen, as expected from the nanoscale. A 
mean crystallite size can be calculated from the 
Scherer equation; the micrometric raw RDX has a 
mean crystallite size of 74 nm (±1.21 nm 95% CI) 
versus 63nm (±0.22 nm 95% CI) for the 
nanoparticles recrystallized with the growth 
inhibitor. 
 

4.3. AFM 

EURENCO providing the raw RDX gives a PSD 
centred around 5 µm. The Figure 5 is the 3D 
topography of the micrometric grains of the raw 
RDX. After processing by the SFE, RDX is 
recrystallized at the frontier between the nano and 
the sub-micrometer scale, as shown in the AFM 
picture in Figure 6. In the same experimental 
conditions, 1%wt per gram of RDX of the growth 
inhibitor leads to particles under 100nm as shown 
in Figure 7; the AFM picture is shown with a Local 
Contrast enhancement. 
Since the size of the particles is very close to the 
crystallite size calculated from XRD pattern, the 
nano-particles with additive are likely to be single 
crystals. The particle morphology tends to be 
spherical. 

Figure 5. 3D view of the AFM topography of the raw RDX 

Figure 4. Powder XRD pattern of the raw RDX and the nano-RDX processed by SFE with growth inhibitor 



 
5. CONCLUSION 

The SFE is a versatile process which successfully 
recrystallized at the nanoscale using small amount 
of a crystal growth inhibitor. In general polymeric 
additives can be used to tune the PSD of the 
recrystallized powder; in this present work 
nanoparticles of crystalline RDX under 100nm 
were continuously produced at 3g/h, by adding a 
crystal growth inhibitor. 
Samples purity and crystallinity are very high. The 
overall morphology tends to be spherical. 
Further characterisations are under investigation, 
and recrystallization by SFE of RDX is being 
tested with other polymeric additives for a tuneable 
particle size of RDX from microns to nanometers. 
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Abstract 

 
Sonic mixing technology was developed in the 20th century in the chemical and pharmaceutical 
industry fields (mixture of powders and fluids). It knows a strong renewed interest in the USA in the 
early 2000s under the active leadership of the US Department of Energy (Office of Industrial 
Technology) due to, on the one hand, its high potential in terms of energy bill reducing (by 
decreasing the production cycle time) and, on the other hand, the flexibility of the technology and its 
expansion capacity for a wide range of industries. 
 
Through its quality policy of improved commercial, technical, industrial and economic performances, 
Roxel, European leader in tactical propulsion systems, has invested in a new process to manufacture 
inert and energetic materials: the ResonantAcoustic® Mixing (RAM) by first purchasing a 1 pint 
capacity mixer called LabRAM. 
 
Contrary to conventional mixing methods such as impeller agitation found in a planetary mixer, the 
RAM technology applies low-frequency, high-intensity acoustic energy to create a uniform shear field 
throughout the entire mixing vessel thus enabling a better quality of the final mixtures in a reduced 
amount of time. 
 
A wide range of inert materials developed in Roxel were successfully manufactured on the LabRAM 
such as: 

� Epoxy, silicone and polyester inhibitors 
� Highly loaded thermal insulators 
� Polyurethane liners 
� Powders (inert simulant of ignition powder)… 

 
All those materials were characterized in order to verify the conformity of theirs mechanical, thermal 
and rheological properties. The results obtained prove the huge potential that it represents: not only 
the quality and reliability of the mixture is enhanced but the time of implementation of the mixing 
cycle is drastically reduced (hours → minutes). 
 
Such benefits could be for Roxel an additional advantage in maintaining its leadership and in gaining 
access to new markets in a highly competitive sector. Those benefits will be discussed through Roxel 
presentation.   
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ABSTRACT 
 

Sonic mixing technology was developed in the 20th century in the chemical and pharmaceutical industry fields 
(mixture of powders and fluids). It knows a strong renewed interest in the USA in the early 2000s under the active 
leadership of the US Department of Energy (Office of Industrial Technology) due to, on the one hand, its high 
potential in terms of energy bill reducing (by decreasing the production cycle time) and, on the other hand, the 
flexibility of the technology and its expansion capacity for a wide range of industries. 
 
Through its quality policy of improved commercial, technical, industrial and economic performances, Roxel, 
European leader in tactical propulsion systems, has invested in a new process to manufacture inert and energetic 
materials: the ResonantAcoustic® Mixing (RAM) by first purchasing a 1 pint capacity mixer called LabRAM. 
 
Contrary to conventional mixing methods such as impeller agitation found in a planetary mixer, the RAM 
technology applies low-frequency, high-intensity acoustic energy to create a uniform shear field throughout the 
entire mixing vessel thus enabling a better quality of the final mixtures in a reduced amount of time. 
 
A wide range of inert materials developed in Roxel were successfully manufactured on the LabRAM such as: 

� Epoxy, silicone and polyester inhibitors 
� Highly loaded thermal insulators 
� Polyurethane liners 
� Powders (inert simulant of ignition powder)… 

 
All those materials were characterized in order to verify the conformity of their mechanical, rheological, 
topographical and thermal properties. The results obtained prove the huge potential that it represents: not only the 
quality and reliability of the mixture is enhanced but the time of implementation of the mixing cycle is drastically 
reduced (hours → minutes). Due to the requirements, only the results obtained on an epoxy inhibitor will be 
presented in this paper.  
 
Such benefits could be for Roxel an additional advantage in maintaining its leadership and in gaining access to new 
markets in a highly competitive sector. Those benefits will be discussed through Roxel presentation. 
 
Keywords: ResonantAcoustic® Mixing • Acoustic energy • Resonance frequency • Bulk mixing • Micro-mixing • 
                  Mechanical, topographical and thermal properties • Coefficient of variation.  
 
 
 
 
 
 
 
 
 
 
 

ought to wonder the consequences that will 
create such a way of mixing on the materials. 
The main purpose of this paper is to analyze the 
effects of RAM mixing on the final aspect of an 
epoxy inhibitor by focussing on its mechanical, 
topographical and thermal properties. Some 
advantages and benefits of this technology are 
also described in various experiments 
corroborating our results.         

1. INTRODUCTION 
 

The ResonantAcoustic® Mixing (RAM) 
technology is distinctly different than 
conventional mixing methods such as impeller 
agitation found in a planetary or speed mixer 
for example. Conventional methods work by 
producing bulk fluid flow in a mixture whereas 
RAM brings to you a new paradigm in mixing 
that is based on using acoustic energy to create 
flow in liquids, slurries and powders. So we 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2. EQUIPMENT AND METHODS 
 

2.1 The used devices 
 

The LabRAM shown in Fig. 1 is a lab mixer 
with a nominal capacity of 1-pint that is based 
on the ResonantAcoustic® Mixing technology. 
At the heart of the LabRAM mixer is a resonant 
mechanical system, called resonator, which 
applies high-intensity, low-frequency acoustic 
energy to create a uniform shear field 
throughout the entire mixing vessel [1].  

 

 
Figure 1. The LabRAM mixer 

© 2009 http://www.resodynmixers.com/technologies/technical-
library-resources/coating-micron-particles-with-a-nanopowder-

data-sheet/ 
 

This mixer can be decomposed in three 
major components: the resonator, the vibrating 
plate and the vessel with its vessel holder (see 
Fig. 2). The mixing process is based on the 
transmission of an acceleration (measured in 
units of G’s) to bulk products, from a given 
intensity of acoustic energy and a specific 
resonance frequency, to obtain a final 
homogeneous mixture. 

 

 

Figure 2. A diagram showing the main 
components of the LabRAM mixer 

The studied epoxy inhibitor was 
characterized mechanically with an INSTRON 
tensile machine, topographically with a 
BRUKER Nanoscope V MultiMode 8 and 
thermally on the NETZSCH dilatometer DIL 

The vessel and 
vessel holder 

The vibrating 
top plate 

The resonator 

402 C. 

2.2 The process 
 
Mixing 
 
All the main steps allowing the manufacture of 
the epoxy inhibitor with the LabRAM mixer 
are listed in the Tab. 1. 
 
Characterization 
   
After the mixing was done, the epoxy inhibitor 
was casted and cured at 36 ± 3 °C during 18 to 
26 hours.  
 

Tensile tests: 
 

The operating mode was conducted as 
followed: 
 

 -tensile specimen of type AFNOR H2; 
 -ageing of the sample: 10 ± 2 days at 20 
°C; 
 -tensile test temperature: 20 ± 2 °C; 
 -tensile test hygrometry: 35 %; 
 -tensile speed of 50 mm/min. 
 

A density measurement was made on one of the 
tree samples coming from each trial.   
 

Dilatometry: 
 

The dilatometer was operated and programmed 
according to the following steps: 
 

 -inert gas: N2; 
 -80 °C during 15 min; 
 -descent to -70 °C at 2 °C/min; 
 -bearing at -70 °C for 15 min;  
 -rise to 80 °C at 2 °C/min; 
 -bearing at 80 °C during 5 min. 

 
Atomic Force Microscopy (AFM): 
 

The analysis was performed with a PeakForce 
QNM (“Quantitative Nanomechanical Property 
Mapping”) imaging mode. The samples were 
prepared with an ultra cryo-microtome system 
(glass/diamond knives) and the analysed 
samples were taken from the middle of the 
plate, in the center of the plate thickness.      
 



 
 

LabRAM trials 
 Trial 1 Trial 2 Trial 3 

Order of insertion into 
the vessel 

 
       -titanium oxide powder 
 
       -hardener (heated at 50 °C)     
   
       -epoxy resin 
 

Quantity used 180 g 
Vacuum 26 inHg 27 inHg 26 inHg 

Initial temperature 25 °C 24 °C 24 °C 

Mixing cycle 

 
Frequency : 60.19 Hz 
 
Prior degassing for 2 min 
 
Proceed by stages :          
- 30 s at 10 % intensity 
- 1 min 30 s at 15 % intensity 
- 3 min at 30 % intensity 
- 1 min at 45 % intensity 
 
Acceleration transmitted to the mixing : ~ 25 G’s 
 

Final temperature 29 °C 27 °C 28 °C 
Table 1. A table presenting the main steps to obtain the epoxy inhibitor with the LabRAM mixer 

 
 

 

 

 

 

 

Tensile specimen E (MPa) Sm (MPa) er (%) Density 
1 14.85 6.27 114.71 

1.141 2 15.61 6.97 123.91 
3 16.26 6.68 116.10 
4 15.68 6.86 122.40 

Specification of acceptance 5 ≤ E ≤ 50 3 ≤ Sm ≤ 15 50 ≤ er ≤ 200 dth=1.14 

Average 15.60 6.70 119.28 
Extent 1.41 0.70 9.20 

Standard deviation 0.58 0.31 4.55 
Variance 0.33 0.09 20.72 

Coefficient of variation Cv 0.037 0.046 0.038 
Table 2. Mechanical properties for trial 1 

 

 

3. RESULTS 
 

3.1 Mechanical properties 
 

The study was only focused on the analysis 
of three main mechanical properties: Young’s 
modulus E, the ultimate tensile strength Sm and 
the elongation at fracture er. A test to calculate 
the density was made in order to check the 
integrity of the internal structure (absence of 
porosity).  

The obtained results are compared to the 
specification of acceptance of this epoxy 
inhibitor and reported in the Tab. 2, 3 and 4.  
 



 
 

Tensile specimen E (MPa) Sm (MPa) er (%) Density
1 20.10 5.47 94.32 

1.142 2 18.02 6.12 104.40 
3 20.63 5.41 90.33 
4 17.48 6.07 101.93 

Specification of acceptance 5 ≤ E ≤ 50 3 ≤ Sm ≤ 15 50 ≤ er ≤ 200 dth=1.14 

97.74 

Table 3. Mechanical properties for trial 2 

Tensile specimen E (MPa) Sm (MPa) er (%) Density 
1 15.78 5.99 111.47 

1.142 2 16.51 6.45 112.27 
3 16.14 6.50 115.94 
4 15.15 6.11 111.10 

Specification of acceptance 5 ≤ E ≤ 50 3 ≤ Sm ≤ 15 50 ≤ er ≤ 200 dth=1.14 

Average 15.89 6.26 112.69 
Extent 1.36 0.51 4.84 

Standard deviation 0.58 0.25 2.22 
Variance 0.34 0.06 4.91 

Coefficient of variation Cv 0.036 0.040 0.020 
Table 4. Mechanical properties for trial 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

3.2 Topographical properties 
 

Two epoxy inhibitor samples, one 
manufactured with the LabRAM and the other 
with a traditional mechanical mixer, were 
prepared and analysed by AFM PeakForce 

QNM in order to obtain a mapping of the 
topographical, mechanical and adhesive surface 
properties while minimizing the contact force 
between the tip and the sample (see Fig. 3, 4 
and 5).    

RAM inhibitor Traditional inhibitor 0 

200 

Traditional inhibitorRAM inhibitor 0 

7 

Figure 3. Roughness images of epoxy inhibitor by AFM, 10 μm x 10 μm (scale: 200 nm) 

Figure 4. Adhesion images of epoxy inhibitor by AFM, 30 μm x 30 μm (scale: 7 nN) 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

Samples Measures 

Average linear  
expansion coefficient in 
descent of temperature 
Range : +60°C to -40°C 

(ppm.K-1) 

Average linear  
expansion coefficient in 

rising of temperature 
Range : -40°C to +60°C 

(ppm.K-1) 

Trial 2 

1 166 147 
2 166 143 
3 165 140 

Average 166 143 

Trial 3 

1 153 139 
2 162 140 
3 164 145 

Average 160 141 
Total average 152.5 

Table 5. Linear expansion coefficient of the epoxy inhibitor 

 

 

 

 

 

 

 

 

Traditional inhibitorRAM inhibitor 0 
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Figure 5. Modulus images of epoxy inhibitor by AFM, 10 μm x 10 μm (scale: 2 GPa) 

3.3 Thermal properties 
 
Three measures of the linear expansion 
coefficient of the epoxy inhibitor were made on 
two samples coming from trials 2 and 3. They 
were measured on a temperature range of 
+60°C to -40°C in descent and -40°C to +60°C 
in rising. The obtained results extracted from 
heat diagrams are listed in Tab. 5. 

  

is very close to the characterization temperature 
which could lead to important dispersions. This 
analysis compares the RSD obtained using the 
LabRAM process and the one using a 
conventional process meaning the mixing with 
impellers. 
The graphics shows the good reproducibility 
and reliability (reduction of the RSD) of the 
RAM technology. Also, with regard to the 
density, the values given, to compare with the 

4. DISCUSSION 
 

From the data obtained during the tensile 
test, it is obvious that the mechanical properties 
are in the specifications for acceptance of the 
epoxy inhibitor, so this new device can 
definitely be used to elaborate this material. A 
statistical analysis has been made on the 
relative standard deviation (RSD) of two of the 
three main studied mechanical properties, the 
ultimate tensile strength and the elongation at 
fracture, in Fig. 6 and 7. Indeed, we 
deliberately choose to not proceed on the 
analysis of the Young’s modulus insofar as the 
inhibitor has a glass transition temperature that 

theoretical value of 1.14, confirm the quality of 
the final mixture. Moreover if we take as a 
reference the expansion coefficient of the 
epoxy inhibitor obtained with a conventional 
mixer: α ≈ 150.5 ppm.K-1, we get similar results 
with the one manufactured with the LabRAM 
mixer. 
Fernando Muzzio, a Professor at Rutgers 
University, who is currently conducting 
comparative studies between conventional 
mixing technologies (“double cone” blender) 
and RAM technology (LabRAM) for the 
implementation of powder compositions [2], 
did an analysis based on a statistical evaluation 
(calculation of the relative standard deviation) 



 
 

 
Figure 6. Comparative analysis of the RSD on the ultimate tensile strength according to the mixing device 

 

 
Figure 7. Comparative analysis of the RSD on the elongation at fracture according to the mixing device 

 

 

 

 

 

on the measured performances of each 
technology and came to the conclusion that 
although mixing times are greatly reduced 
when using RAM technology, the quality of the 
final mixture is improved which corroborates 
our results. 
Furthermore, Michael Mangum, a Senior 
Research Chemist at Goodrich Company, is in 
charge of development activities on energetic 
materials. One of his goals is not only to find a 

t d f t i l ti b t

way to reduce manufacturing cycle time but 
also to ensure a better homogeneity of the 
product and thereby to reduce the dispersions 
on the performances [3]. Therefore, he also did 
a statistic analysis on the coefficient of 
variation (Cv) calculated from calorimetric 
potential measurements on powder mixtures. 
His results also show that the Cv is 
tremendously reduced when using a LabRAM 
mixer. 

d t d th b t d th di i



 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Regarding the AFM PeakForce analysis, on 
the micron or sub-micron observed scale, the 
main difference we notice between the RAM 
and traditional epoxy inhibitor is the surface 
topography, which is significantly more rugged 
on the inhibitor developed with a classical 
mechanical mixer (surface roughness is twice 
as high), with a noticeably poorer filler 
dispersion than the one obtained with the RAM 
process. No notable differences were observed 
in terms of the mechanical properties at this 
scale, except for the higher scattering of the 
measured values on the traditional inhibitor, 
which makes sense given its more rugged 
surface topography. Those results further 
confirm the improvement of the quality of the 
mixture obtained with the RAM technology. 

 
According to Peter Lucon, Director of 

Technology and Processing at Resodyn 
Corporation who is in charge of the modelling 
process activities developed in the company 
and more precisely on the RAM mixers [4], the 
ResonantAcoustic® Mixing presents many 
benefits and features that cannot be obtained on 
conventional mixers. For example, the acoustic 
energy fluidizes and mixes the entire reactor 
contents without creating any dead zones 
contrary to impeller mixers. He represented the 
mixing model of the LabRAM as a mass-spring 
damper system, as shown in Fig. 8.    

 
Figure 8. Simplified dynamic model for the mix 

material in the mixing vessel 
© 2011 Resodyn Acoustic Mixers, Inc. documents  

 
From the differential equation governing the 
mass movement we obtain the followed 
equation:  
 

Meq: equivalent mass (constant) 
Ceq: equivalent damping coefficient (mixing) 
Keq: equivalent spring rate (coupling) 
f(t): forcing function  

The principle of RAM mixers is illustrated in 
both Fig. 8 and 9. 
 

 
Figure 9. Differential equation and plots of 

oscillation amplitude and power vs. frequency 
showing the benefit of resonance 

© 2011 Resodyn Acoustic Mixers, Inc. documents  
 

This system creates during a mixing two 
main phenomena: the bulk mixing induced by 
the acoustic streaming (macro-mixing) and the 
micro-mixing induced by the acoustic field. In 
doing so, RAM process creates a uniform shear 
field throughout the entire mixing vessel (see 
Fig. 10-2) rather than located at the ends of the 
impeller blades (see Fig. 10-1).  

It is the combination of all those criteria and 
more that determine the excellence of the 
results achieved and efficiency of this 
invention.    
 

This new technology is still in constant 
progress and many people try to understand 
what really happens inside during the acoustic 
mixing.      
However difficult it is to understand the theory 
of RAM technology, all the results prove the 
huge potential that it represents. Not only the 
quality and reliability of the mixture is 
enhanced but the time of implementation of the 
mixing cycle is drastically reduced. Indeed, the 
conventional process requires approximately 4 
hours to do the premix and more than 11 hours 
to obtain the final mixing of this epoxy 
inhibitor; meaning a total of more or less 15 
hours. Compared to the 6 minutes on the 
LabRAM, the decrease of time allowing a 
better flexibility in the organization of process 
operations in workshops and the reduced costs 
of energy are substantial and significant 
benefits. 
 
 

 



 
 

 

 

1. 

Few micro-
mixing cells 

Mechanical mixing (impellers) ResonantAcoustic® Mixing 

Bulk mixing 
flow Multiple intense 

micro-mixing cells  
Ø ≈ 50 μm 

Cap 

2. 

Figure 10. Mechanical mixing vs. ResonantAcoustic® Mixing 

5. CONCLUSION 
 

The ResoantAcoustic® Mixing technology 
allows to obtain a better quality of the final 
mixtures in a reduced amount of time. Impacts 
on the mechanical, topographical and thermal 
properties of an epoxy inhibitor have been 
studied and the results show a significant 
decrease of the relative standard deviation of 
the ultimate tensile strength and the elongation 
at fracture when using the LabRAM mixer. 
Calculations of the density and expansion 
coefficient of this material tend to lead to the 
same conclusion, meaning an improved quality 
of the obtained product. 

Some exciting work is also being performed 
on propellant while using this vanguard 
technology and very promising results are 
obtained.     

In practical terms, the use of this new device 
is quite easy and the results clearly pinpoint the 
advantages and benefits of this technology but 
the understanding of the theory explaining why 
we get such results is still under study. Given 
the pioneering nature and complexity of this 
mixer, the precise scientific and technical 
knowledge will be difficult to obtain on this 
day.   

Some interesting perspectives would be a 
better insight into the internal mechanisms 
governing this technology and understanding of 
the effects of acoustic waves on the mixture. 
The study on a higher scale (RAM5: 5 Gallons 
mixer) can also open a large research field.     
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Evaluation and industrialization of a new development 
of materials fabrication process: 

   
The ResonantAcoustic® Mixing (RAM)  

� Presentation of the RAM technology and its benefits  
 
 
 
� Roxel’s development work on the LabRAM 
 
 
 
� Conclusion 
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Preamble 
Processing Energetic Materials is not an easy science! 

• Complex materials - lots of requirements 
 
 
 

• Interactions between properties 
 

Mechanical Ballistic 

 

• “Appropriate” means: 
 

� Pyrotechnically safe, 
 

� Efficient on an EM performances point of view, 
 

� Technologically available (High TRL and EMRL), 
 

� Cost effective:  
� not only developed for EM, 
� reduced man hours, investments. 

Extensive Mixing 

Intensive Mixing 

 

• Properly mixed - “appropriate” manufacturing 
process → comply to the requirements! 
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Preamble 

20 Hz 
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(human hearing) 

Infrasound Ultrasound 

RAM mixers 

20 kHz 

Ultrasound mixers 

Ultrasound:  ▪ > 20 000 Hz     ▪ Different phenomena       ▪ Difficult to apply industrially 

ResonantAcoustic® 
Mixing (RAM) 

Conventional vibrating 
mixer 

RAM technology: « non-invasive » mixing process 

Mechanical 
system 

At/near 
resonant 
frequency 

Acoustic 
energy 

Uniform 
shear field 

of the 
mixture 

Generates Induce 
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The laboratory acoustic mixer 
RAM : ResonantAcoustic® Mixing  

Nominal capacity: 1 pinte (~ 500g) 
LabRAM 

© ResodynTM Acoustic Mixers, Inc.  

Resonator 

Vibrating top plate 
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The process  

Driver 
Intensity (%) 

Acceleration 
(G’s) 

Resonant 
Frequency (Hz) 

In a few minutes 
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RAM principles 

Few micro-
mixing cells 

Mechanical mixing (impellers) ResonantAcoustic® Mixing 

Bulk flow 
mixing Multiple intense 

micro-mixing cells 
Ø ≈ 50 μm 

  

Cap 

� Mechanical agitation with impeller 
blades produces few localized 
micro-mixing cells  

� Mixture must pass into the cells to 
be mixed 

� Requires more time 

� ResonantAcoustic® Mixing creates 
multiple intense micro-mixing cells 

� Everywhere in a uniform and 
simultaneous way 

� Reduction of cycle time and 
improvement of the quality 
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Benefits - Why RAM for Roxel? 

� Offers flexibility in mixing vessel shape and design � disposable 
jars, “mix in place” configuration… & versatility: mix gases, liquids, 
solids, powders, pellets, pastes… 

 

� … 

� Possibility of combining several process steps: coating, milling, mixing… 

� Fast mixing times (minutes) – decrease of production costs 
� Complete and thorough mixing 

� Improved quality – decrease of deviation on material performances 

� Anticipate safety & environmental regulation enforcements: 
o Improved Safety, reduced Hazards, waste limitations � we 

manufacture only the need
o Easy cleaning steps and no contamination  � no impellers 
o Reduced energy consumptions 

� Accelerate Development Process � Rapid Prototyping 
o Less process steps � reduce development cycle � increase the 

ability to react 
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Families of studied materials  

5 
studied 
families 

Epoxy 
inhibitor 

PU inhibitor 

Silicone 
inhibitor + TI 

Powders 
and 

Propellants 

Polyester 
inhibitor 

Inert compounds 

Selected materials: 
 
� Representativeness within 

each family 
 
� Importance of use in the 

company 

PU: Polyurethane 
TI: Thermal insulator 
 

Inert powders 

Composite propellant 
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Epoxy inhibitors 

Inhibitor 1 Inhibitor 2 Inhibitor 3 

� Homogeneous mixture 
� Good viscosity of casting  
� Consistent mechanical 

performances 
� Cycle time: ~ 6 min  
      (actual: ~ 11h) 

� Homogeneous mixture 
� Good viscosity of casting  
� Consistent mechanical 

performances and 
crosslinking kinetic  

� Cycle time: ~ 12 min 
      (actual: ~ 10h) 

� Homogeneous mixture 
� Good viscosity of casting  
� Consistent mechanical 

performances and 
crosslinking kinetic  

� Cycle time: ~ 10 min 

SUCCESS SUCCESS SUCCESS 

�� Homogenneous mixtureneous eneous miixtture�� Homogeeneous ous mixture�� Homogeneogeneo
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Epoxy inhibitor  
� Characteristics of the obtained mixture: 
 

o Homogeneous mixture (no agglomerates or clusters…) and reproducibility checked, 
o Good viscosity of casting, 
o Similar linear expansion coefficient, 
o Consistent mechanical properties. 

Epoxy inhibitor manufactured with the LabRAM 

 
� Mixing cycles drastically simplified & reduced: 
 

o From “premix-mix” organization to “one-shot”,  
o From 11 hours on conventional process to 6 minutes. 
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Epoxy inhibitor  
� Quality improved:  

o Lower Relative Standard Deviation observed using RAM Technology, 

Comparative analysis of the 
RSD on the ultimate tensile 

strength according to the 
mixing device 

Comparative analysis of the 
RSD on the elongation at 
fracture according to the 

mixing device 
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Epoxy inhibitor  
� Quality improved:  

o Lower Relative Standard Deviation observed using RAM Technology, 
o In-depth analyses: DMA, AFM PeakForce, DSC/ATG 

Traditional inhibitor RAM inhibitor 0 

7 

30 μm x 30 μm (7 nN)  

 
�Enhanced charge dispersion within the material 

Traditional inhibitor RAM inhibitor 0 

2 

10 μm x 10 μm (2 GPa)  

 
�Higher modules in the rubbery state (10 %) 
 

10 μm x 10 μm (200 nm)  
RAM inhibitor Traditional inhibitor 0 

200 

 
�Nanoscale topography 2x lower 
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Polyester inhibitors 

Inhibitor 4  Charged inhibitor 4 

� Homogeneous mixture 
� Method “one-shot”  
� Good viscosity of casting  
� Consistent mechanical performances 
� Cycle time: ~ 4 min              

(actual: 28h) 

� Homogeneous mixture 
� Good viscosity of casting  
� Consistent mechanical performances 
� Cycle time: ~ 4 min                 
      (actual: 28h) 

SUCCESS SUCCESS 

� HHoommooggeenneeoous mixtureoouuss mi

g

�� HHoommooggeenneeous mixtureoouus m
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Polyurethane inhibitors 

Inhibitor 5 Inhibitor 6 (cold/hot cure) Adhesive 7  

� Homogeneous mixture 
� Good viscosity of casting  
� Consistent mechanical 

performances 
� Cycle time: 20 min 

� Homogeneous mixture 
� Good viscosity of casting  
� Consistent mechanical 

performances 
� Cycle time: ~ 7 min                

(actual: ~ 15h) 

� Mixing in 2 steps 
(catalyzed premix and 
prepolymer)

� Good rheological 
properties 

� Bonding characterization: 
pending  

SUCCESS SUCCESS WORK IN PROGRESS 
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Silicone inhibitors & TI 

Inhibitor 8  Inhibitor 8  
with fibers (6 mm) 

Silicone TI 9 
without fiber 

 
 
 
 
 
 
 
� Homogeneous mixture 
� Good viscosity of casting  
� Consistent mechanical 

performances 
� Cycle time: ~ 7 min  

� Homogeneous mixture 
� Method “one-shot”: total 

introduction of the fibers  
� Cycle time: 11 min 
 
 
→ feasibility of the mixture 

� Homogeneous mixture (no 
agglomerates or clusters, 
microspheres not broken…) 

� Better resin/load mixing process: 
UTS  14% & ε  18% 

� Cycle time: ~ 7 min  
      (actual: ~ 15 min) 

SUCCESS SUCCESS SUCCESS 

be s (6 )be

������ HHoommooggeneous mixture �ggeenneo��� HHomoggeneouss mmiixtturreegeneo
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Powders & Propellants 

Inert powder  
(firing cap) 

Inert propellant  1.3 HTPB reduced smoke propellant  

 
 
 
 
 
 
 

� Homogeneous powder 
� Consistent dimensional & 

mechanical characteristics 
(mass, thickness and crushing 
resistance) 

� Cycle time: ~ 7 min  
 

� Homogeneous mixture 
� Good viscosity of 

casting  
� Cycle time: ~15 min 
 
 
→ feasibility trials 

� Homogeneous mixture: no chunks 
� Crosslinking reaction in accordance with 

references 
� Non regression on pyrotechnical behavior 
� Ballistic (Crawford bomb) and mechanical 

performances (tensile tests) currently under 
investigation 

� Cycle time: ~20 min (actual: ~10 hours) 

SUCCESS SUCCESS WORK IN PROGRESS 

�� Homoggeneous powdergeneo

ResonantAcoustic® Mixing 
EUROPYRO – n°742/2015AW 
May 4th-7th 2015 
 



This document is the property of Roxel and must not be copied, reproduced, duplicated nor disclosed to any third Party, nor used in any manner whatsoever without prior written consent of Roxel. © Roxel 2015 
 

Page 18 
 

Propellants 
1.3 HTPB reduced smoke 

propellant  
 
 
 
 
 
 
 
� Homogeneous mixture: no chunks 
� Crosslinking reaction in accordance with 

references 
� Non regression on pyrotechnical 

behavior 
� Ballistic (Crawford bomb) and 

mechanical performances (tensile tests) 
currently under investigation 

� Cycle time: ~20 min (actual: ~10 hours) 

WORK IN PROGRESS 
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Référence (MV25G) 3OOOO1344011 (LabRAM)

Rheological properties 

Pyrotechnical behavior 

TESTS REFERENCE  RESULTS 
Test campaign 
300001344011/2 SNPE AFNOR MV420G LabRAM 

Sensitivity to impact 14 NF T 70-500 35 J 38 J 

Sensitivity to friction 16 NF T 70-503 105 N 144 N 

Sensitivity to electric spark 37B Not sensitive Not sensitive 

Auto ignition temperature 47 NF T 70-504 � 290 °C 305 °C 

Burn rate at atm. pressure 51A 1,4 mm/s N.D. 
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Conclusion 
Evaluation and industrialization of a new development of materials fabrication 

process: The ResonantAcoustic® Mixing  
 
� Fundamentals of RAM technology: 

� Efficiency (mixing cycle times are drastically reduced: hour → minute) 
� Complete and thorough – consistent from batch to batch 
� Easy adaption of the system (flexibility & versatility)… 

 
 

 
� Evaluation/industrialization: 

� Validation of the undeniable high quality mixtures 
� Meets the majority of Roxel need: 

� Epoxy inhibitors 
� Polyurethane inhibitors 
� Silicone TI 
� Polyester inhibitors… 

 
 

� Innovation process with real improvement challenges  
    (industrial performance & economic competitiveness) 
 

� Rise in maturity of the technology with the RAM5 purchase 
 

� Recent market introduction… 
 

 

© ResodynTM Acoustic Mixers, Inc.  
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� Comments ? 
 
 

� Questions ? 

Thank you for your attention 

LabRAM L bRAM
© ResodynTM Acoustic Mixers, Inc.  

RAM5 RRAAMM55
© ResodynTM Acoustic Mixers, Inc.  

RAM55 RRAAMM5555
© ResodynTM Acoustic Mixers, Inc.  

ResonantAcoustic® Mixing 
EUROPYRO – n°742/2015AW 
May 4th-7th 2015 
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Oxidizer and fuel particles are the ingredients of classical pyrotechnics. Beside the concentration 
and resulting heat of reaction the burning behavior of such systems are controlled by particle size, 
melting, evaporation and decomposition of the particles, the heat and mass transfer and the 
reaction kinetics. Also the distribution and location of the single particles play an important role 
in the progression and temperature of overall reaction. In further works a hot-spot approach 
modeled the reaction progress in three dimensions taking into consideration the particulate nature 
of pyrotechnic compositions and the kinetic of oxidizer decomposition as the rate-determining 
step. In the next step of development the model was expanded by a more complex kinetic regime 
which also takes into account the oxidation of the fuel. The influences of the different parameters 
on the progression-rate and conversion of educts, which are taken into account by the model, 
were investigated by different parameter variations.  

The model is applied to different particle concentrations of regular and randomized assemblies. 
The results were compared and validated with progression rates and temperatures measured from 
various Al/CuO-thermite mixtures with aluminum contents from 8% to 70%. 
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Abstract 

Oxidizer and fuel particles are the ingredients 
of classical pyrotechnics. Beside the 
concentration and resulting heat of reaction, 
the burning behavior of such systems is 
controlled by particle size, melting, 
evaporation and decomposition of the 
particles, the heat and mass transfer and the 
reaction kinetics. Also the distribution and 
location of the single particles play an 
important role in the progression and 
temperature of overall reaction. In previous 
work, a hot-spot approach modeled the 
reaction progress in three dimensions taking 
into consideration the particulate nature of 
pyrotechnic compositions and the kinetic of 
oxidizer decomposition as the rate-determining 
step. The influences of the different 
parameters on the progression rate and 
conversion of educts, which are taken into 
account by the model, were investigated by 
different parameter variations.  

The model is applied to different particle 
concentrations of regular and randomized 
assemblies. The results were compared with 
progression rates and temperatures measured 
at various Al/CuO-thermite mixtures with 
aluminum contents from 8% to 70%. 

1 Introduction 

Oxidizer and fuel particles are the ingredients 
of classical pyrotechnics. Typical 
representatives of binary particle systems are 
thermite mixtures. They are of widespread 

interest to rapidly produce large amounts of 
heat at high temperature levels [1]. They are 
applied in thermite welding processes [2], the 
preparation of ceramics [3] or as incendiary 
devices in military warheads [4] due to the 
large heat release and their self-sustaining 
nature. 

In general, thermite reactions can be described 
as exothermic chemical reactions where a 
metal oxide (M2

x2Ox3) is reduced by a less 
noble metal (M1) to form the more stable metal 
oxide (M1

x4Ox5) and resulting metal (M2) [5]. 
Couples of M1 and M2-oxides can be chosen 
on the basis of their position in the 
electrochemical series or their Gibbs energy 
from the Ellingham diagram of the oxidation 
of elements with pure oxygen [6]. 

Numerous investigations on thermite reactions 
were done using different metals and metal 
oxides [7] studying burning rates [8], influence 
of particle size [9] and pressure [10][11]. 
However, the physico-chemical mechanisms 
of thermite type reactions are still far from 
being completely understood and we are far 
away from predicting the reaction behaviour of 
new pyrotechnic mixtures. Therefore, 
modelling thermite reactions is of particular 
interest [12].  

The Hot-Spot model was already used for 
preliminary studies [13], describing particle 
ignition and propagation of reaction fronts in 
porous energetic materials [14][15][16]. In 
Ref. [17] the method was applied to the 
thermite reaction of aluminium with 



copper(II)oxide with varying fuel 
concentration and the results were compared to 
experimental data. It was shown that the Hot-
Spot model is able to qualitatively reproduce 
the dependency of the progression rate on fuel 
concentration.  

In this work, a parameter study was performed 
to probe the influence of physical and 
chemical properties on progression rate. 
Besides the dependency on concentration and 
heat of reaction, we discuss the influence of 
the chemical reaction (decomposition of the 
oxidizer particles), the fuel and oxidizer 
densities at constant particle size (which is 
equivalent to varying particle size at constant 
density) as well as the number of fuel and 
oxidizer particles. Additionally, the particle 
distribution and their spatial arrangement 
depending on the fuel concentration are of 
special interest. 

The numerical results are compared to 
experimental studies of the 
aluminium/copper(II)oxide thermite, where a 
special focus lies on the dependency of 
progression rates on fuel/oxide concentration 
ratios. 

2 Theory 

The Hot-Spot Model is discussed in detail in 
Ref. [17]. It models the temperature and 
concentration profile in a given volume. To 
this end, the differential equations for heat and 
mass transport are solved. The underlying 
kinetic reaction model connects both 
differential equations via source terms. 
External heat sources are realized by so called 
Hot-Spots. The initial concentration of educts 
can be chosen freely, hence, it is possible to 
simulate particles as well as granular, reactive 
systems. Due to the complexity of the reactive 
systems, the following simplifying 
assumptions are made: 

� The system consists of fuel and oxidizer 
particles described by separated particles 
of defined size. They are arranged 
randomly or regularly and fulfill a 
predefined stoichiometry. After the 

reaction, they form a homogenous, 
condensed product phase. 

� The rate-determining step of the chemical 
reaction, and thus of the overall reaction 
kinetics, is given by the separation of 
oxygen due to the oxidizer particles’ 
thermal decomposition. Hence, the kinetic 
parameters are given by this reaction step. 
The resulting oxygen diffuses out of the 
particle and instantly reacts with the 
surrounding fuel particles. The reaction is 
governed by a second-order process. These 
model assumptions are able to explain the 
high thermal stability of pyrotechnic 
mixtures as well as their high activation 
energy, which is caused by the high 
temperature of decomposition of metal 
oxides. 

� Convection, radiation transport and phase 
transitions are neglected. 

� Heat being released by the reaction process 
is spread by the heat equation. 

� All material parameters are treated as 
location- and temperature-independent. 

The Hot-Spot model describes the evolution of 
a “system” consisting of two components that 
are arranged within the “physical space”. 
Different educts (particle types) can undergo 
“chemical reactions”, which are started by an 
initial temperature or concentration change. In 
order to describe the system, the temperature 
field and the concentration fields of each 
particle type, i.e. educts and products, are 
determined as a function of time and space by 
the solution of the coupled heat, diffusion and 
reaction differential equation system. The heat 
and diffusion equations dissipate the particles 
and the released heat of the reaction front and 
spread them throughout the whole simulation 
volume. Both processes are described by the 
same parabolic differential equations: 

 

 

 

 

 



, 

, 

where 

 = density,  = heat capacity,  = thermal conductivity,  
 = heat flux density,  = temperature field,  = diffusion coefficient, 
 = particle concentration,  = particle current density. 

 

Both equations are coupled by another 
differential equation describing the chemical 
reaction. For the systems under consideration, 
the reaction is exothermal and thus, heat is 
released. The contribution to the heat flux 
density is proportional to the transient particle 
concentrations 

where the factor  describes the heat of 
reaction. 

The transient particle concentration of all 
participating components is again proportional 
to a rate factor  

which is usually given by the Arrhenius 
equation 

Here,  is the pre-exponential factor or the 
frequency factor,  the universal gas constant, 

 the temperature and  the activation 
energy. The Arrhenius equation models the 
dependency of the reaction rate on temperature 
and activation energy. The function  
depends on the reaction scheme. Here, the 
system is described by a second-order scheme 
of the form 

The concentration of fuel (cA), oxidizer (cB), 
and product (cC) are thus given by 

The heat released by the chemical reaction 
contributes to the source term in the heat 
equation and is given by 

 

Additional contributions to the heat flux 
density are external heat sources at a certain 
space-time-point. These are modeled by spatial 
gauss-distributions multiplied by a Dirac-
distribution in time. These sources are called 
Hot-Spots. 

There exists a multitude of analytical solution 
methods to both heat and diffusion problems 
in the absence of chemical reactions. However, 
the non-linear nature of the Arrhenius term 
renders the analytical solution of the equation 
system impossible. Hence, numerical methods 
are applied. In order to solve the heat and 
diffusion equations the method of Green’s 
functions is used here. To this end, the solution 
of the differential equations for the 
inhomogeneous problem with a Dirac-
distribution source-term has to be known. The 
particular solution for both heat and diffusion 
equations is then retrieved by a convolution of 
the source terms and the Green’s function. The 
solution for the temperature profile is thus 
given by: 

 



 

The Green’s function of the heat equation in an infinite space is given by a Gaussian 

 

where . Thus, the solution of the heat equation is given by 

 

The concentrations for fuel, oxidizer and product can be calculated analogously by solution of the 
diffusion equation, which is of the same structure as the heat equation. Hence, the Green’s function 
is identical, where the substitutions ,  and  have to be 
performed: 

 

 

2.1 Parameter for the Hot-Spot model 
The Hot-Spot model needs the following input 
parameters in order to perform a model 
calculation: 

� Initial conditions: Initial distribution, 
number and size of particles and external 
heat sources (Hot-Spots) 

� Material parameter: density, heat capacity, 
thermal conductivity and diffusion 
coefficients for fuel and oxidizer 

� Reaction parameter: heat of reaction, 
Arrhenius parameter (pre-exponential 
factor and activation energy) 

2.2 Number of Particles 
The number of fuel and oxidizer particles for a 
given fuel concentration  depends on their 
density and their particle diameter and can be 
calculated from: 

 

 

Here, it is evident that only the product of 
particle size and density determines the 
number of fuel particles. Thus, in order to 
investigate the influence of particle size, it is 
not necessary to resize the computational 
domain in order to incorporate larger particles. 
One can achieve the same influence by 
properly adjusting the particles’ density. This, 
however, neglects the change in diffusion 
lengths for the oxygen, which can be neglected 
due to the high temperature of the mixture. To 
reduce the execution time for one calculation 
the total number of particles was limited to 
100. 

2.3 Particle Distributions 
In this parameter study, five different particle 
distributions with different distribution 
methods and density ratios were calculated. 
The distributions for 20 ma-% and 50 ma-% 
fuel concentration are shown in Figure 1. 

 

 

 



 
(random) 

 
(regular) 

 
(random) 

 
(random) 

 
(random) 

Particle distribution with 20 ma-% fuel concentration 

     
Particle distribution with 50 ma-% fuel concentration 

     
Figure 1: Particle distribution for different particle density ratios and distribution methods. 

 

2.4 Input Parameter 
The material parameters were chosen from the 
thermite aluminum/copper(II)oxide and were 
used for all calculations. As all parameters are 
considered space and temperature 
independent, their respective average values 
were used here. 

2.5 Data Analysis 
The progression rates were calculated by 
analyzing the propagation of the temperature 
front through the computational domain. To 
this end, the front’s position in each 
calculation was plotted against time (Figure 2) 
and we determined its slope using linear 
regression. 
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Figure 2: Progression of the temperature front for different fuel concentrations. 

 



3 Results 

In this first study the density ratio between fuel 
and oxidizer as well as the kinetic reaction 
parameters, i.e. the heat of reaction, the pre-
exponential factor and the activation energy, 
were varied. Calculations were done for fuel 
concentrations between 0.1 and 0.9 ma-% in 
0.1 ma-% steps, and subsequently the 
progression rate was determined. In Figure 3 
to Figure 7, progression rates versus fuel 
concentrations are shown for different density 
ratios. The y-axis is divided into blocks with 
constant heat of reaction and pre-exponential 
factor and increasing activation energy from 
bottom to top. Here, the heat of reaction Q and 
the activation energy E are given in Kelvin and 
Z is the exponent of pre-exponential factor 
( ). 

In Figure 3 and Figure 4, the density ratio is 
1:1 and two different particle distributions 
were used, i.e. random and regular. The 
progression rates for equal parameters do not 
differ significantly between both distributions. 
Thus, the distribution of fuel and oxidizer 
particles has only a minor effect on 
progression rates. The maximum of the 
progression rate is found to be 50 ma-% fuel 
concentration which is also the stoichiometric 
point for this mixture. The shapes of the 
progression rate vs. fuel concentration curves 
are nearly symmetric to this point. 
Additionally, the mixture can be ignited for 
nearly all concentrations. 

In Figure 5, the density ratio of fuel and 
oxidizer is 1:3 and the maximum of the 

progression rate is shifted to lower fuel 
concentrations, i.e. 30 ma-%. Changing the 
density ratio from 1:3 to 3:1, the maximum of 
the progression rate is shifted in the opposite 
direction and the maximum is found to be at 
70 ma-% fuel concentration (Figure 6). 
Additionally, the progression rate increases 
with increasing heat of reaction and exponent 
of the pre-exponential factor and decreases 
with increasing activation energy. 

If the particle density ratio increases to 1:6, the 
maximum of the progression rate is shifted to 
even lower fuel concentrations (Figure 7). It is 
positioned at 20 ma-% fuel concentration. The 
dependency of the progression rate on the 
chemical reaction parameters is identical to the 
other density ratios. Here, the mixture is only 
ignited in a small range around the 
stoichiometric point. 

In Figure 8, the maximum progression rate for 
different particle density ratios (colored) and 
heat of reactions (markers) versus the kinetic 
parameters are shown. Here, we see that the 
progression rate decreases with increasing 
activation energy for all density ratios and 
heats of reaction. In contrast, an increasing 
exponent of the pre-exponential factor leads to 
an increase in the progression rates. For small 
heats of reaction, i.e. Q = 1000 and Q = 2000, 
a high particle density ratio leads to smaller 
progression rates. This effect is not present at 
higher heats of reaction. 

 

 



 
Figure 3: Progression rate versus fuel concentration for a 
density ratio of 1:1 and varying reaction kinetic parameters 
(random particle distribution). 

 
Figure 4: Progression rate versus fuel concentration for a 
density ratio of 1:1 and varying reaction kinetic parameters 
(regular particle distribution). 

 

 
Figure 5: Progression rate versus fuel concentration for a 
density ratio of 1:3 and varying reaction kinetic 
parameters (random particle distribution). 

 
Figure 6: Progression rate versus fuel concentration for a 
density ratio of 3:1 and varying reaction kinetic 
parameters (random particle distribution). 

 

 
Figure 7: Progression rate versus fuel concentration for a 
density ratio of 1:6 and varying reaction kinetic parameters 
(random particle distribution). 

 
Figure 8: Comparison of maximum progression rates for 
different particle density ratios and heat of reactions at the 
respective stoichiometric point. 

 

 

 



4 Conclusion 

In this work, the influence of the particle 
density ratio and the kinetic reaction 
parameters on the progression rate of binary 
fuel/oxidizer mixtures as a function of fuel 
concentrations was determined with the Hot-
Spot model. The results show that the 
maximum of progression rate is always found 
at the stoichiometric point of the mixture. This 
means that for smaller particle density ratios 
the maximum is shifted to lower fuel 
concentrations. The calculations for different 
kinetic parameters show that the progression 
rates decrease with increasing activation 
energy for all density ratios and heats of 
reaction. In contrast, an increasing exponent of 
the pre-exponential factor leads to an increase 
in progression rates. For small heats of 
reaction, a high particle density ratio leads to 
smaller progression rates. This effect is not 
present at higher heats of reaction. 

In future studies, the influence of particle size 
will directly be analyzed by simulating 
different particle size ratios. To this end, the 
computational domain has to be rescaled and 
the number of particles has to be increased. 
Furthermore, non-homogenous material 
parameters will be introduced and their 
influence will be determined. Here a special 
focus will lie on the impact of the thermal 
conductivity as well as the diffusion 
parameter. 

Moreover, a rigorous statistical analysis of 
simulation results will be performed in order 
to clarify the spread of simulation results 
(progression rate) due to random particle 
distributions.  

5 References 

[1] L. L. Wang, Z. A. Munir, Y. M. Maximov, 
Review Thermite reactions: their utilization 
in the synthesis and processing of materials, 
Journal of Material Science, 28 (1993), 
3693-3708 

[2] C. P. Lonsdale, Thermite Rail Welding: 
History, Process Developements, Current 
Practices And Outlook For The 21st 

Century, Conrail Technical Services 
Laboratory Altoona, PA 16601 

[3] O. Odawara, J. Ikeuch, Vacuum Centrifugal-
Thermite Process for Producing Ceramic-
Lined Pipes, J. Am. Ceram. Soc., 69 141 C-
854-86 (1986) 

[4] V. Weiser, E. Roth, S. Kelzenberg, W. Eckl, 
Pyrotechnic Incendiaries to Combat Toxic 
Clouds, 40th International Annual 
Conference of ICT, June 24 – 26, 2009, 
13(1-12) 

[5] V. Weiser, E. Roth, A. Raab, A. Koleczko, 
S. Kelzenberg, B. Berger, B. Haas, 
Spectroscopic Investigations on Thermite 
Reactions, 38th International Annual 
Conference of ICT, June 26-29, 2007, 
Karlsruhe, Germany, pp. 93-(1-13) 

[6] H. J. T. Ellingham, Reducibility of Oxides 
and Sulfides in Metallurgical Process, 
Journal of Society Chemical Industry, 63 
(1944), p. 125 

[7] D. Meerov, D. Ivanov, K. Monogarov, N. 
Muravyev, A. Pivkina, Y. Frolov, 
Mechanical Activation of Al/MoO3 
Thermite as a Component of Energetic 
Condensed Systems to Increase Its 
Efficiency, Central European Journal of 
Energetic Materials, 2009, 6(3-4), 277-289 

[8] K. Ilunga, O. del Fabbro, L. Yapi, W. W. 
Focke, The effect of Si–Bi2O3 on the 
ignition of the Al–CuO thermite, Powder 
Technology 205 (2011) 97–102 

[9] M. L. Pantoya, J. J. Granier, Combustion 
Behavior of Highly Energetic Thermites: 
Nano  versus Micron Composites, 
Propellants, Explosives, Pyrotechnics, 30 
(2005), 53-62 

[10] M. R. Weismiller, J. Y. Malchi, R. A. 
Yetter, T. J. Foley Dependence of flame 
propagation on pressure and pressurizing gas 
for an Al/CuO nanoscale thermite, 
Proceedings of the Combustion Institute 32 
(2009) 1895–1903 

[11] G. V. Ivanov, V. G. Surkov, A. M. 
Viktorenko, A. A. Reshetov and V. G. 
Ivanov, nomalous dependence of the 
combustion rate of thermite mixtures on the 
pressure, Combustion, Explosion, and Shock 
Waves, 15 (1979), 2  

[12] Yajing Peng, Yinghui Wang, B. Palpant, 
Xing He, Xianxu Zheng, Yanqiang Yang,, 
Modeling heat-induced chemical reaction in 
nanothermites excited by pulse laser: a Hot-
Spot-Model, International Journal of 
Modern Physics B 24, (2010) 381-395 



[13] S. Kelzenberg, V. Weiser, E. Roth, N. 
Eisenreich, B. Berger, B. Haas, Hot Spot 
Modeling of Thermite Type Reactions 
Regarding Particle Size and Composition; 
EuroPyro 2007 (9ième Congrès 
International de Pyrotechnie du GPTS) and 
the 34th International Pyrotechnics Seminar, 
October 8th – 11th 2007, Beaune, France, 
Proceedings by GTPS (Groupe de Travail de 
Pyrotechnie, France and the International 
Pyrotechnics Society, 2007. Vol. 1, pages 81 
to 796 

[14] V. Weiser, S. Kelzenberg, N. Eisenreich, 
Influence of Metal Particle Size on the 
Ignition of Energetic Materials, Propellants, 

Explosives, Pyrotechnics 26, 284-289 
(2001) 

[15] G. Langer, N. Eisenreich, Hot Spots in 
Energetic Materials, Propellants, Explosives, 
Pyrotechnics, 24 (1999), 113-118 

[16] N. Eisenreich, T. S. Fischer, G. Langer, S. 
Kelzenberg, V. Weiser, Burn rate models for 
gun propellants, Propellants, Explosives, 
Pyrotechnics 27 (2003), 142-149 

[17] S. Knapp, V. Weiser, S. Kelzenberg, N. 
Eisenreich, Modeling Ignition and Thermal 
Wave Progression in Binary Granular 
Pyrotechnic Compositions, Propellants, 
Explosives, Pyrotechnics, 39 (2014), 423-
433 

 
 



Home     Comittees     Sponsors
GTPS Companies   Communications

SESSION S1D
Energetic materials and molecules

D. DYE - Naval Surface Warfare Center
Investigation into blue light emission for cooper-containing  pyrotechnics



Investigation into Blue Light Emission for Copper-containing Pyrotechnics 

Dr. David Dye*, Dr. Jonathan Dilger*, Christina Yamamoto 
Naval Surface Warfare Center, Crane Division 

Code WXRP, Building 3323 
300 Highway 361 

Crane, IN 47522-5001 
Phone: 1-812-854-1452 

email:  david.f.dye@navy.mil 
*These authors contributed equally 

 

Pyrotechnic signals typically generate colored light via photonic emission from thermally-excited states 
of gas-phase metal combustion products.  Blue light can be generated in pyrotechnic compositions with 
the use of copper-containing compounds as a fuel within the formulation.  In the presence of chlorine-
containing compounds within the composition, these pyrotechnics exhibit emission bands in the blue 
region of the visible spectrum with peaks observed from 435-480 nm.  Color degradation occurs at 
temperatures above 1200 °C, leading to the hypothesis that the blue emission must arise from a 
relatively unstable molecular species.  Several have hypothesized that this species is likely copper(I) 
chloride (CuCl) or even the trimeric Cu3Cl3, though the identity of this emissive species as either CuCl or 
Cu3Cl3 has been theoretically disputed in the literature with NASA CEA thermodynamic calculations 
suggesting that excellent blue colors can be achieved with temperatures in excess of 2200 °C.  While 
many of these potential emissive copper-containing species have been empirically characterized, the 
identity and electronic structure of these copper(I) halide emitters have yet to be fully characterized.  
Here, we investigate these cuprous halide emitters with the use of flame ionization spectroscopy to 
measure high-resolution molecular emission spectra of various cupric salts that can be utilized in 
pyrotechnic signaling devices.  These spectroscopically measured visible emission bands will be 
compared with calculated electronic transitions of candidate emitter species using time-dependent 
density functional theory to confirm the molecular and electronic identity of the emitters.  These 
techniques will establish methods for the characterization and development of light emitters for next-
generation visible-light generating pyrotechnic formulations. 
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Abstract

Nitrocellulose (NC) is an important industrial polymer manufactured by nitrating the hydroxyl

groups of naturally occurring cellulose. It has many applications, the nature of which depends

on its degree of nitration or nitrogen content. At low nitrogen contents (below w12.2%) it is

used in cosmetics, printing inks, paints and lacquers while at nitrogen contents above w12.2%

it is used as an energetic ingredient in gun and rocket propellants.

The source of cellulose and its history influences the molecular mass and mechanical

properties of the NC derived from it. Cellulose degradation during growth and production

over different seasons and geographical locations is affected by the prevailing weather

conditions, including the amount of sunlight received.

This work consisted of two parts. The first part involved extraction of the cellulose from soft

wood (pine) using organosolv process, its hydrolysis with acid solution leads to obtaining the

cellulose microcrystalline. All characterizations were done by XRD, DSC and FTIR

techniques. The second part concerned the synthesis of nitrocellulose microcrystalline, in

order to improve the effect of nitrating acids and obtain a new product with good mechanical

stability and high bulk density.

The results obtained show that the soft wood is a potential source of cellulose which is the

raw material for the nitrocellulose. On the other hand, the hydrolysis of this cellulose allow to

obtain the cellulose microcrystalline which present a good properties, as it is shown with the

use of the different techniques.

It’s obvious that the use of cellulose microcrystalline for the synthesis of the nitrocellulose

microcrystalline allow it to retain all properties of the cellulose microcrystalline.

Key words: Cellulose microcrystalline, nitrocellulose, synthesis, XRD, DSC, FTIR
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ABSTRACT

This work consisted of two parts. The first

part involved extraction of the cellulose

from soft wood (Aleppo pine) using

organosolv process. Its hydrolysis with

acid solution leads to obtaining the

microcrystalline cellulose. All

characterizations were done by XRD, DSC

and FTIR techniques. The second part

concerned the synthesis of nitrocellulose

microcrystalline, in order to improve the

effect of nitrating acids and obtain a new

product with improved properties. The

results obtained show that the soft wood is

a potential source of cellulose which is the

raw material for the nitrocellulose. On the

other hand, the hydrolysis of this cellulose

allows obtaining the nitrocellulose

microcrystalline with good properties.

1. INTRODUCTION

Cellulose nitrate, or nitrocellulose (NC),

discovered in 1832 by Braconnot and

improved by Schonbein in 1846, is an

important industrial polymer prepared by

nitrating the hydroxyl groups of cellulose

[1-3]. It is known as a versatile, widely

used polymer with numerous applications,

depending on its degree of nitration [4]. At

low nitrogen contents (below 12.5% wt.) it

is used in cosmetics, printing inks, paints

and lacquers; while at nitrogen contents

above 12.5% wt, it is used as an energetic

ingredient in gun and rocket propellants.

The source of cellulose and its history

influences the molecular mass and

mechanical properties of the derived NC.

The search for new resources with

necessary qualities constitutes a major

concern of the nitrocellulose

manufacturing branch. Also, the entire

preparation process should follow the

environmental requirements. Several

methods have been previously reported to

extract cellulose form biomass [5]. The

conventional pulping processes, kraft and

sulphite processes, have some serious

drawbacks such as air and water pollution.

Organsolv pulping process has already

been the subject of many investigations

and its application seems more appropriate

as an environmentally friendly method,

permitting to avoid the malodorous

emission of the sulphur compounds

resulting from the kraft process.



In this paper, the extraction of the

cellulose from soft wood (pine) using

organosolv process was performed. Its

hydrolysis with acid solution leads to

obtaining the cellulose microcrystalline.

All characterizations were performed by

FTIR, XRD and DSC techniques. The

synthesis of nitrocellulose microcrystalline

was also realized, in order to improve the

effect of nitrating acids and obtain a new

product with good mechanical stability

and high bulk density.

EXPERIMENTAL

2.1. Raw materials

Soft-wood Aleppo pine (Pinus halepensis)

collected from Boumerdes area in Algeria

was used as wood chips. The wood

biomass was subjected initially to Soxhlet

extraction. The organosolv delignification

of was carried out in a 0.6 L stainless steel

pressure Parr reactor. The treated biomass

was washed three times 65% ethanol at 60

°C. The wood pulp was then washed three

times with the deionized water at 60 °C

and air-dried overnight. The dried pulp

was converted to cellulose (native

cellulose) using alkaline treatment.

Dry cellulose was suspended in an

aqueous acid, heated under reflux

conditions and gentle stirring and then

cooled down to room temperature in a

further 30 min. The degraded cellulose

was filtered in a coarse sintered-glass-filter

crucible and washed with distilled water

free of acid. For removing the last traces

of acid, an aqueous suspension of

degraded cellulose was neutralized to pH 7

with aqueous NaOH (1N), filtered off

again, washed with distilled water and

dried for 24 h at 50 °C.

The hydrolysis experiments were

performed using 2.5 N of hydrochloric

acid at 105°C for 30 min and 10%

consistency.

Preparation of nitrocellulose

The nitrocellulose preparation steps [1],

given bellow, are followed to make the

nitration of the two cellulose samples

prepared (native cellulose and

microcrystalline cellulose) from Aleppo

pine.

A 500 ml crystallising dish is placed on

the magnetic stirrer and filled with 300 ml

of water at 20 °C. A 500 ml wide-necked

Erlenmeyer flask is placed in this water

bath and filled with a stirring bar and a

quantity of nitric acid. The thermometer is

placed in the device. While stirring, a

quantity of sulphuric acid is added (the

mixture nitric-sulphuric acid ratio is equal

to 2.5). When the temperature has fallen to

30 °C, the stirring is stopped and the water

bath is removed. A quantity of dried

cellulose sample (cellulose - nitric acid

ratio is 1/45 (g/ml)) is introduced into the

flask and is maintained under the surface

of the acid mixture by a glass rod. Every 4

minutes the cellulose is kneaded and rolled

around to avoid local overheating. The

temperature rises to 33-36 °C and falls

again after 25 minutes. After 35 minutes,

when the reaction is finished, the

thermometer read 25-30 °C. After that,



this thermometer is removed and the solid

product is filtered in a coarse sintered-

glass-filter crucible, then the cellulose

sample is placed in a 500 ml crystallising

dish filled with 400 ml of ice water,

whereby red nitric oxide vapours appear.

The cellulose is then filtered with clean

water four times, boiled in a 500 ml of 2

mass% sodium bicarbonate solution at 85-

90 °C for ten minutes where the cellulose

sample is purged, until the formation of

carbon dioxide is complete. After this, the

neutralised cellulose is boiled with 500 ml

water three times at the temperature 85-90

°C. At last, the filtered product is left to

dry naturally for 48 hours.

2.3. Test methods

2.3.1. FTIR spectroscopy analysis

The dried samples were embedded in KBr

pellets and analysed by using a Shimadzu

spectrometer 8400S. The spectra were

recorded in transmittance band mode in

the range of 4000-600 cm-1. 32 scans were

co-added in order to achieve an acceptable

signal-to-noise ratio. In all cases, spectra

resolution was maintained at 4 cm-1.

2.3.2. X-ray diffraction analysis

XRD analysis was carried out on different

cellulose samples using a PANalytical

X’Pert PRO Multi-Purpose Diffractometer

with Cu Kα radiation. An X’Celerator

detector was used to collect data over an

angular range of 10-40°/2θ with a step size

of 0.0170 /2θ and a count time of 50.1650

s at each step. The voltage was chosen to

be 45 kV with a current of 40 mA.

Powdered specimens were prepared for X-

ray diffraction analysis using the

PANalytical powder sample preparation

Kit and back-loaded into nickel-coated

steel sample holders.

However, the relative degree of

crystallinity of nitrocellulose samples was

calculated from the ratio of the total area

of the crystalline peaks to the total area of

coherent scatter above the background

using the following Eq. 1 [6]:

(1)

Ka is the degree of crystallinity, Scr is the

peak area for the crystalline part and Sam is

the peak area for the amorphous part.

2.3.3. DSC analysis

The DSC analyses were performed using

a Perkin Elmer differential scanning

calorimeter model DSC 8000, in

temperature range of 50-250 °C, at heating

rate of 5 °C/min under nitrogen

atmosphere (20 cm3/min). Small amounts

of solid (1 to 2) mg were taken and sealed

in Stainless Steel High Pressure Capsules.

Prior to the analysis, the DSC was

calibrated using high-purity indium 99.999

% having a melting point 156.60 °C and

enthalpy of fusion 28.45 J/g. The precision

and accuracy of the device were confirmed

through analysis of zinc. The uncertainty

of the decomposition temperatures

measurements by this method was

estimated to be ± 0.1 °C. Data acquisition



and processing were done with Pyris

software.

2.3.4. Nitrogen content determination

There are several methods for the

determination of the nitrogen contents, but

it is usually done using Devarda’s method.

More details of the apparatus and the

method could be found elsewhere. Each

value was taken after three measurements.

The apparatus used for this purpose was an

automated distillatory Vapodest 40s

(Gerhardt).

3. RESULTS AND DISCUSSION

3.1. Chemical structure analysis

FTIR spectroscopy is an appropriate

technique for studying changes occurred

by any chemical treatment. FTIR spectra

of Aleppo pine after organosolv treatment

(AP), cellulose obtained from AP (CAP),

and the prepared microcrystalline cellulose

sample (MCCAP) are given in Fig. 1. The

interpretation of these spectra is based on

data from the literature. Furthermore, the

spectrum of AP shows the presence of a

band at 2858 cm-1 assigned to the

elongation of aromatic C-H bonds of

lignin [7]. The band at 1732 cm-1 is

attributed to the acetyl group of

hemicellulose uronic ester or the

carboxylic ester group of the ferulic ring

and p-coumaric acid of lignin and/or

hemicellulose [7]. Nadji reported that the

band at 1512 cm-1 is due to the C=C bond

elongation of the lignin aromatic ring [8].

Figure 1. FTIR spectra of cellulose

samples

However, FTIR spectra of nitrocellulose

samples, NC_AP (nitrocellulose from CAP)

and NCMC_AP (nitrocellulose from MCCPA)

are presented in Fig. 2. The interpretation of

these spectra is based on data from the

literature. It’s obvious that the samples

prepared give the same spectra as those given

in the literature.

Figure 2. FTIR spectra of nitrocellulose

samples

3.2. Crystal structure analysis

X-ray diffractograms of CAP, MCCAP

and commercial microcrystalline cellulose

(MCC_com) are shown in Fig. 3. Peak

separations were carried out using

Lorentzian deconvolution [9].

Fig.4 displays the diffraction patterns of

nitrocellulose samples; each patern is



composed by a peak at about 12°/2θ and

halo (broad elevation of the background)

between 15-40°/2θ. The patterns are

similar to that given in the literature

[1,10,11].

Figure 3. X-ray diffraction profiles of

cellulose samples

Figure 4. X-ray diffraction profiles of

nitrocellulose samples

From Fig. 3, an increase in the peak

intensity was seen with the prepared

microcrystalline cellulose compared to its

precursor. This indicates that MCCAP

derived from CAP is more crystalline than

the source material. The increase in the

crystallite sizes for the prepared cellulose

particles in ( , 110 and 200), might be

associated with a reduction in the

corresponding amorphous region [12].

Table 1. Crystallinity of nitrocellulose
samples obtained with Pearson-VII

profile
Sample Ka [%] R2

NC_AP 28.1 0.9870

NCMC_AP 36.0 0.9795

For nitrocellulose samples, it is given in

the literature that the main peak at

about12°/2θ is interpreted as presenting

the crystalline content of the nitrocellulose

and the halo, the amorphous one. Peak

separations were carried out using

Pearson-VII deconvolution as suggested in

the literature [10]. The determination

coefficients (R2) were close to unity as

given in Tab. 1.

3.3. Determination of the nitrogen

content

The values of the nitrogen content of

nitrocellulose samples are shown in Tab.

2. It should be noted that these values were

determined after three measurements.

Table 2. Nitrogen content of nitrocellulose
samples

Sample Nitrogen content

(%)

Degree of

substitution

NCMC 12.84±0.07 2.53

NCS 12.24±0.05 2.33

There was an increase in the nitrogen

content of NCMC using the same

procedure of nitration. Thus, the use of the

microcrystalline cellulose improves the

nitration effect and furthermore this allows

the enhancing of the performance

properties.



3.4. Thermal behaviour of the samples

The thermal behaviours of nitrocellulose

samples prepared (NC_AP and

NCMC_AP) were given in Fig. 5; the

measured heat release temperatures of the

samples are 196.16 °C, 191.68 °C

respectively. The decrease of the

decomposition temperature of NCMC_AP

could be attributed to the increase of

nitrogen content and to the decrease of the

particles size. Similar trend was previously

reported by Sovizi [13].

Figure 5. DSC curves of nitrocellulose

samples at 5 °C/min

In addition, the shapes of the thermal

curves obtained for these samples were

very similar. However, the peak surface is

higher in the case of CNMC_AP which

could be attributed to the high nitrogen

content.

4. CONCLUSION

MCC, prepared in this work from cellulose

extracted from soft wood using organosolv

process, has properties similar to that of a

commercial MCC.

The use of microcrystalline cellulose as

raw material for nitrocellulose preparation

improves the effect of nitration and

enhances the energetic properties of

nitrocellulose. It’s obvious that the use of

cellulose microcrystalline for the synthesis

of the nitrocellulose microcrystalline allow

it to retain all properties of the cellulose

microcrystalline.
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Abstract 
 
The research of new molecules has to deliver chemicals able to be used in new energetic 
materials with improved properties (energy, sensitivity, mechanical behaviour, 
environmentally friendliness during the service life of rockets, low erosivity, acceptable 
burning temperature,…) or to address new areas through the use of dense energetic 
materials that will be solid or liquid in the standard state (generation of hydrogen or neutral 
gases, thrust control, hybrid propulsion, special explosives). 
 
These researches are leaded at CRB following a standard methodology which has been 
fastened in the recent years by large efforts in modelling. The tasks are: design the targets 
according to energetic and structural parameters, assessment of the potential of the 
targets by ab initio computations and then chemical synthesis bench work to check 
consistency of the calculated values (density, heat of formation). This methodology will be 
highlighted with the work on nitropyrazoles. 
 
The pyrazole ring allows many synthetic modifications while keeping a high heat of 
formation. Several structures have been prepared and characterized; these derivatives are 
promising to manage the balance between energy and sensitivity. 
 
This lecture explains the synthetic routes to the derivatives and presents the last results. 
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SYNTHESIS OF DI- AND TRINITROPYRAZOLES 
Sebastien Comte, Gilles Daquin 

HERAKLES, Research Centre Le Bouchet 91710 Vert le Petit (France) 

Abstract: 
The publication describes the recent work done at Herakles on pyrazole derivatives. The 
pyrazole compounds are promising as new low sensitivity energetic materials, due to the 
pyrazole scaffold, which offers numerous synthetic possibilities together with a relatively high 
heat of formation. Therefore, several members of the nitropyrazole series were synthesised 
and the more promising out of these were characterised. 

1. INTRODUCTION 

Nowadays, the demands on energetic molecules are a compromise between energy and 
sensitivity in order to fulfil the requirements of low-risk ammunitions. It is assumed that a low 
sensitivity substance is a key factor to achieve this goal. 
On the research of new energetic molecule, one of the best candidates may be a pyrazole 
derivative. The pyrazole ring offers various possibilities of functionnalization. Three carbons 
could support nitro groups to increase performance with high oxygen balance and relatively 
high heat of formation. 
Lebedev and al.1 report the experimental values for the heat of formation of several pyrazoles 
and gives guidelines on the expected ΔHf with the number and position of NO2 and NH2
groups. 
The aromatic amine function could be a good function to increase the insensitivity of the 
molecule by hydrogen bond which .is a factor described to decrease sensitivity. 
In the pyrazole series, 4-amino-3,5-dinitropyrazole (LLM-116 )2 is an example of a molecule 
with low impact sensitivity. 
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2. ANALYTICAL DATA AND SENSITIVITY FIRGURES ON PYRAZOLES 

In the examination of pyrazole properties, we succeeded to synthesize five new molecules that 
have been characterized3: 3,4,5-trinitropyrazole 1, 5-amino-3,4-dinitropyrazole 2, 3,5-dinitro-
4-hydroxypyrazole 3, N-methy-3,4,5-trinitropyrazole 4 and N-amino-3,4,5-trinitropyrazole 5. 
Table 1 describes the NMR spectroscopic data. Structures 1, 2, 3, 4 have been confirmed by 
X-ray analyses of respective single crystals. 
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Table 1: NMR spectroscopic data for new pyrazoles 

Thermal stability of pyrazoles 1, 2, 3 and 4 has been measured and are shown in table 2. 
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Table 2: Thermal stability values 

We can see on this Table the comparison between thermal stability of NTO, HMX and the 
pyrazole derivatives. The compounds 1, 2, 4 have melting point before decomposition. These 
datas are satisfactory for practical applications. 



The sensitivity figures of pyrazoles 1, 2, 3 and 4 have been measured and are shown in table 3. 
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Table 3: Sensitivity figures 

In these results, 3,4,5-trinitropyrazole 1 and 5-amino-3,4-dinitropyrazole 2 appear as 
molecules with very low sensitivity, comparable to NTO. 3,5-dinitro-4-hydroxypyrazole 3
seems to have the same sensitivity as HMX and N-methyl-3,4,5-trininitropyrazole 4 is an 
insensitive compound like TNT. 
For the last one (Compound 4), we are working to explain the insensitivity. Indeed, the Xray 
structure doesn’t show hydrogen bond or planar arrangement to explain this insensitivity. 
The compounds 1, 2 and 3 could be interesting for the replacement of fillers like HMX and 
the compound 4 with the introduction of a methyl group onto the trinitropyrazole ring could 
become a new matrix to melt cast composition as its melting point is 91.3 °C with 
decomposition at 190 °C, far above the m.p. 



3. PERFORMANCE CALCULATIONS 

The pyrazoles have been evaluated in applications as explosives or fillers in propellant 
formulations. Computations are done for explosives with the pure substance and for 
propellants in a mixture with 30 mass % of GAP binder plasticized with nitrated esters. 
Densities are experimentally determined unless otherwise mentioned. Enthalpy of formation 
is calculated in the gas phase with semi-empirical method PM3 (Hyperchem). 
E/EHMX indicates the work of the detonation products as compared to HMX for an expansion 
ratio of 2. 
Table 4 compares the performances of the pyrazoles with RDX, HMX, NTO and CL20. 

Molecule 
Enthalpy 

of formation 
(kcal/mol)

Density 

Detonation 
Velocity 

(m/s) 
E/EHMX

(V/Vo= 2)* 

Specific impulse 
70/1 

(s) 

HMX 20.1 1.908 
9321 

100% 
253.8 

RDX 16.7 1.823 
9008 

92% 
254.3 

NTO -25.7 1.910 
8544 

72% 
/ 

CL20 92 2.04 
10053 

120% 
261.5 

1 34.1 1.867 
9253 

96% 
261.9 

2 14.4 1.872 
8640 

82% 
230.1 

3 -3.6 1.92(*) 
8901 

90% 
241.9 

5 $"��$	 ��&	�.�	
9682 

109 % 
264.9 

Table 4: calculation of the performances in explosive and propellant formulations 
(*): Calculated Value 

Substance 2 has the lowest performance but can still compete with NTO as filler for 
insensitive explosives. Substance 3 does not appear as a good candidate and compounds 1 and 
5 are promising candidates achieving an explosive performance close to that HMX and 
impulse equal to or higher than that of CL20. The performance of 1 combined with low 
sensitivity shown before, makes a promising candidate for explosive and propellant 
formulations. 



Calculation on compound 4 has been performed to compare with compo B formulation 
(TNT/RDX). The table 5 presents the results. 

 Matrix Filler 
 TNT 4 RDX 

P 
detonation 

(Gpa)

V 
detonation 

(km/s)

Energy 
V/V0=2.2 

(Mbar.cm3/cm3)
40  60 28.08 8.047 0.0572 Composition 

(%)  40 60 33.89 8.780 0.0675 
Enthalpy of 
formation 
(kcal/mol)

-17.9 12.1 16.7    

Density 1.650 1.82 1.82    
Table 5: Calculation of the performances in melt cast formulations 

The compound 4 has a positive heat of formation compare to the TNT and a density close to 
the RDX one. The exchange of TNT by the new matrix in compo B formulation improves the 
performance. The detonation pressure increases of twenty per cent and the detonation speed 
of ten per cent. This improvement is obtained without increasing sensitivity. 



4. SYNTHESIS OF PYRAZOLES DERIVATIVES 

Preparation of the pyrazoles is outlined in the following schemes. 

2 different synthetic approaches were developed for the synthesis of 3,4,5-trinitropyrazole. 
These are outlined in scheme 1 below. Furthermore, derivatives of 3,4,5-trinitropyrazole were 
prepared by methylation and amination as outlined. 
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Scheme 1: Synthesis of 3,4,5-trinitropyrazole and 1-methyl-3,4,5-trinitropyrazole 

In the first approach 4-chloropyrazole was nitrated by mixed acids giving 4-chloro-3,5-
dinitropyrazole in good yields in a manner similar to those described by Coburn4. 4-chloro-
3,5-dinitropyrazole was reacted with ammonia in a pressurised vessel at elevated temperature 
giving 4-amino-3,5-dinitropyrazole in good yields. 4-amino-3,5-dinitropyrazole was oxidized 
by Caro’s acid to the desired target compound 3,4,5-trinitropyrazole. 
It was also possible to prepare 3,4,5-trinitropyrazole according to literature procedure 
developed by Habraken et al5. Pyrazole was nitrated with nitric acid in acetic anhydride 
giving 3,5-dinitropyrazole in good yields. The latter was surprisingly easily nitrated in mixed 
acids to 3,4,5-trinitropyrazole6,7. 3,4,5-trinitropyrazole was methylated in a classic way with 
methyl iodide to 1-methyl-3,4,5-trinitropyrazole8. This synthetic route was performed on six 
hundred grams scale. 
Trinitropyrazole could also be aminated to N-amino-trinitropyrazole by O-aminopicrate. 
Treatment of 3,4,5-trinitropyrazole with an aqueous solution of sodium hydroxide at reflux 
for 3 days, followed by acidification and extraction with organic solvent affords 4-hydroxy-
3,5-dinitropyrazole. 



5. FORMULATION SECTION 

We have also evaluated the feasibility of melting N-Me-TNP in suitable grain. This is not 
reported until now but very first trials have been done and we have designed specific devices 
to fill critical diameter molds with the N-Me-TNP/RDX composition. The composition looks 
good with few voids, no cracks, no sedimentation and with very low shrinkage located on the 
top of composition. 

We have selected with our European colleagues a generic test to evaluate performance. This 
test unit used grenades from BAE System. These grenades have filled with hundred grams of 
melt cast composition. After that, the grenades have been activated in a detonation chamber 
with various measurement equipments (Number of perforating impacts thanks to aluminum 
plates, Speed of fragment, movies and pictures with high-speed camera). The “BAE 
configuration test” has been used to evaluate the performance of the composition RDX/N-Me-
TNP 6/4. The results obtained demonstrate a good reproducibility and a good fragmentation 
of the grenade, 1500 perforating impacts on 360 ° using the BAE estimation compared to the 
950 perforating impacts of the standard composition (Compo B). 

6. EXPERIMENTAL SECTION 

NMR spectra were collected on a Bruker Avance 400 spectrometer with a 10 mm BBO ATM 
probe. Chemical shifts are referred to TMS for 1H and 13C and to liquid NH3 for 14N and 15N. 
Impact and friction sensitivity test are carried out according to standard NF T 70-500 and 70-
503, that are similar to UNO tests 3a)ii) and 3b)ii). Spark sensitivity is evaluated by putting 
the substance in a cup of 10 mm diameter and 1.5 mm height and submitting it to an electric 
spark whose energy is varied between 5 and 726 mJ. 
DSC thermograms were obtained with a Mettler DSC823 apparatus. 
Computations of performances were done with Cheetah9 for explosives and the Herakles 
Ophelie code for propellants. 

7. CONCLUSION 

The exploration of the chemistry of pyrazoles has been successful and resulted in the 
preparation of five new compounds. 
The synthesis of 3,4,5-Trinitropyrazole has been performed on six hundred grams scale. The 
results of our calculations and the preliminary characterization of these compounds show their 
potential as new ingredients with high performance and low sensitivity in both explosives and 
propellant formulations. 
This work will proceed with the characterization in composition of these promising materials. 
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One of the successful strategies for the design of promising new energetic materials is incorporation 
of both fuel and oxidizer moieties into the same molecule. Therefore, during recent years, synthesis of 
various nitro-azole derivatives, as compounds with more balanced oxygen content, became very 
popular. 

In the frame of this effort, we studied nitration of N3,N6-bis(1H-tetrazol-5-yl)-1,2,4,5-tetrazine-3,6-
diamine 1 (BTATz) and its alkylated derivative N3,N6-bis(2-methyl-2H-tetrazol-5-yl)-1,2,4,5-tetrazine-
3,6-diamine 2 using 15N-labeled nitration agent and analyzing products of these reactions by 15N NMR. 
It was shown that the nitration of both compounds takes place only on the exocyclic (“bridging”) 
secondary amine groups. Possible tetranitro derivative N,N'-(1,2,4,5-tetrazine-3,6-diyl)bis(N-(nitro-1H-
tetrazol-5-yl)-nitramide), with calculated Oxygen Balance of 0%, could not be observed in the reaction 
mixtures, even during the in situ monitoring. 

Following a similar strategy, new analog of BTATz – N3,N6-Bis(1H-1,2,4-triazol-5-yl)-1,2,4,5-
tetrazine-3,6-diamine 3 was obtained and its nitration was studied. The reaction of compound 3 with  
HNO3-Ac2O nitration mixture resulted in formation of a new N3,N6-bis(3-nitro-1H-1,2,4-triazol-5-yl)-
1,2,4,5-tetrazine-3,6-diamine derivative 4 in a moderate yield. Structures and properties of new 
compounds 3 (in a form of its perchlorate salt) and 4 were established by FTIR, NMR, MS, DSC, bomb 
calorimetry and x-ray crystallography. Important to note that compound 4 exhibits exothermic 
decomposition at 309ºC (DSC), making it highly-promising insensitive energetic material for further 
development. 
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 Abstract: 

 Lead-copper catalysts are effective only in the presence of carbon frame on the 
combustion surface where substantional accumulation of catalysts is taken place. Herewith the 
leading burning zone is above the combustion surface. These additives are slightly affect on the 
low-calorie propellant burning. The reasons for this are not clear, because the possibility of 
formation of carbon frame on the combustion surface increases with the calorie reduction of 
propellant. For this kind of propellants iron and nickel catalysts are effective. Nickel-lead 
phthalate is also increases burning rate of the low-calorie propellant. But mechanism of its action 
has not been studied. Purpose of this work is to study the processes on the combustion surface of 
the low-calorie propellant using the copper-lead and nickel-lead phthalates as catalysts. Size of 
catalyst particles is about 5 micron. 

 For electron microscope studies of structure and combustion surface structure propellant 
samples were quenched on the copper substrate in constant pressure device. X-ray electron probe 
microanalysis depending of structure of quenched sample was conducted on the various area of 
surface. Scanning depth was 2-5 micron depending on the density of sample. 

 It was found that: 

1. Input of copper-lead phthalate in the propellant increases carbon-black formation on the 
combustion surface, while nickel-lead phthalate, in reverse, leads to carbon oxidation; 

2. There is a significant accumulation of catalyst particles on the carbon frame (up to ~50% 
mass) in case of considerable catalyst effect; 

3. There is a dependence of efficiency of additives action on carbon frame cover degree of 
combustion surface; 

4. Leading zone at combustion of catalyzed propellants is the zone above the combustion 
surface - carbon frame with catalyst particles. 

 This work was supported by the Ministry of Education and Science of the Russian 
Federation under the base part of government contract. 
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ABSTRACT 

With use of electron microscope and X-ray 
anallysis mechanism of nickel-lead phatalate 
and copper-lead phtalate action on combustion 
of low-calorie propellant was investigated. 
It was established that input of copper-lead 
phthalate in the propellant increases carbon-
black formation on the combustion surface, 
while nickel-lead phthalate, in reverse, leads to 
carbon oxidation. There is a significant 
accumulation of catalyst particles on the carbon 
frame (up to ~50% mass) in case of 
considerable catalyst effect. There is a 
dependence of efficiency of additives action on 
carbon frame with catalysts cover degree of 
combustion surface. Leading zone on 
combustion of catalyzed propellants is the zone 
above the combustion surface - carbon frame 
with catalyst particles. 
 

1. INTRODUCTION 
 
In papers [1, 2] was found that lead-copper 
catalysts are effective only in presence of 
carbon frame on the combustion surface where 
accumulation of catalyst particles is taken place. 
On combustion the zone above the combustion 
surface becomes the leading one. But it is 
known that these additives are slightly affect on 
low-calorie propellants combustion. Reasons 
are not clear, because the possibility of carbon 
frame formation are higher with the decrease of 
propellant calorific value. For this type of 
propellants iron and nickel compounds are 
effective catalysts [3, 4]. In [4] was shown that 

nickel carbonate significantly increases the 
combustion rate of low-calorie compositions 
moreover there is an increased amount of 
catalyst on the carbon frame (up to ~ 50% mass. 
Ni). Nickel-lead phthalate (NLP) as well as 
nickel carbonate significantly increases the 
combustion rate of low-calorie propellants. But 
mechanism of its action has not been studied. 
This work is of obvious interest since lead 
compounds are promoting rich carbon black 
formation on the combustion surface [1, 2] and 
nickel compounds are promoting an intensive 
oxidation of carbon by nitrogen oxide [4]. 
Thereby the purpose of this work is to 
invesigate combustion surface behavior of low-
calorie propellants with copper-lead phthalate 
(CLP) and NLP. 
 

2. EXPERIMENTAL  
 
Catalytic action of CLP and NLP with particle 
diameter of ~ 5 m was conducted during the 
combustion of propellant with Ql = 2151 kJ/kg, 
containing 57% of nitrocellulose (12% N), 14% 
of nitroglycerine, 19,5% of dinitrotoluene, 6,5% 
of dibutyl phthalate, 2% of centralite and 1% of 
industrial oil. Catalysts action efficiency was 
estimated with Z value - Z = Uk/Uo, where Uk - 
combustion rate of propellant with catalyst, Uo - 
combustion rate of propellant without catalyst. 
Influence of various amount of additives was 
studied. Catalysts were introduced into the 
propellant as individuals as well as in 
combination with carbon. Results are shown in 
figure 1. 
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Figure 1. Catalyst action efficiency vs. pressure on combustion of low-calorie propellant: 

1 - 3% NLP; 2 - 5% NLP; 3 - 3% CLP; 4 - 3% CLP + 1.5% C; 5 - 7% CLP;  
6 - 3% NLP + 1.5% C; 7 - 3% NLP + 5% C; 8 - 5% NLP + 1.5% C; 9 - 3% NLP + 3% C 

 
 
For the sample with CLP value Z is falls with 
increase of pressure and for the sample with 
NLP passes a maximum at p = 4 MPa. The use 
of increased amount of catalysts (7% of CLP 
and 5% of NLP) lead to the burning rate increase 
only to the 4 MPa. Carbon is considerably 
increases the efficiency of NLP action in all 
range of pressure. For example, for the sample 
with 3% NLP and 1.5% carbon Z = 3.5 in the 
range of pressure 0.5 - 6 MPa, and for sample 
with 5% NLP and 1.5% carbon Z = 4.3 at p = 4 
MPa. With increased amount of carbon for the 
sample with 3% NLP combustion rate is initially 
rises but falls then. Catalyst action efficiency is 
higher for the samples with 3% NLP and 1.5% 
or 3% of carbon, then with 5% of carbon. 
Carbon influence on catalytic efficiency of CLP 
is also shown in all range of pressure, but 
combustion rate grows insignificantly. 
For the electron microscope analysis of structure 
and composition of combustion surface 

propellants were quenched at p = 2 MPa, where 
there is a significant catalytic effect for one type 
of samples, and insignificant for another type. 
Quenching of the samples is performed as 
follows: the ends of the cylindrical samples with 
a diameter of 7 mm and length of 10 mm were 
cleaned with sandpaper ("0" size) until to get flat 
and smooth surface. Then the samples were 
clamped in a vise to the highly polished copper 
substrate. The assembly was placed in a oven for 
15-20 minutes at the temperature of 70-80 ºC, 
frequently tightening the vise and then cooled 
for 20 minutes. As a result, sample is tightly 
pressed to the polished copper surface. 
Quenching was performed in constant pressure 
device in nitrogen gas at a predetermined 
pressure. Copper substrate with a sample was 
attached upside down, so the gas flow turned 
downward so that particles carried away with 
gas will not fall to the quenched combustion 
surface. 
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Figure 2. Structure and X-ray analysis areas on combustion surface of low-calorie propellant, 
quenched at p = 2 MPa: a - no catalyst; b - with 3% of CLP; c - with 5% of NLP. 



mass. % 

Catalyst Z 

Analysis 
area 

location
* 

C O Pb Cu Ni 

1 42.90 ± 3,68 51.88 ± 1,54 – – – No 
catalyst 1,0 

3 61.93 ± 5,43 38.07 ± 5,43 – – – 

1 36.25 ± 14,6 8.04 ± 1,99 11.57 ± 4,4 44.15 ± 17,04 – 3% 
CLP 

1,8 
3 44.88 ± 16,1 4.92 ± 3,46 22.76 ± 7,2 27.44 ± 16,85 – 

1 52,8 ± 3,60 35,0 ± 8,30 5,2 ± 4,60  6,9 ± 7,25 

2 53,1 ± 1,95 14,2 ± 3,05 17,1 ± 2,22  15,5 ± 3,0 

3 35,7 ± 8,74 12,3 ± 1,45 21,9 ± 1,84  18,5 ± 7,25 

3% 
NLP 

1,8 

4 24,5 ± 0,3 10,3 ± 0,45 35,9 ± 14,0  28,1 ± 4,25 

1 54,9 ± 10,95 35,0 ± 10,35 5,8 ± 1,13  4,3 ± 1,20 

2 44,1 ± 5,5 13,6 ± 3,55 20,5 ± 2,95  18,5 ± 4,95 
3% 

NLP + 
1,5% C 

3,5 

3 26,1 ± 1,3 4,8 ± 0,67 42,0 ± 10,0  26,4 ± 12,3 

1 49,7 ± 10,43 18,5 ± 7,4 10,4 ± 3,1  14,3 ± 4,35 

2 41,2 ± 9,1 10,0 ± 3,7 24,7 ± 5,8  21,4 ± 2,6 
5% 

NLP 
2,1 

3 30,8 ± 0,3 5,1 ± 0,3 33,1 ± 0,7  31,0 ± 0,7 

1 56,2 ± 1,2 22,7 ± 10,6 11,4 ± 5,8  9,7 ± 5,1 

3 48,0 ± 3,3 15,3 ± 5,2 12,0 ± 0,7  25,7 ± 6,1 
5% 

NLP + 
1,5% C 

4,1 

4 29,7 ± 1,3 5,4 ± 1,1 8,6 ± 0,5  56,3 ± 2,8 

 
Table 1. Elemental composition on various areas of quenched surface of low-calorie propellant with 

catalysts at p = 2 MPa 

* - In the table: 1 - smooth surface of quenched sample; 2 - lower layer of frame; 3 - upper layer of frame; 
4 - circle agglomerates of the surface of the frame. 
 
 
 
 

 



X-ray electron analysis was conducted on the 
area of different size, depends on the structure 
of quenched sample. Scanning depth is 2-5 m, 
depends on density of the sample. It is not 

possible to precisely determine the quantitative 
composition of "light" elements C, N, O in 
experiments. But we can see the tendency of 
changing of C, O, N on the combustion surface. 

Figure 3. Structure of carbon frame with 5% NLP and 1.5% C on the combustion surface of low-calorie propellant  
at p = 2 MPa, Z = 4.1 

  

3% NLP, Z = 1.8 3% NLP + 1.5% C 
Figure 4. Structure of combustion surface of low-calorie propellant with catalysts at p = 2 MPa 



In the determination of Cu, Pb and Ni error is 
about 3%. 
 

3. RESULTS AND DISCUSSION 
 
Electron microscope studies show that 
combustion surface of propellant without any 
catalysts is smooth (Fig. 2). High filamentary 
geometry carbon formations (up to 500 m) 
cover ~ 40% of combustion surface. Formation 
surface is undulating and covered with 
numerous cracks, it shows the fine (tenths of 

m) circle particles. This type of formations 
have large number of small internal voids. 
Upper levels of the highest formations contain 
most of the carbon (Tab. 1), smooth surface 
areas - the fewest. Directly opposite distribution 
is observed for the oxygen. 
CLP (Fig.2) results to the increase of carbon 
formations on the combustion surface. There is 
a thick well-branched frame where significant 
accumulation of catalyst is happened (up to ~ 
50% mass.) (Tab. 1). Use of increased amounts 
of CLP or its introduction with the carbon leads 
to growth of  - the degree of carbon frame with 
catalyst coverage of combustion surface. 
Structure of quenched combustion surface of 
propellant with NLP (Fig. 2, 3, 4) is 
significantly different: there are considerably 
less carbon formations, observed on the 
combustion of model propellant or propellant 
with addition of CLP. There are only dense 
multilayer carbon formations, partially cover the 
combustion surface, and contain most of the 
catalyst (Table 1), moreover, upper layers of the 
formations contain most Ni and Pb ( up to ~ 
95% mass.). It is felt that NLP as well as NiCO3 
promotes oxidation of the carbon by the 
nitrogen oxide on the combustion surface. 
When we combine NLP with carbon black and 
we see a significant catalytic effect (Z  3.5), 
increase the degree of carbon frame with 
catalyst coverage of combustion surface ( ). For 
the sample with 3% NLP  ~ 40%, and for the 
propellant with 3% NLP and 1.5% C  ~ 90%. 
 

4. CONCLUSION 
 
Thus, studies have shown that there are the 
same regularities on combustion of low-calorie 
propellant with NLP and CLP in the catalyst 
action mechanism as for the high-calorie 
propellant with lead-copper catalyst [1, 2]. 
Propellant combustion catalysis occurs only 
when the advanced carbon frame is formed on 
the combustion surface, where significant 
accumulation of catalyst particles is taken place. 

There is a correlation between value Z and : 
the higher the degree of carbon frame coverage 
of combustion surface, than the more the 
catalyst action is observed. Since the frame on 
the combustion surface (Fig.3 and Table 1) 
contains large amount of metal (up to ~ 95%), 
its heat conductivity ( ) will be significantly 
higher than for the gas. Therefore it can be 
assumed that leading combustion zone for the 
propellants with NLP and CLP is the zone 
above the combustion surface - frame with 
catalyst, unlike the model propellant without 
catalysts where leading reaction is in the 
condensed phase. Carbon frame is playing a 
dual role on the combustion of propellant with 
NLP: promotes accumulation of catalyst in the 
zone above the combustion surface and at the 
same time acts as combustible component, 
which oxidation by nitrogen oxide catalyzes 
NLP. The fall of efficiency of catalyst action 
with increasing the pressure is connected with 
decreasing of carbon formations on the 
combustion surface which hold the catalyst 
particles, and complex relationship Z(p) - with 
violation of optimal of catalyst-carbon ratio. 
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The krypton-85 leak test method is a very sensitive technique commonly used to characterize the seal integrity and 

quantify leak rates in a wide variety of microelectronic components and small energetic devices. While this technique 

has been widely adopted to assess the hermeticity of bridge-wire initiators it is also an effective and convenient 

method to evaluate seal integrity of larger and more complex energetic devices. In particular, the krypton-85 

radioisotope method enables the identification of leak paths through the multiple elastomeric seals, crimps, and welds 

and other closures that are commonly characteristic of these devices. At the same time, it is often not appreciated 

that the presence of multiple seals and closures in these devices limits the effectiveness and often essentially 

precludes the use of other leak detection methods such as helium mass spectrometry. In this paper, the use of the 

krypton-85 method to investigate and quantify the hermetic integrity of gas generators, airbag inflators and other 

energetic devices is described in detail. Emphasis is placed on the methodology needed to properly apply the Kr-85 

technique to complex energetic devices. In addition, some of the most common difficulties encountered in the 

assessment of the seal integrity of gas generators are discussed. 
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One of the main objectives of the Insensitive Munition (IM) community is to succeed in 
numerically predicting the level of SRM reaction. This is particularly true when the pyrotechnic item is 
subjected to a slow or fast heating which can happen in many storage and transport configurations 
during the whole life cycle of the system. 

However the fast-cook-off test still remains one of the more complex stimuli to be modeled and 
few numerical studies have been carried out to simulate the 3D fire environment applied to the item. 
The standard kerosene pool fire yields a non-steady and non-uniform reactive flow that depends on 
exterior conditions (i.e. wind) and is strongly turbulent. So in this paper numerical efforts were done to 
compute heat load generated by such a fire by using the Fire Dynamics Simulator, developed by the NIST 
(USA) for fire safety issues. The non-steady and spatially non-uniform gas temperature and incident heat 
flux applied to the tested solid rocket motor were calculated in three dimensions. 

Then the latter computation was low-coupled with the well-known Computational Fluid 
Dynamics software, Ansys-FLUENT®. The fire environment calculated by FDS was implemented as 
thermal boundary conditions all around the SRM and the 3D non-steady thermal response of the motor 
was then computed. It showed which part of the SRM was particularly heated by the thermal aggression 
and yielded the time to reaction of the solid propellant.  

Finally the whole computation was faced to experimental tests which were made on live and 
inert solid rocket motors by DGA Missile testing. The comparison has showed the thermal stimulus was 
well-calculated all around the SRM and during the whole heating. It has also pointed out how the 
numerical results strongly depend on the thermal data of the inert material (case, liner…) and the criteria 
used to determine the time to reaction. 
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ABSTRACT 
One of the main objectives of the Insensitive 
Munition (IM) community is to succeed in 
numerically predicting the level of SRM reaction. 
This is particularly true when the pyrotechnic item 
is subjected to a slow or fast heating which can 
happen in many storage and transport 
configurations during the whole life cycle of the 
system. 

However the fast-cook-off test still remains one of 
the more complex stimuli to be modeled and few 
numerical studies have been carried out to simulate 
the 3D fire environment applied to the item. The 
standard kerosene pool fire provides a non-steady 
and non-uniform reactive flow that depends on 
exterior conditions (i.e. wind) and is strongly 
turbulent. So in this paper numerical efforts are 
done to compute heat load generated by such a fire 
by using the Fire Dynamics Simulator (FDS), 
developed by the National Institute of Standards 
(NIST, USA) for fire safety issues. The non-steady 
and spatially non-uniform gas temperature and 
incident heat flux applied to the tested solid rocket 
motor are calculated in three dimensions. 

Then the latter computation is low-coupled with the 
well-known Computational Fluid Dynamics (CFD) 
software, Ansys-FLUENT®. The fire environment 
calculated by FDS is implemented as thermal 
boundary conditions all around the SRM and the 3D 
non-steady thermal response of the motor was then 
computed. It shows which part of the SRM is 
particularly heated by the thermal aggression and 
yields the time to reaction of the solid propellant.  

The whole computation is faced to experimental 
tests which were made on live and inert solid rocket 
motors at DGA Missile testing. The comparison has 
showed the thermal stimulus is well-calculated all 
around the SRM and during the whole heating. It 
has also pointed out how the numerical results 

strongly depend on the thermal data of the inert 
material (case, liner…) and the modelling 
assumptions (thermal boundary conditions, 
modeling dimensions, etc). 

1. INTRODUCTION 
Nowadays liquid fuel fire still remains one of the 
most credible threats that can appear during the 
whole life cycle of the pyrotechnic systems. This 
thermal threat may occur either in storage buildings, 
or into ship magazines, or during land transport 
phases, or even in overseas operations grounds. 
That is why the Fast-Cook-Off Test (FCO) is both: 

- one of the NATO standard tests that allows to 
evaluate the reaction level of the munitions 
when engulfed in a liquid kerosene fuel fire 
[1]; 

- and one of the UN standard tests that has to be 
done to determine the hazard classification of 
the munitions [2]. 

For these reasons the munitions response has been 
often assessed by experimental tests to determine 
their time to reaction and reaction level (projection 
and blast effects, munition behavior) [3]. But the 
failure mode is still difficult to be demonstrated by 
the large scale experimental tests. The severe 
environment induced by the liquid fuel fire limits 
the type of measurements and the capacity to 
observe the reaction location. Besides the failure 
mode strongly depends on the munitions design that 
can be more or less complex. As far as the Solid 
Rocket Motors (SRM) are concerned the 
experimental FCO test results have usually showed 
reaction levels from combustion to explosion with a 
large spectrum of times to reaction. The latter one is 
often linked to the lowest ignition temperature of 
the energetic materials (EM) loaded in the motor 
and to the preferential thermal pathway from the 



flames to the EM. Heat transfer between liquid fuel 
fire and the SRM is controlled by the capacity of the 
motor case to store and conduct the energy received 
from the flames. The thermo-mechanical behavior 
of each structural part of the motor, from case to the 
liner, seems to be predominant to determine the 
response of such an item under fast heating. The 
propellant load is also of the 1st order and the igniter 
may sometimes play a key role when a propulsive 
reaction is observed. In face to all the possible 
failure modes the best way to control or at least to 
orientate the initiation location and the time to 
reaction can be the design of some IM technologies, 
directly implemented into the SRM. Many kinds of 
IM technologies such as low temperature igniters, 
venting systems, intumescent thermal coating, have 
already been tested on real munitions or solid 
propellant mock-ups [4-5]. However it is necessary 
to know how the motor can react under Fast Cook 
Off with and without the IM technology. 
Experimental tests are very useful but can be 
prohitive for cost reasons and not sufficient to cover 
all the life-cycle configurations (for instance: SRM 
packed or unpacked) and all the thermal boundary 
conditions. Besides it can be technically difficult to 
implement some measurements (thermocouple, 
others) into live motors. 

That is why modeling is an alternative way to assess 
the thermal behavior of the motor under FCO. The 
preferential pathway can be easily computed in both 
2D-axi and 3D simulations. Different thermal 
properties of inert materials, either temperature-
dependent, or axial-dependent or simply constant, 
can be tested, and inert materials’ pyrolysis can be 
modeled. The motor modeling can also be defined 
very accurately by taking into account every sub-
system, pyrotechnic or not, and by potentially 
adding an IM technology. 

Figure 1: Standard liquid kerosene fires at DGA 
Missiles Testing (French MoD) 

Yet few numerical studies have been recently 
carried out on this topic. Twenty years ago Victor 
demonstrated a simplified one-dimensional 
numerical heat transfer analysis approach [6]. Heat 
conduction into the munitions was calculated by 
solving an averaged form of the 1D Fourier 
Equation in the case and liner thicknesses. The EM 
decomposition kinetics was taken into account by 
using a single step Arrhenius model. The thermal 
boundary conditions were very simple: flame 
temperature, radiative and convective coefficients 
were assumed to be constant. More sophisticated 
approaches tested numerical codes to better account
for 2D and 3D heat transfer between SRM and 
flames [7]. Tested geometries were not too complex 
(cylindrical and axisymmetric) and computation 
was not so as performing as today. At this time the 
calculation of more representative thermal boundary 
conditions by meshing the whole real tested 
munitions were too time consuming to be tested. 

Now as it is possible to very quickly compute the 
thermal response of even a fine meshed motor the 
present study is focused both on the thermal source 
by computing the real liquid kerosene fire and the 
motor response by accurately meshing the whole 
SRM casing. Thanks to CFD approaches pyrolysis 
models and EM decomposition kinetics can easily 
be added and different thermal boundary conditions 
can be tested.  

2. LIQUID FUEL FIRE MODELING 
The first objective of the numerical approach is to 
compute the real liquid fuel fire that is the standard 
thermal stimuli of Fast Cook Off tests. Uniform and 
steady thermal boundary conditions around the 
tested item are absolutely not representative of what 
the pyrotechnic item can see when engulfed in the 
flames. That is why the Fire Dynamics Simulator 
(FDS), software developed by the National Institute 
of STandards (NIST, USA) [8] and typically 
applied to civil fire safety issues, is used to calculate 
the kerosene pool fire. 

Hydrodynamic model
An approximate form of the Navier-Stokes 
equations appropriate for low Mach number 
applications is used in the model. The 
approximation involves the filtering out of acoustic 



waves and allows large variations in temperature 
and density. The computation is treated as a Large 
Eddy Simulation (LES) in which the sub-grid scale 
dissipative processes are modelled. According to 
Smagorinsky [9] the viscosity can be modelled as: 
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where Cs is an empirical constant, � is a length in 
the order of the size of a grid cell and the 
deformation term is related to the dissipation 
function. 

Combustion model 
The combustion of the liquid kerosene pool is 
taking into account by: 

- calculating the evaporation rate of liquid 
kerosene above the pool surface when burning; 
according to the Clausius-Clapeyron relation 
(Eq.2), the volume fraction of the fuel vapor 
above the surface is a function of the liquid 
boiling temperature; 
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where hv is the heat of vaporization, Ts is the 
pool surface temperature, Wf and Tb are 
respectively the molecular weight and the 
boiling temperature of the fuel. 

- considering a single step and instantaneous gas 
reaction between kerosene vapor and oxygen 
(Eq.3) ; the mixture fraction model is used to 
compute the heat release rate and the 
combustion products such as water, carbon 
dioxide and other species 

SCOHCOOHC SCOHCOO ννννν +++→+ 002223014 222

(3) 

where ),,,,( 222 SootCOOHOCOii =ν  is 
respectively the stoechiometric coefficient of 

SootCOOHOCO ,,,, 222 . 

Heat Transfer model and assumptions 
Energy transport consists of convection, conduction 
and radiation. Convection of heat is accomplished 
via the solution of the basic conservation equations. 
Gains and losses of heat via conduction and 

radiation are represented by the divergence of the 
heat flux vector in the energy equation q�∇ . 
The radiative source term is directly computed: 

- outside flame zone : πκσκ /4TIb =

- inside flame zone : 
( )πκσπχκ /;4/max 4TqI rb � ′′′= . 

� is the total absorption coefficient of the source, 
q� ′′′  is the chemical heat release rate per unit volume 
and �r is an empirical estimate of the local fraction 
of that energy emitted as thermal radiation. For 
most combustibles, �r is between 0,3 and 0,4 and is 
set to 0,35 in the present study. 

Both radiative and convective heat fluxes to the 
SRM surface are also computed. Net radiative heat 
flux is directly a function of the motor surface 
emissivity (Eq.4) while convective heat flux 
strongly depends on the convection coefficient that 
is in LES calculations a combination of natural and 
forced convection correlations (Eq.5). 
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Where �s and Ts are respectively the radiative 
emissivity and the temperature of the motor surface. 
Is is the radiative intensity from the flames to the 
motor surface. Tg is the gas temperature and h is the 
convective coefficient that is defined as: 
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�T is the difference between the wall and the gas 
temperature, C is the coefficient for natural 
convection (1,52 for a horizontal surface and 1,31 
for a vertical surface), L is a characteristic length 
related to the size of the physical obstruction, �g is 
the thermal conductivity of the gas, and the 
Reynolds Re and Prandtl Pr numbers are based on 
the gas flowing past the obstruction. 

Notice that temperature at the motor surface and 
heat conduction into the SRM case can be 



calculated at every time step by solving the 
monodimensional Fourier equation into the motor. 
But the present study is only focused on the 
temperature or incident heat flux 3D field that is 
calculated all around the motor by FDS. 

Calculation main characteristics 
The real Fast Cook Off test is simulated by 
modeling the tested motor and the pool fire (Fig.2). 
Mesh size is uniform in the XYZ directions, mesh 
number is in the order of 650000 and the computing 
domain is 10 m x 10 m x 4 m respectively in the X, 
Y and Z directions. By a fast running CFD 
computation (less than 24 hours with an Intel 3.07 
GHz frequency processor) it is possible to calculate 
both the 3D non-steady gas temperature all around 
the motor and heat transfer between flames and 
munitions. 

Figure 2: View of the computing domain before 
calculating the kerosene pool fire 

3. MODELING OF THE SRM ENGULFED IN 
THE FLAMES 
The second numerical step is then to compute the 
fast heating of a solid rocket motor engulfed in a 
liquid fuel pool fire. The aim is to assess both the 
time to reaction and the ignition area of such a 
munition during a standard FCO test, as described 
by the STANAG 4240 ed.2. Numerical efforts are 
made to accurately model every SRM component: 

- The motor external structure that is metallic or 
made of composite fibres or both. 

- The insulator that thermally protects the 
structure from propellant combustion gases 
during firing and from external flames when the 
SRM is engulfed into the flames. 

- The liner that does the link between the inert 
materials and the solid propellant. 

- The solid propellant that is the energetic 
material which can be ignited by the thermal 
stimuli.

Figure 3: Solid Rocket Motor meshing to compute 
its thermal response by Ansys-Fluent® 

The nozzle is also totally modeled and SRM is 
divided in three main parts, the head-end, the 
central case and the aft-end. The meshing is built 
with the well-known Gambit® software and the 
mesh size of each different part is carefully chosen. 
Meshing is a key step to be able to uptake the 
thermal response of the motor. Typical meshing 
techniques are applied, like minimizing of the mesh 
size in the first layers of the propellant and in the 
liner. A structured mesh with hexahedrons is finally 
built in order to easily control the thickness and 
density of cells. 

Material 
Thermal 

conductivity 
(W/m/K) 

Heat 
Capacity 
(J/K/kg) 

Density 
(kg/m3) Others 

Reduced 
smoke 

propellant 
0.48 1220 1750 

No self-
ignition 
model 

EPDM 
insulator 0.26 1720 1090 

No 
pyrolysis 

model 

Liner 0.17 1450 840 
No 

pyrolysis 
model 

Metallic 
case 42 460 7890 - 

Table 1 : Properties of the main SRM components 

The motor tested in this study is loaded with a 
reduced smoke propellant and materials properties 
are reminded in Table 1. 



It is composed of 300000 cells and is introduced in 
the well known Computational Fluid Dynamics 
(CFD) software Ansys-Fluent®. From the thermal 
stimuli computed by FDS the thermal response of 
the motor is then calculated by a low-coupled 
method. That means the non-steady and spatially 
non uniform gas temperature (or incident heat flux)
calculated by FDS is set as thermal boundary 
conditions around the SRM in Ansys-Fluent®. A 
Fluent’s User-Defined-Function (UDF) allows to 
input the FDS post-processed files as boundary 
conditions. Thanks to the UDF the correspondence 
between FDS and Ansys-Fluent® meshes is made 
and flame temperature (or incident heat flux) 
calculated by FDS is applied at every time step all 
around the motor.  

Then, the 3D non-steady thermal response of the 
motor is calculated. The three modes of heat 
transfer are taken into account, convection and 
radiation between the fire environnement and the 
case and conduction into the rocket motor. The 
flame emissivity and the convection coefficient are
respectively set to 0,85 and 10 W/m²/K. The first 
one is close to 1 because SRM surface is painted in 
dark color and also due to the deposition of soot 
particles during the test. The latter one is a 
calculated value by considering the appropriate 
correlation. Thermal properties of each material are 
assumed to be constant to simplify the calculations. 
A second order upwind and implicit scheme 
associated with a time step of 0,05 seconds is 
chosen and the most interesting output is the non 
steady temperature profile at the first layer of the 
propellant. Thus it is possible to postprocess time 
and location of the ignition. 

4. RESULTS AND DISCUSSION 
The hot gas flow induced by the kerosene pool fire 
is computed and engulfed the whole motor (Fig.4). 
Flames are very turbulent particularly close to the 
motor but gas velocity does not exceed 15 m/s, 
value typically observed within a kerosene pool fire 
whose burning rate is around 0,039 kg/m²/s [10]. 
Gas temperature into the hearth is very fluctuant 
and locally achieves more than 1000°C. The 
maximum temperature is logically lower than the 
kerosene adiabatic flame temperature (Tf,ad = 1300-
1400°C) but is in good agreement with the 
measured one (Fig.5). Non-steady temperature 

profiles in the SRM axial plane are thus quite 
similar to the experimental ones measured at DGA 
Missiles Testing by thermocouples (Fig.5). The 
smoother aspect of the measured temperature is 
mainly due to the thermocouple dynamic response. 
Besides the temperature computed by LES 
technique is not averaged and very oscillating. 

Figure 4 : SRM when engulfed in a calculated 
kerosene pool fire 

However the main interest of this numerical 
approach remains to compute the spatially non-
uniform gas temperature and incident heat flux 
fields all around the munitions. As shown by the 
Figure 6, the stimuli seen by the SRM strongly 
depends on the location at the case surface. As it is 
directly function of gas temperature, the incident 
heat flux is very fluctuant. It locally varies from 80 
to 200 kW/m² and depends on which part of the 
motor is concerned. 

Figure 5 : Experimental and numerical gas 
temperature profiles at the SRM aft-end 



Figure 6: Non uniform incident heat flux at the SRM surface

Notice that the large range of heat flux value within 
a large kerosene pool fire was also found 
experimentally by Yagla et al [11]. 

Now let us investigate the effect of such non-steady 
and non-uniform thermal boundary conditions on 
the SRM response by using the aforementioned 
numerical low-coupled method. The gas 
temperature 3D field around the motor and 
computed by FDS is first set as thermal boundary 
conditions. Numerical results are directly compared 
to the temperature profiles measured by 
thermocouples located at the case surface (Fig.7) 
and into the liner (Fig.8). 

Numerical results are globally in good agreement 
with the experimental ones particularly into the 
liner, so close to the ignition point. Yet calculated 
temperature is lightly under-estimated on the SRM 
external metallic faces. Heat transfer into the motor 
seems to be not well-predicted. Thermal properties 
of case and liner are assumed to be constant but 
these layers show very strong thermal gradients and 
their properties can dramatically change with 
temperature. Besides the computed temperature of 
the liner is pretty smoother and does not match the 
steps observed experimentally (Fig.8). This may be 
typically due to the chemical decomposition of the 
liner during the fast heating that is not modelled in 
this study. 

Figure 7:Example of temperature profile at the case 
surface in the SRM mid-section 

Figure 8:Example of temperature profile into the 
liner in the SRM mid-section 



Secondly the incident heat flux computed by FDS is 
set by using the FDS-Fluent® low-coupled method. 
The opposite tendancy is observed when 
experimental and numerical results are compared. 
The external temperatures at the case surface are 
well-predicted while the internal ones are over-
estimated. That confirms it is necessary to 
accurately model the thermal properties of the SRM 
layers. However to set time-dependent and non 
uniform heat flux still remains more realistic than to 
set constant heat flux or constant temperature all 
around the motor. As showed by the Figure 6, it is 
particularly true within a liquid kerosene fire where 
temperature can locally vary from 800°C to 1150°C. 

At the end the main objective is to predict the time 
to ignition and the reaction level as precisely as 
possible. In the present study it is assumed that 
ignition appears when propellant temperature 
locally achieves the self-ignition temperature as 
defined by the STANAG 4491 [12] (Fig.9). This 
assumption means no self-heating model of the 
propellant is considered. From this ignition criteria, 
every thermal boundary condition are numerically 
tested and calculated times to reaction are compared 
with the experimental ones (Tab.2). 

Figure 9 : Proposed ignition criteria of propellant 
under fast cook off 

Numerical results are dispersed and mainly function 
of the thermal boundary conditions. It is not 
possible to extract a capital benefit for the 3D 
simulation just by comparing the times to ignition 
obtained with the 1D, 2D and 3D computations. 
However if we look at the numerical results in 
details we can see that temperature rising into the 
SRM is not well calculated. In all numerical tests, 

ignition occurs at the liner-propellant interface but 
temperature profiles into the motor layers are very 
different and not similar to the experimental ones. 
Even if the calculated times to ignition look correct, 
the thermal response of the whole motor is not well 
predicted because the thermal properties of 
materials are set constant. As mentioned before, 
thermal behavior of inert materials is predominant 
in conducting heat from flames to the propellant and 
the main numerical effort has to be made on it. At 
the same time pyrolysis models have to be added if 
inert materials such as elastomer or thermoplastics 
are main components of the motor. The 
endothermic reaction induced by pyrolysis can 
strongly affect the heat transfer up to the energetic 
material and also change the SRM failure mode. 

Thermal 
Boundary 
Conditions 

Model 
Type 

Calculated 
Time to 

ignition (s) 

Experimental 
Time to 

ignition (s) 

Tg= 1143 K (cst) 1D 48 

Tg= 1143 K (cst) 2D 44 

Tg= 1143 K (cst) 3D 42 

�inc = 150 kW/m² 
(cst) 3D 27 

FDS-Calculated 
Tg(x,t) 3D 36 

FDS-Calculated 
�inc(x,t) 3D 30 

43 

Table 2: Calculated time to ignition in function of 
thermal boundary conditions and model types 

6. CONCLUSION 
For the first time a complete 3D simulation of a 
Solid Rocket Motor engulfed into a kerosene pool 
fire has been presented. A low-coupled method has 
been developed to link the liquid fire computation 



by FDS and the thermal response calculated by 
Ansys-Fluent®.  

If we are only focused on the time to ignition of the 
motor, the benefit of the 3D simulation is not 
evident. But if we are concerned by the real 
response of the motor under fast heating and thus by 
the SRM failure modes the 3D simulation is a very 
promising way: 

- To predict the location of the ignition point; 

- To point out the preferential thermal pathway; 

- To assess different IM technologies such as 
thermal barriers, new thermal coatings; 

- To test many different thermal boundary 
conditions (many types of fire, etc). 

The present study has showed that thermal 
properties of materials have to be accurately 
modeled to get robust numerical results. Inert and 
energetic materials have to be well characterized by 
experimental methods (ATG and DSC for instance) 
and thermal properties have to be set as thermal-
dependent parameters into the modeling process. If 
some elastomer or thermoplastic materials can play 
a key role in the motor failure mode, their thermal 
decomposition has also to be modeled. 

The robustness of such a numerical approach will 
be achieved if every part of the motor is well-
modeled by accounting for the above physical 
phenomena. However a numerical error will persist 
and should be assessed in order to give to the 
national authorities the confidence level associated 
with the computational results. 
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In order to develop an ignition model adapted to low vulnerability propellants, it is important 

to know thermo-kinetic phenomena that lead to the emission of reactive substances. The aim 

of this paper is to present experimental characterization of the thermal degradation of 

energetic materials used for artillery propulsion. Two propellants, named A and B, are studied 

in this work. Propellant A is mainly composed of nitrocellulose and is very sensitive to 

ignition stimuli. Propellant B is mainly composed of hexogen (79 %) and is much less 

sensitive. Thermo-gravimetric analyses (TGA) are performed on these two energetic materials 

for different heating rates and under different atmospheres (argon and synthetic air) thanks to 

a SETARAM Setsys 16/18 thermo-balance. The different heating rates studied are 1, 5, 7, 10, 

20, 25 and 30 K/min. TGA apparatus is coupled to a Balzer QS422 mass spectrometer, 

emitted gases are transported to the mass spectrometer directly from the oven of the thermo-

balance via a heated capillary transfer line. Differential scanning calorimetry (DSC) 

experiments are also performed and allow quantification of the heat flow involved in the 

thermal degradation of these energetic materials. Different heating rates are studied: 3, 5, 10 

and 30 K/min. The parameters considered in this study for the DSC experiments are the heat 

flux and the temperature and their variation as a function of time. Thanks to these analyses, 

the different degradation steps for the two studied powders and the emitted gases are given. 

The kinetic parameters of the thermal decomposition steps are determined with an adapted 

model for the two propellants. 
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ABSTRACT 

Thermo-gravimetric analyses (TGA) were 
performed on two energetic materials for 
various heating rates and under different 
atmospheres (argon and synthetic air). These 
analyses allowed determining the mass 
variation the energetic materials as a function 
of temperature. The heating rates studied were 
ranging from 0.1 K/min to 30 K/min. The 
thermos-balance was coupled to a mass 
spectrometer thanks to a heated capillary 
transfer line. This configuration allowed 
identifying some of the gases emitted during 
the thermal decomposition of the energetic 
material samples. Differential scanning 
calorimetry (DSC) experiments were also 
performed and allowed quantifying the energy 
involved in the thermal degradation of these 
energetic materials. Thanks to these analyses, 
the different degradation steps for the two 
studied powders and the emitted gases are 
given. The kinetic parameters of the thermal 
decomposition steps were determined with a 
kinetics model fitting approach for the two 
propellants. 
 
1. INTRODUCTION 

In order to develop an ignition model suitable 
for low vulnerability propellants, it is of 
importance to identify the thermal and kinetic 
phenomena leading to the emission of gaseous 
substances. The aim of this paper is to present 
the experimental characterization of the 
thermal degradation of energetic materials 
used for artillery propulsion. Two propellants, 
named A and B, are studied in this work. 

Propellant A is mainly composed of 
nitrocellulose and is very sensitive to ignition 
stimuli. Propellant B is mainly composed of 
hexogen (79 %) and is much less sensitive [1]. 

A thermo-balance coupled to a mass 
spectrometer has been used to characterize the 
mass loss of samples of the two propellants 
and the emitted gaseous mixtures. A 
differential scanning calorimeter has also been 
used to quantify the energy involved in these 
degradation processes. Similar experimental 
techniques have been recently used by Li et al. 
[2] to study the thermal decomposition of 
PDFAMO mixed or not with RDX and TNT. 
Wang et al. [3] have used these techniques to 
characterize a catalyst for solid propellant. 

Next section is dedicated to the presentation of 
the propellants used in this study. The 
experimental setups and methods used to 
determine kinetic parameters are also 
presented. Results and discussions will be 
presented in section 3. Thermal decomposition 
of propellants A and B will be presented and 
discussed along with the amount of energy 
needed for the decomposition and the nature of 
emitted chemical species. Kinetic parameters 
of their thermal decomposition will also be 
given. 
 
2. MATERIALS AND METHODS 

2.1 Studied propellants 

Two artillery propellant materials are studied 
in this work, they are named A and B. 
Propellant A is mainly composed of 
nitrocellulose and for this reason is very 



  
 

sensitive to thermal ignition stimulus.  
Propellant B is mainly composed of hexogen 
(79 %) and is much less sensitive to intended 
ignition stimuli.  These two propellants were 
crushed before the experiments in order to 
obtain powder with a size on the order of 
several millimeters. 
 
2.2 Experimental setups 

Two experimental setups were used in this 
study: a thermogravimetric analyzer (TGA) 
and a differential scanning calorimeter 
(DSC).Thermo-gravimetric analysis gives the 
variation of mass of sample as a function of 
temperature under different atmospheres: 
synthetic air or argon. Experiments were 
performed using a SETARAM Setsys 16/18 
thermo-balance. Different heating rates were 
studied: 0.1, 0.3, 0.5, 1.0, 5.0, 10.0, 20.0, 25.0 
and 30.0 K/min for propellant A and 0.3, 0.8, 
2.2, 6.0, 15.0 and 30 K/min for propellant B. 
The samples were obtained from crushed 
propellant grains, and the structural 
homogeneity of the samples was verified using 
a scanning electron microscope. The average 
mass of each sample was 7.95 ± 0.42 mg for 
propellant A and 5.0 ± 0.2 mg for propellant B. 
Experiments were performed between 303 K 
and 573 K for propellant A and between 303 K 
and 973 K for propellant B. Before starting 
each experiment, the renewal of oven 
atmosphere is ensured by the circulation of 
synthetic air or argon during 1 hour with a 
flow of 1 L/h. Each experiment was performed 
at least three times. 

The thermo-gravimeter apparatus was coupled 
to a BALZERS QS422 mass spectrometer 
(quadrupole analyzer) that allowed the 
identification and the quantification of some of 
the emitted chemical species. The mass 
spectrometer was directly linked to the oven of 
the thermobalance thanks to a transfer line 
heated at 423 K. 

Experiments were also performed using a 
SETARAM DSC131 differential scanning 
calorimeter. It allowed the quantification of the 

heat flux involved in the thermal 
decomposition of the propellant samples. 
Average masses of 7.95 ± 0.42 mg and 5.0 ± 
0.2 mg were used respectively for propellant A 
and B samples. Similarly to the thermo-
gravimetric analyses, argon is injected during 1 
hour (with a flow of 1 L/h) at a temperature of 
303 K before heating. Temperature was then 
increased linearly up to 723 K. For the two 
propellants, the heating rates studied were 3, 5, 
10 and 30 K/min. 
 
2.3 Kinetics parameters determination 

In order to obtain kinetics parameters of the 
thermal degradation of a material, it is 
necessary to use kinetic analyses methods. The 
conversion ratio � is defined as the mass 
fraction of the thermal degradation of a 
material during an experiment: 
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where m is the mass at time t and t  is between 

0t and 1t . 0t and 1t  are defined as the initial and 
final times of the experiment. 
If the degradation of the sample is complete 
during the experiment, the conversion ratio is 
defined as: 
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The conversion rate td � depends on the 
temperature T and on the conversion ratio � : 

( ) ( )t
dd f k T
dt
�� �� � �                               (3)                         

where ( )f � is an appropriate kinetic model 
and ( )k T is the thermal activation function of 
the  decomposition mechanism. The thermal 
activation function retained for this study is the 
Arrhenius law: 
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              (4)                         

with 0k being the frequency factor, aE the 
activation energy and R the ideal gas constant. 
There are several kinetic determination 
methods in the literature. They can be 



  
 

isoconversional methods or model-fitting 
methods. 

Isoconversional methods give an estimate of 
the reaction activation energy without any 
assumption on the kinetic model expression. 
Using experimental results obtained at 
different heating rates, the activation energy is 
defined as a function of the global conversion 
ratio. Different isoconversional methods will 
be compared in this work: the Ozawa-Flynn-
Wall method [4,5], the Kissinger-Akahira-
Sunose method [6] and the Friedman method 
[7]. 
The other determination methods are based on 
a well-chosen expression of the kinetic model 

( )f � , they are called model-fitting methods. 
The parameters of the kinetic model and the 
activation energy are determined thanks to 
iterative methods. For these methods, we 
consider that all of the N kinetic steps i play a 
role on the global conversation ratio � for a  
mass fraction yi of the initial sample mass. 
Thus, we have: 

t i t i
N

d y d� �� ��                                          (5)                                                                                                         

The conversion rate of each of these thermal 
decomposition steps  is defined as: 

0(1 ) ( ) expi in m ai
t i i i i i
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 �

(6)                                                                

in , iz , im being  parameters of the autocatalytic 
kinetic model retained for this study. The 
temperature of the sample is supposed equal to 
that of the thermobalance oven. A single 
decomposition step, is characterized using  6 
parameters: iy , the kinetic parameters n, z, m, 
the activation energy aE  and the frequency 
factork0. To determine these parameters, an 
iterative optimization method proposed by 
Levenberg [8] and Marquardt [9] is used on the 
entire set of experimental data. 
 
3. RESULTS AND DISCUSSIONS 

3.1 Propellant A 

3.1.1 Mass loss 

When heated at a constant heating rate, the 
propellant A sample exhibits a variation of 
mass. Depending on the heating rate, this 
variation of the sample mass occurs in one or 
multiple steps. 

Fig. 1 presents the conversion ratios as 
functions of the temperature in the 
thermobalance oven while performing 
experiment on propellant A under inert 
atmosphere (argon). We can observe in this Fig. 
two steps in the thermal degradation of 
propellant A for heating rates lower than 
1 K/min and one step for heating rates higher 
than 1 K/min. 

For heating rates lower than 1 K/min, the first 
decomposition step takes place between 319 K 
and 423 K and represents a loss of about 20 % 
of the initial mass. The second step occurs 
between 413 and 473 K and represents a loss 
of about 50 % of the initial mass. Above 473 K, 
the thermal degradation of propellant A is 
going on much slower. 

 (a) 

 (b) 
Figure 1. Conversion ratios as functions of 
temperature for the thermal degradation of 

propellant A under inert atmosphere (argon): 
(a) heating rates lower than 1 K/min and (b) 

heating rates higher than 1 K/min. 

For heating rates higher than 1 K/min, the 
thermal degradation of propellant A occurs in  
one conversion step. This step starts below 



  
 

403 K and represents a loss of about 90 % of 
the initial mass. This single step presents two 
phases: the first one with a moderate mass loss 
and the second one with a very fast mass loss. 
The conversion ratio where this phase 
transition occurs depends on the heating rates. 
For instance, for a heating rate of 3 K/min, the 
conversion ratio is of 23 %. This conversion 
rate is decreasing when the heating rate is 
increasing: it is of 5 % when the heating rate is 
of 30 K/min. 

Fig. 2 shows the conversion rates as functions 
of temperature observed during the thermal 
decomposition of propellant A under argon 
atmosphere. 

 (a) 

 (b) 
Figure 2. Conversion rates as functions of 
temperature for the thermal degradation of 

propellant A under inert atmosphere (argon): 
(a) heating rates lower than 1 K/min and (b) 

heating rates higher than 1 K/min. 

Fig. 2 allows comparing the intensity of the 
conversion rates for the experiments performed 
at various heating rates.  The two conversion 
steps for heating rates lower than 1 K/min are 
represented by two conversion rate peaks and 
the single conversion step for heating rates 
higher than 1 K/min is represented by a single 
conversion rate peak. We can also notice that 
when heating rate is increasing, the 
temperature of the conversion rate peak is 
shifted to higher temperatures. For a heating 

rate of 0.1 K/min, the peak of the conversion 
rate occurs at 362 K, while at 0.5 K/min, the 
peak of the conversion rate is shifted to 405 K. 
 
3.1.2 Gas phase  

The gaseous species emitted during TGA 
experiments have been sampled and analyzed 
using the mass spectrometer. Fig. 3 presents 
the evolution of the species emitted during 
experiments with a heating rate of 10 K/min 
between 10 and 45 atomic mass unit. 
 

 
Figure 3. Mass spectrum of the mixture emitted 

for a heating rate of 10 K/min. 

We can see in fig. 3 that variations of the 
spectrum at 12, 14, 15, 16, 17, 18, 20, 26, 27, 
28, 29, 30, 35 and 44 atomic mass unit (amu) 
have been observed during an experiment. 
These variations correspond to the emissions 
of H2O, CO2, hydrocarbons and species 
containing nitrogen. The carrier gas (argon) 
corresponds to the peak at 40 amu. H20 
correspond mainly to peaks at 17 and 18 amu 
and carbonated combustion products COx to 
peaks at 28 and 44 amu. The peak at 28 amu 
also corresponds to HCN species. NOx 
correspond to peaks at 14, 16 and 30 amu. 
 
These previously identified signals have been 
followed individually. In addition to these 
signals, channels 73, 104 and 196 amu that 
correspond to the unaltered heavy hydrocarbon 
species constituting the propellant material 
were also monitored. The results are presented 
in Fig. 4 for a heating rate of 0.5 K/min. We 
can see in this Fig. that channels 12, 14, 16, 17, 
18, 28, 32 amu are increasing simultaneously 



  
 

with the second mass loss step. Signals at 26, 
35 and 38 amu are decreasing, that can be 
explained by their dilution by other species. 
Signals at 73, 104 and 196 amu cannot be 
interpreted because of their bad signal-to-noise 
ratio. 

 

 
Figure 4. Channels of selected amu compared 

with the conversion rate as functions of 
temperature for a heating rate of 0.5 K/min for 

propellant A. 

3.1.3 Calorimetry 

DSC experiments were performed for 
propellant A under inert atmosphere (argon). 
Unlike thermo-gravimetric analyses, 
calorimetric results did not vary much with the 
heating rate. Two exothermic peaks did occur 
and are presented in Fig. 5. 

The first peak, that is the most intense, occurs 
between 433 and 467 K and corresponds to the 
second mass loss step. When the heating rate is 
increasing, the peak width is decreasing and its 
maximum is increasing. For a heating rate of 
10 K/min, this peak is between 450 K and 
463 K. Total energy released during that step is 
evaluated at 724 kJ/kg and 194 kJ/kg for 
respectively heating rates of 0.5 and 10 K/min. 

The second exothermic peak does not 
correspond to a mass loss rate step. It occurs 
between 470 and 500 K for the two presented 
heating rates and corresponds to an energy 
released of 96 kJ/kg at 0.5 K/min and of 272 
kJ/kg at 10 K/min. 
 

 
Figure 5. Heat flux as functions of temperature 

during DSC experiments of propellant A: 
heating rates of 0.5 K/min (a) and 10 K/min (b). 

3.1.4 Kinetic analyses 

Isoconversional methods for determining the 
activation energy of the global thermal 
decomposition such as OFW, KAS and 
Friedman methods have been applied to the 
thermo-gravimetric results of propellant A. 
Results are presented in Fig. 6 by separating 
low heating rates (lower than 1 K/min) and 
high heating rates (higher than 1 K/min), 
similarly to thermo-gravimetric results. 

For low heating rates, we can notice three steps 
for the activation energy. Up to a conversion 
ratio of 20 %, the activation energy is between 
36 kJ/mol and 43 kJ/mol. Results are similar 
for the three used methods. For conversion 
ratios between 20 and 30 %, activation energy 
is increasing from 45 to 130 kJ/mol. This 
increase can be explained by the transition 
between first and second thermal 
decomposition steps. Results are similar for 
OFW and KAS methods, but a peak at 155 
kJ/mol is observed for the Friedman method. 
For conversion ratios higher than 30 %, the 
conversion energy is quasi-constant for the 
three methods: on the order of 125 kJ/mol for 

(a) 

(b) 



  
 

OFW and KAS methods and of 143 kJ/mol for 
the Friedman method. 

For higher heating rates, the evolution of the 
activation energy as a function of the global 
conversion ratio did occur in  two steps. The 
first step occurs between conversion of 2 % 
and 21 %. Activation energy is going from 40 
to 203 kJ/mol. The second step corresponds to 
a quasi-constant value of activation energy for 
conversion ratios between 30 and 80 %. OFW 
and KAS methods give activation energy of 
190 kJ/mol while the Friedman method gives a 
value of 50 kJ/mol. The discrepancy between 
results can be explained by the hypothesis of 
OFW and KAS methods that can be wrong for 
high heating rates. Values of Friedman method, 
that give low activation energy, might be more 
representative of the activation energy of the 
propellant A thermal decomposition. 

However, as the conversion rate peak was very 
sharp when the heating rate was higher than 
1 K/min, the experimental apparatus might not 
have monitored the entire conversion process 
of the sample. It generates discrepancies in 
activation energy estimates using these various 
model-free methods. Furthermore, as 
propellant A did show multiple conversion 
steps when heated at lower heating rates, one 
can think of a combination of multiple 
reactions with different activation energy 
values. Depending on the variations between 
these values, the kinetic processes of 
conversion of the propellant can overlap in 
time and conversion ratio. Due to this 
overlapping and the characteristics of the 
model-free methods, an artifact of activation 
energy variation can appear where the kinetic 
mechanisms occur simultaneously. 

 (a) 

 (b) 

Figure 6. Activation energy as a function of 
conversion rate obtained for propellant A with 
three isoconversional methods: (a) low heating 

rates and (b) high heating rates. 

The model-fitting method focuses on 
experimental results obtained with low heating 
rates below 1 K/min. Higher heating rate 
experiment could not be used with this kinetic 
analysis method because the temperature of the 
propellant A sample might not be equal to that 
of the thermobalance oven due to the thermal 
runaway leading to the fast conversion of the 
entire sample. As three conversion steps did 
occur when the propellant sample was heated 
at a low heating rate, a reaction mechanism 
made of three parallel conversion steps was 
proposed. Results of the iterative model-fitting 
procedure are presented in Tab. 1. 

Kinetic 
step 

n z m 
ln 
(k0) 
[ln (s-1)] 

Ea 
[kJ/kg] 

y 
[%] 

1 2.227 0.170 10.03 23.01 91.191 21.88 
2 2.562 6.773*10-2 0.836 54.50 218.414 46.82 
3 30.57 0.438 0.412 95.58 356.247 24.51 

Table 1. Kinetic parameters obtained for 
thermal degradation of propellant A. 

The first kinetic step features an activation 
energy of 91 kJ/mol. The difference with 
model-free kinetic methods (activation energy 
on the order of 40 kJ/mol) can be explained by 
the overlapping of the first and the third kinetic 
steps. This overlapping seems to be better 
handled by the model-fitting method than the 
model-free methods.  The second kinetic step 
is characterized by an activation energy of 
218 kJ/mol. For a range of temperature 
between 340 K and 410 K, the variation of the 
conversion ratio is estimated at 47 %. The 
obtained activation energy is 50 kJ/mol lower  
than the one obtained with isoconversional 



  
 

methods. The third kinetic step, with an 
activation energy of 356 kJ/mol, can model the 
last slow mass loss observed during 
experiments, when temperature is higher than 
500 K. 
 
3.2 Propellant B 

3.2.1 Mass loss 

When heated up at constant heating rates, the 
propellant B thermal decomposition occurs in 
three conversion steps. The thermal behavior 
of the propellant sample was much less 
sensitive to the heating rate, as no thermal 
runaway did occur at high heating rate up to 
30 K/min. This enhanced insensitivity is one of 
the elements characterizing this propellant 
material as a Low Vulnerability (LoVA) 
Propellant. 

Experimental results of thermal decomposition 
obtained under synthetic air are presented in 
Fig. 7 and 8. 

 
Figure 7. Conversion ratio as a function of 

temperature during the thermal decomposition 
of propellant B under synthetic air for different 

heating rates. 

The first conversion step of propellant B starts 
around 433 K and corresponds to the 
decomposition of 80 % of the initial mass of 
the sample. As expected, when heating rate 
increases, the mass loss peak is shifted to 
higher temperatures. It goes from 471 K at 
0.3 K/min to 505 K at 6 K/min. 

The second conversion step starts around 
513 K and corresponds to the conversion of an 
average of 11 % of the initial sample mass. 

Similarly to the first conversion step, the 
maximum of the conversion rate (Fig 8) is 
observed at 533 K for a heating rate of 
0.3 K/min and at 598 K for a heating rate of 
6 K/min. 

During the third conversion step, a mass loss 
of about 3 % is observed. At 873 K, an overall 
mass loss of 99 % of the initial sample mass is 
attained. 

 
Figure 8. Conversion rate as a function of 

temperature during the thermal decomposition 
of propellant B under synthetic air for different 

heating rates. 

3.2.2 Gas phase 

During the thermal decomposition of 
propellant B, the emitted gaseous mixtures are 
sampled and analyzed with the mass 
spectrometer. Fig. 9 shows the evolution of the 
gas mass spectrum as a function of time for the 
atomic mass units ranging between 13 amu and 
50 amu. Variations of the spectrum at 14, 16, 
17, 18, 23, 27, 28, 30, 32, 40 and 44 amu are 
noticed. These channels were then monitored 
individually as functions of temperature in 
Fig. 10. 
 

 



  
 

Figure 9. Temporal evolution of the mass 
spectrum of gaseous mixture emitted during 
the thermal decomposition of propellant B. 

Signals at 17, 18 and 44 amu correspond to the 
emission of H2O, N2O and CO2. Their 
evolutions are similar to the one of the mass 
loss with two peaks. Signal at 30 amu presents 
a single peak that corresponds to the first mass 
loss step. It corresponds to the emission of NO 
and CH2O.  

Signals at 14, 16, 28, 32 and 40 amu follow the 
same trend and correspond to the emission of 
partial combustion products like HCN, COx 
and NOx. Their intensities are increasing 
during the first mass loss step and are maximal 
during the second mass loss step. 

 
Figure 10. Signal amplitudes of selected 

channels as functions of temperature 
compared to conversion rate of propellant B. 

3.2.3 Calorimetry 

Similarly to thermogravimetric results for 
propellant B, heat released from the propellant 
sample is independent from the heating rate. 
Two heat release peaks are identified and 
presented in Fig. 11. 

The first step is an exothermic peak that 
released 278 kJ/kg. It started at 490 K and 
stopped at 530 K. When the heating rate was 
increased, the temperature at which this peak 
occurred was shifted to higher temperature. An 
endothermic peak was also observed at 480 K 

and its intensity was increasing with the 
heating rate. 

The second heat release started at 530 K (just 
after the end of the first step) and stopped 
around 900 K. Total energy released during 
this step was estimated at about 623 kJ/kg and 
corresponds to the energy released during 
second and third conversion step. The sum of 
the energy released evaluated with these 
experiments is lower than the calculated total 
energy of this propellant. 

 
Figure 11. Energy released during the thermal 
decomposition of propellant B as a function of 

temperature for different heating rates. 

3.2.4 Kinetic analyses 

Activation energies as functions of the 
conversion rate have been obtained for 
propellant B with each isoconversional method. 
Results are presented in Fig. 12.  

Three steps are observed for the evolution of 
activation energy, they correspond to the three 
mass loss steps. Between these evolution steps 
for the activation energy of the thermal 
decomposition of propellant B, the Friedman 
method restitutes unwanted peaks of activation 
energy corresponding to the overlapping of the 
underlying kinetic mechanisms. 

 



  
 

Figure 12. Activation energy as a function of 
the conversion ratio obtained with three 

isoconversional methods during the thermal 
decomposition of propellant B. 

The first step corresponds to activation 
energies for conversion ratio between 15 % 
and 80 %. Activation energy is estimated at 
157 kJ/mol with KAS and OFW methods. 
Obtained values are slightly lower when 
estimated using the Friedman method. This 
method estimates an activation energy of 
162 kJ/mol at a conversion ratio of 12 % and 
of 100 kJ/mol at a conversion ratio of about 
85 %. The difference between these methods is 
due to their approach of the temperature 
activation function. KAS and OFW methods 
use different approximation for the 
temperature integral of the Arrhenius function, 
when the Friedman method does not use the 
integral form of the Arrhenius function. 
Therefore, is gives slightly different results and 
is more sensitive to experimental noise, as 
integration procedures act as low-pass filters 
for experimental signals. 

For conversion ratio higher than 95 %, 
activation energy variations are due to the 
overlapping of second and third conversion 
steps, making difficult the estimation of the 
activation energy for these values of 
conversion ratio. 

The results obtained with model-fitting 
methods are presented in Tab. 2. Since three 
conversion steps are observed, a kinetic model 
with three steps is proposed (similarly to 
propellant A). 
 
Kinetic 
step n z m 

ln 
(k0) 
[ln (s-1)] 

Ea 
[kJ/kg] 

y 
[%] 

1 0.886 0.447 0.544 44.54 207.701 75.50 
2 6.827 0.183 5.836*10-4 15.98 93.829 18.86 
3 1.377 9.289 3.184 14.62 107.838 7.321 

Table 2. Kinetic parameters obtained for 
thermal degradation of propellant B. 

The first kinetic step is characterized by an 
activation energy of 208 kJ/mol and an 
evolution of the conversion ratio of about 75 %. 
Considering the amount of mass involved and 

the activation energy value, this kinetic step 
seems to correspond to the decomposition of 
nitramines. The second kinetic step is 
characterized by an activation energy of 
93 kJ/mol. It is interesting to note here that a 
similar value was obtained with OFW 
and KAS methods. The conversion ratio 
evolves for nearly 19 % in this step. 

The third kinetic step starts when the two other 
steps are at their higher intensities. Around 7 % 
of the sample mass is involved in this 
conversion step and the activation energy is of 
108 kJ/mol. 
 
4. CONCLUSION 

The thermal decomposition of two propellants 
has been investigated in this work. Thermo-
gravimetric analyzes have shown that 
propellant A ignites when the heating rate is 
higher than 1 K/min. This thermal behavior 
characterizes a thermal runaway of the 
propellant, whose temperature differs from the 
temperature of the thermobalance oven. As the 
temperature of the sample was not monitored, 
kinetic analysis of this phenomenon is poor. 
However, when heated at low heating rate, the 
thermal decomposition of the propellant 
sample did occur in multiple steps, allowing 
the kinetic analysis to be performed with 
various methods. Those methods were of two 
kinds: isoconversional model-free methods and 
a model fitting method. If the first methods 
were taken from literature and usual kinetics 
determination procedures, the last method was 
specifically developed for these experimental 
results. It allowed determining successfully the 
kinetic parameters for three parallel 
decomposition reactions. The kinetic models 
retained were autocatalytics, and were 
activated using Arrhenius thermal activation 
function.  

The mass loss of propellant B did also occur in 
three conversion steps, whatever the heating 
rate was. This illustrates the reduced 
vulnerability of such a material to ignition 
stimuli. Isoconversional kinetic determination 



  
 

methods have been applied to obtain values of 
the activation energy and the model-fitting 
method has been used to obtain kinetic 
parameters of the thermal decomposition of 
propellant B. 

These results on the thermal decomposition of 
low vulnerability propellants will be useful to 
accurately modeling ignition in the field of 
internal ballistics. 
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The asteroid explorer “Hayabusa2” is scheduled to be launched on 30 November 2014 in Japan. One of the 

missions of Hayabusa2 is to create an artificial crater on the surface of target asteroid 1999 JU3 and to 

collect the subsurface samples of the asteroid. To create an artificial crater, a metallic high speed projectile 

with hollow spherical shape which is explosively formed and accelerated is thrown against the asteroid. 

The pyrotechnic device to form this projectile is called “impactor”. When the impactor is ignited after 

separating from the Hayabusa2, the hollow spherical shaped projectile is formed. Then, the accelerated 

projectile collides on the asteroid at the velocity more than 2,000 m/s. The impactor is consisted of main 

charge explosive (PBX based on HMX, weight: about 4 kg), booster explosive, copper liner (diameter: 

about 25 cm, weight: about 2 kg) and stainless steel case. The design of impactor was performed using 

AUTODYN-2D and -3D simulation code, and compared with the results of half scale and full scale 

experiments. To refine the design of impactor, more than 20 experiments were performed using half scale 

samples. The formation and flight state of impactor were observed using flash X-ray radiograph and high 

speed camera. Full scale experiments were performed using the samples loaded with various 

environmental tests at the firing range of 100 m. The results of full scale experiments showed that the 

impactor can form the projectile of desired shape which flights at velocity of 2050 m/s within the angle of 

1 degree. The results of full scale experiments agreed very well with the results of simulations.  
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ABSTRACT 
 
The interesting and challenging mission of new 
asteroid explorer “Hayabusa2” is to create an 
artificial crater and collect the inside samples of 
target asteroid 1999JU3. The most effective 
method to create crater is to collide a metal 
projectile on the surface of asteroid. Pyrotechnic 
crater forming device which can project the high 
speed metal projectile of desired configuration 
was developed using numerical simulation. 
Performance of pyrotechnic crater forming 
device was confirmed by firing tests. 
 
1. INTRODUCTION 
New asteroid explorer “Hayabusa2” was 
launched on December 3, 2014. Hayabusa2 is 
scheduled to arrive at target asteroid 1999JU3 in 
June 2018 and start the observation of asteroid. 
Hayabusa2 will collect the samples of asteroid 
in August 2019 and then return to Earth in 
December 2020.      
One of the interesting and challenging missions 
of Hayabusa2 is to create an artificial crater on 
the surface of target asteroid 1999JU3 and to 
collect the inside samples of asteroid (1). The 
most effective method to create crater is to 
collide a metallic explosively formed projectile 
(EFP) on the surface of asteroid.  

To achieve this mission, new onboard 
instrument, which named “Small Carry-on 
Impactor (SCI)”, was developed for Hayabusa2. 
SCI will be separated from Hayabusa2 and 
dropped toward the asteroid. When SCI will be 
ignited during it drop toward asteroid, the 
hollow spherical shaped projectile will be 
formed and collide on the asteroid. As a result, 
the artificial crater will be created on the surface 
of asteroid. The key part of SCI is a pyrotechnic 
unit to form EFP, because Hayabusa2 will touch 
down in this created crater to collect the inside 
samples of asteroid. We developed this 
pyrotechnic unit with Japan Aerospace 
eXploration Agency (JAXA). 
 
2. OUTLINE OF PYROTECHNIC UNIT OF  

SCI 
Fig.1 presents the outline of SCI and its 
pyrotechnic unit. The pyrotechnic unit of SCI is 
composed of main explosive charge, booster 
explosive, copper liner and stainless steel case. 
Main explosive charge is 4.5 kg of cast cured 
PBX formulation (PBXHH86) consisted of 86 
wt.% HMX and 14wt.% binder, and booster 
explosive is a pressed PBX formulation 
(PBXN-5) composed of 95 wt.% HMX and 5 
wt.% binder. Copper liner is 2 kg in weight and 
250 mm in diameter.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Outline of SCI and its pyrotechnic unit.                                  
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This pyrotechnic unit has a completely sealed 
structure to avoid evaporation of binder 
ingredient from main explosive charge under the 
super vacuum condition of space environment. 
Copper liner and stainless steel case was welded 
using special welding technic developed by 
TOSEI ELECTROBEAM Co., Ltd. and JAXA. 
Total weight of this pyrotechnic unit is about 10 
kg. 
 
3. BASIC DESIGN OF PYROTECHNIC 

UNIT OF SCI 
To collect the inside samples of asteroid, 
Hayabusa2 has to touch down in the artificially 
created crater. Thus, SCI is required to create 
the crater of large size as possible. Numerical 
simulation was performed to determine the mass 
and velocity of EFP to create the crater of 
requested size. The results of several numerical 
simulations showed that it is necessary to 
collide EFP having 2 kg in mass and a velocity 
higher than 2,000 m/s. To optimize the 
configuration of EFP, the creation of crater by 
various shaped EFP of 2kg in mass and 2,000 
m/s in velocity was studied by numerical 
simulation. The results of numerical simulation 
indicated that the hollow spherical shaped EFP 
was the most effective configuration to create 
the crater of largest size.  
The basic design of pyrotechnic unit of SCI was 
performed using AUTODYN-2D and 3D code 
simulations. Tab. 1 and 2 present respectively 

properties of explosives and metal parts used in 
the numerical simulation. Fig. 2 shows the 
example of results of 2-dimensional numerical 
simulation. After flight distance of about 1 m, 
EFP attained final hollow spherical shape of 
about 140 mm in diameter and about 100 mm in 
length, and velocity of about 2,000 m/s. 
 

Table 1 Properties of explosives. 
 (Detonation properties and JWL parameters) 

 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2 Properties of metal parts. 
(Hugoniot parameter and Strength model) 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Two dimensional simulation of the pyrotechnic unit of SCI. 

Material name A5056 Cu-OFHC SUS304

Density [kg/m3 ] 2770 8940 7900
Co [m/s] 5300 3940 4570

S 1.35 1.49 1.49

Strength model
Steinberg
Guinan

Steinberg
Guinan

Steinberg
Guinan

PBXN-5 PBXHH86
HMX 95 86

Binder 5 14
1830 1660
8650 8100

1.02×10 -4 9.25×10 -3

3.40×10 -2 2.62×10 -2

JWL parameters A [TPa] 1.323 1.249
B [TPa] 2.908×10 -2 2.221×10 -2

R1 5.504 5.703
R2 1.502 1.490
ω 0.3935 0.3467

C-J Energy/Unit Vol. [kJ/mm 3 ]
C-J Pressure [TPa]

Explosive name

Component [wt.%]

Density [kg/m3 ]
Detonation Velocity [m/s]



4. FIRING TEST OF HALF SCALE SCI  
To verify the validity of numerical simulation 
and to optimize the design of full scale SCI, 
more than 20 firing tests of half scale SCI were 
conducted in testing site of Nippon Koki.  
Half scale SCI is consisted of 0.65 kg main 
explosive charge and copper liner of 130 mm in 
diameter. Fig. 3 shows the experimental set-up 
of firing tests of half scale SCI. The 
configuration of EFP was observed using high 

speed cameras (Shimadzu HPV-2 and Phantom 
V12.1) and flash X-ray radiograph.  
Fig. 4 compares the configuration of EFP 
observed by flash X-ray radiograph and high 
speed camera with that calculated by 2- 
dimensional simulation. The results of the 
observation by flash X-ray radiograph showed 
that EFP attained final shape after only about 2 
m of flight. The observed EFP had diameter of 
about 80 mm and length of about 45 mm.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Experimental set-up of firing tests of half scale SCI. 
 
 
 
 
 
 
 
 
 
 
 

     (a) 2-D simulation result of half scale SCI. 
(calculated velocity; 2,100 m/s, outer diameter; 70 mm) 

 
 
 
 
 
 
 
 
 
 
 

Flash X-ray Radiograph                High Speed Camera 
(b) Experimental results of half scale SCI. 

(measured velocity; 2,200 m/s, outer diameter; 80 mm) 
Figure 4. Comparison of the configuration of calculated and observed EFP of half scale SCI. 
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The configuration of EFP observed in firing 
tests agreed very well with that calculated by 
numerical simulation. The measured velocity of 
EFP was 2,200 m/s, which agreed very well 
with the calculated velocity by numerical 
simulation. 
 
5. FIRING TESTS OF FULL SCALE SCI 
The design of full scale pyrotechnic unit of SCI 
was optimized considering the results of firing 
tests of half scale SCI. To confirm the 
performance of the optimized SCI, more than 10 
firing tests of full scale SCI were conducted in 
firing range longer than 100 m. Various  
environmental tests were loaded on sample SCI 
before firing tests to study the influence of 
environmental load on the performance of SCI.  
Fig. 5 presents the experimental set-up of firing 
tests of full scale SCI. The configuration of EFP 
was observed using high speed cameras 
(Shimadzu HPV-2 and Phantom V12.1) and 
those were placed at the distance of 5m and 20m 
from sample SCI. Fig. 6 shows snap-shot of the 
firing tests. Fig. 7 presents the observed 
configuration of EFP at the flight distance of 5m 
and 20m. From the results of the observation by 
each high speed cameras, it was confirmed that 
the configuration of EFP attained final hollow 
spherical shape at the flight distance of 5m and 
was kept constant until the collision to the 
backstop of 100m forward. Diameter and length 
of EFP were respectively about 130 mm and 110 
mm, which agreed very well with the results of 

numerical simulation. Velocity of EFP at the 
flight distance of about 2 m was 2,050~2,080 
m/s, which also agreed well with the results of 
numerical simulation. Fig. 8 compares the 
configuration of EFP observed using high speed 
camera with those calculated by 2-D and 3-D 
simulation code. Tab.3 summarizes the results 
of final firing tests of full scale SCI. The results 
of firing tests confirmed that the pyrotechnic 
unit of SCI satisfies the required performance 
 
6. CONCLUSIONS 
We developed the pyrotechnic unit of SCI, 
which is the key part of new onboard instrument 
for Hayabusa2.  
The basic design of the pyrotechnic unit of SCI 
was performed using AUTODYN-2D and 3D 
simulation code, and refined by comparing with 
the results of half scale and full scale 
experiments. The results of full scale firing tests 
showed that the pyrotechnic unit of SCI can 
form projectile with desired configuration and 
velocity, which agreed very well with the results 
of numerical simulation. 
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Figure 5. Experimental set-up of firing test of full scale SCI. 
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Figure 6. Snap-shot of firing testing of full scale SCI. 

  (a) Configuration of EFP at 5 m                    (b) Configuration of EFP at 20 m 
Figure 7. Configuration of EFP observed at flight distance of 5 m and 20 m. 

 
 
 
 
 
 
 
 
 
 
 

 (a) 2D simulation                 (b) 3D simulation                (c) Experimental Result 
       (calculated velocity; 2,030 m/s)      (calculated velocity; 2,030 m/s)     (measured velocity; 2,050 2,080 m/s) 

Figure 8. Comparison of the configuration of calculated and observed EFP of full scale SCI. 
 

Table 3. Summary of the results of final firing tests of full scale SCI. 

No. 
Temperature 

of SCI 
Item of environmental tests Test results of full scale SCI 

Velocity of EFP at 2 m Direction accuracy 
1 21  - - - - 2.060m/s 0.2 degree 
2 21  ○ ○ ○ - 2,060 m/s 0.1 degree 
3 50  ○ ○ ○ - 2,080 m/s 0.0 degree 
4 0  ○ ○ ○ ○ 2,050 m/s 0.2 degree 
5 21  - - - - 2,080 m/s 0.4 degree 

 Temperature cycle test;  Thermal vacuum test;  Vibration test;  Pyrotechnic shock test 
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It is imperative for pyrotechnic testing facilities to operate with relatively low concentrations of any 
potentially hazardous chemical contamination.  New regulations are already impacting the operation of 
these facilities and accordingly are driving toward the elimination of several currently utilized 
components (e.g., perchlorates and chromates) within pyrotechnic formulations.  Meanwhile, the actual 
byproducts of many in-service multi-component pyrotechnics remain relatively unknown.  Thus, it is 
important to characterize the gaseous and condensed-phase chemical species that arise following the 
deployment of pyrotechnic energetic materials to more adequately understand the potential impact 
that these species can present to the environment.  These environmentally-objectionable chemical 
species can potentially arise from unreacted components of the original pyrotechnic formulation or as 
lower abundance species from undesirable side reactions within the combustion.  Mass spectrometry 
(MS) enables the rapid analysis of these products with instrumentation that offers unparalleled 
sensitivity and techniques that provide exceptional information content.  Here, we explore the utility of 
these measurements to qualitatively differentiate between unique pyrotechnic formulations that are 
designed to produce the emission of visible yellow light while eliminating the use of the perchlorate 
oxidizer that is currently included within the composition for the in-service yellow signal flare.  Individual 
samples for each reacted pyrotechnic composition will be collected directly into a water-filled vessel, 
where these resulting aqueous samples can be introduced into the mass spectrometer via electrospray 
ionization.  Pyrolysis-MS is then used to investigate the gaseous products that are formed from thermal 
decomposition of several individual components of the pyrotechnic formulation (e.g., epoxy binders, 
asphaltum, etc.).  The identity and quantity of these chemical species will be compared against 
thermodynamic equilibrium calculations to assess the correlation of the actual reaction products with 
those predicted by theory. 
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ABSTRACT
A vast number of pyrotechnic mixtures with significantly different pyrotechnic properties and 
reaction rates is now available to produce the typical visual and audible effects of flash 
compositions. A broad range of fuels is used, varying in particle size distribution, shape and 
mass ratio to provide loud reports and bright flashes of light. In the design of fireworks, novel 
formulations containing organic fuels or nanomaterials are equally energetic with similar 
potential for mass explosion as traditional flash compositions. Moreover, flash compositions 
and/or its derivatives are more and more involved in illegal use of explosive materials. 

The UN regulations for the transport of dangerous goods prescribe the so-called HSL Flash 
composition test to define whether a pyrotechnic substance shall be considered as “flash-like
composition” at the scale of few grams. Numerous objections have been raised on the HSL 
Flash composition test which in some cases ended up with inconsistent classification with 
regards to the actual hazards of the packaged substance or the pyrotechnic device containing 
the substance. Clear identification of “flash compositions”, in terms of heavily reacting 
mixtures, is necessary. 

The aim of the study is to investigate the explosive behaviour of mixtures containing flash 
composition and black powder. The classification of these mixtures as “flash compositions” is 
directly related to their ability to reach high reaction rates at the scale of few grams.
Nevertheless, the behaviour of a substance at a lab-scale may neither be fully representative of
the behaviour of the packaged substance nor of the packaged pyrotechnic articles at a large
scale. Alternative test methods to the current HSL Flash composition test are investigated. 
Their explosivity and their ability to transit from deflagration to detonation (DDT
phenomenon) are investigated using standardized methods as well as methods internally 
developed in the laboratories. Testing procedures and assessment methodologies are compared 
and discussed. Clear identification of flash-like compositions and others at a lab-scale is made 
possible.
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Michel H. Lefebvre
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1000 Brussels – Belgium
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The rise in power of the European regulation  REACH will  necessarily  increase the 

number of Substances  of Very High Concern on the candidate list and on the  

annexe XIV list. 

For example, ECHA has put lead azide and lead styphnate on the candidate list of 

substances of very high concern for authorization which has been published in 

accordance with Article 59(10) of the REACH regulation. The main reason is the 

toxicity for reproduction system. Ammunition manufacturers will be  strongly 

affected if the lead components update the annex XIV list. 

For a long time,  the efficiency of Nexter Munitions has always been a vital area : 

to become pro-active and work for the future. 

By involving  in the substitution of these products, Nexter Munitions improve the 

knowledge, the management and the  control of chemical hazards whilst further 

associating new technologies, new industrial tools, new safer products. 

Major resources has been invested to study new molecules, new components and 

new productive capacities.  

The challenge is to study substances compliant with all the existing chemical 

regulations and to prevent the risks of becoming potential obsolete substances. 

The interesting molecules should be safer to handle, powerfull and easier to 

initiate: KDNBF, DDNP, silver azide and others are candidate substances. 

This leads to design new advanced pyrotechnic technologies such as 

optopyrotechnics igniters and detonators, lead free components. 

To manufacture this component, important investments have been done to design 

a tailor-made assembly line UCAR. This new industrial tool complies with 

environmental regulations and reduces the risks to human health and 

environment. 
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ABSTRACT 

The rise to power of the European REACH 
regulation will necessarily increase the number of 
Substances of Very High Concern on the candidate 
list and on the annex XIV list. 
For a long time, Nexter Munitions' efficiency has 
always been a vital area: to become pro-active and 
work for the future. 
By involving itself in the substitution of these 
products, Nexter Munitions improves the 
knowledge, management and control of chemical 
hazards whilst further associating new 
technologies, new industrial tools and new safer 
products. Major resources have been invested to 
study new molecules, new components and new 
productive capacities.  

1. CONTEXT 

REACH is the regulation for Registration 
Evaluation Authorisation and restriction of 
CHemicals (CE) no. 1907/2006 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 against the 
risks that can be posed by 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 and 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 
pieces of 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 puts most responsibilities to industry to 
manage the risks posed by chemicals and provide 
appropriate safety information to their users. 
In parallel, it specifies that the European Union can 
take additional measures on highly dangerous 
substances, where there is a need for further action 
at EU level. 
All manufacturers and importers of chemicals must 
identify and manage risks associated with the 
substances they manufacture and market. For 
substances produced or imported in quantities of 1 
tonne or more per year and per company, 
manufacturers and importers need to demonstrate 
that they have appropriately done so by means of a 
registration dossier which must be submitted to the 
Agency. 

Alongside this registration procedure surrounding 
the placing of chemical substances on the market, 
this regulation provides an authorization procedure 
for Substances of Very High Concern (SVHC). 
According to Article 55 of this regulation, 
manufacturers, importers and downstream users 
applying for an authorization must analyse the 
availability of substitute solutions and examine the 
risks they present as well as their technical and 
economic viability. As early as June 1, 2009, a first 
list of recommendations starting the incrementing 
of Annex XIV of substances subject to 
authorization (currently 31 in number), was issued 
and then followed by the list of "candidate" 
substances. 
For example, ECHA has put 161 substances 
(including lead azide and lead styphnate) on the 
candidate list of substances of very high concern 
for authorization which has been published in 
accordance with Article 59(10) of the REACH 
regulation. The main reasons are their 
carcinogenic, mutagenic and reprotoxic effects, 
(CMR) or their persistent, bioaccumulating and 



toxic effects (PBT) or their endocrine disrupting 
capability.  

Ammunition manufacturers will be strongly 
affected if lead components are added to the Annex 
XIV list. 
The challenge is to study substances compliant 
with all the existing chemical regulations and to 
prevent the risks for these substances of becoming 
potential obsolete substances. The interesting 
molecules should be safer to handle, powerful and 
easier to initiate. 
This results in the designing new advanced 
pyrotechnic technologies and lead-free 
components. 
To manufacture these components, large 
investments have been done to design a tailor-
made assembly line. This new industrial tool 
complies with environmental regulations and 
reduces the risks to human health and environment.
Particular efforts have been made to improve 
global solutions. 

2. SUBSTANCES OF VERY HIGH 
CONCERN  

Environmental regulations are becoming 
increasingly pressing as regards chemical 
substances. 
The REACH regulation identifies: 
� Substances subject to restrictions as soon as 

they are included in Annex XVII. The 
restriction procedure claims that any substance 
on its own 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. 

� Substances which are candidates for 
authorization as soon as they are included in 
the candidate list. 

� Substances subject to authorization as soon as 
they are included in Annex XIV. The use of 
Substances of Very High Concern (SVHC), 
included in annex XIV, must be authorized by 
the European Commission. There is no 
tonnage threshold for these substances. 

From when these substances are included in Annex 
XIV, their European producers may choose from 
the solutions below: 

� Stopping of manufacture of the substances in 
Europe, that is, stopping of manufacture of all 
objects containing them, 

� Application for an authorization from ECHA 
for perfectly defined uses and a limited 
duration. This authorization application is 
accompanied by a very complex dossier based 
on a socio-economic analysis and an 
ecotoxicological analysis. This dossier requires 
substantial work, at a cost estimated to be a 
minimum of kEUR 300 (including fees to 
ECHA), without any guarantee of acceptance 
of the dossier by ECHA. 
However, use authorization does not guarantee 
an absence of risk of break in supply of the 
raw materials used for the synthesis of the 
substance considered. 

� Application for a defence exemption from the 
authority in the producer country and valid 
only for this country. In France, MINDEF will 
grant defence exemptions only if ECHA 
rejects the use authorization dossier. 

� Search for substitute solutions. 

Article 1(1) specified that the regulation is aimed 
at ensuring a high level of protection of human 
health and the environment, as well as promoting 
alternative methods for the evaluation of the 
dangers related to substances and the free 
circulation of substances in the internal market, 
while at the same time improving competitiveness 
and innovation. 
The potential impact of the regulation on 
companies' competition strategies and on 
innovation is therefore huge. 

Nexter Munitions is therefore preparing itself for 
the deadlines of authorizations by choosing as far 
as possible the substitution path because, 
eventually, the aim of REACH is to eliminate these 
substances from the market. 
Nexter Munitions has however not waited for the 
advent of the REACH regulation before looking 
for substitute solutions: the presence of a 
hazardous substance being able to result in a rapid 
disappearance, more often than not inevitable and 
uncontrollable. One of its constant concerns is 
even to eliminate from the substances implemented 
SVHCs, but also Carcinogenic, Mutagenic and 
Reprotoxic (CMR) substances and all substances 
identified by other regulations as impacting human 
beings and their environment.  
Nexter Munitions has therefore chosen to 
transform this constraint into an opportunity to 



consider an overall project ranging from the study 
of substances, through processes and new 
components, to manufacturing facilities in order to 
initiate a technological breakthrough in this area.
The following key notions are managed on a daily 
basis in our European production units.
Anticipate by looking for opportunities in the 
authorization process itself. 
Exchange information by communicating 
internally in order to understand the impact of a 
potential substitution and the best way of achieving 
it. Communicate also outside the company 
upstream with suppliers and downstream with 
potential partners and users. The success or failure 
of the substitution of a substance depends on the 
involvement of all the players. 
Innovate by looking for new chemical substances 
providing added value to products. Within the 
framework of the regulation, innovation 
completely fits into a "sustainable development" 
approach. It provides Nexter Munitions with an 
opportunity to contribute to it by improving the 
safety of its personnel, by reducing the impacts on 
the environment and by proposing even safer 
products to users. 

3. OPPORTUNITIES RELATED TO 
SUBSTANCES: 

Very early on, Nexter Munitions concerned itself 
with the durability of substances of high concern 
for the REACH regulation but also for the other 
regulations impacting chemical substances. 
The substitution of these substances is considered 
according to accessible priority criteria and from a 
wide overall point of view of the environment of 
the substance (from component to manufacture). 

3.1 Dibutyl phthalate 

Of the Substances of Very High Concern candidate 
for inclusion in Annex XIV, dibutyl phthalate can 
no longer be used without use authorization since 
February 2015.  
This substance was used as a plasticizer in some 
varnishes for a few pyrotechnic components. 
Substitution studies have made it possible to 
rethink the formulation and to choose a binder not 
requiring a plasticizer to perform its functions. 
Moreover, the range of dyes used in the 
formulations of the varnishes for identification of 
the components has also been reviewed in order to 

select substances having no impact on human 
health. 
The solutions identified have been qualified on a 
number of components and are completely 
satisfactory. 

3.2 Primary explosives based on lead salts 

Of the Substances of Very High Concern candidate 
for inclusion in Annex XIV, the REACH 
regulation identifies, amongst others, the lead azide 
and styphnate, these substances being widely used 
in pyrotechnic components to ignite propellant 
powders or to put secondary explosives into 
detonation conditions. Lead nitrate and lead 
acetate, which are substances used for the synthesis 
of lead azide and styphnate, are also on the 
candidate list. Currently, the date for the inclusion 
of these substances in Annex XIV is not known. 
A stopping of manufacture of lead azide and 
styphnate in Europe would mean a stopping of 
manufacture of all components containing them in 
Europe, with major impacts on the manufacture of 
defence products (ammunition, missiles, etc.), 
products used in the space and aeronautics 
industries, pyromechanisms but also mining and 
quarrying applications, etc. It is therefore 
necessary to prepare for this inclusion which will 
have considerable impacts on a substantial part of 
the range of pyrotechnic components from Nexter 
Munitions and other European manufacturers 
producing pyrotechnic components.  

Based on lead, a toxic heavy metal which can be 
released into the environment at the time of its 
manufacture or of its use, lead azide and styphnate
are identified as being reprotoxic.  
Even in his days, Alfred Nobel had replaced 
mercury fulminate with lead azide and lead 
styphnate, lead styphnate being less potent than 
lead azide but easier to initiate. 

Nowadays, the problem is still topical since these 
molecules are the subject of advanced studies to 
find substitutes for them acceptable in terms of 
requirements for sensitivity, performances and 
ecotoxicological properties, and this, over the 
whole manufacturing process (synthesis 
precursors, catalysts, solvents, etc.). For example, 
organic solvents, potentially necessary for 
synthesis and generating Volatile Organic 
Compounds (VOCs), are of course substances to 
be avoided. 



Substitutes for these substances must take into 
account the existing regulations but also the lists 
currently under consideration for inclusion in the 
various annexes, so as not to choose a substance 
which it will again be necessary to substitute in a 
few years' time. However, the durability of these 
substitutes is a real problem in the long term. 
Indeed, the substances on the candidate list do not 
have prioritisation for inclusion in Annex XIV. 
The CORAP (Community Rolling Action Plan) list 
identifies a number of substances which will join 
the candidate list or not. The same applies to the 
PACT-RMOA (Plan Activities Coordination Tool- 
Risk Management Option Analysis) 

Moreover, substitutes must have similarities in 
terms of physical chemistry, combustion heat, 
chemical energy, sensitivity, thermal stability, 
ignition and priming power, be compatible with the 
other substances and mixtures in the component's 
environment, be able to be manufactured 
industrially and not be the subject of protection in 
terms of patents and be affordable. 

Mineral chemistry related to Mendeleev's table 
(with a limited number of elements) has been 
studied a lot and does not seem to promise any 
innovative solution in the short term. Nevertheless, 
substances having special properties as a result of 
their characteristics (e.g. reduction in grain size, 
etc.) enable to identify innovative solutions. For 
example, nano-thermites seem to be promising 
solutions because they might make it possible to 
initiate directly secondary explosives, eliminating 
the initial stage of initiation by a primary 
explosive. 

Vegetal chemistry proposes to replace molecules 
from petrochemicals with biosourced molecules 
with similar properties from plants. It will however 
be necessary to be vigilant as regards the possible 
reproducibility and natural ageing problems that 
natural materials can pose. These solutions may 
well not be mature enough to supply viable 
solutions in the short term. However, they will 
have the advantage of using consumer substances 
and would make it possible for the production 
costs to be reduced. 

There remains organic chemistry which might 
offer solutions which have not been studied yet. 
The following substances, which have been widely 
studied, each present advantages and disadvantages 

and will not make it possible to substitute in all 
current applications with the same performances. 

The following substitutes have already been the 
subject of qualifications and are available in 
Nexter Munitions' products: 
� KDNBF (potassium 4,6-dinitrobenzofuroxane) 

is a substitute for lead styphnate with 
interesting properties in terms of sensitivity 
and performances but with lower thermal 
stability. 

� DDNP (2-diazo-4,6-dinitrophenol) is a 
substitute for lead styphnate with interesting 
properties in terms of sensitivity and 
performances but with lower thermal stability. 

� Silver azide also has interesting properties in 
terms of stability and performances. It is, 
unfortunately, incompatible with tetrazene 
which is used as a sensitizing agent for 
deformation primer caps. 

Other substitutes seem interesting for applications 
in the medium and long term, such as: 
� KDNP (potassium 5,7-dinitro-[2,1,3]-

benzoxadiazol-4-olate 3-oxide) might be an 
acceptable substitute for lead styphnate with 
interesting properties in terms of thermal 
stability, sensitivity and performances. 

� DBX-1 (copper(I) 5-nitrotetrazolate) might be 
an acceptable substitute for lead azide with 
also interesting properties in terms of thermal 
stability, sensitivity and performances, but it is 
covered by many patents. 

� CTA (cyanuric triazide) or TTA (triazine 
triazide), the first patent for which dates from 
1921. Its tendency to sublimation and its 
melting point would, however, restrict its use 
to applications in which thermal stresses are 
not too high. 

� Nano-thermites 
� …. 

These studies make it possible to put chemistry 
back into "explosive substances" as an important 
science. 
However, the tools available for identifying 
potential solutions are not very plentiful and use 
molecular modelling and thermodynamics. 
Moreover, the characterisation of ecotoxicological 
properties poses a problem. Transporting 
substances with sensitivities equivalent to those of 
existing primary explosives in order to perform 
ecotoxicological tests on pyrotechnic substances in 
a qualified European laboratory may well be fairly 



complicated. Here too, tools for modelling these 
properties will be of great use. 

3.1 Lead 
Lead, a CMR substance, toxic to the nervous 
system and vital organs, has been the subject of 
substitutions which provide Nexter Munitions with 
qualified solutions: 
� Tin-lead solders are replaced by tin-silver 

solders. 
� Lead cords are replaced by tin-bismuth cords. 

4. OPPORTUNITIES RELATED TO 
PROCESSES: 

Nexter Munitions, ISO 14001 qualified, has fully 
committed to developing its activities in 
compliance with the application of all the 
regulations and particularly the REACH 
regulation.  
Nexter Munitions has therefore chosen to work 
along the following avenues: 
� Produce new pyrotechnic components with 

technological leaps making it possible to do 
without substances liable to impact human 
beings and the environment, 

� Work on existing processes to limit impacts on 
the environment even more. 

4.1 Production of new pyrotechnic 
components

Dedicated to ammunition, missiles, aeronautics 
and space applications, pyrotechnic components 
are key elements which must combine high levels 
of safety and reliability irrespective of the extreme 
and various environments they have to deal with. 

Nexter Munitions' design department, which has 
3D computer-aided design and detonics, ballistics, 
thermodynamics and mechanics digital simulation 
equipment, as well as test equipment, has made it 
possible to develop innovative technologies put 
into production thanks to efficient industrialisation 
based on concurrent engineering operation. 

In addition to the conventional pyrotechnic 
components, Nexter Munitions is currently 
developing advanced pyrotechnic technologies 
without primary explosives. 

The substitution of lead-based primary explosives 
has been achieved along two main lines: the 

substitution of substances and the study and 
development of new components benefitting from 
advanced pyrotechnic technologies which do not 
implement primary explosives. 

These new solutions are applied to components 
available in Nexter Munitions' catalogue of 
products and identified by the "Lead- Free" logo.  

4.1.1 Substitution of primary explosives 
based on lead salts 

Some pyrotechnic components intended 
particularly for medium-calibre and artillery 
munitions are already available in the product 
catalogue.
A number of components are mass-produced with 
silver azide approved for armament operations. 
Example: 

Electric detonator AD FP 16 ATS M 174 

Deformation primer cap A NPY 23 ATS M 5222 



4.1.2 New advanced-technology 
pyrotechnic components 

� The XFOIL-INIT® low-energy exploding 
foil, commonly called "Slapper": 

  
      

The XFOIL-INIT® is an innovative electronic 
Low Energy Exploding Foil ready to be included 
into electronic fusing systems. This initiator has 
been developed to operate with an ITAR-free 
triggering system. This type of initiator does not 
contain any primary explosive, thereby allowing an 
architecture with no pyrotechnic system barrier and 
hence with no moving mechanical parts. Finally, 
for the low-voltage slapper, Nexter Munitions 
offers complete electronic fusing solutions suitable 
for a wide range of application (90 to 155mm gun-
fired ammunition, missiles, torpedoes, bombs and 
aerospace applications). 

� The opto-pyrotechnic components 

These low-energy components with no primary 
explosive make it possible to convert light energy 
supplied by a laser diode and transmitted by fibre 
optics into pyrotechnic energy initiating an 
energetic substance, even one that is not very 
sensitive. This state-of-the-art technology is 

particularly suited to extreme conditions, including 
severe electromagnetic environments. Applications 
include missiles and the aeronautics and space 
domains.

4.2    Work on existing processes to limit 
impacts on the environment 

Nexter installed in 2012 on the Tarbes 
Pyrotechnics production site a Robotized Primer 
Filling Unit (French acronym: UCAR), dedicated 
to the manufacture and control of Medium-Calibre 
primers. This SEVESO II high threshold classified, 
ISO 9001 and ISO 14001 certified site puts the 
safety of the operators and protection of resources 
(water, energy, etc.) at the centre of its concerns. 

From the explosive or pyrotechnic composition 
supply phase to the packaging of finished products 
leaving the installation, most operations are fully 
automated and performed without any direct 
human action in the UCAR cell. 

An operator supervises all these operations from 
the operator room isolated from the UCAR cell by 
an armoured door and tool airlocks. The operator 
exposure time is greatly reduced and represents no 
more than 3% of his working time. 

The sequential phases to fill the various hoppers 
are completely robotized and performed in the 
absence of any human presence since they are 
carried out in the UCAR cell. Similarly, the 
various operations making it possible to obtain 
filled primers are controlled remotely via video 
equipment located in the cell. 

For each loading operation, all influential 
parameters are 100% controlled. A Statistic 
Process Control is also performed to keep the 
number of internal scrap as low as possible. 

After leaving the UCAR, some products are also 
varnished in order to provide a level of hermetic 
sealing and a certain colour coding. The depositing
of varnish, which is robotized, is calibrated to what 
is strictly necessary by distribution with a pilot 
valve, without any operator. 

The design of the installation was the subject of 
particular attention in order to take into account the 
operations to de-dust and clean the various filling 
tools at the end of the cycle, using a bottle-brush, 
all of this being performed under an extraction bell 
and the dirty air being treated via a wet process. 



UCAR control room 

UCAR cell 

A high-performance treatment plant treats all the 
site's discharges. 

Because producing more and better whilst 
consuming and discharging less is one of Nexter 
Munitions' challenges. 

5. CONCLUSIONS 

The regulation about chemical substances acts as a 
step towards the management of chemical risks 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. 
The regulation promotes finding solutions by 
considering substitution in an overall approach 

based on grey matter and high-tech skills creating 
synergy on the complete product. Equivalent 
performance will not perhaps be associated with 
the new solutions but the requirements are perhaps 
also to be reviewed because the level is sometimes 
over-evaluated in relation to the associated 
technological state. 
These solutions combining ecology and economy 
will require new qualifications of pyrotechnic 
components with associated costs. These costs will 
be compensated for in the long term by a lesser or 
zero impact on human beings and the environment 
and a competitive advantage on the market with 
high-tech pyrotechnic components meeting 
statutory requirements or ahead of them. 
To some extent, we can hope for a step towards the 
management of chemical risks 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. 
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EUROPYRO 2015 ; Abstract for Roxel  collaboration paper 

Underwater Demilitarisation : A safe and efficient way to eliminate solid propellant 

In the framework of ammunition demilitarisation, ROXEL propose an alternative process to eliminate 

solid rocket motor, safe,  competitive and environmental-friendly. 

Based on our experience in underwater static firings for solid rocket motors development, the 

dismantling method consists in 3 main phases, underwater firing followed by periodical water 

treatment and waste elimination by specialised industry. 

This dismantling process is adequate to eliminate rocket motors in a safe way. In case of failure of 

the rocket motor, the water will contain the undesirable effects.   

The process is patented by ROXEL: FR 2 976 659 du 15/06/2011, EP 2721367 A1 

The motors are mounted on a rig, immerged in a tank filled with water and fired statically. The 

soluble part of the combustion gases remains trapped in the water of the tank while the non-soluble 

solid products (condensates) drop to the bottom of the tank. Then the motor body, emptied of its 

propellant, is dismantled or stripped down. 

The acid gases are dissolved in the water, the carbon dioxide is largely dissolved, and the solid 

particles as aluminium oxide, metals… also largely precipitated. Formation of NOx is prevented 

thanks to a rapid cooling down of exhaust gas and also, the lack of oxygen. Ultimately, the water is 

treated: filtering of the particles, reduction of the acidity … 

This process requires limited manipulations, the motor being destroyed in its original configuration. 

It’s unnecessary to disassemble the SRM, no cutting operations, no propellant draining operations. 

Pyrotechnical safety is enhanced.  

The results of the development test campaign will be presented. These results are compliant with the 

CE directive 2000/76, and allow the project continuation (industrialisation, deployment)...  

According to this invention, solid rocket motors are dismantled safely and in accordance with the 

environmental standards. 

The authors 

Test department managers for more than 10 years in ROXEL, a subsidiary owned equally by Herakles 

(Safran group) and MBDA. Based in France and the United-Kingdom, Roxel designs, develops, 

manufactures and sells solid propulsion systems and related equipments for all types of rockets and 

tactical and cruise missiles for air, sea and ground forces. 
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Abstract 

In the field of solid propulsion, impact on the environment has long been taken care 
of at Herakles, for which a coherent and complete methodology has been developed 
over time from the early design phase to disposal at the end of life of products. 

When considering solid propellants for space motors, selection of appropriate raw 
materials is only one aspect of the global environmental approach. Adaptation and 
improvement of facilities and processes used to manufacture solid grain are also 
interesting. For instance: continuous process to reduce wastes, suppression of toxic 
solvents in cleaning steps, and implementation of innovative methods to 
environmentally friendly eliminate propellant wastes… 

A typical example is the treatment of Ammonium Perchlorate (AP) waste waters. AP 
is the oxidizer and primary ingredient in solid propellant for most large rocket motors. 
For example, for the Ariane 5 launcher, about 3,000 tons of AP are manufactured 
each year. Quantities of wastes containing AP result from cleaning operations and 
manufacturing cycle: blending, grinding, transfer… 

Since the early 1990s, Herakles has developed a biodegradation process to treat 
waste waters containing AP. The first facility installed in 2005 in French Guyana to 
treat ammonium in waste waters is a direct application of this Herakles expertise. 
Subsequent studies performed by Herakles aimed at improving the reduction rate of 
perchlorate ion, catalyzed by bacterium activity. 

Latest works enabled to develop the process at a scale significant enough to 
optimize the process: bacterium identification, degradation rate increase and cost 
operate reduction… 
These improvements have been validated in a pilot at an industrial scale of 30 tons 
per year since 2009 at Herakles Saint-Médard-en-Jalles plant, near Bordeaux. 

Capitalizing on these technical and industrial results Herakles has built an industrial 
facility of 500 tons per year capacity now operational in order to dismantle 
decommissioned solid rocket motors and to treat propellants and AP production 
wastes.

KEY WORDS: dismantle, rocket motor, biodegradation, ammonium perchlorate 
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ABSTRACT 

In the field of solid propulsion, impact on the 

environment has long been taken care of at 

Herakles, for which a coherent and complete 

methodology has been developed over time from 

the early design phase to disposal at the end of 

life of products. 

When considering solid propellants for space 

motors, selection of appropriate raw materials is 

only one aspect of the global environmental 

approach. Adaptation and improvement of 

facilities and processes used to manufacture 

solid grain are also interesting. For instance: 

continuous process to reduce wastes, 

suppression of toxic solvents in cleaning steps, 

and implementation of innovative methods to 

environmentally friendly eliminate propellant 

wastes… 

A typical example is the treatment of 

Ammonium Perchlorate (AP) waste waters. AP 

is the oxidizer and primary ingredient in solid 

propellant for most large rocket motors. For 

example, for the Ariane 5 launcher, about 3,000 

tons of AP are manufactured each year. 

Quantities of wastes containing AP result from 

cleaning operations and manufacturing cycle: 

blending, grinding, transfer… 

Since the early 1990s, Herakles has developed a 

biodegradation process to treat waste waters 

containing AP. The first facility installed in 

2005 in French Guyana to treat ammonium in 

waste waters is a direct application of this 

Herakles expertise. 

Subsequent studies performed by Herakles 

aimed at improving the reduction rate of 

perchlorate ion, catalyzed by bacterium activity. 

Latest works enabled to develop the process at a 

scale significant enough to optimize the process: 

bacterium identification, degradation rate 

increase and cost operate reduction… 

These improvements have been validated in a 

pilot at an industrial scale of 30 tons per year 

since 2009 at Herakles Saint-Médard-en-Jalles 

plant, near Bordeaux. 

Capitalizing on these technical and industrial 

results Herakles has built an industrial facility of 

500 tons per year capacity now operational in 

order to dismantle decommissioned solid rocket 

motors and to treat propellants and AP 

production wastes. 

 

KEY WORDS: dismantle, rocket motor, 

biodegradation, ammonium perchlorate



  

NOMENCLATURE 

Greek Symbols 

Abbreviations 

AP ammonium perchlorate 

COD chemical oxygen demand 

CMR carcinogenic, mutagenic, toxic for 

reproduction substance 

CTB Biological treatment center – Herakles 

workshop 

DGA  French head office of armament 

ISO 14000 Environnemental management 

system 

PKC phosphorus, potassium, carbon 

REACH Registration, Evaluation and 

Authorization of Chemicals 

SRM Solid Rocket Motor 

UPG French Guyana propellant plant – 

Herakles subsidiary 

VOC volatile organic carbon 

 



   

1. INTRODUCTION 

The impact on environment is today a major 

concern of any human activity; 

In the field of solid propulsion, this concern has 

been long taken care of by Herakles, for which a 

coherent and complete methodology has been 

developed over time through all life of the 

products produced, from the early design phase 

to elimination at end of life. 

Selection of raw materials is only one aspect of 

the global environmental approach, it is being 

pursued in the adaptation and improvement of 

the facilities and processes used to manufacture 

solid grain, for instance with the use of 

continuous process to reduce wastes, the 

suppression of toxic solvents in cleaning steps, 

and implementation of innovative methods to 

environment friendly eliminate propellant 

wastes. Hence, Herakles's main production 

facility near Bordeaux was among the first 

industrial company of its kind to be ISO 14000 

certified. 

A typical example is the treatment of 

Ammonium Perchlorate (AP) wastewaters. AP 

is the oxidizer and primary ingredient in solid 

propellant for most large rocket motors. For 

example, for the Ariane 5 launcher, about 3000 

tons of AP are manufactured each year. 

Quantities of wastes containing AP, are issued 

from cleaning operations and manufacturing 

cycle: blending, grinding, transfer… 

With increase environmental concerns dating 

back to the early 1990s, Herakles has developed 

a biodegradation process to treat wastewaters 

that contain AP. The first facility installed at 

UPG (Propellant plant of Guyana) is a direct 

application of these Herakles studies.  

Subsequent studies were devoted to improve the 

reduction rate of perchlorate ion, catalyzed by 

bacterium activity. 

The more recent years allowed developing the 

process at a scale significant enough to 

determine limits in term of AP concentration, 

pollution concentration, etc… 

 

2. HERAKLES ENVIRONMENTAL 

APPROACH 

This consistent environmental care approach is 

compatible with the progressive implementation 

of new environmental requirements or 

regulations such as the recently introduced 

European REACH (Registration, Evaluation and 

Authorization of Chemicals) regulation. As the 

European leader for raw chemical products for 

space propulsion, Herakles plays a leading role 

in enacting this new regulation to ensure the 

sustained availability of the indispensable 

chemicals products for today’s and future solid 

rocket motors. 

In the REACH frame, Herakles has to register 

about twenty substances, four of them, including 

AP, have been registered in 2010. For these 

registrations the effects on the environment must 

be assessed and eco-toxicological thresholds 

have to be derived. All along the life cycle of the 

substances the manufacturing process has to be 



  

in accordance with these thresholds; for example 

new wastes treatments have to be developed. 

Herakles obtained the environmental certificate 

ISO 14000 for the first time in 2004, which 

conducted Herakles to improve every day 

environmental management.  

We can cite many accomplishments: 

• CMR products buying is done with the 
plant Director authorization, 

• Trichloroethylene, a very efficient 
solvent used for cleaning operations, has 
totally been replaced in 2006,  

• VOC emission has been divided by 5 in 
6 years, 

• Pumped water in the river bas been 
divided by 2 in the same period. 

In the end, the biological treatment is drastically 

reducing open burnings and chloride acid 

emissions.  

 

3. AMMONIUM BIOLOGICAL 

TREATMENT 

AP is the oxidizer and primary component of 

solid propellants, for most large rocket motors. 

So it represents about ten percent of wastes 

generation. Of course, when it is possible, AP is 

recycled at Toulouse Herakles plant, where this 

raw material is synthesized and crystallized. But 

for this recycled operation, AP must be free of 

organic or mineral pollution. Water is used 

anywhere at the plant to clean equipment and 

shops to prevent the occurrence of pyrotechnical 

incidents. And because ammonium is soluble in 

water, wastewaters are generally contaminated 

by AP. 

 

3.1. What is the biological treatment? 

If pollution is biodegradable, biological 

treatment is the process adapted to diluted 

pollution in water. The process consists in using 

micro organism properties to decompose 

molecules and products. These properties can be 

used to decompose any biodegradable waste, 

with an adaptation of the treatment conditions.  

Denitrification reaction using bacteria is well 

known in the treatment of nitrogen in urban and 

industrial wastewaters. But perchlorate treatment 

is very specific. 

 

The first studies done in the 90’s were motivated 

by the reduction of ammonium to regulate 

nitrogen river reject. The reduction of 

ammonium ions is done in two steps. 

The first step is the nitrification reaction: 

The conditions required are: 

• aerated conditions, 

• pH regulation about 7, 

• nutriments source (P, K, C,  …) 

• residence time of about 3 days.  

 

The second step is the denitrification reaction: 

 

 

The conditions required are: 

• anoxic conditions, 

6 NO3
- + 5 CH3OH  3 N2 + 5CO2 + 7H2O + 6OH- 

NH4
+ + 2 O2 + H2O   NO3

- + 2H3O+ 



   

• organic carbon source like methanol or 
sodium acetate, 

• bacteria catalyst, 

• residence time of about 3 days.  

 

During this development, it has been discovered 

that the reduction of perchlorate ions was 

compatible with ammonium reduction in similar 

conditions: 

 

 

 

Bacteria used for this treatment belong to 

denitrification bacteria family. After spending 

several months in contact with AP and carbon 

substrate feeding, these bacteria have been 

forced to become specialized. That’s what is 

called “acclimatization”. Since the first seeding, 

for the first studies, Herakles has developed the 

bacteria culture, acclimatized to AP. 

 

3.2. Perchlorate degradation 

optimization 

Perchlorate reduction, as denitrification 

operation, is realized in anoxic conditions. 

That’s the reason why a reactor was organized 

for these two reactions, with a residence time of 

30 days, necessary for the perchlorate reduction. 

However, in spite of the long residence time, the 

reduction rate might not reach 100%. 

 

Laboratory and pilot experiments showed that 

there was competition between perchlorate and 

nitrate reduction. Nitrate ions are more easily 

degraded than perchlorate ions, because of the 

differences of structure and stability. 

Consequently we understood that the separation 

of these reactions should optimize the 

perchlorate reduction. 

The modification of the reactors organization 

has been tested and validated with the pilot 

equipment (Cf.  Figure 1). The total reduction 

has been observed and confirmed in this 

configuration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The total reduction has been observed 

and confirmed in this configuration. 

4ClO4
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3.3. Perchlorate degradation speed 

optimization 

Several parameters influence the degradation of 

perchlorate, the parameters considered as 

important are: 

• oxygen concentration in the reactor, 

• carbon substrate,  

• concentration of bacteria, 

• concentration of perchlorate, 

• concentration of chloride. 

The oxygen concentration must be under 0.4 

mg/l, otherwise, the degradation of perchlorate 

is disturbed. 

The carbon substrate influences clearly the 

degradation speed. With the help of laboratory 

and pilot equipment, Herakles tested different 

carbon substrates; methanol, sodium acetate, 

acetic acid, brewer’s yeast, waste of food 

product industry like syrup, waste of wine 

distillation. 

Many results of the tests are presented on 

Figure 2. 
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Figure 2: Substrate effect on degradation kinetic 

function 

Carbon substrate influences the degradation 

speed, but also, bacteria growth, and the ratio 

carbon substrate/ perchlorate depends on the 

substrate nature. 

For example, the ratio sodium 

acetate/perchlorate is equal to 4 instead of 2 

when using acetic acid. 

Brewer’s yeast use increases the speed 

degradation of perchlorate, but this effect is 

moderated when repeated. 

However the disadvantages of wine distillation 

waste or food production waste are the 

coloration and the excess of COD (chemical 

oxygen demand). This substrate require post-

treatment to comply with river reject constraints. 

Therefore a compromise must be done, that’s 

why Herakles chose acetic acid substrate. 

Herakles experiments demonstrated that the 

degraded perchlorate quantity is proportional of 

bacteria concentration. The higher the 

concentration of bacteria is, the higher is the 

degraded perchlorate quantities. The physical 

bacteria characterization showed that bacteria 

responsible for perchlorate degradation decant 

very badly and are quickly lost by overpouring. 

Microfiltration installation allows to concentrate 

bacteria in the degradation perchlorate reactor 

and the increase of degradation speed. 

Perchlorate concentration constitutes a limitation 

to perchlorate degradation when the 

concentration goes beyond 7 g/l. With the 

continuous process, this threshold is never 

reached.  



   

This is the same with chloride concentration, but 

the limit is lower, average 5 g/l. The limitation is 

observed when the reactor is operated in batch.  

 

3.4. Operating costs reduction 

The major operating cost is constituted by the 

carbon substrate.  

Therefore, a research for substitutes is in 

progress. The candidates have already been 

cited: sodium acetate, brewer’s yeast, waste of 

food product industry like syrup, waste of wine 

distillation. As it has ever told, wastes of food, 

interesting because of the degradation results, 

haven’t been yet selected because of 

disadvantages like colors and excess of COD. 

The search of others candidates still continues, 

like acetic acid resulting of industrial wastes.  

All these improvements conducted Herakles to 

depose a new patent [2]. 

 

4. FROM LAB TO INDUSTRIAL 

SCALE 

After feasibility experiments conducted in the 

90’s, motivated by the reduction of ammonium, 

to regulate nitrogen river reject, the interest of 

the process for the global reduction of 

ammonium perchlorate has been quickly 

detected. The project of propellant wastes 

treatment resulting of production and end of life 

SRM, as an alternative of open burning, began at 

this moment. The first analysis, achieved at the 

time, estimated an installation able to treat 300 

tons of AP per year, so very close to this built 

and in operation nowadays. 

The biological process development of AP 

reduction took place in three stages, including 

the optimization phase. The first stage is, of 

course, the labscale, the second one, the 

industrial pilot, before the industrial workshop 

building. 

 

4.1. The first stage: the labscale 

The first stage, essential, but not sufficient, is the 

laboratory stage constituted by batch reactors of 

2 litres, and one of 3 m3, allowing continuous 

operation, this last installation, called “3 m3 

pilot”, is able to process 1 ton of AP /year. 

Laboratory results have quickly been confirmed 

at the 3 m3 pilot scale. A first patent [1] 

describes this process. 

This pilot allowed Herakles to develop the 

process in order to be able to industrialize it in 

anticipation of increased regulatory constraints. 

A great number of experiments has been done: 

• to determine kinetic reactions, 

• to optimize perchlorate reduction, which 
was limited to 50% at the beginning of 
the project, 

• to increase the perchlorate degradation 
speed, in order to reduce the reactors 
volume, this specific residence time was 
initially about 30 days. 

• and finally, to reduce operation costs. 

This pilot has allowed a significant maturity 

increase by: 

• the bacteria specification and 
characterization, 



  

• the determination of the various 
substrates impact,  

• the measurement of configuration 
influence as: 

•  the separation of nitrification and 
perchlorate reduction reactions, 

•  the Batch Sequence Reactor for the 
ammonium treatment,  

• and the outflow microfiltration. 

 

4.2. The industrial pilot scale 

The second stage consisted in implementing an 

industrial installation, but on a reduced scale 

with regard to the aimed target. A first 

installation was implanted in 2005 at UPG site, 

capable of handling 12 tons of AP / year. The 

second one has been put in at St-Médard en 

Jalles site in 2009, pilot-plant 1/10th scale 

compared to the industrial plant, funded by 

DGA. The St-Médard’s workshop pilot was 

called CTB, biological treatment center. 

These two installations, different in terms of 

configuration, allowed:  

• to confirm the choice of configuration to 

reach high performances of perchlorate 

reduction,  

• to demonstrate the robustness of the 

processing,  

• to demonstrate the accessibility of yield 

on unusual reaction in biological 

treatment, upper to the efficiencies 

measured in laboratory scale,  

• and to train the Herakles staff in this 

process. 

 

Figure 3 :  Views of the industrial pilot able to 

treat 30 tons of AP 

The CTB workshop is still operating with 

influents coming from: 

• oxidant preparation shop, ammonium 
perchlorate and sodium nitrate milling 
and mixing, 

• propellant machining shop, and 
scrapped product. 

• propellant machining shop, and 
scrapped product. 

 

The CTB workshop is constituted of: 

• 2 storage tanks of 150 m3 each, which 

contain AP and sodium nitrate 

wastewaters. These tanks are used for 

regularizing the effluent composition 

and adjusting the concentration effluent 

around 8 g/l. 

• storage tanks feed the sequenced batch 

reactor of 140 m3, in which ammonium 

and nitrates ions are reduced in nitrous 

gas. The reactor is alternately aerated 

and anoxic; it is fed by trace elements, 



   

acetic acid for the bacteria and sodium 

carbonate to maintain pH about 7. 

• effluent purified of nitrous feeds the 

second reactor in which the treatment 

consists in reducing perchlorate ions in 

chloride. The reduction reaction needs 

acetic acid feeding and a retention time 

less than 8 days. 

• the last treatments are necessary to 

reject the effluent to the river, they are 

composed of:  

• a fixed biological and aerated 

treatment to treat residual COD (acetic 

acid excess),  

• and filtration system to reduce 

particles rate. 

 

Since the beginning of CTB operating, the 

aimed performances have quickly been 

reached, the quantity treated every month has 

been increased to reach 2.5 tons and the 

perchlorate reduction rate is now confirmed at 

the level upper to 99.99% 

 

 

Figure 4 : Perchlorate reduction performance 

since the 2009 

4.3. The latest industrial application: 

LICORNE 

LICORNE is the name of the Industrial Line of 

pyrotechnic Objects Collect and Effluent Natural 

Reduction, which regroup the workshops of high 

pressure washout grain propellant, AP extraction 

from propellant ant finally the AP biological 

process. This industrial line is the only one of 

this type in Europe. This is a real progress for 

environmental concern, which allows a 

reduction of toxic gases emission and the 

creation of a skilled workforce at the same time. 

The global workshop is the result of a contract 

of investment, notified to Herakles by DGA in 

2009, which aim is the dismantling of 

decommissioned strategic SRMs and the 

processing of propellant production wastes, 

based on the biological treatment. 

This installation, in service since beginning of 

2014, is able to process 500 tons of propellant 

per year and so about 300 tons of AP per year, is 

composed of: 

• a rocket motor dismantling unit, 

• the AP extraction from propellant by 
milling and water maceration shop, 

• the AP biological treatment unit. 

 

The rocket motor is disassembled into dedicated 

and recently upgraded workshop (formerly used 

for rocket motor assembly) where igniter, nozzle 

and other external equipments are removed. 

Motor case body with its propellant grain is then 

transferred to next unit. 



  

 

 

 

 

 

 

 

 

 

Figure 6 : Dismantling rocket motor workshop 

It is important to notice that the unit of 

propellant removing from rocket motor has 

already been operated since the 80’s, but only 

for a type of rocket motor, metallic rocket motor 

case. The refit realized makes it able to process 

different sizes of motor with composite cases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 : Motor grain propellant removing 

workshop 

Propellant grains from 100 kg to several tons, 

with composite or metallic case, are equipped 

with a cover and put on a bench. Pressured water 

is sprayed inside the motor by way of a mobile 

perch. Propellant is grinded in pieces depending 

of the moving speed of the perch. As AP is 

soluble in water, the washout generates moist 

pieces of propellant and brine where AP 

concentration can reach up to 20 g/l.    

 

 

 

 

 

 

 

Figure 8 : AP propellant extraction 

AP extraction consists in a heated water 

maceration. To increase the speed rate AP 

extraction from propellant, propellant coming 

from production wastes or propellant grain 

removing workshop, is reduced in small pieces 

by grinding. After maceration, liquid and solid 

phases are separated by filters. Brine generated 



   

in this stage joins those coming from propellant 

grain removing stag, and transferred to the AP 

biological treatment unit. Solid residual, 

composed of polymer charged of alumina, 

without pyrotechnic character, because the AP 

concentration is less than 5 %, is reused in 

cement works, as combustible product. 

 

The organization of the biological treatment unit 

CDTB is very close to the CTB pilot, with minor 

adaptations to take account of operational 

knowledge. 

 

Figure 9: AP biological treatment unit CDTB 

 

The CDTB workshop is constituted of: 

• 2 storage tanks of 1000 m3 each, which 

contain AP and sodium nitrate 

wastewaters coming from all other 

production units. 

• a preparation tank is used for 

regularizing the effluent composition 

and adjusting the concentration effluent 

around 8 g/l. 

• sequenced batch reactor of 1700 m3, in 

which ammonium and nitrates ions are 

reduced in nitrous gas. The reactor is 

alternately aerated and anoxic; it is fed 

by trace elements, acetic acid for the 

bacteria and sodium carbonate to 

maintain pH about 7. 

• Demodulation tank is used to move 

from batch process to continuous 

process 

• Effluent purified of nitrous feeds the 

second reactor in which the treatment 

consists in reducing perchlorate ions in 

chloride. The reduction reaction needs 

acetic acid feeding and a retention time 

less than 8 days. 

• the last treatments are necessary to 

reject the effluent to the river, they are 

composed of:  

• A fixed biological and aerated 

treatment to treat residual COD (acetic 

acid excess),  

• And filtration system to reduce 

particles rate. 

The biological activity has been developed since 

January of 2014, by transfer of 90% of CTB’s 

bioreactor contents. After a month of batch 

working, continuous working is operating and 

treated effluent is compliant with local 

regulations, drastic with regard to local context. 

Since the beginning of CDTB operating, the 

aimed AP degradation performances have 

quickly been reached, the quantity treated 

every week has been increased to reach 2.5 tons 



  

and the perchlorate reduction rate is now 

confirmed at the level upper to 99.999%. 

 

Figure 10: LICORNE perchlorate reduction 

The maximum capacity validation is scheduled 

for second quarter 2015. 

 

5. CONCLUSION 

Herakles has long been involved in 

environmental care in developing process 

adaptation to reduce wastes and suppress 

solvents use, and in the implementation of clean 

processes, so that open burnings are drastically 

reduced. 

Development of AP biological treatment, started 

in the 90’s, and now at full-scale operational 

with the LICORNE workshop, is a sound 

illustration of Herakles continuous activities in 

improving its environment conditions in 

particular in the solid propulsion domain. 

Next goals are now for Herakles: 

• to consider the adaptation of the process 
for other manufacturer needs, 

• and to develop processes adapted to 
advanced new propellant wastes. 
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L'évaluation de la toxicité des produits pyrotechniques militaires est un défi croissant dans le 
contexte actuel de la Protection de l’homme et de l’environnement. L’AOP (Allied Ordnance 
Publication) 45 et le STANAG (Standard NATO Agreement) 4588 « Guidelines for toxicity testing of 
smokes, obscurants and pyrotechnics mixtures » a fourni un cadre pratique pour évaluer la toxicité 
de compositions de produits pyrotechniques fumigènes et obscurcissants selon deux aspects : 
toxicité pour l’homme et impact environnemental. Cependant, ce dernier document, étant 
difficilement applicable, n'a pas été ratifié et donc retiré. L'étude PROTOCOL, réalisée par LACROIX et 
TNO et parrainée par la Direction Générale de l'Armement (DGA), a permis de jeter les bases d’une 
nouvelle approche méthodologique pour évaluer la toxicité aiguë par inhalation des compositions 
pyrotechniques à but d’obscurcissement et de leurrage. Le but était d'établir dans quelle mesure des 
prédictions in silico et/ou des expériences de toxicité in vitro peuvent remplacer les tests sur animal. 
Sur la base des résultats expérimentaux, il est apparu qu’à ce jour les approches in silico et in vitro ne 
peuvent pas remplacer totalement les tests de toxicité in vivo sur animaux. Néanmoins, la démarche 
méthodologique proposée permet de réduire le recours aux tests sur animaux. 
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ABSTRACT 

Assessing the toxicity of military pyrotechnic 
products is a growing challenge in the current 
context of Human and Environment protection. 
The AOP 45 and the STANAG 4588 proposed a 
practical framework to assess the toxicity of 
obscurant smokes in relation with human health 
hazard and environmental impact. However, the 
latter document was withdrawn as it was 
impractical to implement. The PROTOCOL study 
carried out by LACROIX and TNO and sponsored 
by the French DGA allowed paving the way for a 
new methodological approach for acute inhalation 
toxicity assessment of obscurant and decoy 
smokes. The aim was to establish whether in silico 
predictions and/or in vitro toxicity experiments 
could replace animal testing. Experimental results 
indicated that in silico and in vitro approaches 
cannot currently replace totally in vivo toxicity 
tests on animals. Nevertheless, a methodological 
procedure was proposed allowing the reduction of 
animal use. 
 
1. INTRODUCTION 

In the current context of Human and Environment 
protection, a better understanding of the 
compounds that are emitted by smoke and 
obscurant pyrotechnic products during their use is 
mandatory. A risk assessment procedure has to be 
defined in order to classify and rank them on their 
intrinsic toxicity and be able to determine use 
precautions for these multiphase mixtures in 
relation with the context (operational conditions, 
training…). 
Only one regulatory procedure has been developed 
so far, in the Standard NATO Agreement 
(STANAG) 4588 (1), written from the Allied 

Ordnance Publication (AOP) 45 (2) which contains 
NATO standardized directives for toxicity 
assessment of smokes, obscurants and pyrotechnic 
compositions. The goal of AOP 45 was to assess 
both human health hazard and environmental 
impact. However, as it was hardly applicable, this 
document was not ratified and needs revision to 
take technological changes into account. Indeed, in 
order to comply with regulatory requirements and 
avoid ban on using obscurant smoke pyrotechnic 
devices, a new risk assessment procedure has to be 
determined in order to rework AOP 45 and validate 
a new NATO standardized directive. 
 
In this context, PROTOCOL study was managed 
by Lacroix company, through cooperation with the 
Dutch research organisation TNO, under the 
supervision of French Délégation Générale de 
l’Armement (DGA). This project dealt with acute 
inhalation toxicity evaluation of military smokes. 
The main objective was to analyse if a risk 
assessment procedure could be proposed so animal 
testing can be avoided or at least largely reduced. 
Animal testing is considered nowadays as standard 
tests for regulatory purpose but is cumbersome and 
expensive to implement for manufacturers. One 
major goal was notably to provide predictive 
models of smoke toxicity according to the intrinsic 
hazard of combustion products and/or in vitro 
alternative approaches. A specific challenge 
resulted from the physicochemical nature of the 
smoke produced by obscurant compositions, which 
forms an aerosol, i.e. a mixture of gases and 
solid/liquid particles, while most predictive models 
only deal with gaseous mixtures. 
In that view, four obscurant compositions families 
were selected among the most representative 
compositions of the most used obscurant products, 



from NATO AOP 36 and Working Paper:  
- Hexachloroethane (HC) family, 
- Cinnamic acid (CA) family, 
- Terephthalic acid (TPA) family, 
- Chlorate/Lactose (CL) family. 

 
PROTOCOL study was carried out according to 
the following approach: 
- State of the art on international regulatory 

documents, standards and methodological 
guidelines applicable to the assessment of 
pyrotechnic compositions toxicity; 

- Listing of mathematical models currently used 
and advocated to predict chemical mixture 
toxicity; 

- Theoretical identification of compounds 
emitted during smoke compositions 
combustion through bibliographic study and 
thermodynamic calculations, and then ranking 
of smoke compositions according to toxicity 
scores calculated from the different models; 

- Implementation of physicochemical assays to 
identify and quantify compounds that are 
“truly” formed during smoke compositions 
combustion and comparison with theoretical 
data; 

- Performing of in vitro toxicity assays on lung 
cells to assess smoke compositions acute 
inhalation toxicity and rank smokes according 
to their relative toxicity; 

- Performing of in vivo acute inhalation toxicity 
tests on rats to get toxicological data and a 
reference ranking. 

As a result of data global analysis, a stepwise 
methodological approach was proposed for risk 
assessment of pyrotechnic compositions used as 
obscurants and decoys. 
 
2. CURRENT ASSESSMENT PROCEDURES 

Animal experiments are generally accepted as 
being indicative for the situation in humans and are 
considered as standard testing approaches for 
toxicity assessment for regulatory purpose.  
Regarding inhalation toxicity studies, the rat is a 
common accepted animal model. The Organisation 
for Economic Co-operation and Development 
(OECD) has defined a series of protocols for 
determining inhalation toxicity, two of which deal 
with acute toxicity: the Test Guideline (TG) 403 
(3) and the Test Guideline 436 (4). TG403 enables 
test article characterization and quantitative risk 
assessment, and allows test articles to be ranked 
and classified according to the United Nations 

Globally Harmonized System of Classification and 
Labelling of Chemicals (GHS). When information 
on classification and labelling only is required, 
TG436 is generally recommended. 
The results from such OECD studies are accepted 
by regulatory organizations, provided tests are 
performed in compliance with the principles of 
Good Laboratory Practice (GLP). 
 
The advantages of animal testing are obvious: 
animals are living organisms, all toxicity relevant 
processes are in place, and it is possible to perform 
experiments in a controlled way on sufficient 
numbers of animals to obtain statistically 
significant results. However, animals are not small 
humans and animal experiments are expensive, 
time-consuming. The societal acceptance is 
furthermore decreasing, in particular for defence-
related research. Alternative approaches were 
therefore developed. 
 
One approach of interest is based on in silico 
predictions of chemical mixture toxicity through 
the use of mathematical models to calculate 
toxicity scores for different mixtures and by this 
way assess their intrinsic toxicity (5) (6) (7). These 
models exploit toxicity data relating to every 
mixture component. Most models are based on the 
dose addition hypothesis which assumes that all 
mixture components exert similar mechanisms of 
action and/or similar toxics effect (for instance, the 
same effect on the same target organ). Regulatory 
authorities recommend this approach when data 
relating to mixture components are not available 
(5) (6). Dose addition-based models correspond to 
the Eq. 1. 
 

 

 
Where, 
TSmix = Mixture Toxicity Score, 
TSi = Toxicity Score of substance i, 
Ci = Substance i concentration, 
 
One such model is the Hazard Index (HI) (5). It is 
the most employed model for risk assessment of 
chemical mixtures because of its ease of use. It 
implies that mixture components act through a 
same mechanism of action. But it can also be 
employed for molecules sharing a same target 
organ when corresponding mechanisms of action 
are unknown. HI method is applied for one route of 



exposure and one toxic effect and only concerns 
threshold toxicants. For a n-substances mixture, the 
hazard index HI is defined by the Eq. 2. 
 

 

 
Where, 
HI = Hazard Index, 
Ci = Substance i concentration, 
TVi = Threshold Value (TV) of substance i, that is 
to say acceptable level for the critical effect of 
interest. 
 
TV is inversely proportional to substance toxicity. 
Thus, a high HI score indicates strong mixture 
toxicity. However, value interpretation requires 
caution. A HI value greater than 1 indicates the 
possible occurrence of a toxic effect, whereas a HI 
value lower than 1 does not allow to conclude to 
the absence of toxicity, due to the low relevance of 
some TVs notably. Indeed, the calculation of these 
values implies the use of uncertainties factors to 
take into account interspecies variability, 
intraspecies variability, entry data quality… They 
might not represent the actual dose that induces the 
studied effect. 
One example of threshold values are the PAC 
(Protective Action Criteria) values. PAC approach 
was proposed by the Subcommittee on 
Consequence Assessment and Protective Actions 
(SCAPA) (8), within the framework of emergency 
management of uncontrolled chemical releases. It 
aims at determining PAC-1, PAC-2 and PAC-3 
threshold values for any chemical substance, which 
correspond to the concentration above which 
reversible, irreversible and lethal effects may occur 
respectively, after 1 hour-exposure. 
 
In addition to in silico toxicity modelling, in vitro 
cellular models are being developed (9). In the 
most promising in vitro models, human lung cells 
are exposed to smokes through an Air-Liquid 
Interface (ALI) System (10) which allows the 
direct contact of cells and smoke at the apical cell 
side while basal cell side is in contact with nutrient 
medium. ALI approach is considered as the most 
realistic exposure technique for lung cells as it 
mimics the physiological situation in the 
respiratory tract. 
In spite of compelling results, such models still 
need further improvements to be used for 
regulatory purpose. 

 
3. EXPERIMENTAL APPROACH 

PROTOCOL study object was to determine 
whether in silico or in vitro approaches mentioned 
in the previous section are relevant enough to 
replace in vivo testing for acute inhalation toxicity 
assessment. 
To this end, assays were performed on 7 smokes 
belonging to several obscurant families: 
- HC family: HC1 and HC2 formulations, 
- CA family: HC1 and HC2 formulations, 
- TPA family: TPA1 and TPA2 formulations, 
- CL family: CL1 formulation. 

 
PROTOCOL testing program was as follows: 
 -  In silico smoke toxicity modelling based on 
toxicity prediction models from literature and 
theoretical data relating to combustion products; 
-  Physicochemical analyses, to identify and 
quantify truly emitted combustion products and to 
determine further toxicity rankings from in silico 
toxicity prediction models;  
-  In vitro toxicity tests, on human pulmonary 
cells (A549) to get further quantitative data on 
smoke toxicity and further toxicity rankings; 
-  In vivo toxicity tests, performed on rats 
according to a standardized procedure in order to 
quantify smokes toxicity and rank different 
compositions. 
 

3.1.  In silico modelling 

For theoretical smoke toxicity in silico predictions, 
the hazard index HI was used for smoke toxicity 
score calculation. However, it has to be noted this 
model is known to be suitable for gaseous mixtures 
while smoke devices produce aerosols upon 
combustion. 
Combustion products of every smoke were 
determined with COPPELIA thermochemical 
calculation code which exploits thermodynamic 
data from JANAF tables. COPPELIA was 
developed by ONERA (11) and allows the 
computational modelling of material chemical 
decomposition and the determination of mixture 
composition at thermodynamic equilibrium as well 
as mass fractions of each mixture compound. The 
following entry parameters were used: 
- Constant pressure and adiabatic combustion; 
- Complete combustion; 
- Gaseous mixture considered as a perfect gas; 
- Atmospheric pressure (1 atm); 
- Presence of oxygen; 
- Ratio fuel:air of 0.1; 



- Condensed phases modeled. 
Once combustion products were identified, the 
most toxic compounds (named hereafter ‘markers’) 
were determined on the basis of the concentration 
at which they emitted, their PAC-3 values and their 
GHS risk mention relating to acute inhalation 
toxicity.  
These markers served then the basis for toxicity 
score calculation of each smoke formulation using 
HI model. 
 

3.2.  Physicochemical combustion analyses 

Distinct physicochemical tests were carried out to 
experimentally identify and quantify gaseous and 
solid/liquid combustion products.  
Gaseous compounds were studied by 
thermogravimetric analysis coupled with mass 
spectrometry (TGA/MS). Thermal analyses were 
performed with a Perkin Elmer Diamond TG/DTA 
thermobalance equipped with a quadrupole gas 
analyzer Pfeiffer OMNISTAR (1-200 uma). Only 
the gaseous compounds with a molecular weight 
lower than 200 uma are detectable with the mass 
spectrometer. The major advantages of TGA/MS 
for the study of compounds products are quite easy 
(no sample specific preparation) and quite fast 
(analysis duration for one sample: about 1h) data 
collection. 
For solid and liquid combustion products study, 
3 grams-bare smoke pellets (mould diameter of 
15 mm, nominal pressure of 50 MPa) were ignited 
with Nickel-Chrome wire (diameter of 0.15mm – 
current of 1.5A wire breaking) in a 657 L-
combustion chamber (so that the nominal smoke 
concentration is about 4.5 g/m3). Solid and liquid 
particles were then collected with a cascade 
impactor (Model 20-800, Tisch Environmental - 
during 5 minutes, with suction flow rate of 
28.3 L/min) inserted inside the combustion 
chamber. The cascade impactor is designed to 
collect particles whose median aerodynamic 
diameter is comprised between 0.43 µm and 
10 µm, that is to say breathable particles, which 
can enter organism and respiratory tract when 
inhaled. Particles were then analyzed through 
Fourier Transform Infrared spectroscopy by 
Attenuated Total Reflectance mode (ATR-FTIR – 
Thermo Scientific Nicolet iS10 FTIR spectrometer 
equipped with Thermo Scientific Smart iTR ATR 
accessory).  
 

3.3.  In vitro toxicity testing 

For in vitro toxicity tests, 3 bare smoke pellets of 
4.45 grams each (mould diameter of 20.1 mm, 
nominal pressure of 128 MPa) were ignited with 
Nickel-Chrome wire in a 3.34 m3-combustion 
chamber. 
The in vitro toxicity tests were performed on the 
A549 cell line:  human alveolar basal epithelial 
cells, isolated in 1972 from cancerous lung tissue 
of a 58-year-old Caucasian male. Alveolar basal 
epithelial cells are squamous in nature and 
responsible for the diffusion of substances, such as 
water and electrolytes, across the alveoli of lungs. 
To this end, cell exposure to smokes was carried 
out with an air-liquid interface exposure system 
(ALI system), namely CULTEX®. Smoke formed 
during pellets combustion was led in a controlled 
way (through mass-flow controllers) from the 
combustion chamber to the CULTEX® system 
modules where A549 cells were present. The cells 
were exposed for 30 minutes to smoke at the 
nominal concentration of 4g/m3. As a negative 
control, a 30 minutes-exposure to medicinal air 
was used. 
After 24 hours of recovery, the following read-out 
parameters were measured: 
- Alamar Blue conversion by the cells as a 
measurement for mitochondrial activity and thus 
for cell viability. Alamar Blue is a chemical non-
fluorescent molecule also called resazurin, which 
is irreversibly converted into fluorescent resorufin 
under the action of several cell enzymes. 
Fluorescence measurement enables to determine to 
which extent cells are able to efficiently convert 
resazurin, and is therefore a good indicator for cell 
viability. 
- Lactate dehydrogenase (LDH) release from 
the cells into the extracellular medium as a 
measurement of cell membrane integrity and thus 
also of cell viability. LDH is an enzyme located 
inside healthy cells. When cells are damaged and 
die, their membrane opens, leading to the release 
of their intracellular content, including LDH, into 
the surrounding medium.  
 

3.4.  In vivo toxicity testing 

In vivo toxicity tests were performed for HC1 and 
CA2 formulations only. 
Bare smoke pellets of 4.45 grams each (mould 
diameter of 20.1 mm, nominal pressure of 
128 MPa) were ignited with Nickel-Chrome wire 
in a 2.2 m3-combustion chamber. 
In vivo studies were performed on Wistar rats with 



an age at the start of the experiments of 8-12 
weeks, according to OECD guideline n°403, with 
“nose-only” inhalation exposure. 
A main group of 5 male animals and 5 female 
animals per composition were exposed to smokes 
during 30 minutes at the nominal concentration of 
4 g/m3 and then observed during 14 days. A 
satellite group of 5 male animals and 5 female 
animals per composition was exposed to smoke at 
the same time. One day post exposure, these 
animals were sacrificed and their lungs were 
lavaged. A control group of 5 male animals and 5 
female animals per composition exposed to 
medicinal air was also included in this study. 
During the 30 minutes-exposure the animals were 
checked once. During the 14 days-general clinical 
observations, all rats were checked daily, the 
morbidity was checked again in the afternoon 
(during weekends and public holidays one check 
per day). Variations in body weight were measured 
just before exposure (day 0) and again on day 1, 3, 
7 and 14 after exposure.    

At necropsy, the lungs were lavaged according to a 
standardized method. The supernatant was used for 
biochemical analyses in order to determine the 
amount of total protein, alkaline phosphatase 
(ALP), lactate dehydrogenase (LDH), N-
acetylglucosaminidase (NAG) and gamma-
glutamyl-transferase (GGT). Cell pellets were used 
for determination of viability, total and differential 
white blood cell numbers. 
Animals for main study group were sacrificed at 
day 14 post exposure and their lung status were 
analysed. 
 
4. RESULTS 

4.1. In silico modelling 

For each smoke formulation, combustion products 
were first determined theoretically with 
COPPELIA thermochemical calculation code. 
Results are presented in Tab. 1. 
 

 
Table 1. Theoretical combustion products and concentrations for each smoke formulations, identified 

through COPPELIA thermochemical calculations - toxicity markers are highlighted in bold 

Smoke family Smoke 
formulation Theoretical combustion products 

Hexachloroethane 

HC1 

AlCl2: 123 mg/m3 
AlCl3: 966 mg/m3 
Al2O3: 78 mg/m3 
CO: 210 mg/m3 
CO2: 144 mg/m3 

CaCl2: 138 mg/m3 
KCl: 324 mg/m3 
SiO2: 144 mg/m3 
Zn: 873 mg/m3 
 

HC2 

AlCl2: 726 mg/m3 
AlCl3: 1064 mg/m3 
C: 44 mg/m3 
CO: 447 mg/m3 

CaCl2: 347 mg/m3 
FeCl2: 272 mg/m3 
Fe: 100 mg/m3 

Cinnamic acid 

CA1 

Al2O3: 24 mg/m3 
CO2: 2192 mg/m3 
KCl: 156 mg/m3 
HF: 33 mg/m3 

KF: 66 mg/m3 
KOH: 12 mg/m3 
H2O: 517 mg/m3 

CA2 
CO2: 1972 mg/m3 
CaO: 43 mg/m3 

KCl: 472 mg/m3 
H2O: 512 mg/m3 

Terephthalic acid 

TPA1 
CO2: 2302 mg/m3 
KCl: 207 mg/m3 
HF: 12 mg/m3 

MgO: 21 mg/m3 
H2O: 459 mg/m3 

TPA2 
CO2: 2280 mg/m3 
KCl: 270 mg/m3 

H2O: 450 mg/m3 

Chlorate/Lactose CL1 
CO2: 2104 mg/m3 
KCl: 219 mg/m3 

MgO: 33 mg/m3 
H2O: 644 mg/m3 

 



The hypotheses used for the determination of 
combustion products of smoke compositions 
through COPPELIA code are as follows: 
- Atmospheric pressure (1 atm), 
- Presence of oxygen, 
- Ratio fuel:air of 0.1, 
- Modelling of condensed phases. 
 
On the basis of these theoretical combustion 
products, toxicity markers were selected according 
to the following criteria: 
- PAC-3 regulatory threshold value is higher 
than 150 mg/m3 and/or, 
- Concentration at which the compound is 
emitted upon smoke composition combustion is 
higher than its PAC-3 value and/or, 
- Existence or risk mentions for inhalation 
toxicity according to GHS classification. 
The toxicity markers are highlighted in bold in 
Tab. 1. 

On the basis of theoretical data relating to 
combustion products and toxicity markers, toxicity 
scores were calculated for every smoke 
formulation using HI model. For TV value choice, 
PAC-2 marker threshold value was considered as 
the most relevant value as it corresponds to the 
concentration above which irreversible effects 
could occur while below this concentration only 
slight and reversible effects are expected. Data are 
presented in Tab. 2. A smoke formulation may be 
all the more toxic as its HI score is high. In Tab. 2, 
smoke formulations are arranged from the left to 
the right, from the most toxic to the least toxic. 
In silico prediction results indicate that all smoke 
formulations might be toxic as their HI score are 
higher than 1. They also suggest that smoke 
products from HC family are the most toxic 
compositions while formulations from TPA and 
CL families are probably slightly toxic. 
Compositions from CA family seem moderately 
toxic. 

 
Table 2. HI toxicity score for every smoke formulation, calculated on the basis of toxicity markers identified 
through COPPELIA calculation and their PAC-2 regulatory threshold values.  Formulations are arranged 

from the left to the right, from the most toxic to the least toxic. 

Smoke formulation HC2 HC1 CA1 CA2 TPA1 CL1 TPA2 

HI score 263 156 72 44 23 20 19 

 
4.2. Physicochemical combustion analyses 

Physicochemical tests were performed to 
experimentally identify and quantify the chemical 
compounds that are emitted during the combustion 
of obscurant smoke formulations and validate 
theoretical data shown in Tab. 1. Gaseous 
compounds were studied with thermogravimetric 
analysis coupled with mass spectrometry 
(TGA/MS). Solid and liquid particles analysis was 
performed through FTIR spectroscopy by 
Attenuated Total Reflectance mode (ATR-FTIR) 
following bare smoke pellets combustion in a 
chamber and particles collection with a cascade 
impactor. Experimental data relating to combustion 
products are presented in Tab. 3. 
Regarding gaseous combustion products, 
experimental results indicate that that most 
compositions form carbon dioxide CO2 and water 
H2O. It was not possible to accurately determine 
the concentration of each combustion gas as 
several gases are often detected at the same time. 
As far as combustion particles are concerned, a 
first limitation lay in smoke pellet combustion. 
Bare pellets were used in this study. In these 

conditions, combustion efficiency and thus smoke 
density varied from one composition to another: 
combustion efficiency was the higher for TPA2 
and CL1 formulations (78% and 66% resp.) and 
was about 55% for the other compositions. It can 
be explained by the fact that the pellet 
configuration chosen for chamber tests does not 
allow the obtaining of the best performances and 
the use of a confined pellet would probably give 
better efficiencies. Similar results were obtained 
for the combustion of smoke formulations in in 
vitro and in vivo test results. 
Therefore, physicochemical test results relating to 
particle study have to be analyzed with care and it 
has to be kept in mind that combustion efficiency 
may vary from one experiment to another in these 
experimental conditions.  
Cascade impactor-mediated particle collection 
allowed the determination of the quantity of 
particles emitted as well as of their size 
distribution, for particles with diameter lower than 
10 µm. As shown in Tab. 4, HC compositions 
produced much more particles than the other 
compositions in testing conditions. Regarding 



particle size, distributions are globally the same for 
all formulations with a mean diameter ranging 
from 1.3 µm to 2.5 µm (data not shown). 
Quantification was not possible because of FITR 
limitations and difficulties met with collecting 
particles from cascade impactor. 
Various uncertainties remain regarding the nature 
of the particles formed during smoke composition 
combustion in the chamber tests. 
Regarding CA1, CA2 and CL1, no particle was 
clearly identified despite the detection of several 
peaks in their ATR-FTIR spectra. For these 
compositions, the maximal transmittance was 
rather low, suggesting that particles that strongly 
absorb in the whole mid-IR range were formed 
during smoke compositions combustion. Some 
peaks of ATR-FTIR spectrum could have been 
hidden. 

HC1 and HC2 produce hydrated particles which 
were not clearly identified. It was not possible to 
remove the water comprised in the collected 
particles and therefore identify dry particles. 
Nevertheless, given the ingredients of the 2 
compositions, these particles could be aluminium 
chloride hexahydrate (AlCl3.6H2O) or calcium 
chloride hydrates (CaCl2.xH2O, 1≤ x ≤6). As the 
two anhydrous substances are salts they are not 
detected by ATR-FTIR and the exact nature of the 
hydrates could not have been determined. 
Toxicity markers were then determined according 
to the same criteria used for markers identification 
from theoretical data. These markers are 
highlighted in bold in Tab. 3. 
As no quantification could have been made with 
the experimental set-up used, no toxicity score 
could have been calculated. 

 
Table 3: Combustion products detected experimentally through TGA/MS for gases and ATR-FTIR for solid 

and liquid particles - toxicity markers are highlighted in bold 

Smoke family Smoke 
formulation 

Experimental 
combustion gases 

Experimental 
combustion particles 

Hexachloroethane 

HC1 
CO2 
HCl 
Hexachloroethane 

AlCl3.6H2O 
CaCl2.xH2O 
Unidentified particles 

HC2 

HCl 
Hexachloroethane 

AlCl3.6H2O 
CaCl2.xH2O 
Hexachlorobenzene 
Unidentified particles 

Cinnamic acid 
CA1 

CO2 
H2O 

Unidentified particles 

CA2 
CO2 
H2O 

Unidentified particles 

Terephthalic acid 

TPA1 
CO2 
H2O 
Terephthalic acid 

Benzoic acid 
4-formylbenzoic acid 
Unidentified particles 

TPA2 
CO2 
H2O 
Terephthalic acid 

Benzoic acid 
4-formylbenzoic acid 
Unidentified particles 

Chlorate/Lactose CL1 
CO2 
H2O 

Unidentified particles 

 
Table 4: Proportion of the smoke constituted by the particles (ρparticles) 

Smoke formulation HC2 HC1 CA1 CA2 TPA1 CL1 TPA2 

ρparticles (%) 61.7 53 3.6 3 6.9 3.4 6.2 
 
Comparison of theoretical data with experimental 
results indicates a rather agreement between both 
data for gaseous combustion products of CA1, 
CA2, TPA1, TPA2 and CL1. For these 
formulations, the main combustion gases are CO2 
and H2O, both theoretically and experimentally. 

However, a difference can be noted for TPA1 and 
TPA2 for which TPA was detected with TGA/MS 
whereas this substance is not mentioned by 
theoretical data. Its presence in experimental gases 
can be due to the slow heating of the composition 
by TGA, which allows its sublimation around 
400°C. On the contrary, a real combustion would 



result in the degradation of this compound into 
sub-products. Other molecules that stem from TPA 
decomposition are thus likely to be formed in an 
operational situation. Another analytical technique 
should be implemented to experimentally detect 
these compounds. 
On another hand, theoretical and experimental 
results relating to HC1 and HC2 combustion gases 
are not similar. CO2 is detected with TGA/MS for 
HC1 only. However, hexachloroethane and HCl 
are also detected for both HC1 and HC2 while 
these substances are not predicted with theoretical 
calculations. 
As for TPA, HC presence can be due to the slow 
heating of the compositions through TGA, 
allowing its sublimation around 185°C, whereas 
other molecules (decomposition products) are 
probably emitted during the fast combustion. 
Besides, AlCl3 is assumed to be produced 
according to theoretical data, whereas it is not 
detected experimentally. It could be due to TGA 
properties, for which maximal temperature does 
not exceed 600°C. Melting and boiling points of 
the aluminium comprised in HC1 and HC2 are 
around 660°C and 2500°C respectively. So, 
aluminium-based gases are not likely to be formed 
during TGA. 
 
Regarding combustion particles, few agreements 
between theoretical data and experimental results 
were shown. 
For CA1, CA2 and CL1, it could be explained by 
the fact that no particle was clearly identified 
despite the detection of several peaks in their ATR-
FTIR spectra. 
No concordance between theoretical data and 
experimental results was either observed for TPA-
based formulations. 
Regarding HC1 and HC2 formulations, the 
formation of AlCl3.6H2O and CaCl2.xH2O, which 
was only assumed from experimental results, is 
rather concordant with theoretical data. 
Hexachlorobenzene was moreover observed 
experimentally only for HC2. It was not detected 
for HC1. Nevertheless, the formation of this 
compound during the combustion of HC-based 
compositions in an open environment has already 
been observed (12). It could result from the 
reaction between metals comprised in the smoke 
and chloroacetylene formed by hexachloroethane 
decomposition.  
 

A comparison of toxicity markers determined from 
theoretical data and experimental results was also 
made. As shown in Tab. 3 and Tab. 4, rather few 
agreements between theoretical and experimental 
markers were found, mainly because of 
experimental technique limitations.  
Besides, in the tests performed in this study, the 
products detected resulted from the slow heating of 
the composition or from un incomplete burning of 
bare pellets whereas in operational conditions, the 
burning is fast and far more complete, which is in 
better agreement with thermodynamic calculation 
parameters. 
 

4.3.  In vitro toxicity testing 

For in vitro toxicity tests, bare smoke pellets were 
used. Variations in combustion efficiency were 
observed, as in physicochemical tests performed 
for particles identification. 
A549 human pulmonary cells were then directly 
exposed to the smoke formed upon pellet 
combustion during 30 minutes through the 
CULTEX® air-liquid interface system. Following 
a 24-hours recovery period, two biochemical 
parameters were analyzed: conversion of Alamar 
Blue by cellular enzymes and LDH release from 
cells. A decrease in Alamar Blue conversion is the 
sign of a reduction in cell metabolism which can 
indicate a decrease in cell viability. An increase in 
LDH release from cell to the extracellular medium 
indicates that cell membrane is disrupted, which 
can represent cell lethality.  
In a first series of experiments, difficulties relating 
to the aerosol nature of the smoke were 
encountered for smoke transport from combustion 
chamber to cells through CUTELX® system. After 
an optimization of the procedure, relevant results 
were obtained for the different smoke formulations 
as shown in Fig 1. 
It appeared that the most toxic compositions for 
A549 cells were those from the hexachloroethane 
(HC1 and HC2) and cinnamic acid (CA1 and CA2) 
families, which shown significant effects on both 
Alamar Blue conversion and LDH release. For 
compositions from chlorate/lactose and 
terephthalic acid families, toxicity was mainly 
exerted through compromising of cell membrane 
integrity, as apparent from the increase in LDH 
release with a very slight effect for CL1 and a 
higher effect for compositions with terephthalic 
acid (TPA1 and TPA2). 



 
 

Figure 1. Toxic effects of smoke formulations on cell viability expressed as decrease in Alamar Blue 
conversion by the A549 cells (Y-axis) and as release of LDH from the cells (X-axis). Values are expressed as 

the ratio between effects of the smoke formulation and effects of the negative control (medicinal air) 

 
Two rankings of smoke relative toxicity were then 
established from in vitro toxicity data relating to 
Alamar Blue conversion and LDH release resp. 
and are presented in Tab. 5. The two rankings are 
globally rather equivalent suggesting that both 
Alamar Blue conversion and LDH release could be 
suitable read-out parameters for in vitro toxicity 
assessment. Nevertheless, some discrepancies can 
be highlighted for the classification of smoke 
formulations from the same family. For instance, 

HC2 appears more toxic than HC1 on the basis of 
Alamar Blue conversion results but LDH release 
related data lead to the opposite conclusion. 
However, it has to be kept in mind that some 
variability was observed between experiments 
relating to smoke pellet combustion, resulting in 
variability in toxicity assays results. The rankings 
provided in Tab. 5 are therefore rather 
approximate. 
 

 
Table 5. Rankings relating to smoke toxicity (from the left to the right: from the most toxic smoke to the least 

toxic smoke) established from in vitro toxicity test results 

Read-out toxicity 
parameter 

From the left to the right: 
from the most toxic formulation to the least toxic one 

Alamar Blue 
conversion HC2 CA1 HC1 CA2 TPA2 TPA1 CL1 

LDH release HC1 CA2 HC2 CA1 TPA1 TPA2 CL1 

 
 
Of note, results from in vitro tests are not 
equivalent to theoretical data and HI toxicity 
scores since formulations from HC and CA 
appears of similar toxicity according to in vitro test 
data whereas formulations from HC family are 
much more toxic according to HI scores. 
Nevertheless, both toxicity assessment approaches 
indicate that formulations from terephthalic acid 
and chlorate/lactose families are the least toxic 
products. 
Discrepancies may result from lack of relevance of 
in silico and/or in vitro tests for acute inhalation 

toxicity assessment of smoke products. Indeed, in 
silico models were established for the prediction of 
gaseous mixtures and may thus not be adapted to 
smoke compositions which rather correspond to 
aerosol mixtures (suspension of liquid droplets and 
solid particles within a gaseous medium). In vitro 
tests performed here only assess inhalation toxicity 
on lung alveolar cells which may not be the 
physiological main target in a whole organism. 
Moreover, issues met with smoke formulation 
combustion could induce some variability between 



experiments relating to toxic effect of smoke 
formulations. 
 

4.4.  In vivo toxicity testing 

In vivo toxicity tests were performed on two 
smokes. HC1 and CA2 were chosen to be able to 
discriminate between in silico and in vitro toxicity 
assessment results. Indeed, HC1 appears relatively 
very toxic whatever the approach and can serve the 
reference whereas CA2 toxicity differs according 
to in silico predictions and in vitro data. 
 
In vivo tests were performed according to OECD 
TG403 on rats exposed to smoke for 30 minutes 
through a nose-only exposure. 
 
During the exposure period, clinical abnormalities 
were seen for HC1: animals showed shallow as 
well as irregular and laboured breathing. After 
exposure, on the day of exposure, some animals 
were sniffing (one male animal and two female 
animals) and/or showed piloerection (four females) 
and/or shallow breathing (one female). When 
animals were exposed to the smoke from CA2, no 
treatment-related clinical abnormalities were seen 
during exposure, shortly after exposure or during 
the observation period. 
 
Regarding body weight, no treatment-related 
effects were seen for CA2 smoke. On the contrary, 
male animals exposed to HC1 smoke showed a 
body weight loss on the day after exposure and 
female animals showed, on average, a similar body 
weight on day 1 compared to day 0 (no weight 
gain). 
 
In the case of exposure to CA2, no treatment-
related effects were seen on the biochemical or 
cellular parameters tested in bronchoalveolar 
lavage in male or female animals. At necropsy one 
day after exposure, grey discoloration and few red 
spots were seen on the lungs in one male animal. 
Although it cannot be completely ruled out that 
these findings are treatment-related, they may very 
well be part of the background pathology. At 
necropsy 14 days after exposure, no treatment-
related macroscopic abnormalities were seen. 
After exposure to HC1, a significant increase was 
seen in the number of neutrophils in all exposed 
animals after bronchoalveolar lavage, suggesting 
that exposure to HC1 resulted in an inflammatory 
response and cellular damage in the lungs. No 
treatment-related macroscopic abnormalities were 

seen at necropsy one day after exposure. After an 
observation period of 14 days, grey discoloration 
was seen in one male and one female. 
 
To conclude, it appeared that, under the conditions 
used in this study, the 30-minutes inhalation 
exposure to CA2 did not result in treatment-related 
effects. On the contrary, toxic effects were 
observed for HC1 for which the 30-minutes 
exposure resulted in an inflammatory response and 
cellular damage in the lungs. 
 
These results are similar of the ones obtained 
through in silico predictions for HC1 and CA2 
whereas discrepancies can be noted for CA2 
between in vitro and in vivo toxicity tests results: 
CA2 is non- or very slightly toxic according to in 
vivo tests whereas significant toxic effects were 
observed through in vitro tests. 
 
Nevertheless, in vivo toxicity tests were only 
performed on two smoke formulations and they 
then do not enable to firmly validate the relevance 
of in silico toxicity data obtained. A methodology 
for acute inhalation toxicity risk assessment of 
smoke products, which is only based on in silico 
predictions, cannot therefore be implemented so 
far. In vitro and in vivo tests still need to be carried 
out to accurately assess acute inhalation toxicity of 
pyrotechnic compositions used as obscurants and 
decoys. 
 
5. PROPOSAL OF A METHODOLOGICAL 

APPROACH FOR THE ASSESSMENT OF 
ACUTE INHALATION TOXICITY OF 
SMOKE FORMULATIONS 

Results allowed the proposal of a methodological 
approach for qualitatively assess inhalation toxicity 
of pyrotechnic compositions used as obscurants 
and decoys. The strategy developed enables to 
reduce the number of performed experimental 
tests, notably the number of animal tests, which 
could make its implementation easier. 
The methodological approach proposed to assess 
the acute inhalation toxicity of an unknown smoke 
composition (called composition F) is based on a 
stepwise strategy combining several approaches as 
shown in Fig. 2: 
- In silico assessment based on theoretical data 
relating to composition F combustion compounds 
and mathematical models developed to predict 
chemical mixture toxicity; 
- Physicochemical tests to experimentally 



identify and quantify composition F combustion 
compounds; 
- In vitro toxicity tests to assess composition F 
toxicity on lung cells; 
- In vivo toxicity tests on rats, to assess 
composition F toxicity according to OECD 
guidelines. 
In each step, if the composition F seems (very) 
slightly toxic, it can be ruled out for further testing. 
At the end, only few compositions need to be 
tested in vivo. This will result in a diminished 

number of animal studies needed, which is a large 
improvement. 
As this strategy does not allow the determination 
of an absolute toxicity, data have to be compared 
to a reference smoke, selected according to its 
toxicological properties. It is proposed to choose, 
for the reference smoke, a formulation whose 
toxicity is obvious whatever the assessment 
approach used. According to PROTOCOL study 
results, formulations based on HC could be 
suitable.

 

 
 

Figure 2. Overview of the methodological approach proposed for risk assessment of pyrotechnic 
compositions – Criteria defined on the basis of PROTOCOL study results are mentioned in blue 



5.1. First step: In silico modelling 

The nature and amounts of products formed during 
the combustion of composition F will first be 
determined through computational modelling of 
material chemical decomposition with a 
thermodynamic calculation code.  
Distinct thermochemical calculation codes exist. In 
order to fit in with results obtained in PROTOCOL 
study with COPPELIA code, those that will be 
used should be based on the minimization of 
system Gibbs free energy. 
Hypotheses used for thermodynamic calculations 
have to be set up. As smoke formulation 
combustion occurs in an open environment in 
operational conditions, the following parameters 
should be preferred: 
- Atmosphere pressure of 1 atm, 
- Presence of oxygen, 
- Ratio fuel:air of 0.1, 
- Consideration of condensed molecules. 
Once combustion products are characterized 
through calculations, toxicity markers have to be 
determined. Their identification could be made 
according to the criteria mentioned in section 4.1: 
- PAC-3 regulatory threshold value is higher 
than 150 mg/m3 and/or, 
- Concentration at which the compound is 
emitted upon smoke composition combustion is 
higher than its PAC-3 value and/or, 
- Existence or risk mentions for inhalation 
toxicity according to GHS classification. 
On the basis of these theoretical data, toxicity 
scores will be calculated for smoke composition F 
and for the reference formulation. Mathematical 
models based on dose additivity hypothesis, 
defined by Eq. 1, will be preferred as 
recommended by regulatory authorities. For 
instance, the hazard index HI defined by Eq. 2 can 
be used. Recommended threshold values (TVi) are 
PAC-1, PAC-2 and PAC-3 values proposed by 
SCAPA. PAC values are indeed the only 
regulatory threshold values available for all 
markers and are among the few values determined 
for relatively short exposure times. Results 
obtained in PROTOCOL study indicate that 
toxicity of (very)slightly smoke compositions F is 
usually well predicted with HI model based on 
PAC-2 values. 
 
From toxicity scores calculated for the reference 
composition, a criterion can be defined to assess 
the toxicity of composition F. The criterion 
definition depends on the choice of the reference 

composition and of the predictive model. 
Preliminary studies must then be performed to 
establish this criterion. The criterion defined within 
the framework of PROTOCOL study is presented 
in Fig. 2. It enables to determine whether the 
composition F  is slightly toxic by comparison with 
the toxicity score calculated for reference 
formulation: if the criterion is met then 
composition F is (very)slightly toxic and shows no 
toxicity risk following inhalation. Otherwise, no 
conclusion can be made and experimental tests are 
required. 
 

5.2. Second step: Experimental smoke 
characterization 

A more accurate identification of composition F 
and reference composition combustion compounds 
could help improve predictions from mathematical 
models already described. To this end, analytical 
techniques could be implemented, to characterize 
the smoke formed upon formulation combustion. 
As highlighted by PROTOCOL study results, the 
procedure used for formulation combustion has to 
be highly reproducible and representative of the 
composition combustion in real functioning 
conditions. One solution could consist in using a 
closed canister model inside which the smoke 
formulation is pressed. 
The amount of formulation to be burnt should be 
such that the density of the smoke produced is 
representative of operational conditions. 
A panel of physicochemical analysis techniques 
can be implemented to identify and quantify the 
compounds emitted following smoke formulation 
combustion. For instance: 
- Dräger tubes and chips for gases; 
- Infrared spectroscopy (FTIR) for gases, 
liquids and solids; 
- High Performance Liquid Chromatography 
coupled with Mass Spectrometry (HPLC/MS) for 
gases, liquids and solids; 
- Gas Chromatography coupled with Mass 
Spectrometry (GC/MS) for gases (to lesser extent, 
liquids and solids); 
- Nuclear Magnetic Resonance Spectroscopy 
(NMR) for liquids and solids; 
- Cascade impactor coupled to ATR-FTIR – for 
solids; 
- ThermoGravimetric Analysis Coupled with 
Mass Spectrometry (TGA/MS) for gases; 
- Multigases analyser; 
- Raman spectroscopy for gases, liquids and 
solids. 



The technique selection should be made carefully 
to accurately identify and quantify major 
combustion products. The best technique should be 
HPLC/MS, but it is rather cumbersome to 
implement. 
 
Once combustion products are experimentally 
identified and quantified, toxicity score can be 
calculated for composition F and reference 
composition from chemical mixture toxicity 
predictive models, according to the approach 
described in the section 5.1. 
 
The criterion established to assess composition F 
toxicity from in silico predictions can be used 
again to assess composition F toxicity from 
experimental data by comparison with toxicity 
score of the reference composition. 
Here again, if the criterion is met then composition 
F is (very)slightly toxic and shows no toxicity risk 
following inhalation. Otherwise, no conclusion can 
be made and experimental tests are required. 
 

5.3. Third step: In vitro testing 

If predictive mathematical models do not allow 
conclusion regarding the relative toxicity of 
composition F, this toxicity will be assessed 
experimentally, through in vitro tests first. 
In vitro toxicity tests will be performed on lung 
cells that are the first targets reached by a 
compound following inhalation. A549 alveolar 
cells could be used but other cell models, such as 
Calu-3 cells derived from human bronchial 
submucosal glands could also be suitable. A 30 
minutes-exposure is recommended: this duration 
allows the obtaining of significant results and the 
modelling of acute inhalation exposure to the 
smoke formulation. 
An air-liquid interface system (such as CULTEX® 
system for instance) will be used to expose cells to 
smokes formed upon formulation combustion. This 
exposure technique is considered as the most 
realistic procedure for lung cells as it mirrors 
physiological situation in the respiratory system. 
Here again, combustion procedure has to be highly 
reproducible and representative of the composition 
combustion in real functioning conditions. The 
same procedure as for physicochemical tests 
should be implemented. 
The amount of formulation to be burnt should be 
such as the density of the smoke produced is 
representative of operational conditions, provided 

significant toxic effects are observed for the 
reference composition. 
Following the exposure period, two biochemical 
parameters should be analyzed: 
- Alamar Blue conversion, which measures 
cellular metabolism and thus cell viability; 
- LDH release into the medium, which reflects 
cell membrane integrity and thus allows the 
assessment of cell viability. 
The same assays have also to be performed on 
reference composition and on a negative control 
such as medicinal air. 
 
On the basis of in vitro test results, criteria can be 
defined to assess the toxicity of composition F. 
They depend on the choice of the reference 
composition and the predictive model. Preliminary 
studies must then be performed to establish these 
criteria. The criteria defined within the framework 
of PROTOCOL study are presented in Fig. 2. They 
enable to determine whether the composition F  is 
slightly toxic by comparison with the toxicity score 
calculated for reference formulation: if the criteria 
are met then composition F is (very)slightly toxic 
and shows no toxicity risk following inhalation. 
Otherwise, no conclusion can be made and in vivo 
tests are required. 
 

5.4. Forth step: In vivo testing 

If none of the approaches described in previous 
sections allows conclusions about composition F 
toxicity, in vivo testing will be carried out on a 
small number of animals. 
Studies will be performed on laboratory rats 
according to OECD guideline n° 403, in nose-only 
exposure preferably to ensure that the toxic effects 
observed are only due to smoke inhalation. A 30 
minutes-exposure is recommended. 
 
The same formulation combustion procedure as for 
physicochemical tests and in vitro tests should be 
implemented. 
The amount of formulation to be burnt should be 
such as the density of the smoke produced is 
representative of operational conditions, provided 
significant toxic effects are observed for the 
reference composition. 
 
Animals should be checked once throughout the 
exposure and then daily for 14 days during the 
general clinical observations. At necropsy, 
bronchoalveolar lavage should be performed as 
well as complete anatomopathological study to 



check for extra-pulmonary damages. 
 
Results obtained from composition F will be 
compared to those of the reference composition: 
- In case of mortality during the 14 days-
observation period, composition F will be ranked 
as highly toxic; 
- When no significant damage (by comparison 
with the reference composition) is observed after 1 
day post exposure, composition F will be classified 
as (very)slightly toxic; 
- If reversible abnormalities are detected after 1 
day post exposure, composition F will be classified 
as slightly/moderately toxic; 
- If irreversible abnormalities (similar to those 
induced by the reference composition) are detected 
after 1 day post exposure, composition F will be 
ranked as toxic. 
 
6. CONCLUSIONS 

PROTOCOL project aimed at implementing an 
approach for assessing smoke devices toxicity 
through predictive mathematical models and in 
vitro testing to reduce the need for animal studies. 
One goal was notably to validate whether models 
based on dose addition principle are appropriate to 
smoke devices case. Dose addition implies that all 
mixture components exert independent action. This 
approach is yet preconized by various international 
regulatory organizations when data relating to 
mixture components toxicity are not available. 
 
In order to check the relevance of such models, 
several smoke compositions were selected and 
major toxic products (markers) resulting from their 
combustion were identified through a theoretical 
approach. The various models detailed in the 
literature were therefore listed and their relevance 
towards smoke devices toxicity prediction was 
assessed. However, given few data relating to 
every marker are available, model validation was 
not possible. 
To overcome these drawbacks, an experimental 
program was implemented to obtain missing data: 
- Physicochemical chamber tests to determine 
the nature and amount of every combustion 
product; 
- In vitro toxicity tests on lung cells to check 
the relevance of this approach regarding smoke 
compositions and characterize smoke devices 
relative toxicity; 
- In vivo toxicity tests on rats to determine 
reference toxicity. 

 
Data obtained from experiments were rather 
qualitative. Nevertheless, each experimental 
approach permitted to get some useful data to 
propose a methodological approach for qualitative 
assessment of smoke composition toxicity. This 
strategy is based on the comparison of toxicity of 
the smoke products studied with the toxicity of a 
reference smoke product with significant toxicity, 
through different steps: 
- Step 1: In silico assessment with theoretical 
data and models; 
- Step 2: Performing experimental assays to 
identify and quantify combustion products to get 
more relevant toxicity scores from mathematical 
models; 
- Step 3: Performing in vitro tests to obtain 
experimental toxicological data; 
- Step 4: Use of in vivo tests, which are 
considered as regulatory reference tests. 
For each step, criteria were defined for comparing 
the toxicity of the smoke composition studied with 
the toxicity of the reference smoke products, on the 
basis of the results obtained from the tests 
performed. According to the comparison outcome, 
the smoke composition can be considered as 
slightly toxic and no further assessment is needed, 
otherwise, one must move to the next step to get 
more accurate data. 
Consequently, the methodology that is proposed 
should allow the reduction of animal tests number. 
 
 
PROTOCOL study thus explored and started to 
tackle the complex field of obscurant and decoy 
toxicity assessment. Significant advances were 
made allowing the proposal of a rather relevant 
risk assessment approach. It moreover paves the 
way for the implementation of a more quantitative 
risk assessment methodology for acute inhalation 
toxicity of smoke compositions from in silico 
predictions and/or in vitro tests only. Those two 
approaches indeed appear as strongly promising 
strategies subject to some testing procedure 
improvement and reliability strengthening. 
Regarding smoke composition combustion 
notably, a major improvement lies in the 
determination of a composition configuration and 
an ignition procedure as reproducible as possible 
and representative of operational conditions. 
Combustion products identification and 
quantification could also be refined through the use 
of a wider array of analytical techniques with 
instruments with high resolution. 



In vitro toxicity tests robustness could be enhanced 
using a different cell model, which could more 
relevant than A549 alveolar cell line (for instance 
human bronchial epithelial cells), or distinct read-
out parameters. A large concentration range could 
also be tested in order to highlight a dose-response 
effect and calculate 50%-effective concentrations 
(EC50). 
 
In parallel, predictive models could be refined in 
order to take into account the aerosol form of 
smokes resulting from smoke composition 
combustion. Thermodynamic calculations could 
also be improved, by modification of entry 
parameters. 
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Munition Health Management (MHM) is an approach to enhance the way we manage munitions 
in NATO. This applies to both legacy and future munition systems ranging from flares to missile 
systems across tri-service domains. It aligns Technology with a variety of Disciplines and 
Organisations that is structured towards a Common Goal.  The output enhances our 
understanding of relative Risk and provides a number of associated benefits. These benefits have 
transversal impacts on cost, safety and performance.  
The Cooperative Demonstration of Technologies (CDT) described in this paper describes 
implementation methodologies, the management of data and information fused together in an 
open architecture framework; and existing and future MHM technologies.  This new approach 
has been termed Integrated Munition Health Management (IMHM).  It is envisaged that the 
output will benefit end-user groups that include item managers, inventory managers, logisticians 
and safety authorities.  The CDT took place during the 34th AVT Panel Business Week in 
Brussels and was organised by AVT 212, MSIAC, Science and Technology Organization and the 
Applied Vehicle Technology Panel.  The structure of the CDT includes a short introduction and 
main body consisting of 5 elements spread across land, sea and air domains. The closing 
message highlights key benefits.  The goals of the demonstration were as follows: 

� To engage end users through a Cooperative Demonstration of Technologies (CDT); 
� Illustrate the benefits to decision-makers & end-users that IMHM is  a decision 

support capability;  
� Articulate the common elements, goals and collaborative capabilities of IMHM; 
� Capture the feedback from different users and from the audience.  

The CDT contains 5 NATO nations from 7 different organisations and ministries focused upon 
demonstrating this new approach; and associated benefits for munitions safety, performance, 
interoperability, and whole-life cost. 
This paper describes the background, relevance to NATO, and the structure of the CDT. 
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ABSTRACT 

Munition Health Management (MHM) is an 
approach to enhance the way we manage 
munitions in NATO. This applies to both legacy 
and future munition systems ranging from flares to 
missile systems across tri-service domains. It 
aligns Technology with a variety of Disciplines 
and Organisations that is structured towards a 
Common Goal.  The output enhances our 
understanding of relative Risk and provides a 
number of associated benefits. These benefits have 
transversal impacts on cost, safety and 
performance.  
The Cooperative Demonstration of Technologies 
(CDT) took place in the NATO HQ in October 
2014 and focused upon demonstrating this new 
approach. The contextual benefits included 
munitions safety, performance, interoperability, 
and whole-life cost. This paper describes the 
background, relevance to NATO and the structure 
of the CDT, with directives and guidance on future 
implementation.  
 
1. BACKGROUND 

The purpose of Munition Health Management 
(MHM) is to enhance life-cycle assessment and 
inventory management of munitions. This applies 
to both legacy and future munition systems ranging 
from flares to missile systems across tri-service 
domains.  The subject area originated from 
previous AVT activities (AVT 119, 160, 176 and 
228) that highlighted the number of nations, case 
studies and specialists supporting the area of 
MHM.  

 
The Cooperative Demonstration of Technology 
(CDT) described in this paper describes 
implementation methods, the management of data 
and information analysed in an open architecture 
framework.  
 
This new approach has been termed Integrated 
Munitions Health Management (IMHM). It is 
envisaged that the output will benefit end-user 
groups. These include item managers, inventory 
managers, logisticians and safety authorities.  
Showcasing the benefit of IMHM and supporting 
methodologies was the main objective of the CDT. 
This is the focus of this paper and supporting 
presentation. 
 
2. JUSTIFICATION (RELEVANCE FOR 

NATO) 

To date, a number of NATO nations have carried 
out a proof of principle study of components that 
are needed to manage munitions from design, 
procurement, service life and decommissioning.  
All of these studies have been based on a particular 
stage through the life of the munition. However, 
none has been true end-to-end management.  
Rather than building traditional munition 
standalone systems, AVT-212 is developing 
methods to allow Alliance nations to integrate and 
implement areas of expertise. This includes 
technologies to monitor and analyse 
Representative field data. 
The CDT discussed in this paper contains 5 NATO 
nations from 7 different organisations and 
ministries focused upon demonstrating this new 
approach. This incorporates munitions safety, 
performance, interoperability and whole-life cost. 
A key aim of the CDT was to enable the 
collaboration of manufacturers, end users and 
safety authorities to demonstrate the IMHM benefit 
to end users within NATO, and across NATO 
nations.  
The approach used a range of technology at 
different stages of maturity in conjunction with 
acknowledged safety and management practices. 
Methods also address both safety and security. 
Since 2012 the AVT-212 team has held dedicated 
meetings inviting recognised experts from the 
following areas:  

• Safety Requirement;  
• Platform Technology;  
• Sensing Technology; 
• Networking / Communication;   



• Information Assurance (security); 
• Modelling/Data Handling;  
• Legacy Logistics Systems Interoperability;  
• Implementation across NATO nations; 
• Life Assessment Methodology.  

 
These sessions have been themed around the 
following hierarchical elements. These include:  

• Foundations for MHM Integration (2013); 
• Implementation Methodology including 

IMHM Demonstration (2014); 
• Final IMHM Recommendations for 

Implementation (2015). 
The content of the demonstrations is described 
below. Feedback from the demonstrations will be 
included in the AVT-212 Final Report to be 
delivered in 2015. 
 
3. THE COOPERATIVE 

DEMONSTRATION OF 
TECHNOLOGIES (CDT) 

On 15 and 16 October 2014 a Cooperative 
Demonstration of Technology (CDT) on Integrated 
Munitions Health Management (IMHM) was held 
at NATO Headquarters in Brussels sponsored by 
the NATO Science & Technology Organization 
(STO). The CDT was organised by the Applied 
Vehicle Technology (AVT) Panel being part of the 
Collaborative Support Office (CSO) and the 
Munitions Safety Information Analysis Centre 
(MSIAC) and supported by the NATO Chief 
Scientist, Major General Albert Husniaux. 

It was a premiere, being the first Cooperative 
Demonstration of Technology organized at NATO 
Headquarters by the STO AVT Panel, with the aim 
of showcasing the benefits of various technologies 
to decision-makers and end-users. This cooperation 
between MSIAC and STO was highlighted by 
BGen Bo Engelbreth: “From the International 
Military Staff perspective, I am very proud and 
happy to see that NATO’s Science and Technology 
Organisation and the Munitions Safety Information 
Analysis Centre cooperate so closely with CNAD 
Ammunition Safety Group. Ammunition safety is 
not a field of where specific individual 
programmes - with short term tangible returns - 
are to be expected, it is rather a discipline aiming 
at reducing the overall risk of accidents through 
constant technical development, lessons learned 
and multinational knowledge exchange.” 

Overall 100 representatives from NATO and 
NATO nations attended one of the 3 sessions of 
the hardware demonstration. 

3.1. Content of the CDT 

The demonstration was articulated around 3 similar 
sessions, introduced respectively by the NATO 
Chief Scientist, the Defence Investment Deputy 
Assistant Secretary General and the International 
Military Staff for Logistics and Resources Deputy 
Director. 
The demonstration elements were presented as 
follow: 

• “Introduction” by the 2 AVT-212 co-
chairs 

• “The Art of the Possibility with Aging and 
Surveillance of Munitions” by the US Air 
Force Research Laboratory, Edwards AFB, 
USA 

• “Sensing, Modeling, and Analysis, 
including a physical demonstration of the 
MINERVE analysis system” by TNO, The 
Netherlands 

• “End-to-End IMHM, including a physical 
demonstration of an IMHM system for the 
Meteor missile”, by MBDA Bayern-
Chemie, Germany 

• “Unique Challenges and an Approach to 
Underwater MHM”, by the Naval Surface 
Warfare Center, Indian Head, USA 

• “Corrosion Management and Munitions 
Safety and Surveillance”, by Frazer-Nash 
Consultancy & DOSG, UK 

• “Concluding remarks” by BNet 
Corporation, USA 

 
A mock-up of the beyond visual range air-to-air 
missile METEOR, together with an inert 
METEOR missile engine and the MINERVE 
missile system demonstrator were displayed. The 
hardware elements were fully instrumented with 
various sensors to monitor the health condition. 
 
A short video that summarizes the main content of 
this demonstration is available at the following 
link: 
https://www.youtube.com/watch?v=2t15ZgpoxJs 
 
The goals of the demonstration were as follows: 

• To engage end users through a 
Cooperative Demonstration of 
Technologies (CDT); 



• Illustrate the benefits to decision-
makers & end-users that IMHM is a 
decision support capability;  

• Articulate the common elements, 
goals and collaborative capabilities of 
IMHM; 

• Capture the feedback from different 
users and from the audience. This will 
be presented to STO in a final report to 
be delivered in 2015.  

 
3.2. Setting the Scene 

To set the scene for why IMHM is important 
supporting research studies have revealed the 
following:  

• Do we understand the Risk when we use 
Munitions? Most of the time we don’t 
have a record of what the munitions have 
been exposed to and for how long;   

• Almost 98 % of all high end munitions are 
disposed of prematurely (this includes 
low end munitions but cost is minimised 
due to use for training); 

• An example of deferring disposal is given 
during UK deployment in IRAQ 2007. The 
UK Ministry pre-aligned Technology with 
a variety Disciplines including Logistics 
and Safety to record exposed 
temperature levels. Using actual exposed 
readings rather than envisaged values and 
applying the same safety principles and 
calculations.  The approach saved £500 
Million by not disposing of the items 
prematurely in theatre. 

• In Cyprus 2011 a stockpile of munitions 

was stored on mass, and was not separated 
to minimise and manage Risk. 
Furthermore, stored ammunition was 
exposed directly to the environment; in 
particular, solar radiation. This resulted in 
a spontaneous and sustained combustion 
followed by a mass detonation and 
explosion. Unfortunately, this resulted in 
both Causalities and Damage. 

� Casualties  
13 fatalities including The Head of 
Cyprus' Navy, the Base 
Commander, five Navy personnel 
and six firefighters were killed. 
The incident also included 62 
injuries.  

� Damage  
The estimated cost is 3 Billion 
EURO, including commercial and 
residential property. 

A greater understanding of risk can be achieved by 
IMHM. The Technical, Disciplinary and 
Organizational elements are described below.  
 

3.3. Health Management  

Health Management of an asset is often described 
by the Transformation Model (Figure 1) 
The process describes how data that is generated 
thought life such as design, testing, inspection and 
exposed environment can be utilised. Transforming 
this data into information allows end users to carry 
out appropriate maintenance actions and plan for 
end of life; or further life extension. 
 

Figure 1 : The Transformation Model 



3.4. Munition Health Management  

Fundamentally, MHM (the first two segments from 
Figure 1) records relative exposure and provides 
the building blocks. These elements include data 
communications, storage and security to carry out 
assessments on the energetic material and the 
associated munition system (Figure 2). For all 
muntions including non-complex systems such as 
flares to high-end missiles, the principles are the 
same. These MHM principles include:  

• Condition (the current state) of Munitions; 
• Safe Remaining Life (at system level);  
• The Physical Location. 

MHM can be described as a Bottom- up approach 
supplying data and information on a 
Representative Sample. 
 

3.5. Integrated Munition Health Management  

Integration aligns the principle MHM building 
blocks (Figure 3) and applies Context to the 
following: 

• Modularity- defines the Approach and 
depends on the complexity of the asset; 

• Architecture - defines how the technical 
and process elements are linked together; 

• Interoperability- defines our ability to 
interface elements including Technology, 
Disciplines and Organizations. 

IMHM can be described as a top-down approach. 
It uses Representative Sample data supplied by 
Health Management principles to provide 
Information and Knowledge to assist with 
appropriate Intelligent Actions across a range of 
end users. 
 
The implementation of the fundamental building 
blocks and integrating these within and across 
Disciplines and Organisations (Figure 3) provides 
a common and secure data that can be interrogated 
to improve our collective knowledge of exposure. 
This provides a step change in the way supporting 
Risk Assessments are carried out, shared, 
visualised and appropriately managed. 

Figure 2: The Vision for Integrated Munition Health management 



 
Figure 3: Integrated Munitions Health 

Management 

3.6. Current practice versus IMHM 

The current practice to monitor the ageing of 
munitions stockpile consists in In-Service 
Surveillance (ISS). 
The NATO Ammunition Safety Group (AC/326) 
has recently standardized this practice within 4 
documents: STANAG 4675 (Ref. 1), AOP-62 
(Ref. 2), AOP-63 (Ref. 3) and AOP-64 (Ref. 4). 
STANAG 4675 is the cover document, and 
assumes the primary criterion for limiting 
munitions life is safety. Nations who will ratify the 
STANAG agree to follow the guidance in the 3 
AOPs and agree to provide on demand the relevant 
safety and reliability data indicated in the 3 AOPs 
when transferring munitions to other NATO 
Nations. 
AOP-62 provides general guidance on ISS, and 
described the main components of it. 
AOP-63 provides guidance on sampling, calendar 
for ISS and provides examples of testing 
techniques and methodologies. 
Finally, AOP-64 indicates failure modes of known 
energetic materials families and provides a list of 

standards to monitor the condition of these 
energetic materials. 
 
This calendar based maintenance approach is fairly 
conservative due to some limitations: 

• No distinction between individual 
munitions 

• Destructive testing of random samples 
• Conservative, worst case estimation of 

safe life 
• Worst case assumptions result in 

premature replacement of the entire 
stockpile 

 
IMHM is an enabler to a condition based 
Munitions approach: 

• Separate safe life assessment for each 
individual munitions 

• Destructive testing of selected samples 
based on data analysis 

• Embedded and external sensors for precise 
life cycle health monitoring 

• Munitions with a benign storage or 
operational environment have a longer life 
and require less maintenance 

 
3.7. Benefits of IMHM 

Through supporting research the following benefits 
(Figure 4) have been identified: 

• Safety: The combination of technology 
and In Service Surveillance (process) to 
inform safety decisions; 

• Cost: deferral of asset disposal (due to 
longer service life). Reduced expense 
(effort) for In-Service Surveillance; 

• Performance – Greater understanding of 
current and future condition to perform 
mission objectives;  

• Availability: improved knowledge about 
safe remaining life of munition systems; 

• Interoperability – Supports collaboration 
within and across NATO countries; 
Enables the creation of a shared 
(capability) stockpile.  

 



 
 

Figure 4: Integrated Munitions Health 
Management Benefits 

 
3.8. Key Messages 

The key IMHM CDT messages were: 

1. Improper Munitions Management 
compromises safety and masks 
catastrophic risk 

2. The lack of visibility in munitions’ 
environmental exposure and accumulated 
degradation results in premature retirement 
and incurs cost 

3. IMHM is a proven approach to identifying 
accelerated aging and unsafe munitions 

4. Increasing the service accuracy and 
confidence extends the safe service life of 
munitions 

5. IMHM is ready and deployable today. 

“Integrated Munitions’ Health Management 
(IMHM) is an approach to enhance the way 
munitions are managed in NATO. It is structured 
towards understanding relative risk and providing 
associated benefits which have impact on reducing 
cost, and improving safety and performance”, 
summarized the NATO Chief Scientist. 

4. CONCLUSIONS 

This Cooperative Demonstration of Technology 
successfully demonstrated the important role of the 
NATO Science & Technology Organization and 

MSIAC as strategic enablers of the knowledge and 
technology advantage for the defence and security 
posture of NATO, Nations and Partners. Currently 
a follow-on project is being discussed to integrate 
the IMHM achievements in a project related to the 
NATO Smart Defence Initiative. 
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Smokes are widely used for military operations to obscure objects or signaling. Nevertheless, 

they are also used in civilian applications such as, for example, security, protection or 

festival. Smokes, as other pyrotechnic mixtures, generate short-lived aerosol clouds which 

may contribute to increase the urban atmospheric particulate matter (PM). Even so 

epidemiological and experimental studies have revealed a link between exposures to specific 

sources of air pollution, such as for example traffic air pollution, and health effects, there is a 

lack of data on the emissions produced by smokes.  

The diversity of aerosol size and of chemical composition considerably complicates the 

pinpointing of the specific causal agents and of the associations between exposure and 

adverse human health effects. To realize a comprehensive toxicological and chemical 

characterization of the aerosol it is crucial to collect relatively large amounts of aerosol  

within the short time of smoke emissions.  

In the first time of this study, three screening smokes have been tested, two anti-intruder 

civil smokes and a red signaling smoke, in an open space in order to observe the progress of 

the cloud formed. Aerosols have been collected using high volume cascade impactors 

(Staplex, model 235) and will be then submitted to an extensive physico-chemical 

characterization (ionic major species, inorganic and organic compounds). These data will be 

compared to those obtained from PM produced by firing small caliber ammunitions 

collected in a shooting range.  

Human epithelial cells (A549), a model for lung tissue, will be exposed to collected aerosols 

and the biological responses will be evaluated by dose-response investigations using 

cytotoxicity tests and genotoxicity/mutagenicity experiments. This comparison will allow the 

validation of the methodology used in this work and will set out results of various aerosols. 

The expected results will bring crucial elements to improve knowledge of toxicity of 

pyrotechnic mixtures.  
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� Air pollution: many origins (automobile, industrial, agricultural) which remain 

difficult to determine. 

 

� Pyrotechnic activities        intense particulate pollution. 

Inhalation, environmental dispersion and contamination risk for the civil and military 

population. 

Introduction 1 

(1) OMS, april 2014 (1) OMS, april 2014



Introduction 2 

� Fumigants : mixtures of reducing agents, associated with oxidants,  allow many 

effects: 

  smoke => camouflage 

 color => signage 

 

� Others sources of particles than fumigants in pyrotechnic domain (fireworks, 

explosions or even firearms). 

 
� Toxicity by inhalation of air pollutants :  - physico-chemical composition 
  - emitted quantity 
  - size 
  determine the deposit site in the respiratory tree. 

� Ultrafine particles (PM<0.1µm) : - distal respiratory tract 
  - bloodstream 



Nasal cavity 

Pharynx 

Trachea 

Primary bronchiole 

Pulmonary alveoli 

Upper respiratory tract 

Lower respiratory tract 

Distal respiratory tract 

Coarse particle  
PM 2,5 - 10 µm 

Fine particle 
PM 0,1 - 2,5 µm 

Ultrafine particle 
PM < 0,1 µm 

Introduction 3 



� Norwegian study: 55 voluntary militaries were exposed to particulate cloud 
emitted during confined shots. 

  Appearance of different symptoms for 55 shooters like headaches, 
coughing, fever and even dizziness. 

 
. 

Øyvind V et al. Inhalation Toxicology; 2014 

� Growing awareness of the military health protection exposed to daily particulate 
pollution emitted during pyrotechnic activities. 

Importance to determine the composition of the particle cloud and to 
assess its toxicity. 

Introduction 4 



Objectives 

To assess toxicity by inhalation of smoke particles produced by small 

arms and fumigants aerosols highly charged in particles. 

 

 

� This study is divided into two parts: 

 - Sampling and physico-chemical characterization 

 - Evaluation of the toxic response by study of biological targets 

(inflammation, oxidative stress, genotoxicity, mutagenicity). 



Strategy 

Particles 

Granulometry  

Physico-chemical 
characterization  

Cascade impactors 

Cytotoxicity 

Study of action 
mechanisms 

Toxicology response in 
vitro : 

• Mutagenicity 
• Genotoxicity 
• Oxidative stress 

• Particle size 
• Inorganic chemicals components 

(metals, major ions) 
• Adsorbed organic components 

(paraffins and HAP) 



Materials and method 

� MTT Test: - Determines the number of viable cells by evaluating 

mitochondrial activity.

 

� Trypan Blue Test: - Assesses membrane integrity by determining the 

 number of dead cells. 

� A549 cells 



Results 
Gunfire Particles 

� Gunfire Particles: between 3 and 7.2µm. 

> 2.5 μm < 2.5 μm Total (μg/m3)
Gunfire particles 384 124 508

Mass collected (μg/m3)



� Physico-chemical characterization: 

� Gunfire Particles: essentially metallic, lead-rich (4.65%). 

Results 
Gunfire Particles 



� Biological analysis : - Mitochondrial activity 

� Gunfire Particles: - dose-dependent cytotoxicity of gunfire particles at 48h.

 - decrease of cell mitochondrial activity. 

Results 
Gunfire Particles 

(n=3) 



38% 

62% 
41% 

59% 

43% 

57% 

(n=2) 

� Biological analysis: - Membrane Integrity 

� Gunfire Particles: -  decrease of number of adherent cells and cell viability. 

Results 
Gunfire Particles 



Results 
Fumigants Particles 

� Particulate sampling of 3 fumigants during fire testing in the experimental 

center "DGA Techniques Terrestres" located in Bourges in November 

2014. 

 

� Collecting of a signaling fumigant and two anti-intrusion fumigants with two 

impactors. 

> 2.5 μm < 2.5 μm Total (μg/m3)
Gunfire particles 384 124 508
Fumigant 1 0 14167 14167
Fumigant 2 0 1840 1840
Fumigant 3 0 16968 16968

Mass collected (μg/m3)

� Fumigants produce much more particles than gunfires. 



� Fumigant Particles: very fine (< 3 µm). 

Results 
Fumigants Particles 



� Fumigant Particles: predominantly organic, carbon-rich (70%). 

Results 
Fumigants Particles 

� Physico-chemical characterization: 



Signaling fumigant n°1  Anti-intrusion fumigants n°2 and 3 

� Particle collection problems for anti-intrusion fumigants (n
 

2 et 3) 

  non-particulate sample like an aggregated aerosol (gel). 

  difficult to expose cells to these agglomerated particles. 

Results 
Fumigants Particles 



Conclusion / perspectives 

� Signaling fumigant:  - Sampling and exposition successful 

   - Limited sampling window (7.2 to 0.49μm) 

  Use of a low pressure impactor (DLPI) to collect 0.03μm particles. 

 

 

� Anti-intrusion fumigants: - Non-particulate sampling (approximate size) 

    - Exposure difficulty (hard gel) 

  Limit the sampling time (avoid  particles recombination). 

  Accurate particle size analysis with Scanning Electron Microscope. 

  Expose cells to an organic extraction of the collected filters. 

   



� New sampling campaign of fumigants in Bourges in June 2015 with others 

methodological approaches. 

 

 

� Evaluation of potential biological targets (inflammation, oxidative stress, 

genotoxicity, mutagenicity). 

 

 

� Development of standardized samples, which will contribute to a normalization 

approach for toxicity tests. 

Conclusion / perspectives 
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Porous silicon combined with one or more oxidizer composites has emerged as a viable energetic 

system suitable for integration with microelectromechanical systems (MEMS) and electronics 

fabrication processes.  Our research group has studied rapid flame propagation in this system 

using sodium perchlorate as an oxidizer, demonstrating flame propagation speeds exceeding 3 

km/s.  For some applications, slower combustion and/or lower gas production may be desirable 

for delays or controlled thermal effects, and we have recently reported on slower flame 

propagation rates in porous silicon channels etched into silicon substrates.  Such energetic 

channels are surrounded on three sides by a highly conductive substrate, and consequently heat 

loss to the substrate and other surroundings may result in slower burning or flame extinction.  In 

this study, we report on the use of finite element analysis to model the transient thermal effects 

of a self-propagating reaction zone, and relate it to the expected balance between energy 

production rate of the reaction zone and energy transmission rate to the substrate.  Modeling the 

problem in this manner requires both a transient thermal analysis as well as spatially transient 

boundary conditions.  We also relate model and experimental results to a simplified analytical 

solution for one-dimensional spherical conduction, and discuss when such simplifications are 

justified and when a more detailed analysis is required.  For some of our lowest observed flame 

speeds using the porous silicon and sodium perchlorate system, model predictions were within 

4% of the observed flame propagation rate, 0.17 m/s.  These analyses should therefore aid in the 

design of porous silicon energetic devices.  They will also help in understanding other 

micrometer-scale energetic material systems integrated with substrates, or wherever thermal 

conduction plays a significant role in determining reaction propagation. 
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ABSTRACT 

Energetic materials and devices are part of the 
desired technology trend toward smaller and lighter 
platforms.  However, as size diminishes, limitations 
may arise with increased relative heat loss during 
combustion due to increasing surface-to-volume 
ratios of the reaction zones.  In this paper, we report 
on modeling substrate thermal effects of porous 
silicon/sodium perchlorate combustion at size 
scales of 10’s of micrometers.  We show that in 
many cases, a simple one-dimensional steady state 
thermal conduction model may accurately predict 
heat loss to a surrounding substrate, with agreement 
to within 10% for at least one experimental result.  
We also use finite element analysis to show that 
beyond a propagation velocity threshold, steady 
state assumptions are no longer sufficient and a 
more detailed model should be used. 
 
1. INTRODUCTION 

Energetic porous silicon (PS) is a high surface area 
silicon (Si) material formed by electrochemically 
etching a Si substrate in a hydrofluoric acid-based 
electrolyte.  The etch yields a film that can vary 
from several nanometers to several hundred 
micrometers in thickness, and is composed of pores 
with diameters as small as 2 nm.  The process is 
compatible with many electronics and microelectro-
mechanical systems (MEMS) fabrication steps, 
allowing the incorporation of sensors and other 
structures [1].  PS itself is largely inert, but the 
deposition of an oxygen-rich solid into the pores 
results in a highly reactive material  
[2].  Energy is released as the oxidizer overcomes 
an effective activation energy provided by a 
hydrogen passivation layer, and silicon converts to 
silicon dioxide along a reaction front which may be 
engineered to travel over 3000 m/s [3, 4], releasing 
up to 22 kJ/g with anhydrous sodium perchlorate 
(NaClO4) or other oxidizers  
[5, 6].   
 

For many applications, slower combustion and/or 
lower gas production may be desirable for delays 
and controlled thermal effects.  We have recently 
reported on slower flame propagation rates in PS 
channels etched into silicon substrates using 
NaClO4 [7, 8].  Self-propagating combustion in 
smaller channels may be more difficult due to the 
fact that PS channels are typically surrounded on 
three sides by highly conductive crystalline Si.  As 
dimensions decrease, the surface-to-volume ratio of 
the reaction zone increases, increasing the relative 
heat loss through the reaction zone surface area, 
while decreasing total energy output by the reaction.  
This condition may lead to slower burning rates or 
even flame extinction [9].  Still, closely-packed PS 
channels ~50 μm in radius burned at steady rates of 
4.6 m/s, remaining steady even across 90 degree 
changes in direction.  Small channel radii down to 
14 μm also burned at similar rates [7]. 
 
In this paper, we report on the use of a simplified 
analytical solution for one-dimensional spherical 
heat conduction applied to self-propagaing 
micrometer-scale reactions.  We also present a 
preliminary finite element analysis to model the 
transient thermal effects of a self-propagating 
reaction zone, and relate it to the expected balance 
between energy production rate of the reaction zone 
and energy transmission rate to the substrate.  The 
models are validated in a preliminary manner with 
experimental results, and demonstrate how a 
thermal understanding of micrometer-scale 
energetic material systems may play a role in their 
design and application. 
 
2. MODELS 

2.1. One-dimensional Steady State Spherical 
Conduction 

Fourier’s Law for one-dimensional steady state heat 
conduction in spherical coordinates with no heat 
generation in the medium is given by Eq. 1 [10]: 
 



 (1)

 
Here,  is radial heat flow, k is thermal conduction 
of the medium,  is the spherical area over 
which the heat flow occurs at radius r, and T is 
temperature.  Equation 1 may be expressed in 
integral form,  
 

 (2)

 
where  and  are surface temperatures 
corresponding to radii  and .   Eq. 2 evaluates to 
 

 (3)

 
To assist in applying these equations to the problem, 
Fig. 1 schematically shows a propagating reaction 
zone embedded in a substrate moving at velocity U.  
The reaction zone may be modeled as a point source 
heat generator which, if moving slowly enough, 
establishes a quasi-steady thermal distribution 
radiating from its center equally in all directions into 
the substrate.  This assumption allows use of one-
dimensional relationships in a spherical geometry, 
which dictate that thermal gradients in all directions 
other than radial are identically zero.  Therefore, 
even in the case of conduction in a symmetric, 
hemispherical domain with a perfectly insulated 
equatorial plane such as that implied in Fig. 1, the 
same equations apply because perfect insulation 
implies no heat flow across that plane or any other 
plane perpendicular to the radial direction.   
 
In Eq. 3,  may be finite or infinite, but  must be 
finite and non-zero. A true point source heat 
generator at  would lead to infinite 

temperatures at the origin.  Further complicating a 
definition of  is that the reaction zone in Fig. 1 is 
not spherical.  However, we may cast the problem 
into spherical coordinates by considering a sphere 
of radius  with surface area equivalent to the area 
over which heat is lost from the reaction zone, .   
 

 (4) 
 
In the case of Fig. 1,  is the area of the two 
semicircular faces bounding the reaction zone, 
because the reaction zone thickness dx is negligible.  
The approach is similar to that used to model the 
heat conduction in air of laser-heated microgrippers, 
which successfully predicted heating and actuation 
behavior of the devices [11].   
 
If ,  is the ambient temperature,  is an 
arbitrary distance r,  is the temperature at that 
distance, and  is some input power , Eq. 3 may 
be written 
 

 (5) 

 
Referring back to Fig. 1, heat generated by a 
reaction acts as an input to the problem, and may be 
expressed by the time derivative of input energy 
provided by the reaction, or input power : 
 

 (6) 

 
In Eq. 6, E is the heat of reaction per unit mass,  is 
unreacted material density, the reaction front 
velocity , with the remaining terms 
being a computation of the reaction zone volume in 
Fig. 1.  When balanced, a reaction steadily 
propagating at its minimum propagation rate will 
provide an input power  equaling the heat 
leaving the reaction zone, represented by  in Eq. 
3. 

 
2.2. Finite element analysis 

We used ANSYS v14.5 to model steady state and 
thermal conduction in two dimensional (2-D) 
axisymmetric coordinates, in order to validate 
assumptions about the one-dimensional model in 
the previous section.  A typical grid is shown in Fig. 
2, showing a domain with approximately 2000 
mapped quad elements, with higher grid density in 
the region of expected higher thermal gradients.  
The boundary conditions are also shown, with an 

 
Figure 1. Schematic cross section showing 

reaction zone of an embedded energetic channel 
and associated dimensions. 



axisymmetric axis corresponding to the vertical y-
axis in the figure. The reaction zone dimensions Rx 
and Ry are shown in the inset, with Rx corresponding 
to R in Fig. 1, and Ry corresponding to dy in Fig. 1.  
The material properties used are in Table 1, with 
porous silicon thermal conductivity from [1] and 
density based on an average volumetric porosity of 
70%.  The PS properties were applied to all, a 
portion, or none of the reaction zone depending on 
the case studied.  The domain extended to 30Rx, 
representing a distance long enough to approximate 
a semi-infinite domain with finite boundary 
conditions.  Initially, Ry was 0.2Rx.   
 
The model depicted in Fig. 2 could have been 
simplified with a line of symmetry along the x-axis, 
but we also carried out transient calculations for a 
moving reaction zone with velocity U.  In this case, 
we first determined the time necessary to establish 
steady state conditions with a stationary reaction 
zone.  Then we extended the region of higher node 
density Ry such that U/ Ry was equal to this time.  
We also applied transient heat generation rate step 
functions that turned on and off along each slice of 
elements across the Rx dimension, simulating a 

moving reaction zone that traveled vertically in the 
positive y direction. 
 
3. EXPERIMENT 

Experimental details for small porous silicon 
combustion channels are described elsewhere [7, 8], 
but a brief summary is presented here.  The starting 
Si wafers were boron doped, <0.01 ·cm, with a 
silicon nitride layer on the front, and platinum on 
the back to act as a cathode for electrochemical 
etching.  The nitride layer was selectively removed 
to reveal thin strips of silicon for porous silicon 
formation through electrochemical etching.  This 
etch was performed in a 3:1, hydrofluoric 
acid:ethanol solution, with 2.4% by volume H2O2, 
for 1 minute.  To form an energetic material, sodium 
perchlorate (NaClO4) was embedded into the pores 
by allowing a 3.2M solution of NaClO4 in methanol 
to seep into the pores and dry for ~30 minutes under 
nitrogen.  Combustion tests were performed in 
nitrogen due to the hygroscopic nature of NaClO4.  
Combustion was initiated by passing a current 
through a gold bridgewire, patterned over the 
surface of the porous silicon.  The electrical pulse 
simultaneously began a high-speed image capture 
process at 60,000 Hz using a Photron FASCAM 
SA5 camera.  Time lapse images and flame speed 
tracking were performed using the high-speed 
images in conjunction with an in-house Matlab 
program. 
 
Further experimental details used in the calculations 
were estimates for the heat of reaction and reaction 
temperature.  A 19 kJ/g heat of reaction is reported 
in [5] for a 70% porous sample.  A lower bound 
reaction temperature of 1687 K was used for the 
melting point of silicon, based on arguments 
presented in [7]. 
 
4. RESULTS AND DISCUSSION 

4.1. Analytical Models and FEA 

Considering a non-dimensional form of Eq. 5, we 
may substitute , , 

, and .  In each case, over-
bars represent non-dimensional variables.  Fig. 3 
shows the predicted result for a non-dimensional 
power input of precisely , for which Eq. 5 non-
dimensionalized using the above definitions 
predicts the temperature distribution to follow .  
The steady state finite element analysis result for the 
same condition, with a single substrate thermal 
conductivity used everywhere shows good 

Table 1. Material properties used 

Material 
Thermal 

conductivity k 
(W/cm-K) 

Density  
(g/cm3) 

Specific 
Heat  
(J/g-K)

Si 1.4 2.33 0.7
PS 0.025 0.70 0.7 

 
Figure 2. Finite element model grid and variable 

definitions. 



agreement for , demonstrating that the 
approximation of the heat generation region in Fig. 
1 with a spherical coordinate boundary condition 
was valid.  Details in the immediate region next to 
the reaction zone are lost with the simplified 
analytical model, but predictions of overall quasi-
steady heat loss are nearly identical, given the 
identical temperature distributions at larger 
distances. 
 
Similar FEA calculations for a reaction zone with 
thermal properties of PS are shown in Fig. 4.  The 
lower thermal conductivity of the PS material 
domain allows much higher thermal gradients for 
the same heat flux, leading to much higher predicted 

temperatures, but within the silicon substrate 
domain, the FEA result for two materials eventually 
matches the analytical prediction for heat loss in a 
single material domain.  It should be noted that 
temperature magnitudes within the reaction zone are 
assumed to be erroneous, because actual reaction 
temperatures are functions of more than simply an 
applied thermal power into a material with constant 
thermo-physical properties. 
 
4.2. Experimental Results 

A detailed set of experimental results for microscale 
PS channel combustion are presented in [7], with 
some of the smallest self-propagating energetic 
structures reported to date.  Approximate 
semicircular cross section channels with radii 
between 14 and 50 μm burned at 4.6–5.2 m/s.  Some 
had consistent flame speeds, while some exhibited 
fluctuations, especially for smaller samples.  Fig. 6 
shows an additional result for a sample with the 
cross section shown in Fig. 6a).  This channel cross 
section could be approximated by a semicircular 
cross section with a radius of 22.5 μm, although the 
deepest portion did extend beyond 22.5 μm as noted 
in the figure.  The remaining substrate was 
approximately 500 μm thick, which approaches a 
semi-infinite domain on this scale.  The sample 
burned unsteadily as shown by Fig. 6c), with 
slowest flame propagation rate of 0.17 m/s.  
 
Referring to Eq. 6 for the case shown in Fig. 6,  
was calculated to be 1.8 W.  Using this value in Eq. 
5 with  from Eq. 4, the temperature difference 
predicted by the analytical model was only 90 K, 
which is unrealistically low.  With an assumed 
temperature change of 1387 K (1687 K relative to 
ambient at 300 K), the same equation predicts over 
27 W leaving the reaction zone in steady state.  
Because this value is significantly higher than the 
heat provided by the reaction, the model predicts 
that the reaction should be thermally quenched and 
should not have propagated.  However, the reaction 
clearly did propagate, which may imply a need to 
consider PS thermal properties as well.   
 
It was noted in Fig. 4 that the lower thermal 
conductivity of PS caused higher thermal gradients, 
leading to higher predicted internal temperatures.  It 
was also noted that the magnitudes of these 
predicted temperatures are likely erroneous.  
However, Fig. 4 does show that the inclusion of low 
thermal conductivity material greatly impacts the 
overall temperature distribution. 

 
Figure 3. Non-dimensional finite element analysis 
(FEA) compared to the analytical prediction for a 

single substrate material.  The inset shows 
temperature distribution over a half-hemisphere 

domain 
 

 
Figure 4. Non-dimensional FEA for a silicon 

substrate and a reaction zone in a PS channel, 
compared to the analytical prediction for a single 
substrate material.  The inset shows temperature 

distribution over a half-hemisphere domain. 



 
As shown in Fig. 5 and as discussed in [7], these PS 
channels exhibited a significant amount of residue 
following combustion relative to the original 
channel dimensions.  The exact amount and 
morphology of this residue varied from one 
experiment to the next, and even varied along the 
same channel of the same experiment.  Therefore, 
even though Fig. 5 is from a different sample than 
the one in Fig. 6, it is a representative image of the 
residue following all experiments.  Energy 
dispersive x-ray spectroscopy (EDX) was 
performed on representative samples of this residue, 
showing that the primary element was Si.  Sodium, 
Cl, and O were also present as expected, and 
although conclusive evidence was elusive, the 
residue appeared to be primarily unreacted PS and 
the reaction products NaCl and SiO2 [7].  The 
presence of unreacted PS suggests that the reaction 

was in fact thermally quenched at the sidewall, 
where Eq. 4 predicted that 27 W was leaving the 
reaction zone.  The residue could then have 
provided a significant insulation layer between the 
reaction zone and the rest of the substrate, inhibiting 
heat flow while maintaining the same temperature 
difference.   
 
Considering  in Eq. 3 as an across variable or 
voltage equivalent and  as a through variable or 
thermal current, the remaining terms in Eq. 3 define 
a thermal resistance.  The thermal resistance of a 
10 μm thick wall of unreacted PS at the reaction 
zone, cast into a spherical domain using Eq. 4 and 

 μm, is 2263 K/W.  The thermal 
resistance of the remaining substrate is negligible at 
~50 K/W, so a series connection of the two thermal 
resistances will be essentially the unreacted PS 
resistance.  Using the assumed temperature 
difference of 1387 K, an estimated 0.61 W will 
leave the insulated reaction zone.  Finally, using Eq. 
6, we calculated a minimum propagation velocity of 
0.188 m/s for a PS reaction to supply the 0.61 W 
needed to sustain combustion.  This value is within 
10% of the slowest velocity in Fig. 6, which may be 
nearing the actual minimum propagation rate given 
the unsteady nature observed. 
 
It should be noted that experimental sample 
characteristics and observed flame speeds did vary 
significantly from one experiment to the next.  For 
example, the sample in Fig. 6 was synthesized under 
the same conditions as a 14 μm radius sample in [7], 
although the latter burned at 5.2 m/s despite its 
smaller size.  In general, etch conditions and 
oxidizer filling of the pores may cause significant 
variability in resulting pore morphology and the 
nature of wall residue resulting from the combustion 
of these small PS channels.  Furthermore, although 
the simplified analytical model presented here may 
be used to reasonably predict such things as 

 
a)     b) 

Figure 5. a) Cross section of a 32 μm deep porous 
silicon sample after combustion, showing wall 

residue in b). 

 
a)  

 
b) 

 
c) 

Figure 6. Experimental results showing a) PS 
channel cross section of an identical sample before 
the reaction, b) an experimental time lapse of the 

combustion event, and c) tracked flame front 
position vs. time.  



minimum propagation rate in some cases, the use of 
steady state conditions may not apply as the 
propagation rate increases.  The following section 
begins to address this issue. 
 
4.3. Transient FEA calculations 

We performed additional transient FEA calculations 
with a moving reaction zone at velocity , 
where thermal diffusivity  for the Si 
properties in Table 1.  Fig. 7 shows qualitative 
results for , corresponding to 4 m/s for the 
channel in Fig. 6, both for a uniform 
channel/substrate material, and for a separate, lower 
thermal conductivity PS channel.  As expected, the 
thermal contours spread out on the trailing end of 
the moving reaction zone, and in the case of Fig. 
7b), the thermal gradients were much higher in the 
lower conductivity PS region.  Figs. 8 and 9 show 
quantitative results for non-dimensional velocities 
of 0.1, 1.0, and 4.0 (corresponding to 0.4 m/s, 4 m/s, 
and 16 m/s, respectively), with the same non-
dimensional power applied as in Figs. 3 and 4.  At 

, and at radial distances greater than unity, 
the solutions approach the steady state calculations 
and the  analytical solution from the simple 
model, the latter of which is also shown in the plots.  
At , there is some deviation, and at  
there is a significant departure from the steady state 
approximation.  Therefore, predictions of minimum 
velocity in the 10-100 cm/s regime should not have 
been affected by the use of a steady state 
approximation. 

 
5. CONCLUSION 

We have applied straightforward steady state 
thermal conduction equations to a propagating 
reaction zone and its heat loss into a surrounding 
substrate.  For some of our lowest observed flame 
speeds using a porous silicon and sodium 
perchlorate system, the observed flame propagation 
rate of 0.17 m/s was within 10% of model 
predictions equating the predicted substrate heat 
loss to the energy rate supplied by the moving 
reaction.  We also carried out transient thermal 
calculations, and showed that the steady state 
approximations appeared to be valid for this case.  
Although more detailed modeling may be necessary 

 
Figure 7. FEA non-dimensional temperature 

results for a reaction zone moving to the right at 
with non-dimensional velocity .  a) uniform 
material characteristics; b) separate PS channel 

and substrate material characteristics. 

 
Figure 8. Non-dimensional FEA calculations for a 
uniform substrate with a reaction zone moving at 
non-dimensional velocities of 0.1, 1.0, and 4.0.  

The 1/r curve from Eq. 5 is also shown. 
 

 
Figure 9.  Non-dimensional FEA calculations for a 
silicon substrate and a PS channel, with a reaction 
zone moving in the PS channel at non-dimensional 
velocities of 0.1, 1.0, and 4.0.  The 1/r curve from 

Eq. 5 is also shown for reference. 



to more accurately capture the true thermal physics 
of reacting energetic microdevices, the simplified 
analysis presented here should aid in the design of 
future devices and help in understanding other 
micrometer-scale energetic material systems 
integrated with substrates. 
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Fielded pyrotechnic compositions containing the environmentally-hazardous oxidizer potassium 
perchlorate are highly scrutinized due to increasing government regulations to limit ground water 
contamination. A perchlorate-free yellow flare composition for future implementation into the Mk 144 
Yellow Signal Flare is presented. The reformulated yellow signal flare composition was developed by 
employing a "color mixing" technique which utilizes sodium nitrate, barium nitrate, and polyvinyl 
chloride as alternative oxidizers to produce Na emission lines in the orange region of the spectrum and 
BaCl and BaOH emission lines in the green region of the spectrum. By utilizing this approach, the 
resulting dominant wavelength of this perchlorate-free flare appears yellow to an observer. The 
combustion characteristics of the perchlorate-free yellow flare compositions are documented using 15-
gram pellet linear burn rate experiments instrumented with high-speed imaging, a tri-stimulus detector to 
document the illuminance and a visual spectrometer to document the spectral intensity. The in-service 
yellow perchlorate-containing formulation was tested side-by-side with the perchlorate-free versions for 
comparison purposes. Specifically, the burn rates were reasonably similar, the luminous intensity of the 
perchlorate-free versions was slightly higher, and dominant wavelengths and color purities were also 
comparable to slightly improved. Since the perchlorate-free replacement composition is intended to be of 
lower environmental impact, the combustion residue from the in-service and perchlorate-free 
compositions were analyzed via mass spectrometry techniques to attempt to identify environmentally-
hazardous species (e.g., perchlorates). Experimentally identified combustion products will be compared to 
that predicted from the thermochecmical equilibrium codes Cheetah v4.0 and NASA CEA. 
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Composite rocket propellants (CRP) contain oxidizer particles and fuel particles in an 
elastomeric binder matrix: The oxidizing agent is mostly ammonium perchlorate and the 
elastomer is hydroxyl terminated polybutadiene (HTPB) based polyurethane. Whilst being 
processed easily, mechanical and thermal stability of CRPs may suffer compared to pure 
elastomer. The components vastly differ in terms of crystallinity, thermal expansion 
behaviour and polarity. Especially, under wide temperature variations insufficient resilience 
leads to detachment or dewetting of filler material from the binder and reduced performance. 
The ageing of such material was successfully characterized by DMA (dynamic mechanical 
analysis) measurements. The loss factor tan� shows characteristic changes in shape and 
intensity. Furtheron the shape of the loss factor is also determined by the intermolecular 
interactions between binder elastomer and filler materials [1]. This work intends to contribute 
to elucidating this aspect. 
Adhesion strength is a crucial measure within the optimization process of CRP mechanical 
stability: Solution micro calorimetry is employed to investigate the thermal response upon 
mixing AP with uncured HTPB, or plasticising agents as dioctyl adipate, DOA. Although 
originally designed for measurement of heats of solution, the setup is readily used to measure 
the heat of adsorption within saturated solutions. For normalization to heat per surface area, 
particle size and surface area distributions are determined by laser scattering, scanning 
electron and optical microscopy, as well as gas adsorption measurements (BET method). 
Heats of adsorption scale linearly with the total surface of the crystalline sample, including an 
offset from blank measurements. 
The results are further used for validation of molecular dynamics computer simulations. Sets 
of representative crystal surfaces are identified, and loaded with adsorbate. From simulation 
runs at experimental boundary conditions (pressure, temperature), heats of interaction are 
straightforwardly extracted, alongside the contribution of each functional group. As results 
show good quantitative agreement with the corresponding experiments, the simulation 
procedure qualifies as a screening method in CRP development or generally for composite 
materials. 
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Numerical simulation of embedded electromagnetic particle velocity gauges in 2D flows. 
 

R. Sorin, N. Desbiens, V. Dubois, A. Sollier 
CEA, DAM, DIF, F-91297, Arpajon, France. 

 
 

The embedded electromagnetic particle velocity gauge method developed and used at 
Los Alamos1 is probably one of the finest and most accurate techniques used to characterize 
reactive flows. It permits the particle velocity measurements at several Lagrangian positions 
in the flow. The gauge package is placed inside a permanent magnetic field and when it 
moves, the displacement of the wire creates an induction current which is proportional to the 
magnetic field strength, the wire length and its velocity. This technique has been extensively 
used to study the initiation behavior of many different explosives (for instance in TATB-
based explosives2). However, all these experiments are purposely designed to be 1-D whereas 
in most high explosive devices, the reactive flows are 2-D and 3-D. In the case of multi-
dimensional flows, the displacement of the wire out of the plan perpendicular to the magnetic 
field will not be measured. Moreover, the displacement of the connectors can also raise 
induction currents, disrupting the measure and rendering difficult any direct analysis of the 
velocity waveforms. To analyze these records, the simulation of the entire gauge displacement 
in the multi-dimensional flow must be completed.  

Sollier et al3. have characterized the response of the classical LANL gauge package to 
2-D steady detonation flows with various levels of curvature. In the present work, we have 
performed 2-D Eulerian simulations in order to analyse their gauge records. Each gauge wire 
was discretized in multiple Eulerian-Lagrangian virtual particles, their global displacement 
was then inferred from the simulated flow and the induced current calculated. We show that 
the connectors’ participation to the measure is noticeable, especially for the most curved 
configurations. The comparison of these simulations with the experiments also appears to be a 
very effective way to check the predictions of reactive burn models in multi-dimensional 
configurations.  
 

                                                 
1 R.L. Gustavsen, S.A. Sheffield, and R.R. Alcon, J. Appl. Phys. 99, 114907 (2006). 
2 A. Sollier, P. Manczur, B. Crouzet, L. Soulard, J-H. Quesada, J-M. Chevalier, P. Bouinot, R. Duconget and C. 
Matignon, in Proceedings of the 14th Symposium  (International) on Detonation, Office of Naval Research, 
Report ONR-351-10-185, p. 563, 2010. 
3 A. Sollier, P. Manczur, N. Carion, R. Sorin, P. Hébert, M. Doucet, R. Letreny and L. Decaris, in Proceedings of 
the 15th International Detonation Symposium, 2014. 
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ABSTRACT 

The embedded electromagnetic gauge method 
permits the particle velocity measurements at 
several Lagrangian positions in the flow. 
Usually, the dedicated experiments are designed 
to be 1-D to ease the analysis of the signal. In 
multi-dimensional flows, the displacement of the 
connectors also induces an electrical signal, 
disturbing the measure and rendering difficult 
any direct analysis of the velocity waveforms. 
To analyse these flows, we have performed 2-D 
simulations of axi-symmetrical detonation 
waves crossing an embedded electromagnetic 
gauge in a cylinder. Each gauge wire was 
discretized in multiple virtual particles and 
their global 3-D displacement was then 
reconstructed to emulate the experimental 
signal. We show the connectors’ contribution to 
the measure and the possible sources of 
discrepancy. The simulation of the complete 
device was run and its comparison with the 
measurements appears to be an effective way to 
check the predictions of various reactive burn 
models in multi-dimensional configurations. 

1. INTRODUCTION 

Among all the experimental techniques used to 
characterize the reactive flows in detonating high 
explosives, the embedded electromagnetic particle 
velocity gauge method developed and used at Los 
Alamos1-2 is probably one of the finest and most 
accurate. Over the recent past, this technique has 
been extensively used to study the shock properties 
of inert materials and the initiation behavior of 
many different explosives under various kinds of 
solicitations3-5. However, all these experiments are 
purposely designed to be 1-D so the flow can be 
characterized by the gauge technique and be more 
easily understood. This technique relies on the 
Faraday’s law of induction of a conductor ������
moving with velocity ��� in a magnetic field ���: �� 	 
��� � ����  ������  (1) 
If the design of gauge is such that its active 

element L is orthogonal to both the velocity and 
the magnetic field and if the connecting wires are 
collinear to the 
���� ���� surface (i.e., they do not 
produce any induced current), then the induced 
voltage reduces to the scalar equation: � 	 �  �  �  (2) 
As in most high explosive devices, the reactive 
flows are not purely 1-D, we aim at characterizing 
the signal produced by embedded gauges in 2-D 
axi-symmetrical flows. This work is performed 
both experimentally and via numerical simulations 
of the flow generated by the explosive.  
The experimental study was conducted by Sollier6

in which the embedded electromagnetic particle 
velocity gauge method is applied to multi-
dimensional reactive flows. The curved detonation 
flow is monitored at the end of a long cylindrical 
rod of high explosive with multiple magnetic 
gauges. Explosive samples were prepared with a 
stirrup gauge and a classical LANL gauge package 
to measure the evolution of the wave (cf. Fig. 1). 

Figure 1.Pictures of a 50 mm diameter  
target assembly. 

We have performed 2-D Eulerian simulations in 
which each gauge wire is discretized in multiple 
Eulerian-Lagrangian virtual particles, so that the 
overall displacement of the gauge is inferred from 
the Eulerian flow. These simulations show that the 
gauge displacement becomes 3-D and the 
connectors’ participation to the measurement is 
noticeable, which is not the case in purely 1-D 
flows. We have evaluated these participations and 



also studied the impact on the measurement of 
local variations of design parameters such as the 
position of the gauge or the orientation of the 
magnetic field. The comparison of simulation 
results with the measurements is presented in the 
last part of this article. 

2. EMBEDDED GAUGE DESCRIPTION 
2.1. Experimental set-up 

The set-up consists in an explosive cylindrical rod 
of 20 mm and 50 mm in diameter ignited at one 
end with a detonator and a booster. The explosives 
samples containing the gauge package are glued to 
each other. They are made of pairs of 30° wedges 
which are assembled around an electromagnetic 
particle velocity gauge package reforming a 
cylinder (cf. Fig. 3). The gauge package consists of 
nine particle velocity gauges made of 5 μm thick 
aluminum conductors sandwiched between two 25 
μm thick sheets of FEP Teflon® insulation. The 
Fig. 1 is the picture of the target assembly with the 
gauge package glued on the bottom wedge. 

Figure 2.Scheme of the simulated gauges. 

The scheme of the gauge package is shown on the 
Fig. 2. By convention the gauges are numbered 
from 1 to 9, starting with the larger one (which by 
design is the first to encounter the detonation 
wave). Each gauge consists in an Active Element 
(AE) and 3 connectors (C1, C2 and C3). The width 
of the wires is around 100 µm for the AE, C1 and 
C2 and increases to 700 µm for the C3. On the 
50 mm rod the length of the AE varies from 7 to 
15 mm and the distance between two consecutive 
AE is ~ 2 mm. In order to match the 20 mm rod the 
dimensions of the package geometry is reduced of 
a factor 0.8, meaning that the AE varies from 5 to 
12 mm and the distance between two successive 
AE is ~ 1.6 mm.  
The 3-D representation of the nominal insertion of 
the gauge package is shown on the Fig. 3. The 3-D 
axes are defined on this picture: Ox is collinear to 
the AE, Oy is collinear to the magnetic field and 

Oz is the axis of the cylinder.  

Figure 3.Set-up of the gauge package. 

2.2. Numerical set-up 

We have performed 2-D axi-symmetrical eulerian 
Direct Numerical Simulations with the Hesione 
hydrocode. The explosive model used in the 
computations, corresponds to the one introduced in 
precedent papers7. In order to match the stationary 
state of the detonation wave, the simulation were 
performed with a sufficiently long cylinder (> 5�).  
In the simulation, each gauge was modelled by 
virtual lagrangian points moving with the 
detonation flow. This transformation is valid only 
with the following hypothesis on the gauge 
package: (i) it does not modify the detonation wave 
and the flow associated, (ii) there is no slipping of 
the detonation products along the package, and (iii) 
the mechanical behaviour of the gauge is 
neglected. Then, from the displacement of each 
point in 2-D axi-symmetrical (r,z) plan we can 
extrapolate the 3-D displacement of the gauge with 
the assumption that the flow is axisymmetric, i.e. 
each point stays in the (r,z) plan it belongs in the 
first place.  
Each gauge package used on the experiments is 
scanned, so we use these data to describe the exact
package dimensions and position in the simulation. 
The nominal set-up of the gauge is symmetrical 
with respect to the (y,z) plan. So we have 
discretized only half of the gauge by allowing 10 
points on half the AE and on the C2 connector and 
20 points on the C1 and C3 connectors. The (x,y,z) 
coordinates of each lagrangian particle are then 
transformed into (r,�,z) coordinates, r being the 
distance to Oz and � the angle with respect to Oy. 
The Fig. 4 represents the position of the gauge 
package in the simulation plan (r,z) in the case of a 
50 mm rod. 



Figure 4.Gauge package position in the  
�50 mm rod simulation. 

During the simulation, the position and velocity of 
each point is monitored along the (r,z) plan with a 
sampling rate of 1 GHz. These data are post-
processed back to obtain the displacement of the 
complete 3-D gauge along (x,y,z). The movement 
of each segment of the gauge in the magnetic field 
is inferred and the corresponding voltage dE 
calculated from the Faraday’s law (1). Finally, we 
sum the dE produced on the whole gauge to 
emulate the electrical signal at each time step. 

3. SOURCES OF SIGNAL DISTURBANCE 

We are reviewing the possible signal’s sources of 
disturbance: the displacement of the connectors, 
the gauge embedment variation and the variation in 
the magnetic field. We will then show the 
difference of simulated signal for different 
explosive compositions. 

3.1. Connectors 

When a gauge is subjected to a 1-D flow, the 
various connectors are positioned so that their 
displacement does not produce any dE or 
sufficiently far from the AE to avoid any 
interference with the measure (the C2 is parallel to 
the AE, so it will create another jump in the 
signal). For a 3-D displacement every connector 
can contribute to the signal.  
In the case of the �20 mm cylinder, the small size 
of the rod implies that only the active element and 
the first connector are included in the explosive 
sample. The Fig. 5 corresponds to the simulated 
signal with or without the connector’s participation 
of gauge #1, #5 and #9.  

Figure 5.Influence of the connector on the 
electrical signal in a �20 mm diameter cylinder. 

We can clearly identify on the Fig. 5 that the C1’s 
effect is to decrease the value of the signal 
generated by the AE. The distance between the two 
curves increases with time, as a larger part of the 
C1 is accelerated. This effect is more pronounced 
on the first gauge and seems to decrease with the 
initial position of the gauge. 

Figure 6.Surface of gauge’s positions  
along time in a �20 mm cylinder. 

In the �20 mm design, the C1 of the first gauge are 
located near the edge of the rod, and the C1 of the 



gauge #9 are much closer to the axis. So the 
expansion wave from the edge rapidly attains a 
large part of the gauge #1, which happens much 
later on the gauge #9, and creates a larger 
acceleration of the first gauge’s C1. The Fig. 6 
represents the surface created by the gauge 
position with time. One can see that the whole 
gauge set exhibits a diverging flow pattern. 
Moreover, the displacement of the gauge #1 is 
much larger than those of gauge #5 and #9, which 
corresponds to the difference of C1’s influence on 
the signal. From these observations, we deduce 
that the gauges for which the axis of the rod is 
inside the surface defined by the electric wire 
(gauge #1, #2, #3, #4) will experience larger 
deformation than the others, creating more 
discrepancy from the AE’s signal.  
In the case of the �50 mm cylinder, the whole 
gauge package is included in the rod (cf. Fig. 1), 
i.e. all the C1/C2 and a part of the C3 are in the 
explosive. So, we have to consider all the 
connectors to reproduce the experimental signal. 
The Fig. 7 represents the signal calculated for one 
gauge depending on the number of connectors 
taken into account.  

Figure 7.Effect of the connectors on the  
signal delivered by one of the gauge  

in a �50 mm cylinder. 

As observed with the �20 mm rod, the C1 effect is 
to decrease the measured signal. The C2 has a 
tremendous effect: this connector is parallel to the 
AE and it will have the same contribution on the 
signal. When the detonation wave reaches it, a 
secondary peak of voltage is observed. 
As the C3 is collinear to the C1, its displacement 
will have the same effect on the signal: a decrease 
of the voltage that grows with time. On the Fig. 1 
and 2, we can see that the width of the C3 is larger 
than for the other wires (C3 is ~700 µm compared 
to ~100 µm for AE, C1 and C2). The Faraday’s 

law implies that the current induced by the C3’s 
displacement will be the same that the one created 
on the other parts of the gauge, but as C3’s width is 
larger, the voltage created �E will be lower as 
shown by the resistivity law in a wire (I is the 
current intensity, �el the wire resistivity, and L, w 
and th respectively its length, width and thickness): �� 	 �  � 	 ���  ����  �  (3) 
The C3’s width is about 7 times larger than the 
width of the other wires, all other dimensions kept 
constant, the voltage produced will then be 7 times 
lower. If this adjustment is made, the signal’s 
evolution after the second velocity jump 
corresponds to those measured. 
The Fig. 8 represents the 3-D evolution of the 
gauge n°1 at different time in a �50 mm cylinder. 
We can see that the movement of the gauge is 
mostly horizontal at the beginning of its motion, 
and that the flow does not curve much the gauge. 
The curvature is mostly felt by the C2 and C3 that 
are further away from the axis and undergo a 3-D 
divergent motion quite rapidly. 

Figure 8.Cylinder �50 mm: 3-D reconstruction of 
the gauge #1 at different time steps. 

3.2. Gauge position  

We can define the surface of insertion of the gauge 
package with two angles: the wedge (rotation 
around Ox) and the tilt (rotation around Oy). The 
flow being axi-symmetrical the rotation around Oz 
is senseless here. The normal insertion of the 
package corresponds to a wedge angle of 30° and 
no tilt (cf. Fig. 3). We have simulated a variation in 
wedge and tilt angle (the tested values, i.e. ± 5° 
around the nominal position, are chosen for 
demonstration only).  



The Fig. 9 shows the effect of the variation of 
these parameters on the signal produced by the 
gauge #1. One can see that these variations do not 
change the value of the voltage created by the flow 
but mainly varies the aspect and timing of the 
different peaks. The variation of the wedge angle 
changes the different gauges AE’s distance (and 
also for the corresponding C2) from the plan 
containing the stirrup gauge (defining the zero on 
the Oz axis). So, the elapsed time between two 
successive gauges and between the AE and C2 
peaks will be linearly dependent on this wedge 
angle. The tilt of the package creates a change of 
aspects in the different peaks: they become less 
sharp and the C2 peak is doubled.  
These simulations show that we are able to take 
into account a possible tilt in an incident wave in 
1-D designed experiments, and to interpret the 
signals from a 2-D simulation where the incident 
shock is 1-D but the wedge and tilt of the gauge 
are modified to correspond to the incidence angles 
of the wave. 

Figure 9.Effect of the wedge and the tilt angles  
on the signal of the gauge #1. 

3.3. Magnetic field 

On the experimental set-up, the magnetic field is 
generated by two sets of three permanent magnets. 
The value of the field is monitored before each 
shot along three plans (x,y) surrounding the 
location of the gauge package (z = -6  mm, +0 mm, 
+6 mm). The design of the experiment is chosen so 
that the direction of the magnetic field is collinear 
to Oy (monitored with a compass). Considering the 
center of mass of the magnets as the origin of the 
coordinates (x,y,z), we know that the value of the 
field increases along the Oy axis, i.e. as we get 
closer to the magnets, and decreases along the Ox 
axis as expected as we get away from the middle 
zone of the magnets (this shape is the same for the 

Oz axis). To represent the variation of the value of 
the field in space, we chose to fit the following 
formula: ����� 	 �� � ���� ! "# $ �%�% & "# � �'�' ( "#  (3) 
On each experiment we almost have 100 points 
and we calibrated the 7 parameters (B0, x0, y0, z0, a, 
b, c) with a least square method. The Fig. 10 shows 
the value of the resulting field in the plan z = 0 mm 
with a span in (x,y) corresponding to the location 
of the gauge package. We solely observe a low 
variation (± 1.1%) of the field on this zone. So the 
hypothesis of a uniform field all over the gauge 
displacement area is valid.  

Figure 10.Fit of the experimental value 
of  ����� in the plan z = 0 mm. 

Figure 11.Variation of the signal on the gauge #1 
when the orientation of the field varies.

We have also studied the effect of the variation of 
the direction of the field on the signal. We define �
and � as the angles between the orientation of the 
field and the Oy axis respectively in the (x,y) and 
(y,z) plans. The Fig. 11 shows the Variation (with 
respect to the nominal position) of the signal 
produced by the gauge #1 in the case of a variation 
of orientation of ± 15° (values chosen to 
demonstrate the effect on the simulated signal). 



We can see that the signal modification due to � is 
larger than the one created by �. Depending on 
which plan the deviation takes place, we see that 
the effect can be an increase or a decrease of the 
signal. As the Faraday’s law depends on the length 
of the wire, the variation of the magnetic field 
orientation will be more effective on the larger 
gauges (#1 or #2) than on the smaller ones (#8 or 
#9). The cumulated effect of the two orientations 
can also provide larger jumps in the signal (see the 
�+15°/�+15° curve is of the order of the sum of the 
�+00°/�+15° and �+15°/�+00° curves). In this 
example the maximum discrepancy is around 0.2V 
after the first peak which is about 10% of the 
signal of the gauge #1. After the second peak it 
turns to 0.3V, the discrepancy being dependent on 
the wire length involved.  

3.4. Influence of the explosive 

We have performed simulations with EOS adapted 
to three different explosives, characteristic to the 
TATB and the HMX (and their mixture). These 
compositions have been chosen to test different 
velocities and curvatures of the front on the 
simulated signal.  

Figure 12.Effect of the nature of the explosive on 
the simulated signal of gauge #1.

The Fig. 12 shows the gauge #1’s signal extracted 
from these simulations. The differences between 
the simulated signals are typical of the different 
explosives: 
- The interval between the two successive peaks 

depends on the detonation speed. So the faster 
the detonation, the shorter the interval. We 
clearly observe that the detonation velocity is 
faster for the HMX composition than for the 
TATB composition (their mixture’s detonation 
velocity stands between the two others). 

- We observe that the HMX composition shows 

a stiffer second peak than the TATB one. The 
second peak comes from the C2 which are 
close to the edge of the cylinder and then more 
sensitive to the curvature. We see that the more 
TATB in the composition, the smaller is the 
stiffness of the second peak. So this stiffness is 
linked to the front curvature of the detonation. 

- The HMX composition generates higher flow 
velocities (and thus higher �E) than the TATB 
composition. This difference is also apparent 
on the simulated signal. The signal of the 
HMX/TATB mixture should be standing 
between the two other curves, but corresponds 
more to the HMX signal. This odd observation 
is due to the difference of density between the 
simulated compositions: the TATB/HMX and 
TATB composition have approximately the 
same density, but the HMX composition is 
lighter by 1.5% than the others. Then the 
hydrodynamic parameters appear to be smaller 
than they should be if the HMX composition’s 
density was comparable to the two others. 

4. COMPARISON WITH EXPERIMENT 

We can use the simulation of embedded gauges 
previously shown to test explosive numerical 
models we have fitted on other experiments. We 
compare gauges experiments realized on a TATB 
composition6 and the numerical model used in 
previous studies7. We performed direct numerical 
simulations and inferred the signal generated by 
the motion of the gauges in two cylinders 
(�50 mm and �20 mm). In order to compare 
signals that correspond to Faraday’s law, we have 
corrected the experimental measured signal from 
the difference of impedance between the gauge and 
the recorder. 
In Fig. 13, we compare the electrical signals 
obtained through numerical simulation with the 
experimental ones for the 20 mm diameter TATB 
experiment. The first subfigure (top left) 
corresponds to the signal of the stirrup gauge, and 
the other 9 subfigures (from left to right and top to 
bottom) correspond to the signals of the nine 
particle velocity gauges. Calculations show a very 
steep von Neuman spike which is not present in the 
measurements because of the limited time 
resolution of the gauge (estimated between 10 and 
20 ns), followed by a rapid velocity drop. There is 
an overall good agreement between measurements 
and calculations. Despite the large curvature of the 
flow, the electric signal is reproduced with 



accuracy, thus comforting us with the ability of the 
model to reproduce the flow. Nevertheless, the 
simulated peak is getting late when the wave 
propagates from gauges #1 to #9. This indicates 
that the simulation underestimates somehow the 
detonation velocity. 

Figure 13. Comparison of the electrical signals 
delivered by the gauges (black curves)  
with the calculated ones (red curves)  

for a 20 mm diameter TATB experiment. 

Fig. 14 shows a similar comparison for the 50 mm 
diameter TATB experiment. As the connector C2 
(which is parallel to the active element) is present 
in the explosive, its displacement with the flow 
creates another sharp peak in the signal which 
provides a very severe timing constrain for the 
calculations. This connector could therefore be 
used in the future as a second gauge located deeper 
inside the explosive for large samples. We notice 
that once again, there is an overall good agreement 
between measurements and calculations, but as can 
be seen in Fig. 7, it is necessary to include all the 
connectors and to take into account the larger 
thickness of the last connector to correctly 
reproduce the late time evolution of the 
experimental signal. 

Figure 14. Comparison of the electrical signals 
delivered by the gauges (black curves)  
with the calculated ones (red curves)  

for a 50 mm diameter TATB experiment. 

5. CONCLUSION 

We have shown that we can simulate the signal 
generated by embedded electromagnetic particle 
velocity gauges in diverging flows. In opposition 
with purely 1-D flows, the displacement of the 
connectors creates a disruptive signal that avoids 
the direct analogy between the measured voltage 
and the velocity.  
The emulation of the complete signal from the 
reconstruction of the 3-D displacement of the 
entire gauge permitted to identify and quantify the 
effect of the connectors’ displacement on the 
signal. We also have analysed the effect of small 
changes in the gauge package position or in the 
magnetic field orientation. With this simulation 
method we can then take into account the 
technique and/or experimental discrepancies (tilt of 
an impacting wave) on the gauge response in 1-D 
experiments.  
Moreover, the gauge package simulation permits 
the analysis of the 3-D flow and the comparison 



with simulation models. We have compared the 
experimental and simulated signals on recent data 
and shown the accuracy of the model predictions, 
once the 3-D effects are included in the emulated 
signal. It appears to be a very effective way to 
check the predictions of various reactive burn 
models in multi-dimensional configurations. 
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ABSTRACT 
 

Explosive devices may be damaging to infrastructures such as buildings, even if 
detonated at intermediate or large distance. The knowledge of structural damage 
that may result from such an event is therefore of fundamental importance in 
order to be able to propose protective measures as necessary. This requires a 
good understanding of explosive charges blast and fragmentation effects, 
combined with an accurate knowledge of the structures subject to the loads.  
In order to evaluate the effects of high explosive ground bursts in the nearby of 
typical buildings, a comprehensive effort was initiated, by which a number of 
full scale experiments were performed to serve as reference cases for validating 
three-dimensional Ouranos Eulerian calculations as well as the fast running 
engineering tool Pléiades. The overall objective is to make routine use of high 
performance computing in support of fast running engineering modules 
development devoted to blast effects predictions, including far field effects on 
buildings and their occupants or equipment. 
The first test setup series consisted in two-story building monitored with a large 
number of pressure transducers located in each of its rooms and on external 
walls. Explosive charges were detonated at ground level and various locations 
away from the building so that little (or at least manageable) structural damage 
was imparted to it. This allowed for numerical simulations to be performed by 
assuming that no external wall deflection was to occur. Calculated pressure 
signals were compared to recorded data.  
A second series of post-strike were collected for damage assessment purpose. 
The characteristics of the charge and the geometrical configuration upon 
detonation was inferred from intensive use of three–dimensional computations 
involving the eulerian component of Ouranos for calculating the loads followed 
by Abaqus simulations for structural response assessment.  
Conclusions are drawn on the capability of the existing codes and engineering 
models to predict structural loading and response including the level of damage 
the structure has to suffer.  
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ABSTRACT 

Explosive devices may be damaging to 
infrastructures such as buildings, even if detonated at 
intermediate or large distance. The availability of 
powerful computational tools offers capabilities for 
prior assessment of attack scenarios in order to 
design protective measures or mitigation procedures 
without the help of costly full scale experiments. 
However, a comprehensive effort was initiated, by 
which a number of full scale experiments were 
performed to serve as reference cases for validating 
three-dimensional Ouranos Eulerian simulations. 
Calculated pressure time histories on various 
locations inside and outside the building were 
compared to data for the external detonation 
scenario. Levels of calculated deformation and 
damage on the building are compared to the ones 
observed for internal detonation scenario. 
 
1. FRAMEWORK 

1.1. Context 

The use of blast waves in infrastructure defeat 
mechanisms is well established. From a military 
point of view, the move to stand-off air to surface 
weapons capable of delivering warheads within a 
few metres from the aim point, has brought 
considerable improvement for target defeat while 
minimizing collateral damage. Recent events have 
also shown that standard buildings were also at risk 
considering malevolent attacks, which has increased 
the awareness of blast resistant design of structures 
and mitigation measures. However, developing 
capabilities assessment in these fields is extremely 
costly because full scale experiments are often 
required to capture quantitatively physical 
phenomena. Predictive computational techniques are 
therefore highly desirable for predicting either 
munitions effects or unintentional blast effects. 

The Three-dimensional Ouranos hydrocode was 
developed for the purpose of modelling such 
complex events including explosive metal energy 
transfer, high velocity target perforation and blast 
wave interaction with complex environments 

through the use of high order multi-materials 
numerical schemes capable of tracking shock waves 
and mass flow [1,2]. Although successful in 
representing most of the various situations involved 
[3], it was felt necessary to insure it was capable of 
representing with some degree of accuracy blast 
effects produced by the detonation of high explosive 
charges on buildings. The objective of this paper to 
present the assessment of the computational process 
by using the Ouranos code and comparing calculated 
time history pressures to recorded data.  
 

1.2. Abridged description of the Ouranos 
hydrocode 

The Ouranos hydrodynamic simulation software 
is suitable to model multi-material, large 
deformation shock wave physics in one, two and 
three dimensions. Ouranos is composed of a 
Lagrangian and an Eulerian component closely 
linked to each other through space and time 
coupling. The latter version only was used within the 
framework of the present study due to its superior 
capability for handling very high strains and strain 
rates typical of blast wave interaction with 
neighbouring media and structures. The Eulerian 
component of Ouranos uses the conventional grid-
based Finite Difference method together with 
explicit time integration where a Lagrangian phase is 
executed first, followed by a second order Van Leer 
limiting advection step. A high resolution interface 
tracking scheme prevents from numerical break-up 
and distortion of material interfaces [4]. The material 
behavior is simulated through the use of the equation 
of state (EoS) and the constitutive equation. The EoS 
expresses the value of hydrostatic pressure as a 
function of density and internal energy. The 
constitutive equation describes strain and stress 
deviators, where thermal softening, work hardening 
and strain rate effects are accounted for. An 
evolutionary damage measure is used when 
necessary to handle the loss of load carrying 
capability of solid materials subjected to dynamic 
straining at high strain rate and elevated temperature. 



The Eulerian component of Ouranos has got 
built-in parallel calculation characteristics enabling 
to take advantage of distributed memory so as large 
configurations can be dealt with on multiple CPU 
nodes. A typical 109 mesh size may be distributed 
over 500 elementary nodes. 

In the current study, explosive charges were 
modeled using a JWL (Jones-Wilkins-Lee) equation 
of state, air was modeled with a specifically 
developed equation of state [5] suitable for better 
representing compressed states in the close 
proximity of the fireball generated by the detonation. 
CEA Gramat has also been working on concrete 
response subjected to highly dynamic loading for 
both military and civil aspects involving interaction 
of projectiles and blast waves with reinforced 
concrete slabs [6]. A specific model for concrete 
plasticity, damage and fracture better known under 
the acronym PRM [7-10], was made available to the 
community. 

 
2. EXPERIMENTS AND MODELLING 

Two test series at representative full scale were 
carried out for the purpose of validating the 
computational procedure involving internal and 
external blast loading of structure and their potential 
consequences. 

The first test series consisted in studying the 
effects of air blast diffraction around and within a 
two-story masonry building. The target and 
explosive were set up so as to inflict minimum 
damage, if not none at all, to the building. For that 
purpose, the explosion point location was located far 
enough to enforce such an assumption. A pure 
Eulerian 3D calculation of the experimental 
configuration was therefore undertaken considering 
a rigid structure.   

The second test series considered the damage 
resulting from internal detonation of an explosive 
charge within a medium reinforced masonry 
building. The expected level of damage required the 
use of a weak coupling solution considering the 
Ouranos Eulerian calculation in the first step 
followed by the Abaqus finite element dynamic 
calculation of the structural response. 

Both cases are described in the following 
subsections where comparisons of simulation results 
with data are provided as well. 

 
3. AIR BLAST DIFFRACTION AROUND A 

2-STORY BUILDING 

This configuration was primarily selected to 
assess the performance of the quality insurance 

process initiated for high speed computing using the 
Ouranos computer programme [11]. The underlying 
strategy was to provide guarantee on accuracy of 
calculations provided they are performed using well 
documented guidelines [11]. The guarantee extends 
further on the repeatability of results that would be 
obtained independently by various analysts working 
out the same configuration. 

The experimental programme included several 
tests of air delivered munitions in the nearby of a 
two-story building. The building was 16 metres long, 
8 metres width and 6 metres high. Although 
uninhabitable, its structural and dimensional 
characteristics were typical of an office building 
located in an urban environment. For the first 
experiment, the aim point was on the building main 
axis of symmetry at a distance of 26.70 metres from 
the entrance. The attitude of the munition at impact 
was also considered for establishing accurate initial 
conditions (see Fig. 1). 

 
Figure 1: attack scenario for configuration of 

attack in the nearby of a building showing location 
and attitude of weapon upon detonation. 

 
In order to be able to represent all the physics 

involved by the interaction of the blast wave with the 
building it was necessary to extend quite 
significantly the calculation domain around the 
external walls and over the roof of the structure. 
Taking advantage of the plane symmetry, the overall 
length, half-width and height of the computational 
domain were respectively 68 metres, 30 metres and 
40 metres. The discretisation used 4- centimetre size 
cubic cells on most of the domain, which gave an 
output of 142 million cells [12]. The calculation was 
distributed over 128 processors in parallel so that the 
problem run time could be kept within time 
constraints. The run took approximately 15 days to 
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reach 150 milliseconds after initiation of the high 
explosive charge. Fig. 2 provides consecutive iso-
pressure contour plots showing the calculated blast 
wave interacting with the building walls and the 
diffraction mechanism within the building itself. 
Furthermore, comparisons were exercised against 
high speed video recordings. 

 Fig. 3 shows close-up images of the blast wave 
interacting with the front wall and adjacent rooms 
through the openings and particularly the formation 
process of annular vertices emerging from the four 
windows. Those characteristic details are quite well 
reproduced to a certain degree, including in terms of 
time of arrival which is of course much encouraging. 
For completion, in Fig. 4, a set of representative 
pressure recordings, within and outside the building, 
were also used for an in-depth comparison of 
calculated overpressure histories with experimental 
data. 

From a general perspective, one can say that the 
calculation represents real data with a high degree of 
accuracy in terms of time of arrival, pressure, 
duration of positive phase and impulse.  

However, some minor inconsistencies could be 
highlighted on the peak overpressure although 
corresponding times of arrivals and durations of 
positive phases of overpressure were in good 
agreement. Comparison of data could be improved 
but only at the price of careful modelling of 
transducers integration within the computational 
model. However, this may require much larger 
resources and at least some portability effort on the 
Ouranos code. 

Besides, an improved model was run soon after 
the analysis of this very first try of full scale event 
representation involving a large amount of explosive 
in the nearby of a multi-story building. 
 

Figure 2: Shock wave propagation and interaction with building as calculated with the 
Eulerian component of Ouranos (arrow indicates origin of blast wave). 

 

Figure 3: Close-up view of shock wave hitting front face of building and low pressure 
annular vertices formation in front of windows. 
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80 100 120Pressure - kPa

80 ms 100 ms

Top view (at 1.50 metre high)

Sideview (in the symmetry plane)



Figure 4: Calculated time history overpressure and positive impulse compared to experimental recordings.



 This larger model was undertaken considering 
the experimental details that were neglected 
previously on purpose [11]. This second calculation 
was reported somewhat briefly in [3] and described 
in more details in [11] regarding the application of 
the quality insurance guidelines. In short, this 
calculation was distributed over 544 CPU nodes and 
had roughly the same duration as the one presented 
in this paper in spite of its size of more than half a 
billion cells. 

At the present time, configurations of explosive 
blast interaction with structure with no particular 
symmetry are routinely dealt with using the 
computational platform at CEA DAM with typical 
mesh size of 3 billion cells. Fig. 5 provides an 
example of such calculation with an explosive point 
source located off the symmetry plane of the 2-story 
building. 

 

 
Figure 5: Example of full 3D Ouranos Euler 

calculation of blast interaction with a building – The 
detonation point is located 25 metres away from one 

building corner 
 

4. INTERNAL DETONATION OF AN 
EXPLOSIVE CHARGE WITHIN A 
CONCRETE MULTI-STORY 
BUILDING 

The experiment consisted in initiating an 
explosive charge located at the first floor of a 2- 
story concrete and masonry building. The purpose 
was to estimate the structural response and the 
resulting damage it would suffer from this loading. 
A numerical simulation was undertaken by using the 
Ouranos and Abaqus codes, in order to reproduce the 
observed outcomes on the building. The 
computations were run on the CEA’s high 
performance computing cluster. 

The building is a two-story structure, each floor 
being composed of several rooms divided up by 
walls and a central corridor. The dimensions are 14 

metres width, 30 metres long and 8 metres high. The 
structure is made of reinforced concrete load-bearing 
columns and beams and masonry walls. All the 
rooms have a window and communicate with the 
corridor through an opening. Fig. 6 shows the 
numerical model. The exact point of explosion is 
located at mid height of the first floor, in the central 
corridor symmetry plane. 

The explosive charge consists in a cylinder from 
which the initiation is triggered at the aft end. The 
detonation process is simulated with the so-called 
geometrical wave front method. The building model 
is supposed to have infinite impedance during the 
shock propagation in the ambient air in order to be 
able to measure and record the variation of reflected 
pressure on the structure that will be later on injected 
as a boundary condition for the structural response 
calculation. 

To simulate the shock propagation phenomena 
in the air and shock waves diffraction on walls, the 
Eulerian domain comprises 120 million cubic 5-
centimetre cells. This calculation was distributed 
over 128 CPUs nodes and lasted 10 days to reach the 
physical time of 150 ms. 

Fig. 7 shows a set of 3D views representing 
isobar contour plots characterizing the propagation 
of blast in air, within and surrounding the structure. 
The blast emerges outside the building through the 
corridor openings, windows and other openings in 
the roof. A horizontal cut view at 3.5 metres height 
through the building is shown in Fig. 8. Isobar 
contours in air at time t = 10 ms after detonation 
highlight the shock wave propagation and diffraction 
in each room and in the central corridor. 

The pressure signals calculated with Ouranos 
allow defining the boundary conditions for the finite 
element calculation of the building subjected to the 
blast load. This computation is performed with the 
Abaqus Explicit solver with a spatial discretization 
based on finite elements characteristic length of 5 
cm. A total of 10 million Lagrangian elements were 
employed for modelling the whole building with a 
high degree of accuracy. The parallel computation 
was driven on 64 CPUs of the same computational 
cluster and took two days to reach a physical time of 
150 milliseconds.  

 t=80 ms

t=50 ms

16 m

Detonation
point



Substantial damage are imparted to the structure 
at times 25, 50, and 150 ms after the charge initiation 
as can be seen in Fig. 9. The comparison between the 
calculation and the experiment in Fig. 10 shows that 
the calculated number of damaged rooms is 
consistent with the observations. Besides, Fig. 11 
allows to note a good agreement between the 
calculation and the experiment on the opening frame 

damage. Lastly, Fig. 12 and 13 proves that the crack 
observed on the roof was caught by the finite 
element simulation. This crack was formed by the 
large deflection the ceiling had to suffer as a result of 
the load blast. The deflection at the intermediate 
ceiling was measured at about 20 cm along its 
principal axis which the computation predicts 
satisfactorily. 

Figure 6: Perspective view of the building with partial transparency and lateral cut view of the building 
showing the explosive charge at the point of detonation.  

  
 

Figure 7: Iso-contours of pression in the air at time t = 5, 10, 15 and 20 ms after detonation. 

Figure 8: Horizontal cut view; isobars in air at time t =10 ms. 



   15 and 22 cm in the area of interest. 

Figure 9: Structural response at time t = 0, 25 ms, 50 ms and 150 ms after 
detonation. 

Figure 10: Comparison of calculated damage volume to experiment. 

Figure 11: Comparison of calculated damage of the corridor opening to experiment. 

Figure 12: Roof deflection and cracks. 



Summarizing, comparisons of calculations with 
observed outcomes of internal detonation 
demonstrate the ability of the computational chain to 
provide useful prediction capabilities. The whole 
modelling strategy, including the weak coupling 
technique, the mesh spatial resolution and selected 
materials constitutive models have proven their 
effectiveness in representing complex events while 
being able to catch details.  

 
5. CONCLUSION 

The need to assess blast effects resulting from 
explosive charges detonation in the vicinity of 
buildings is of fundamental importance for 
predicting structures vulnerability to malevolent 
attacks as well as weapons effectiveness.  The CEA 
Gramat took the opportunity to exploit full scale 
events through high speed computing in order to 
analyse and quantify these effects. Resources 
available at the CEA DAM have allowed reaching 
this goal by running large three-dimensional 
simulation models successfully within constrained 
time scales.  

The TERA-100 cluster currently offers the 
capability to achieve routinely computation runs of 
billions of degree-of-freedom models for similar 
applications.  
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ABSTRACT 

Propellant used in automotive passive safety 
(airbags, seat-belts pretensioners and retractors or 
pyrotechnic mechanisms) follow ageing tests up to 
+110°C according to car manufacturer and OEM 
specifications, but high temperature functioning 
tests are only done at +85°C. Propellant burning rate 
at this temperature is usually known and controlled
thanks to internal test procedures. However, no 
method or test device was up to now able to predict
safe functioning of airbag inflators during fire test 
which should be successfully passed without parts 
fragmentation or ejection as requested by UNO-6c 
transportation regulations and 2013/29 EU directive
for market availability authorization. 

Thus, a methodology based on experimental tests 
and numerical simulations has been developed to 
predict inflator functioning (internal pressure 
computation) around the Auto Ignition Temperature 
(AIT) of the propellant, or of any thermal fuse. Idea 
is to improve the classical fail/pass test requested to 
be done for each design modification, and to get 
some quantified data to evaluate design robustness 
to the inflator failure. 

1. METHODOLOGY FOR FIRE TEST 
SIMULATION 

First step of the method is to identify propellant 
burning rate at storage temperature close to 
Propellant’s or Thermal fuse’s AIT (range between 
150°C and 230°C depending on the material). For 
that goal, a specific test device has been defined, 
allowing inflator thermal conditioning and safe 
inflator functioning with internal pressure recording 
at a storage temperature up to 200°C. A classical 0D 
thermodynamical simulation (enthalpy balance 
between pyrotechnic gas production and nozzle 
flow) (1) is run to fit the measured combustion 
chamber adjusting burning rate pre-exponential 
factor. Safe functioning at theses temperature levels 
is ensured using a specific inflator so-called “Pyro 

Pellet Tester” or “PPT” (2) which  can sustain 
robustly very high combustion pressures (~ 130 
MPa). It is characterized by a simple design 
associated to a soft ignition system ensuring 
mechanical integrity of the propellant loading. All 
the Autoliv pyrotechnic compositions can be tested 
whatever their burning rate are since the nozzle size 
and the propellant pellets thickness are adjusted to 
keep acceptable internal pressure, based on previous 
lower temperature test results. 
  
The second step focusses on determining the 
temperature distribution during the fire test of the 
actual inflator design (pyrotechnic or hybrid). 
For that purpose, a transient Finite Volume (FV) 
thermal simulation is run to compute the 3D local 
temperature field diffusing in all inflator 
components under fire test heating conditions with 
the CFD software FLUENT. To reduce drastically 
the computational time, the external flow is not 
computed. The local convective heat transfer is 
replaced by a mean heat transfer coefficient 
identified on the temperature rise inside an inflator-
like sample during a fire test. 

The final analysis consists in: 

- extracting the bulk temperature of the 
propellant loading (pellet bed or single/multiple 
grain) at the inflator ignition time, when the 
local surface temperature of the thermal fuse or 
of the propellant loading exceeds its AIT. 

- performing a 0D  thermodynamical simulation 
of the inflator functioning (internal pressure 
computation) using the burning rate 
corresponding to a conditioning temperature 
equal to the computed bulk temperature of the 
propellant at the inflator ignition time. 

If the computed internal pressure level is too close 
to the inflator burst pressure, safe functioning of the 
inflator during actual fire test is not granted 
anymore. Thus, inflator design should be modified 



using the Finite Volume thermal results. Typical 
changes in design can be: 
- adding a thermal fuse near the hot spots area, 
- shifting the thermal fuse location near a hotter 

region, 
- creating hot spots using thermal bridges or 

reducing material thickness 
- adding insulating material to decrease the 

propellant bulk temperature at the inflator 
ignition time, etc… 

As the FV thermal simulation of the inflator heating 
is very fast due to the simplified boundary 
conditions used, it can be easily re-run at each 
design modification. Therefore, the methodology 
appears to be a very useful tool able to account for 
safety regulation constraints as soon as the early 
prototype development phase. 

2. BURNING RATE IDENTIFICATION AT 
HIGH CONDITIONING 
TEMPERATURE 

2.1. BIBLIOGRAHY 

Temperature sensitivity of propellant has been 
widely investigated since years by numerous 
authors who usually deal with composite propellant 
as the Ammonium Perchlorate (AP) based ones (3), 
(4), (5). They usually measure the temperature 
sensitivity coefficient at constant pressure: 

σp = (� In rb / � To)P

as a function of the composition, flame temperature 
or operating conditions.  
Propellant used for Automotive passive safety in 
airbags, seat belt pretensioners and retractors or 
pyrotechnic mechanisms are today mainly 
compressed to pellets or monolithic grains. Typical 
formulation is a mix of nitrate compounds with or 
without additives to adjust the burning rate and 
flame temperature to the application (side or frontal 
protection). Thus, composition and production 
process of automotive passive safety propellant is 
not comparable to those used for Spatial or Defence 
applications. 

Moreover, typical maximum temperature range 
investigated by the past is far below 200°C, which 
is the order of magnitude of AIT (140°C in (3)). 

Test device used for measuring burning rate thermal 
sensitivity is usually a conditioned close chamber 
like a manometric bomb or a Strand Burner. In our 
case, according to the very high level of temperature 

and expected internal pressure, it has been decided 
to use an open inflator-based system, the “Pyro 
Pellet Tester” or “PPT” 

2.2. PYRO PELLET TESTER INFLATOR 

“Pyro Pellet Tester” is described on Fig. 1. It is a 
25mm in diameter tubular pyrotechnic inflator with 
a modular design which can be loaded with 6g up to 
10g of propellant under pellet shape. A single 
nozzle controls the functioning pressure and a soft 
Boron/Potassium Nitrate initiator ensures a 
complete but non-aggressive ignition of the pellets. 
Moreover, as pellets are located between the baffle 
and the tubular housing, they are well protected 
from the axial flow of the initiator. Therefore, 
inflator functioning follows perfectly its theoretical 
functioning computed by a 0D thermodynamical 
software using the pellets shape function and a 
Vieille aPn burning rate law, see Fig. 2 
. 

Figure 1. PPT inflator design  

Figure 2. Comparison of computed (black) and 
measured (green) PPT internal and tank pressure  

PPT Inflator burst pressure is very high (>200  
MPa), 5 times higher than the maximum functioning 
pressure chosen for the tests at room temperature 
(~40MPa). This ensure safe functioning of the 
inflator even for severe thermal conditions. 
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2.1. THERMAL CONDITIONING AND 
FUNCTIONING DEVICE 

To ensure conditioning up to 200°C, inflators are 
firstly heated up to 90°C in a classical oven for 
several hours. Then each inflator is set in a specific 
high temperature oven up to the selected 
conditioning temperature. In order to control 
precisely the propellant temperature, preliminary 
tests have been performed recording the pellets 
bulk temperature versus time with thermocouples.  

The high temperature oven is securely protected 
by an internal metallic grid and is equipped with a 
remote door opening. Therefore, the inflator is 
directly fired inside the oven when the selected 
temperature is reached, Fig. 3, and the internal 
pressure is recorded using a classical 0-200 MPa 
piezo-electric sensor.  

Figure 3. Inflator functioning inside the opened 
conditioning oven  

2.2. BURNING RATE IDENTIFICATION 

Burning rate is computed using a reverse 
identification of the measured internal pressure with 
the 0D thermodynamical software. For that, it is 
assumed that all the thermal effects are reported on 
the pre-exponential factor “a” of the burning rate 
law, assuming constant pressure exponent “n”. This 
is in agreement with the classical σp measurements 
found in the literature. 
Example of results for a propellant in production for 
side airbags in the 90°C – 190°C temperature range 
is given on Fig. 4 (constant nozzle size for all tests). 
Measured (bold) and computed (thin) pressure 
curves are still matching very closely even for the 
highest temperature levels.  

Figure 4. Inflator functioning inside the opened 
conditioning oven  

2.3. RESULTS 

Fig. 5 shows the ratio between the burning rate pre-
exponential factor “a” at the test temperature (T) 
and its value at room temperature (RT), deduced 
from the PPT tests for two propellant compositions 
A and B for side and curtain applications. Both of 
them have an AIT close to 230°C. Despite the fact 
that burning rate of propellant  B at room 
temperature is twice lower than propellant A, there 
is no significant difference in there thermal 
sensitivity. Burning rate increases without any 
drastic jump up to 200°C.  
This thermal stability has been confirmed by 
Differential Scanning Calorimetry (DSC) 
measurements, showing no particular endo- or 
exothermic event under 200°C. That means that no 
reaction, decomposition or phase change occurs 
along that temperature range. 
Results also confirm that the thermal sensitivity is 
not affected by the functioning pressure as the 
amplification factor is the same for propellant A 
whatever the nozzle size is. 

Figure 5. Burning rate amplification versus 
conditioning temperature 
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3. FIRE TEST THERMAL SIMULATION 
3.1. FIRE TEST DEVICE 

In a "gas burner fire test”, one inflator (or airbag 
module) is put inside a gas burner flame and the 
events are recorded (according to ISO 12097-3 and 
EN-ISO 14451). 

The gas burner fire test, Fig.6, includes: 

- one or several propane gas burners (60 mm in 
diameter)  

- a shelf (specific grid) which maintains the part in 
the right position inside the flame. This shelf is 
located at 40 cm from the burner. 

- a gas flow meter which allows the flame power 
tuning , therefore the part heating rate. 

- a calibration system to measure the heating rate. It 
includes a steel cube equipped with a thermocouple 
in its center and a temperature recording system. 

- a video system which allows visual observations 
(burner ignition, test part displacement …). 

Figure 6. Fire test device 

The usual temperature ramp-up is 50°/min. To 
calibrate the system before the test, the heating gas 
flow rate is adjusted to ensure the correct 
temperature rise on the calibration steel cube. 

Several inflator positions are requested in the 
regulation standards. The position of the inflator 

considered in this paper related to the flame is 
horizontal like the following picture:  

3.2. PHYSICS AND SIMULATION PROCESS 

Under the thermal flux delivered by the heating 
system, the inflator temperature rise up but is not 
homogeneous in the structure due to the heating 
position, the heat transfer with external gas and the 
heat flux propagation rate. 
Heat transfer between the hot gas flame and the 
inflator is controlled by convection. The 
instantaneous heat flux transferred to the inflator (or 
to the calibrating cube) can be expressed as:  

where  
- h is the local convective coefficient, which 
depends only of the gas flow on the inflator walls 
- Tp is the local wall temperature (K) 
- Tf is the burner flame temperature (K). 
- S is the total inflator surface in contact with hot 
gases. 

Then heat propagates inside the inflator by 
conduction according to the thermal properties of 
materials, geometry and contact conditions.  

This kind of structural heating normally requires a 
complete CFD simulation to compute local heat 
transfer according to the flow pattern exiting the 
burners. Indeed, the flow resolution in the vicinity 
of the wall allows to know the local shear stress (ie, 
friction coefficient) and thus, the local heat transfer 
coefficient h using the local form of the Reynolds 
Analogy between thermal and dynamic boundary 
layers. 

CPU times necessary for that kind of 3D, transient 
simulation along 1 or 2 minutes with several million 
cells mesh is not compatible with industrial 
optimization runs. Thus a simplified process was 
defined: 

The complete thermal/CFD analysis is replaced by 
a simple 3D FV thermal analysis using, as boundary 
conditions between the inflator wall and the hot 
burner gases, two mean convective heat transfer 
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coefficients, one on the upper half-surface of the 
tube and the other on the lower half-surface of the 
tube, to account to more efficient heating of the 
flame side. These mean heat transfer coefficients are 
identified on a massive inflator-like steel heating 
test, similar to the heating test of the calibration 
cube. For tubular inflators, it consists in a steel 
cylindrical rod, Fig.7, equipped with two 
thermocouples located near the top and the bottom 
of the tube. A FV simulation of this test is run 
adjusting the two mean heat transfer coefficients in 
order to match the sample temperature rise, Fig. 8.

Figure 7. Inflator-like sample with thermocouples 
location 

Figure 8. Comparison of the simulated/measured 
temperature rise of the inflator-like sample  

Mean heat transfer coefficients being now 
identified, it is possible to compute the transient 
heat propagation through the inflator structure using 
a 3D model representing the actual inflator 
geometry. 

3.3. FIRE TEST SIMULATION MODEL 

Inflator in the following example, Fig. 9, is a hybrid 
one, 20mm in diameter, dedicated to curtain, knee 
and side airbag applications. Hybrid means that in 
addition to the propellant, high pressurized gas (50 
MPa) is stored inside the inflator chamber to 
provide mild exit gas temperature and high mole 
amount. Propellant loading is an in-line stacking of 
perforated wafers. Propellant ignition and gas 
release is ensured by the initiator functioning and 
burst disk (welded cap that closes the chamber) 
opening. 

Fire test of this kind of inflator is characterised by 3 

events: 
- the first one is the gas release when the internal 

pressure exceeds the opening pressure of the 
burst disk, 

- the second one is the propellant or thermal fuse 
auto-ignition,  

- The third one is the initiator auto-ignition. This 
occurs much later because of the insulating 
effect of the polyamide initiator overmolding. 

The simulation will reproduce the two first heating 
steps. Although the geometry is simplified to be 
axisymmetric, the numerical model is 3D because 
of the boundary conditions: the two mean heat 
transfer coefficients are applied, as the inflator-like 
sample, on the upper and lower half-surfaces.  

Figure 9. Inflator geometry for the fire test 
simulation  

All the blue parts of the Fig.9 inflator are solid. 
Solid parts material is steel except for Polyamide 
overmolded initiator and propellant. Thermal 
properties of the propellant (thermal conductivity 
and heat capacity) have been measured and 
provided by the Autoliv internal supplier. Due to the 
close contact between wafers, the propellant 
stacking is represented in the simulation into an 
equivalent monolithic perforated grain.  
Red areas correspond to the stored gas. To simplify 
the simulation and optimize the CPU time, the flow 
equation for the compressed gas is not solved. That 
means that heat transfer between solid parts and the 
gas occurs only by conduction, natural convection 
contribution being ignored. This has very low effect 
on the solution since thermal diffusivity of 
pressurized gas is about 100 times lower than the 
housing one, which mainly drives the heat transfer 
to the propellant. When the internal pressure reaches 
(by heating) the burst disk opening pressure, the 
stored gas pressure goes down to atmospheric 
pressure.  

Propellant Initiator DiffuserHousing 

Burst disk 

Thermocouples 



3.4. EXEMPLE OF SIMULATION RESULTS 

Temperature field in the inflator structure is shown 
on Fig.10 and Fig.11 at the time corresponding to 
the propellant ignition in the actual 50°C/min fire 
test (1’50). Large temperature gradients are 
observed, both in the axial and radial directions 
(~80°C between the flame side and the top side). 
Thanks to their low thermal diffusivity (a~1.10-7

m2/s), propellant and initiator are heated much more 
slowly than the steel structure (a~4.10-6 m2/s). 

Figure 10. Temperature field in the inflator 
structure after 1’50 heating 

Temperature scale [300-700K] 

Figure 11. Detail of the temperature field near the 
propellant loading after 1’50 heating 

Temperature scale [400-560K] 

3.5.  EXPLOITATION 

These results allow to compute the bulk temperature 
of the propellant loading when the local surface 
temperature of the thermal fuse or of the propellant 
loading exceeds its AIT. In the current example, the 
computed bulk temperature at ignition time (1’50) 
corresponds to a burning rate amplification factor 
close to 1.7. 
A 0D thermodynamical simulation of the inflator 
functioning (internal pressure computation) with a 
burning rate 1.7 time higher than the room 
temperature one gives a maximum internal pressure 
less than 50 MPa, see the blue curve on Fig.12.  

Figure 12. Predicted internal pressure during fire 
test 

As a comparison, the burning rate needed to reach 
the inflator burst pressure would have been 33 time 
higher than the room temperature one (red curve). 
This means that the inflator design is robust versus 
the fire test conditions. Nevertheless, if the 
computed internal pressure level had been too close 
to the inflator burst pressure, the 3D thermal heating 
simulation could have been useful to search and 
evaluate safer design solutions. As already written
in §1, potential solutions can be the thermal fuse 
addition, an optimisation of its position or a design 
change to delay or accelerate heating of local areas. 

4. CONCLUSION 

The method here described allows to predict and 
analyse pyrotechnical behaviour during an inflator 
fire test. 

First applications of this method to the current 
inflator in development lead to propose some 
recommendations to ensure a safe inflator 
functioning during the fire test:  

1- Use the burning rate identification method 
sufficiently early in the development to detect 
potential high thermal sensibility of new 
compositions near their AIT. 

2- For propellant composition showing no major 
thermal sensitivity change close to the AIT, ensure 
that, at the thermal fuse or propellant ignition, the 
bulk temperature of the pyrotechnic loading is 
sufficiently lower than its AIT to avoid potential 
massive ignition. 

3- For this latest point, a 3D transient heating 
simulation, like the one described here, can be 
extremely useful to find robust inflator designs that 
promote early pyrotechnic material auto-ignition. 
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For many years, regulatory Pyrotechnic Safety Studies have been based on fixed formulas, 
including some specific downgrading rules behind strong walls, for the assessment of 
thermal flux effects distances. These formulas can overestimate distances in case of few 
large monolithic items, and in contrast, underestimate hazards in case of directive effects 
due to buildings particularities. During seventies and eighties, Le Bouchet Research Centre 
have performed many combustion tests at all scales, up to 60 tonnes. These have allowed 
defining of empiric formulas for prediction of the combustion time and flames size in various 
configurations. Some engineering tools running in Excel software have been designed for 
safety areas drawing according to the regulatory thermal flux thresholds. For few cases with 
strong stake, it is possible to perform 3D numerical simulations with tools such FLUENT or 
FIRE DYNAMIC SIMULATOR. This one, dedicated to fire propagation and smokes 
dissipation is very well adapted under the condition to use pertinent parameters describing 
pyrotechnic materials combustion. This presentation aims to describe some useful 
calculation tools for the implementation of current rules defined in French pyrotechnic safety 
regulations. Moreover, the simplest tools have been introduced in the next edition of the Best 
Practices Guide designed by the SFEPA (French trade union of manufacturers of explosives, 
pyrotechnics and fireworks). 

Durant de nombreuses années, les rédacteurs des études de sécurité pyrotechniques ont 
souvent utilisé les formules forfaitaires de la réglementation et les règles de déclassement 
derrière murs forts pour le calcul des étendues des zones d'effets de flux thermiques. Ces 
formules peuvent être très majorantes en cas de combustion de blocs compacts, et à 
l'inverse, minorantes en cas d'effets directifs liés à des architectures particulières de 
bâtiments. Le Centre de Recherches du Bouchet dispose d'un grand nombre d'essais, à 
toutes les échelles, réalisés à Captieux durant les années 70 et 80. Ils ont permis la 
détermination de formules empiriques de prédiction de la durée de combustion et de la taille 
de flammes dans diverses configurations. Des outils simples de bureau d'études sous Excel 
ont été développés pour déterminer les zones d'effets flux thermiques en fonction des seuils 
définis dans la réglementation. Pour certaines situations à fort enjeu, des outils de calculs 
permettent les simulations numériques 3D des incendies, tels que les codes FLUENT ou 
FIRE DYNAMIC SIMULATOR. Ce dernier, dédié à la propagation des incendies et à la 
dispersion des fumées est particulièrement adapté sous réserve d'introduire les données 
pertinentes de description de la combustion des matières pyrotechniques. Cette 
communication a pour objet de présenter les outils les plus adaptés pour l'application des 
règles actuelles de sécurité pyrotechnique. Les plus simples ont d'ailleurs été retenues pour 
le Guide de Bonnes Pratiques en Pyrotechnie du SFEPA (Syndicat des Fabricants 
d'Explosifs, de Pyrotechnies et d'Artifices).  
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ABSTRACT 

For many years, regulatory Pyrotechnic Safety 
Studies have been based on fixed formulas for the 
assessment of thermal flux effects distances, 
including a specific downgrading rule behind 
strong walls or barricades. These formulas can 
overestimate distances in case of few large 
monolithic items, and in contrast, underestimate 
hazards in case of directive effects due to 
buildings particularities. During seventies and 
eighties, Le Bouchet Research Centre have 
performed many combustion tests at all scales, up 
to 60 tonnes. These have allowed defining of 
empiric formulas for the prediction of combustion 
durations and flame sizes in various 
configurations. Some engineering tools running 
through Excel software have been designed for 
safety areas drawing according to the regulatory 
thermal flux thresholds. For few cases with strong 
stakes, it is possible to perform 3D numerical 
simulations with tools such FLUENT or FIRE 
DYNAMIC SIMULATOR. This one, dedicated to 
fire propagation and smokes dissipation is very 
well adapted under the condition to use pertinent 
parameters describing pyrotechnic materials 
combustion. This presentation aims to describe 
some useful calculation tools for the 
implementation of current rules defined in French 
pyrotechnic safety regulations. Moreover, the 
simplest tools have been introduced in the next 
edition of the Best Practices Guide designed by 
the SFEPA (French trade union of manufacturers 
of explosives, pyrotechnics and fireworks). 

1. INTRODUCTION 

French regulation on pyrotechnic safety specifies 
standard formulas to define safety distances in 
relation to thermal radiative effects due to 
accidental mass fires. Nevertheless, these safety 
distances extents can also be calculated using 
thermal flux thresholds. Then, it is necessary to 
determine theses fluxes according to propellant 
quantities, packaging characteristics and stockpile 
configurations. Some empiric formulas are 
proposed in literature, i.e. in AASTP-1 Part II – 
section VII, but these formulas seem to 
overestimate flame sizes and underestimate fire 
duration. So, it is interesting to take into account 
the SME Environnement's database. During 
seventies and eighties, Le Bouchet Research 
Centre have performed many combustion tests at 
all scales, up to 60 tonnes for buildings designing. 
These tests have allowed defining empiric 
formulas for prediction of the combustion 
durations and flames sizes in various 
configurations. 

In the aim to take into account of protective effect 
brought by barricades or strong walls, former 
French regulation has allowed a specific 
downgrading rule. Nevertheless, these rules do not 
consider the propellant quantities, thus for large 
storages the real hazard can be underestimated 
and for small quantities, it is the opposite. Today, 
in the current pyrotechnic safety regulation, this 
downgrading rule has been cancelled. So SME 
Environnement has participated to new edition 
writing of the Best Practices Guide designed by 
the SFEPA (French trade union of manufacturers 
of explosives, pyrotechnics and fireworks) in the 
aim to propose simple tools assessing the 
protective effect brought by barricades or strong 
walls. 



SME Environnement has also designed 
engineering tools running through Excel software 
for safety areas drawing according to the 
regulatory thermal flux thresholds. For few cases 
with strong stakes, SME Environnement has also 
developed a methodology to perform 3D 
numerical simulations with codes such FLUENT 
or FIRE DYNAMIC SIMULATOR. This one, 
dedicated to fire propagation and smokes 
dissipation is very well adapted to do this; under 
the condition to use pertinent parameters 
describing pyrotechnic materials combustion.  

This presentation aims to describe some useful 
calculation tools for the implementation of current 
rules defined in French pyrotechnic safety 
regulations. 

2. SME ENVIRONNENENT'S DATABASE 

During seventies and eighties about a hundred 
many mass fire tests have been conducted on 
several gun & solid propellants in various 
packages and stockpile conditions. The test results 
have been collected and empiric formulas have 
been designed to interpolate the spherical flames 
radius and combustion durations. Fig. 1 shows the 
fireball radius interpolation coming from 37 open 
field tests between 5 kg and 40 tons with fireball 
phenomena. 

Figure 1. Fireball radius interpolation 

Gun propellant quantities (kg) Fireball radius (m) 
1 1.2 
5 2.2 
10 2.8 
50 5.1 

100 6.5 
1000 15.2 

Table 1. Examples of Fireball radius calculation 

Picture 1. 3 tons of gun propellant in feed hopper 

T0 + 2 s

T0 + 5 s

T0 + 8 s



Picture 2. 1200 kg of gun propellant in container 
(extinction at To+12 s) 

Fig. 2 & 3 show the fire duration interpolation 
coming from same tests but separated in two 
categories: 78 tests between 5 kg and 800 kg and 
18 tests between 800 kg and 40 tons. 

Figure 2. Fire duration from 5 kg to 800 kg 

Figure 3. Fire duration from 800 kg to 40 tons 

Gun propellant quantities (kg) Fire duration (s) 
1 3.3 
5 4 
10 4.3 
50 5.3 

100 5.8 
1000 11.6 

Table 2. Examples of Fire duration calculation 

Some other empiric formulas are proposed in 
literature, i.e. in AASTP-1 Part II – section VII, 
but in general, these formulas seem overestimate 
flame sizes and underestimate fire duration. This 
can come from hypothesis such all gun propellant 
mass is collected in single package without any 
division in the stockpile. 



The division in the stockpile has strong influence 
on fire duration for a given mass. In example, on 
Figure 4, for the same gun propellant quantity (10 
tons), the radiative heat fluxes (at 140 meters) and 
fire durations are calculated taking into account 
several kinds of packaging. 

Figure 4. Heat fluxes at 140 m for 10 tons 

Packaging Gun 
propellant Mass (kg) Fire duration 

(s) 

wooden box Double base
web 0.075 56 4 

wooden 
barrel 

Single base
web 0.5 50 25 

Feed hopper Double base
web 0.15  320 5 

Feed hopper Double base
web 0.075 1000 4 

Table 3. Examples of Fire duration 

3. HEAT FLUXES MITIGATION BEHIND 
BARRICADES OR STRONG WALLS 

1.1.Former regulation 

In the aim to take into account of protective effect 
brought by barricades or strong walls, abrogated 
French regulation (8 May 1981 Circular) has had 
allowed a specific downgrading rule. If the strong 
wall is 2 m higher than propellant charge, then 
area behind strong wall is 2 classes downgraded, 
it is shown on Figure 5.  

Figure 5. Former downgrading rule 

This rule does not consider the propellant 
quantity, the burning velocity and the strong wall 
height. The downgrading can be excessive for 
large propellant quantities and regular height 
walls or insufficient for small propellant 
quantities. This is illustrated on figures 6 & 7. 

Figure 6. Overestimated downgrading 

Figure 7. Underestimated downgrading 

1.2.New downgrading rule 

Today, in the current pyrotechnic safety 
regulation, previous downgrading rule has been 
cancelled. So SME Environnement has 
participated to new edition writing of the Best 
Practices Guide designed by the SFEPA in the 
aim to propose simple tool to assess the protective 
effect brought by barricades or strong walls. 

It is necessary to consider the size and duration of 
potential fireballs in the aim to assess the real 
protective effect brought by barricades and strong 
walls. These hazards characteristics depend on 
pyrotechnics substances: vivacity and packaging 
of gun propellants, combustion surface & velocity 
for solid propellants, etc. Fig. 4 illustrates the 
packaging influence for gun propellants, the same 
quantity burn during 15 s in single container and 
180 s in wooden barrels or the Table 3 shows that 
the same gun propellant burns the same duration 
for 56 kg box and 1000 kg hopper. So, it is 
necessary to avoid defining too strict rules for 
small quantities. 



It is also necessary to consider the fires with 
directive effects; it is the case for solid propellant 
blocks and motors (Picture 3) but also for gun 
propellants inside strong containers or buildings. 

Picture 3. Solid propellant motor 

In example, for 10 tons of gun propellant, radius 
of fireball is 35 meters, and in comparison radius 
of cylindrical flame is 19 meters. For any open 
field condition, the heat radiative fluxes at 50 
meters are double for fireball than for "fire-
cylinder". At the opposite, as it is shown on 
Figure 8, for the same propellant quantity, if the 
flame is spherical the wall brings good protection; 
it is not same if the flame is spherical;  

Figure 8. Flame shapes for the same propellant 
quantity 

The new downgrading rule is proposed following 
on Figures 9 to 12. That presumes that flame 
characteristics are known through experimental 
trials or by calculations using applicable empiric 
formulas. Four cases have to be considered in 
comparison with wall height. 

Figure 9. No hazard behind the wall 

Figure 10. 1 class downgrading 

Figure 11. 2 classes downgrading 

Figure 12. None downgrading 

For a 2.5 m height wall, using empiric formulas 
for fireballs (Figure 1), it is established that: 

• Up to 1 kg, there is no hazard behind the 
wall, 

• From 1 kg to 7 kg, activities agreeing 2 
classes downgrading are possible behind 
the wall, 



• From 7 kg to 48 kg, activities agreeing 1 
class downgrading are possible behind the 
wall, 

• Higher 48 kg, none downgrading is 
possible 

For a 3.5 m height wall, using empiric formulas 
for fireballs (Figure 1), it is established that: 

• Up to 2.7 kg, there is no hazard behind the 
wall, 

• From 2.7 kg to 18 kg, activities agreeing 2 
classes downgrading are possible behind 
the wall, 

• From 18 kg to 121 kg, activities agreeing 
1 class downgrading are possible behind 
the wall, 

• Higher 121 kg, none downgrading is 
possible 

4. CALCULATION TOOLS 

Calculations tools are based on the Stefan & 
Boltzmann law that consider flame surface as 
emissive source. Following, heat radiative flux 
received by standardised target is calculated 
taking into account of distance. 

The regulatory thermal flux thresholds are 
summarized in the Table 4. 

Hazard 
Area Type

Thermal radiation flux density

Fire duration 
 > 2 min 

Fire duration 
 < 2 min 

Z1 16 kW/m2 2600 (kW/m2)4/3.s

Z2 8 kW/m2 1800 (kW/m2)4/3.s

Z3 5 kW/m2 1000 (kW/m2)4/3.s

Z4 3 kW/m2 600 (kW/m2)4/3.s

Table 4. Regulatory thresholds 

SME Environnement's tool running through Excel 
software allows to calculate flames characteristics 
from empiric formulas or from solid propellant ox 
explosives blocks parameters (geometry, burning 
velocity at ambient pressure, composition 
enthalpy, flame temperature & emissivity …).  

In addition this tool considers packaging and 
building characteristics which can block flame 
extension in one direction but it is counter 
balanced by additional extension in others 
directions. Our tools are designed to check mass 
and energy conservation. 

Picture 4. "Pyrotechnic Fire" interface 

For installations and platforms with strong stakes, 
SME Environnement has also developed a 
methodology to perform 3D numerical 
simulations with codes such FLUENT or FIRE 
DYNAMIC SIMULATOR (FDS).  

Picture 5. Firework storehouse through FDS 

Temperature fringes

Flames, smokes and soots



It is dedicated to fire propagation and smokes 
dissipation, thus it is very well adapted to perform 
pyrotechnic fires; under the condition to use 
pertinent parameters describing pyrotechnic 
materials combustion.  

In addition, it is easy to simulate fire propagation 
in large storehouses. The 20 tons of fireworks (1/3 
pyrotechnic substances & 2/3 cardboard) do not 
burn simultaneously, but during few ten minutes. 
This is illustrated on picture 5.  

FDS allow also taking into account of sprinklers 
efficiency for fire extinguishing. Such numerical 
simulations can be conducted for manufacturing 
installations but also about munitions for the 
platforms survivability assessment. 

5. CONCLUSIONS 

Trough SME Environnement's database, some 
empiric formulas have been designed for the 
prediction of fireballs radius and fires durations in 
case of mass fire in open field conditions and low 
divided stocks. 

For the assessment of heat fluxes mitigation 
behind barricades or strong walls, SME 
Environnement has proposed with the SFEPA a 
pragmatic and simple rule. It can be used by 
everybody for its regulatory Pyrotechnic Safety 
Studies. 

At the end, some calculation tools are presented 
for the situations where it is necessary to evaluate 
more precisely the thermal fluxes, for example 
about manufacturing installations with high stakes 
or for the platforms survivability assessment. 
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AKTS Thermokinetics : Evaluation, Limits, Perspectives 
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The prediction of the ageing behavior of propellants is essential in the assessment process of a motor 

life time, which is generally one of the critical safety factors for new weapons. However, the 

experimental data collected during this process are currently discontinuous when, for example, we 

look after the mechanical parameters or the stabilizer rate evolution. Thus, our laboratory worked to 

evaluate the ability of AKTS Thermokinetics (ex-situ module) to provide reliable results. We so 

measured chemical data (stabilizer rate) on a gun propellant and several physical parameters (Young 

modulus, maximum stress, reticulation rate, glass transition temperature…) on a composite 

propellant after applying on both products some distinct isothermal accelerated ageing during 

several months. The models calculated by AKTS Thermokinetics appeared to accurately fit our data. 

Nevertheless, the predictions at ambient temperature are seemingly less consistent with the known 

behavior of the products. A second part of our work aimed to understand the limits of this prediction 

method owing to the mathematical and chemical description firstly and secondly to the experimental 

data inherent reliability. Especially, we pointed out the gap between our understanding of the 

microscopic phenomena (plasticizer migration, anti-oxider or stabilizer depletion, thermo-oxidation 

of the binder …) and the globalizing model computed by the software. Considering our previous 

conclusions, we eventually looked for enhancing the use of AKTS Thermokinetics. The idea is to 

propose other parameters which will be largely shared and technically consistent with the study of 

propellants ageing. 
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INTRODUCTION 

� Ageing of propellants, gun powders… as important as: 
• Ballistic performances of a missile, 
• Terminal effect of the warhead, 
• Precision of the positioning system, 
• … 

� Ageing:  
• Thermally accelerated, 
• Slow and expensive process, 
• Continuous/Discontinuous data 

�  AKTS: a tool for pyrotechnic use ? 
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PRESENTATION OUTLINE 

 

Introduction 

1 – AKTS Thermokinetics – ex situ : a quick reminder 

2 – Evaluation by the DGA laboratory 

3 – Limits of the method 

4 – Perspectives and potential improvments 

Conclusion 
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1 – AKTS Thermokinetics ex-situ : a brief reminder 

AKTS 

Thermokinetics Thermal Safety 

in-situ ex-situ 

« Evolution law » 

continuous  
data 

discontinuous  
data 

a/ General points 
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1 – AKTS Thermokinetics ex-situ : a brief reminder 
b/ Behind the scenes of the software 

� Fitting of the data (by the reaction progress) 
� Hypothesis : 

• Macroscopic behaviour => N steps reaction scheme 
 

• Generalised Sestak-Berrgren model 
  

 
• Arrhenius law 
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1 – AKTS Thermokinetics ex-situ : a brief reminder 
b/ Behind the scenes of the software 

� Non linear differential equation to fit 
   

 
� Optimization at several temperatures 

• Specific criteria (AIC, BIC) 

•   

�   

� 
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2 – Evaluation by the DGA laboratory 

Accelerated ageing 

� 2 materials :  
• Solid propellant : HTBP, AP, Al, additives ; 

(used in the self propulsion of some french missiles) 
• Gun powder : NC with DPA/NNO-DPA ; 

(used in the propulsion of some french artillery shells) 

� Isothermal ageing 
• Several temperatures 
• Under dry ambiant air  

 
 

a/ Experimental plan 
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2 – Evaluation by the DGA laboratory 

Accelerated ageing 
 

a/ Experimental plan 

SOLID PROPELLANT 
Temperatures Duration (in days) °C °F 

80 176 2 4 7 9 11 14       
80 (2nd serial) 176 14 17 19 21 24 26 28 31 33 

70 158 7 14 21 28 35 42       
60 140 14 28 42 56 70 84       
50 122 21 42 63 84           
40 104 28 56 84             

GUN POWDER 
Temperatures Duration (in months) °C °F 

70 158 1 3 5 6   
60 140 2 6 9 12   
50 122 4 10 12 18 22 



DGA Techniques Terrestres 

10/04/2015 

9 

2 – Evaluation by the DGA laboratory 

Chemical and physical analysis 

� Primary modes of degradation : 
• Solid propellant : oxydative cross-linking 
 => mechanical properties loss 
• Gun powder : decomposition of nitrocellulose  
 => depletion of the stabilizer rate 

� Solid propellant :  
• DMA    (STANAG 4540) 
• Reticulation rate   (method 1A, STANAG 4581) 
• Uniaxiale tensile stress : JANNAF at 20°C / 50 mm.min-1 [68°F / 20 ipm] 

    (NF T70-314 – STANAG 4506) 

� Gun powder :  
• Stabilizer rate   (NF T70-303 – STANAG 4620 / AOP 48) 

a/ Experimental plan 
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2 – Evaluation by the DGA laboratory 

 

 

 

b/ Results and discussion 
Uniaxiale tensile stress : elongation at maximal strain  

60 °C 

50 °C 

40 °C 
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2 – Evaluation by the DGA laboratory 

Uniaxiale tensile stress : Young Modulus 

 

b/ Results and discussion 

60 °C 
50 °C 

40 °C 
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2 – Evaluation by the DGA laboratory 

Activation energies 

b/ Results and discussion 

SOLID PROPELLANT 
Activation energies 

Uniaxial tensile stress 
E 87 

kJ/mol 

20,8 

kcal/mol 
σmax 98 23,4 

ε @ σmax 120 28,7 
Reticulation rate 57 13,6 

AOP 46 / STANAG 4315 [70 - 90] [16,7- 21,5] 

GUN POWDER 
Activation energies 

DPA rate for T< 60 °C 80 

kJ/mol 

19,1 

kcal/mol 
DPA rate for T> 60 °C 140 33,5 
Effective stabilizer rate ? ? 

AOP 46 / STANAG 4315 85 20,3 
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3 – Limits of the method 
a/ Pharmacological vs pyrotechnic phenomenons 

� Initially: a pharmacological software 
• Chemical phenomena  

• Slow phenomena 

� Our activities: pyrotechnic use 
• Stabilizer depletion  Yes 

• Plasticizer migration  Yes 

• Oxydative cross linking   Yes 

• Coupling phenomena  Yes / No ? 

• Residual constraints release  No 

• Localised over crosslinking  No 

• Binder/charges bonding lose  No 

• All non-chemical factors  No 
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3 – Limits of the method 

� Fitting on the progress reaction, α(t), and not on the raw data 
• α0  = 0  => [c]init or E(t=0) … 

• αF  = 1 => [c]F = 0 but for E, ε, σ, reticulation rate …?  

� Great impact of the data on the fit 

 

 

 

 

� A correct set of data :  
• an asymptote for at least one temperature 

• a sufficient progress reaction (> 50%) for several temperatures 

• at least, one data, at ambient temperature, to check the validity 

 

b/ Boundary conditions 

? 
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3 – Limits of the method 

� A prediction, at any temperature, of the behaviour with time of a unique 
parameter 
• Choice of a pertinent parameter: representative of the main mode of 

degradation 
• Critical view of the raw data (quantity & quality) 
• A threshold to determine the time life limit of a motor: dependant of the use 

of the material  

c/ AKTS : a mere software 
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4 – Perspectives and potential improvments 
� Use of DMA parameters 

• Glass transition parameters : not impacted by the ageing 

• 2nd peak of tan δ 

� Temperature of the maximum ? 

� Maximum value ? 

� Area under the curve ? (a baseline ?) 
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4 – Perspectives and potential improvments 
� Use of DMA parameters 

• Glass transition parameters : not impacted by the ageing 

• 2nd peak of tan δ 

� Temperature of the maximum ? 

� Maximum value ? 

� Area under the curve ? (problem with the baseline) 
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4 – Perspectives and potential improvements 

� Use of GPC results: evolution of the soluble fraction 
• Quantity of soluble fraction 

• Soluble fraction characterization : 

� Weight average molar mass of free chains 

� Number average molar mass of free chains ? 

� Others opportunities ? 

 

� Correlation between tan δ and GPC parameters? 
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Conclusion 

� Advantages: 
• Macroscopic overview of the ageing 

• Efficient fitting of the provided data 

� Inconvenients: 
• Coupling of microscopic phenomena 

• Non chemical effects ? 

• Enough data ? 

 

� AKTS ex-situ: a mathematical software, not a pyrotechnic engineer 
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Thanks for your attention … 
 
 
 
 
     
 
     Any questions ? 
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Abstract 
 
Butacene® binder, ferrocenyl groups chemically bonded to HTPB backbone, leads to 
high burn rates BR for Al-AP based composite propellants (BR > 20 mm/s at 7 MPa ), 
and low pressure exponents (n < 0.5) which gives more flexibility to the rocket 
designer. The key molecular level characteristic of such elastomeric binder systems of 
composite rocket propellants is the glass-to-rubber transition region, which is mainly 
defined by the molecular mobility of the components in the polymeric network during 
the transition from energy to entropy elasticity with respect to temperature. Analyzing 
molecular rearrangement regions or binder mobility fractions related to the glass-rubber 
transition of such composite propellants during storage is important in terms of in in-
service time estimations. This feature has a strong dependence on temperature and is 
detectable by dynamic mechanical analysis (DMA) whereby obtaining the loss factor 
(tanδ= loss module / storage module) curves. Butacene® and HTPB based binders 
alone and two propellant formulations (HTPB/Butacene®/AP(bi-modal)/Al) were 
prepared and analyzed unsing the loss factor curves obtained by torsion DMA. A 
special modelling with so-named EMG (exponentionally modified Gauss) distributions 
was used to define and quantify sub-transition regions in the loss factor curve. For 
comparison with Butacene based propellants, also a HTPB/AP/Al composite propellant 
formulation was produced and analysed. 
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ABSTRACT 

Butacene® is a binder with ferrocenyl groups, 
which are chemically bonded to HTPB backbone. It 
leads to high burn rates (BR) for AP-Al based 
composite propellants (BR > 20 mm/s at 7 MPa), 
and low pressure exponents (n < 0.5) which gives 
more flexibility to the rocket designer. The key 
molecular level characteristic of such elastomeric 
binder systems of solid composite rocket 
propellants (SCRP) is the glass-rubber transition 
region, which is mainly defined by the molecular 
mobility of the components in the polymeric 
network during the transition from energy to 
entropy elasticity with respect to temperature. 
Analysing molecular rearrangement regions or 
binder mobility fractions related to the glass-rubber 
transition of such composite propellants during 
storage is important in terms of in-service time 
estimations. This feature has a strong dependence 
on temperature and is detectable by dynamic 
mechanical analysis (DMA), whereby obtaining the 
loss factor (tan  = loss module / storage module) 
curves [1-2]. Two propellant formulations with 
Butacene® plus HTPB (HTPB/Butacene®/AP(bi-
modal)/Al) based binders and one with HTPB 
binder alone were prepared and analyzed using the 
loss factor curves obtained by torsion DMA. A 
special modelling with so-named EMG 
(exponentially modified Gauss) distributions was 
used to define and quantify sub-transition regions in 
the loss factor curve. DMA loss factors revealed a 
strong oxidation behaviour during ageing, fostered 
by Butacene® Specially designed pressure curing 
cells (P-CC) were used to follow curing behaviour 
of the formulations and Arrhenius parameters were 
obtained. Burning rates of the formulations show 
slight increase with ageing.  
 

1. INTRODUCTION 

Polymeric ferrocenes like Butacene® (HTPB 
grafted with a (ferrocenyl-4-butyl) dimethyl silane, 
product of SNPE, Fr) enhance the burning rate and  
keep pressure exponent (n) lower than 0.5 while 
maintaining properties of conventional HTPB 
binder based solid composite rocket propellants 
(SCRP) in terms of processing and mechanical 
properties [3,4]. The main purpose is to reduce the 
migration of ferrocene through attaching it to bulky 
components such as the HTPB backbone. Similar 
systems have been studied in combining different 
polymers and different ferrocene type catalysts as 
CatoceneTM to develop materials with increased 
burning rates but keep other propellant properties 
[5, 6]. 
 
During storage of SCRP, important property 
changes may occur due to chemical ageing that 
may be caused by thermally oxidative cross-linking 
or hydrolytic reactions in highly filled, HTPB based 
elastomeric SCRP. Resulting degradation of 
properties limits the in-service time of rocket 
motors, generally altering mechanical properties, 
ultimately ensuing in a loss of the structural 
integrity of the grain design. Moreover, ballistic 
properties have an important role in defining the in-
service time of a motor configuration. Prediction of 
in-service time is complex and depends on both the 
formulation of SCRP and the configuration of the 
motor system.  
 
Mechanical and in part chemical property 
degradation in form of oxidative cross-linking of 
the binder in the propellant formulation can be 
followed by special techniques such as DMA, 
which give information into large scale movements 
of the main chain and major side groups in a 
polymeric network. The DMA technique was used 
to characterize propellant formulations and proven 
to be a useful tool in HTPB based SCRP [1, 2, 7, 
8]. The loss factor or tan  curve obtained with this 
technique reflects molecular mobility ranges and 
restrictions due to the effect of fillers within a 
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polymeric network. Quantitative analysis of loss 
factor curves can be performed by mathematical 
modelling using EMG functions (exponentially 
modified Gauss), after applying a suitable baseline 
correction (BLC) technique to the raw data. In this 
way one can quantitatively follow ageing behaviour 
of a CRP formulation, and DMA can be used as a 
fast characterization tool. This method was 
developed by Cerri and Bohn [1,2]. 
 
Replacement of HTPB with Butacene® was studied 
in terms of ballistic and mechanical properties of 
the final ammonium perchlorate (AP) and 
aluminium (Al) containing SCRP formulations [9]. 
There have been few literature focusing on ageing 
behaviour of Butacene® based SCRP´s (B-SCRP). 
The study in [4] gives motor firing test results after 
8 months of ageing at 50°C but no information was 
provided for mechanical properties due to oxidative 
ageing.  
 
The motivation of the current work is to 
characterize and analyse ageing behaviour of B-
SCRP´s with DMA (loss factor modelling) together 
with the change in BR during ageing. A 
conventional HTPB binder SCRP was included for 
comparison. The curing behaviour was followed 
with a specially designed curing system 
manufactured in Fraunhofer ICT [10-12].  
 
2. EXPERIMENTAL 

2.1. Materials and methods  

Table 1 shows the information on the materials and 
SCRP formulations. Binder formulations of TS-66 
and TS-74 contain Butacene® (Mn=~13,500, 
hydroxyl value 35 mg KOH/g, Iron: 8±0.5 mass-%, 
viscosity ~1000 Poise at 25 °C) together with 
HTPB HTLO (OH = 0,83 Acetyl meq/g)), The 
HTPB / Butacene® (HT/B) mass ratio was always 
70/30. This ratio was selected after developing 
binder formulations with different 
HTPB/Butacene® ratios. TPB (triphenyl bismuth) 
was used as curing catalyst. The SCRP formulation 
TS-78 with only HTPB binder was produced for 
comparison purposes. HTPB R45-HTLO and 
BUTACENE® were dried in rotation-vaporization 
technique at 60°C and 5 mbar over 16 hours before 
mixing. AP and Al batches were dried in an air 
circulating oven at least over 48 hours at 60°C. The 
equivalent ratio Req of NCO and OH groups was 
0.86. All SCRP formulations were prepared in a 
vertical kneader (Drais T FHG, Germany) having 
one liter of volume and cured in an electrical oven 

cabinet (company Memmert, Germany) for 5 days 
at 60°C.  
 
Table 1. Materials and compositions in mass-% of 
the SCRP formulations 

Substance Supplier TS-66 TS-74 TS-78 
HTPB-R45 
HTLO Sartomer, USA 7.5809 7.577 10.68 

BUTACENE™  SNPE, FR 3.32 3.32  
HT/B ratio  70/30 70/30 - 
IPDI Evonik, DE 0.77 0.780 0.93 

TEPANOL, HX 
878 MACH I, USA 0.15 0.15 0.15 

DOA BASF, DE 6 6 6 

Vulkanox -BKF LANXESS, 
DE 0.17 0.17 0.24 

AP, 200 μm SNPE, FR 56 56 56 

AP, 45 μm SNPE, FR 12 12 12 

Al, 18 μm Powder grade 14 14 14 

TPB ABCR, DE  0.02 0.02 

Req = NCO/OH  0.86 0.86 0.86 

The action of the bonding agent HX 878 is such 
that it makes strong chemical bonds to AP 
(replacing ammonium cation) and it is bonded 
during curing to the binder network. 
 

2.2. Ageing plan and conditions 

The propellant samples of the current research 
were aged at three different temperatures (70°C, 
80°C and 90°C) in mechanically load free 
conditions to simulate 30 years of natural ageing. 
The accelerated ageing programme was carried out 
in PID temperature-controlled (0.5±°C) ageing 
ovens (design based on former company Julius 
Peters, Berlin). 

 
An ageing plan using the principle of Thermal 
Equivalent Load (TEL) was used together with the 
generalized van’t Hoff rule (GvH) [2, 13]. Table 2 
shows the ageing conditions determined using a 
scaling factor F=2.5 per 10°C temperature change.  
The ageing was designed to represent the surface 
layer of SCRP motors, in other words no “in core” 
analysis was intended. Therewith, the samples are 
not analogous to the ones defined in STANAG 
4581 [14]. The specimen geometry was already the 
one suitable for the DMA measurements, here 



small rectangular bars: 9-10 mm wide, 4 to 5 mm 
thick, 30 to 50 mm long. DMA samples were 
wrapped with aluminium foil and located in glass 
vials and closed with a glass stopper. The stoppers 
were not fixed by clamping and not sealed with 
grease, therefore some air and also some humidity 
could go inside and the volatiles from the 
propellants could flow outside. But the relative 
humidity level was very low less than 10 % RH. 
For burning rate determinations, ageing was 
performed at 80°C, and the sample sizes were also 
the ones used in Crawford bomb measurements. 
 
Table 2. Applied accelerated ageing conditions 
(time and temperature) simulating an in-service 
time of up to 30 years at 25°C. TEL for TE= 25°C 
based on a scaling factor F=2.5 with GvH. (TEL = 
thermal equivalent load). In total 30 samples have 
been aged for DMA measurements. 
 

covering the thermal load at natural or in-service ageing 
by accelerated ageing according to TEL principle 

in-service 
TE [°C] in-service time tE

 in years 

25 2.5 5 10 15 20 25 30 
accelerated ageing conditions based on TEL 

with F=2.5 in GvH 
ageing TT 

[°C] 
ageing times tT in days [d] 

90°C  5 10 15 20 25 30 
80°C 6 12 24 35 48 60 72 
70°C 15 30 60 90 120 150 180 

 
2.3.  DMA 

All DMA measurements were carried out in torsion 
mode using a DMA instrument of type ARESTM 
(Advanced Rheometric Expansion System) 
manufactured by Rheometric Scientific Inc. (now 
belonging to Waters Inc., BU TA Instruments). A 
liquid nitrogen cooling accessory was used for the 
low and high temperature operations. The 
investigated temperature range was -110oC to 
+70oC, with heating up in steps of 1 oC/min and a 
soak time of 28 s. Specimens were tested at four to 
five deformation frequencies (0.1, 1, 10, 30 and 56 
Hz) using a strain control with maximum strain 
obtained from -100oC strain sweep experiment, in 
order to be in the linear range domain, which means 
the modulus is independent of strain. Aged samples 
were taken from the ovens and kept at room 
temperature at least 1.5 hour to get a uniform 
temperature within the sample.  
 

2.4. Differential scanning calorimetry (DSC) 

Measurements were performed in nitrogen 
atmosphere using the DSC Q2000 manufactured by 
TA Instruments (Newcastle, Delaware, USA). 
Small amounts of propellants (about 10 mg) were 
analysed between -100oC and 25°C with heating 
rate of 10oC /min for the determination of the glass-
rubber transition temperature Tg,DSC and to check if  
secondary transition / relaxation phenomena are 
present. 
 

2.5. Tensile testing 

The mechanical strength behaviour of the 
formulations was characterized with a Zwick-Roell 
UPM 1476 tensile test machine. Mini-dogbone 
samples were used in uniaxial tensile tests at room 
temperature and atmospheric pressure with a cross 
head speed (speed of traverse) of 50 mm/min. 
During each test the applied force and the 
elongation of the gauge length were recorded by a 
load cell and a mechanical extensometer, 
respectively. Knowing the specimen elongation 
(L(t) at time t, with Ao= initial area of the cross 
section); it is possible to evaluate the constitutive 
behaviour, in terms of engineering stress ( eng(t) 
=F(t)/Ao) and linear strain ( lin(t) = L(t)/Lo) or 
corrected stress ( corr(t) = F(t)/A(t)) and logarithmic 
or natural strain ( log = ln(1+ lin(t)). 
 

2.6. SEM and EDX measurements 

Scanning Electron Microscope (SEM), Supra VP 
manufactured by company Zeiss, GE was used to 
assess the degree or quality of bonding between 
particles (mainly AP) and polymeric network 
provided by the reactive bonding agent HX 878. 
But also dewetting phenomena can be seen, if they 
exist or arise. The broken surfaces of mini dog-
bone samples of the SCRP were analysed with 
different magnifications for morphological 
inspection. 
 

2.7.  Burn rate measurements in Crawford-
bomb 

The burning behaviour was determined by 
Crawford-bomb measurements on strands of 150 
mm length and 5x5 mm square cross section, which 
were covered with an inhibiting coating. Burning 
times and rates were determined for 5 and 10 cm 
measuring distance by disruption of 0.1 mm iron 
wires drawn through the strands. Burning was 
performed top down at 4 pressures (40, 70, 100 and 
130 bar) (if enough samples were available) under 



nitrogen atmosphere, in a 500 ml bomb connected 
to a 250 liter expansion vessel to keep the pressure 
constant during measurement. 
 
3. R ESULTS and DISCUSSION 

3.1. Dynamic mechanical tests and 
morphological characterization 

DMA measures the response of a material to a 
forced sinusoidal oscillation or better deformation. 
It is reproducible, as long as the material is in linear 
viscoelastic region. The measured quantity in the 
torsion mode, which was proven to be suitable 
configuration for HTPB based SCRPs, is the torque 
M, which allows the determination of storage 
(elastic) shear modulus (G´[Pa], ability of sample 
material to store energy elastically), and loss 
(viscous) shear modulus (G´´[Pa], energy dissipated 
by viscous dissipation such as heating due to the 
friction and internal motions). The ratio of the 
viscous to the elastic component of the complex 
shear modulus G*, namely G´´/G´, is defined as the 
loss tangent (tan ); it is equivalent to the tangent of 
the phase angle  between the applied strain and the 
torque response. It is regarded as an indicator of 
how efficiently the material loses energy to 
molecular rearrangements and internal friction and 
because it is independent of geometrical dimen-
sions, it allows to get comparisons in a more 
confident way. 
 
Through a temperature scanning, an elastomeric 
binder or propellant (=elastomeric binder highly 
filled with energetic solid particles), faces a change 
from a glass-like to rubber-like behaviour by 
increasing temperature, where molecular rearran-
gements occur which reflect the molecular mobility 
of the polymeric networks during the glass-rubber 
transition. The necessity of applying a baseline 
correction (BLC) to the obtained raw data of tan  is 
to get the correct areas under the loss factor curve, 
which are representing different mobility of the 
network The procedure is shown and explained in 
detail in the work of Cerri and Bohn [1,2]. 
Following BLC, a suitable modelling function was 
used to quantify the different areas in tan  curve. 
For this an exponentially modified Gauss function 
(EMG) is used, which is created by convolution of 
a Gaussian distribution function together with an 
exponential function. Molecular rearrangement 
regions are described by the Gaussian part of the 
EMG. By the exponential function the residual 
dissipative processes are considered as quasi-
relaxation processes [15]. For applying the EMG, a 

Levenberg-Marquardt non-linear fit algorithm was 
used provided by the OriginTM program package 
[16]. 
 
Figure 1 shows the individual steps from raw data 
to, BLC data and EMG modelled data of tan  
belonging to the B-SCRP formulation TS-74. Two 
transition regions already known for the HTPB 
based SCRP formulations [1,2,15] can be seen also 
in BLC data of this Butacene® based propellant 
formulation.  
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Figure 1. Raw data evaluation shown with TS-74: 
first applying BLC, followed by EMG modelling. 
 
In fact, tan  curves of HTPB based CRP´s 
formulations contain mostly three main relaxation 
processes, corresponding to binder fractions with 
different molecular mobilities shown in the work of 
[1,2]. EMG modelling enables to extract these 
hidden transitions by using several EMG function 
at once to describe the data. The number of EMG 
functions must not exceed the numbers of 
extractable mobility regions. Here N=3 was chosen. 
The first transition (main peak at lowest 
temperature) reflects the unrestricted chain motion 
and this glass-rubber transition region belongs to 
the HTPB polymer, also named as soft-segment 
units. The second apparent glass-rubber transition 
peak is related to the motions within the range of 
the short hard-segment units (urethane groups) 
and/or strongly mobility restricted soft-segment 
regions, caused by the presence of fillers and by 
binder-filler interactions [1,2].  
 
Following the BLC evaluation, the temperatures at 
maximum values of loss factor curve were 
computed with a fitting equation, a polynomial of 
order three. Tmax values at the first transition, named 
tan _1, the maximum temperature of loss modulus 
G´´ and the temperature in maximum of the second 
transition, named tan _2, together with Tg,DSC 
values measured by DSC analysis, are given in 



Table 3. Apparent activations energies (Ea) 
calculated from the shift of the temperature values 
of the maxima with deformation frequency from the 
two different relaxation regions tan _1 and tan _2 
differ and reflect the  different intermolecular 
interaction characteristics of two main transitions 
(Table 4).  
 
Table 3. Temperatures at maxima in tan _1, G´´ 
and tan _2 of propellant formulations and Tg,DSC 
values determined by DSC. 
 

Temperatures in maxima, Tmax [oC] at  Maximum 
Type 0.1 Hz 1 Hz 10 Hz 30 Hz 56 Hz Tg,DSC

 TS-66, unaged  
tan _max1 -78.54 -74.59 -69.29 -66.26 -64.52

G´´ -83.17 -80.28 -76.72 -74.84 -72.74
tan _max2  -33.65 -23.98 -77.08 -76.03 -74.21

-84.68

 TS-66, aged at 80°C-24day -85.64
   
 TS-74, unaged  

tan _max1 -78.05 -74.13 -68.75 68.8 64.17 
G´´ -82.28 -79.89 -76.04 -74.04 -72.74

tan _max2 -36.43 -24.7 -19.5 -16.5 -3.68 
-82.87

 TS-74, aged at 80°C-24day -85.23
   
 TS-78, unaged  

tan _max1 -80.05 -76.51 -71.5 -68.76 -67.06
G´´ -82.96 -80.17 -76.53 -74.43 -73.11

tan _max2 -36.863 -29.37 -17.53 -14.52 -6.61 
-86.0 

 
Table 4. Apparent Arrhenius parameters activation 
energie Eaf and pre-factor Zf of the peak 
temperatures of the SCRP formulations using the 
data from all five applied deformation frequencies. 
 
 Batch no TS-74 TS-66 TS-78 
 Arrhenius 
paramet. 

Tmax 
tan _1 

Tmax 
G'' 

Tmax 
tan _1 

Tmax 
G'' 

Tmax  
tan _1

Tmax 
G'' 

Eaf [kJ/mol] 160.4 198.4 150.8 196.1 159.2 202.1 
lg(Zf [Hz])  41.990 53.535 39.563 53.019 42.177 54.600 
R2 0.9606 0.9953 0.9943 0.9861 0.9932 0.9934 
 
 

3.2. Comparison of tan  behaviours of HTPB 
and Butacene® based SCRP 

Figure 2 shows the comparison of BLC tan  curves 
of the three binders alone of the propellant 
formulations TS-66, TS-74 and TS-78. All have the 
same Req, DOA and AO content. The HTPB binder 
has the main maximum at lowest temperature, 
followed by HTPB/ Butacene®. Pure Butacene® 
binder is highest in glass-rubber transition 
temperature. But the intensity of the main peak is 
with pure Butacene® binder and with mixed binder 
greater, it is even a bit higher with pure Butacene® 
binder. Another important point is the second 
apparent maximum. Here HTPB and mixed binder 
are more or less equal. But the Butacene® binder 

shows higher intensity. With pure binders this 
second maximum is caused by restrictions in 
mobility due to the cross-linking agent, here always 
IPDI. The bulky ferrocene side group is seen as 
cause for this increase in intensity of the second 
transition. The additional hindrance of the binder 
by the bulky side groups is such that the glass-
rubber transition occurs at higher temperature than 
the main mobility and it has higher intensity 
because the number of mobility disturbed binder 
sites is relatively higher than in the mixed binder. 
Figure 3 shows the chemical situation in 
Butacene® binder network. 
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Figure 2. Binders prepared with Butacene, HTPB 
and HTPB+Butacene, analogue to the binders of 
propellants formulations; same Req, DOA, AO 
contents and same curing agent.  
 

 
 

Figure 3. Polyurethane network formation with 
Butacene® and IPDI, picture taken from Ref. [17]. 
 
Figure 4 shows the comparison of BLC tan  curves 
of the three propellant formulations. TS-78 has 
HTPB+IPDI binder while TS-66 and TS-74 have 
the mixed binder HTPB-Butacene®-IPDI. All have 
the same Req, DOA and AP content and were 
mixed with bonding agent HX 878 for bonding the 
coarse AP particles to the binder matrix. The 
position of first transition region correspondents to 
main HTPB chain and it does not change for all 
formulations. But an intensity decreases with 
formulation TS-78 was found. The interpretation of 
these results must be done on a wider base. Tensile 
properties should be included and also a check, if 
the bonding agent is effective in the same way with 
all three formulations. 
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Figure 4. Comparison of tan _BLC of TS-66, TS-
74 and TS-78. 
 
The tensile properties are given in Figure 5. They 
reveal that TS-66 has much higher strain capability 
compared to TS-78 together with lowest Young´s 
modulus. The intensity of the second transition in 
tan  curve of TS-66, Figure 4, reveals that it has 
more molecular mobility in this glass-rubber 
transition region. Surprisingly TS-78 has the lowest 
intensity in the second transition region, but also in 
the first one. It shows lowest strain capability and 
highest Young’s modulus. The formulation TS-74 
is just in between. SEM images of TS-66 (Figure 6) 
show that AP and Al particles are successfully 
covered with binder implying successful action of 
the bonding agent. The coverage of binder is less 
with TS-74 (Figure 8). Further on, the action of the 
bonding agent in TS-78, see Figure 10, is not 
recognizable, means AP particles are not bonded to 
the binder matrix. The successful action of bonding 
agent with TS-66 results in high strain capability. 
The less good action with TS-74 produced an 
intermediate effect and the poor action with TS-78 
gives low strain at break and a high modulus.  
Essential for the interpretation is the increase in 
modulus. What has happened during the 
manufacture is the following: with TS-66 all 
bonding agent was ‘consumed’ by the AP and a 
shell around the particles is formed, which during 
curing produces the so-named rubber or polymer 
shell around the AP-200μm. With TS-74 probably 
half of the bonding agent was ‘consumed’ by AP. 
The other half stayed in the binder mix. During 
curing, this second half acts as additional cross-
linker in the binder matrix, which reduces strain 
capability and increases the modulus.  
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Figure 5. Corrected stress-strain curves ( corr vs 

log) of TS-66, TS-74 and TS-78. 
 
How to interpret the results presented in Figure 4 
considering this framework developed so far? With 
TS-78 there is no AP polymer shell but increased 
cross-linking in the binder matrix. This reduces the 
main peak and creates no stable rubbery phase 
around the AP particles; only a shell based on 
dispersion interactions between binder and AP may 
be formed. Therefore, the second transition is weak 
and based mainly on hindrance around the cross-
links. With TS-66 the rubbery shell around the AP 
particles is well developed and stable, which causes 
an intense second transition. Because of no 
additional cross-links in the binder phase the 
intensity of the first peak is much higher than with 
TS-78. The behaviour of TS-74 is again in between. 
Because of less developed polymer shell around the 
AP particles the second transition is less intense 
than with TS-66. The additional cross-linking in the 
binder matrix is still weak; therefore the first peak 
is much more intense then with TS-78. 
 

3.3. Ageing behaviour  

Figures 6 to 10 show SEM photographs of the 
surfaces of TS-66, TS-74 and TS-78, obtained by 
breaking the samples. Figures 6, 8 and 10 show 
unaged samples, Figures 7 and 9 aged ones. There 
seems a change in morphology of the surfaces 
caused by ageing. 
 

 
100μm  10μm 

Figure 6. SEM micrographs of unaged TS-66; very 
good wetting of coarse AP particles. 

 



100μm 10μm 
Figure 7. SEM micrographs of TS-66 aged at 80°C 
over 24 days. 
 

 

 
100μm 10 μm 

Figure 8. SEM micrographs of unaged TS-74; partial 
wetting of coarse AP particles. 
 

 
100μm 

 
10μm 

Figure 9. SEM micrographs of TS-74 aged at 80°C over 
24 days. 
 

 
100μm 

 
10μm 

Figure 10. SEM micrographs of unaged TS-78; nearly 
no wetting of coarse AP particles.  

 
Figure 11 shows the baseline corrected loss factor 
curves of TS-74, unaged and aged at 80°C up to 35 
days. The results clearly reveal the effect of 
oxidative ageing in reducing the intensity of the 
tan  curves. The ageing trend of TS-66 at 80°C also 
shows the same feature, Figure 12. In Figure 13 
ageing trend of the reference formulation TS-78 can 
be seen, aged at 80°C over 6, 24 days and at 90°C 
for 12 days.  
 

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

-120 -100 -80 -60 -40 -20 0 20 40 60 80

tan _BLC [-]

1.E+04

1.E+05

1.E+06

1.E+07

1.E+08

1.E+09

T [°C]

G' [Pa]

unaged

6 days

12 days

24 days

35 days

G' increases with ageing

tan  decreases with ageing

TS-74, ageing at 80°C  

24 days

35 days

6 days

unaged

 
Figure 11. Ageing behaviour of TS-74 at 80°C 
shown by baseline corrected tan  curves. 
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Figure 12. Ageing behaviour of TS-66 at 80°C 
shown by baseline corrected tan  curves. 
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Figure 13. Ageing behaviour of TS-78 at 80°C 
shown by baseline corrected tan  curves. The 
ageing over 12 days was at 90°C. 
 
To note is that the decrease in intensity of tan  is 
not as strong as with the formulations TS-74 and 
TS-66, prepared with HTPB+Butacene® and aged 
at same times and temperature. The 90°C load of 
TS-78 formulation was performed to find out, if it 
shows a strong ageing, which is not the case. 
Considering the trend in the reference formulation 
TS-78, one can conclude that Butacene® is the 
reason for the reduction of the intensity of tan . It is 
known that ferrocene derivatives catalyzes the 



oxidation reaction, which in turn leads to chain 
scission of the binder but in surplus to more cross-
linking in the HTPB network. HTPB has allylic 
double bonds and is very susceptible to oxidative 
degradation [18]. Therefore, small amounts of an 
antioxidant must be incorporated to retard the 
process of ageing and enhance the in-service time 
of the propellant. Butacene® has already 1 mass-% 
of a phenolic antioxidant (information provided by 
the producer), here additionally Vulkanox-BKF 
type of antioxidant was used for the HTPB part. 
However, the action of Vulkanox BKF might not be 
so effective to overcome the degradation process 
induced due to Butacene®.  
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Figure 14. Ageing behaviour of TS-74 at 70°C 
followed by baseline corrected tan  curves. 
 
Figure 14 shows the first steps of ageing at 70°C 
over 60 days with TS-74. Intensity of tan  again 
decreases. Ageing at 90°C were not further 
performed since ageing results at 80°C showed the 
strong oxidative sensitivity of the samples.  
 
The description of loss factor with EMG model 
enables to calculate the areas of the transition 
regions (area under the tan  curve) which can be 
deduced from EMG model constants. Cerri et al. 
[1,2] found a linear relation between the changes of 
the areas of second apparent transition regions with 
ageing time. A recent publication on the EMG 
modelling (without BLC) of tan  curves of 
HTPB+HMDI binder, related the second peak to 
fraction of polymer chains extractable by swelling, 
meaning sol chains, which are not attached to the 
network [20]. Other authors applied modelling of 
tan  curves. Husband et al. found a linear relation 
between G´ and ageing time [7]. Ashcroft et al. [21] 
also found a correlation between change of area of 
second peak and ageing. Butacene® SCRP 
formulations in the current study showed two main 

transition region in tan  curves similar to these 
studies.  
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Figure 15. EMG modelled tan  data of TS-74 aged 
at 80°C. 
 
Figure 15 shows the EMG modelled tan  curves of 
TS-74 aged at 80°C. As with the results given in 
[1,2], again the location of first transition region 
stays almost constant for all formulations during 
ageing at 80°C, meaning the thermal history of the 
material does not have an effect on the location of 
the first peak, also not with Butacene® in the 
binder. This means determining Tg with DSC, one 
would not recognize an ageing effect. 
 
In order to understand the effect of antioxidant, a 
series of HTPB R45 HTLO binder formulations 
were produced with Irganox-565, Vulkanox-BKF 
and with and without Butacene®. Binder 
formulations are equivalent to propellant binder 
formulations in terms of Req, DOA and AO 
content. Figure 16 shows photographs of the binder 
samples at t0, and aged at 80°C over 12 and 24 
days. The photographs of the samples show that 
colour changes during ageing is more pronounced 
in binders prepared with V-BKF compared to that 
with Irganox 565. Samples with Butacene® does 
not visually show a distinct difference but binders 
with only HTPB clearly shows bright structure 
when Irg-565 is used, implying that the function of 
this antioxidant is better than that of Vulkanox 
BKF. Considering the chemical structures of 
Irganox 565 and V-BKF, the superiority of Irg-565 
can be recognized (Figure 17). Both antioxidants 
provide H radicals by the phenolic groups. But 
Irganox 565 has a further functionality by the 
sulphide groups, which act as hydroperoxide 
‘destroyer’ in reducing such highly autoxidative 
acting groups. 
 



 
Figure 16. Visual changes in binder samples with 
ageing at 80°C. 
 
Chain scission and chain cross-linking are the two 
main processes, which can take place during 
oxidative ageing. A decrease of tan  emphasizes 
the cross-linking reactions leading to the formation 
of more cross-linked sites and, therefore, more-
rigid three dimensional network, whereas an 
increase of tan  describes an increase of the macro-
molecular mobility, which can be caused by chain 
scission [1,2, 18] and/or by dewetting between 
binder and filler particles [19]. 
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Figure 17. Chemical structures of Irganox-565 and 
Vulkanox-BKF. 
 

3.4. Burning rate measurements 

Burning rates of TS-66 and TS-74, measured with 
Crawford bomb, of unaged and samples aged at 
80°C over 24 days are given in Figure 18. For 
Butacene® containing propellants the pressure 
exponents n calculated with Vieille´s equation, 
show relatively low values 3.5 and 4. Figure 18 
shows high burning rates with propellants 
containing Butacene® compared to the base 
formulation TS-78. A tendency to slight increase in 
burning rate with ageing can be seen.  
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Figure 18. Burning rates of TS-66, TS-74 and TS-
78 measured with Crawford strand burner 
technique. 
 

3.5. Curing kinetics 

By the addition reaction of HTPB with isocyanate 
the polyurethane network results. By this the 
density of the SCRP increases leading to volume 
shrinking during curing. If the reaction is carried 
out in a closed pressure-resistant vessel, the 
progress of the reaction can be recorded by 
measuring the decreasing pressure [10-12]. To use 
this effect, reaction vessels (pressure cells) were 
already constructed and manufactured from 
stainless steel in the work of Mußbach et al. [10-
12]. Such Pressure Curing Cells (PCC) were used 
to study the reaction progress by pressure 
measurement using so-named DBST-sensors (dual 
bond stress and temperature) from company Micron 
Instruments, Inc. (Simi Valley, California, USA). 
Pressure data were stored by data loggers, also 
obtained from Micron Instruments. The accuracy of 
the measurement is mainly depended on the 
accuracy of the used PID controllers in the heating 
ovens. Newest type 3216 controllers from Invensys 
Systems GmbH (Eurotherm) are in use. 
 
The effect of Butacene® on the curing reaction has 
been analysed by using PCCs. The aim of 
employing the PCCs is to determine the duration 



and the extent of the curing reaction of SCRPs in 
order to study reaction kinetics and to separate the 
mere curing from ageing effects. The necessary 
kinetic derivation was developed in Fraunhofer, 
ICT by M.A. Bohn [12], where a bimolecular 
reaction between HTPB and the isocyanate (IPDI, 
HDI, …) is taken, describing the addition reaction 
of the isocyanate to the OH-groups of HTPB. 
Formulation of this kinetic model conditions leads 
to an expression for the second order reaction of the 
consumption of the isocyanate A, here expressed in 
its normalized concentration Ar(t)=A(t)/A(0), 
Eq.(1), which contains only the equivalent ratio, the 
reaction rate constant and time. The equation is 
valid as long as the isocyanate component is the 
minor component, means Req = NCO/ON must be 
smaller than 1. Incorporating Eq.(1) in the pressure 
decrease by the reaction, the Eq.(2) results. The 
actual system pressure pS(t) is related via the end 
pressure pS(te) and the initial pressure pS(0) to the 
normalized concentration decrease of the 
isocyanate Ar(t). In order to follow the conversion 
of the isocyanate to the final product, the 
polyurethane, Eq.(3) is used. The symbol ABr 
stands for the normalized concentration of the 
polyurethane formed between isocyanate A and 
polyol B.  
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Eq. (3) 
 
Ar (t) normalized concentration decrease of isocy-
 anate, Ar(t) = A(t)/A(0); 
ABr (t) normalized concentration of polyurethane; 
k2A  second order reaction rate constant between 
 isocyanate and binder polyol (HTPB); 
pS(t) pressure course during curing in PCC 
pe  final pressure after the curing is completed,  
 pe = pS(te); 
p0  initial pressure determined by model, not 
 measurable because of time delays, p0 = pS(0); 

Req  equivalent ratio, Req = NCO/OH; 
t time ; 
te time at end of measurement, or time at end of 
 reaction. 
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Figure 19. Pressure course through cure reaction, 
fitting model for ABr, TS-74 and TS-78 cured at 
60°C. 
 
Considering pressure data (pS) obtained from PCCs, 
one can use fitting algorithms with Eq(2) and 
calculate the reaction constant k2A as well as the 
initial and final pressures. But one must be aware 
that the curing reaction starts immediately by 
adding the curing agent to the propellant mix. A 
careful compiling of times and temperatures must 
be done up to the point, where the data loggers read 
the pressure data. These pre-times, reaction 
kinetically weighted, must be added to the actual 
logger times in order to describe the curing reaction 
correctly. This is necessary, because with a second 
order reaction the initial concentration determines 
the value of the reaction rate constant. Model fitting 
was performed in Origin® Programme package 
with Eq.(2) [16]. Comparisons of pressure sensor 
data obtained with TS-78 and TS-74 are given in 
Figure 19 (T=60°C) and Figure 20 (T=70°C) 
representing measured data and fitted model. The 
model equation satisfactorily describes the data 
with a high correlation coefficient R2 = 0.99 for 
each analysis. The Figures 19 and 20 show fast cure 
behaviour of TS-78. After computation of k2A 
values at two different temperatures (Table 5), 
Arrhenius type parameterization provides with the 
activation energy Ea and pre-exponential factor of 
the curing reaction. Increase in the reaction rate 
through temperature can be seen from the data. For 
TS-74, the Ea values is 61.0 kJ/mol, and for TS-78 
it is 59.6 kJ/mol. The activation energy of 
HTPB+IPDI binder cure reaction is given in [12] as 
Ea = 61 kJ/mol. The values are in good accordance. 
The two formulations have both the curing catalyst 
TPB with same content, but the curing reaction is 



exceptionally fast with TS-78. One reason may be 
the fact that the catalyst TPB was pre-mixed into 
the isocyanate IPDI before adding the latter to the 
propellant mix in the kneader.  
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Figure 20. Pressure course through cure reaction, 
fitting model for ABr, TS-74 and TS-78 cured at 
70°C. 
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Figure 21. TS-78 Arrhenius parameterization of 
TS-78 through data from CC.  
 
Table 5. Pressure Curing Cell (PCC) data gathered 
from TS-74 and TS-78. 

PCC 
no 

T 
[°C] 

k2A 
[1/d] 

pe(0) 
[bar] 

pe 
[bar] 

Ea 
(kJ/mol) 

TS-78 (HTPB binder)  
1 60 16.54 73.65 4.13 
3 60 17.22 67.9 2.1 
9 70 31.70 57.63 1.6 
7 70 31.49 84.76 5.45 

59.6 

TS-74 (HTPB+BUTACENETM binder)  
1 60 6.318 46.276 11.9 
3 60 6.376 41.265 10.2 
7 70 8.919 52.786 15.6 

61.0 

 
A recent study [17] on the reaction kinetics of 
Butacene® and HTPB binders cured with IPDI 
shows that binders with only Butacene® cure faster 
than HTPB binders. Here, binders of B-SCRP 
formulations consist of HTPB/Butacene: 70/30 
w/w. The point to consider is the ferrocene content 
in Butacene® introduced in the propellant 

formulation. Its catalytic activity in the curing 
reaction may not be as effective as of free 
ferrocene, because it is grafted to the backbone of 
HTPB. This reduces mobility and decreases the 
affinity of the IPDI to complex with it [17], despite 
the high metal content in this polyol (8 mass-%). 
 
4. CONCLUSIONS AND REMARKS 

Burning rate modifier Butacene® was used in two 
HTPB/Al/AP(bimodal) SCRP formulations to 
follow the ageing trends by DMA, burning rate 
analysis and tensile tests. One formulation with 
conventional HTPB was analyzed to get a 
comparison with those two formulations containing 
Butacene®. An ageing programme was designed 
and started with three temperatures (70°C, 80°C 
and 90°C) according to the TEL principle (thermal 
equivalent load) together with the generalized van´t 
Hoff rule. The DMA results from the samples aged 
at 80°C revealed strong oxidation behaviour, 
probably fostered by Butacene®. It is known that 
iron cations are strong promoters of the 
autoxidation of organic materials by oxygen. The 
ageing was exceptionally hard in that it was 
performed in air. However, the samples were 
wrapped in aluminium foil. Tensile properties of 
the formulations after ageing at 80°C and 24 day 
showed strongly reduced strain values, which are 
the result of additional cross-linking caused by 
oxidation of the binders.  
 
The burning rates of B-SCRP (Butacene based 
SCRP) formulations aged at 80°C showed a slight 
increase by ageing. The change of morphology seen 
with SEM on the surfaces may be a possible cause. 
 
Curing behaviour of B-SCRP was analyzed with 
pressure curing cells. The data of pressure decrease 
during curing were fitted with the kinetic model, 
developed in Fraunhofer ICT, describing the 
conversion of isocyanate to polyurethane and the 
corresponding reaction rate constants were 
evaluated as well as Arrhenius parameters. 

 
5. ABBREVIATIONS AND ACRONYMS 

ARES Advanced Rheometric Expansion System 
DMA Dynamic Mechanical Analysis 
BLC Base Line Correction of loss factor 
SCRP Solid composite rocket propellant 
CRP Composite solid rocket propellant 
BR burning rate 
B-SCRP Butacene® containg SCRP 



DSC Differential Scanning Calorimetry 
DMA Dynamic Mechanical Analysis  
PCC Pressure Curing Cell (pressure cell curing) 
AO Antioxidant 
HTPB Hydroxyl Terminated PolyButadiene 

(R45HTLO type)  
IPDI Isophorone diisocyanate (isocyanate), has 

four conformation isomers 
TPB Triphenyl bismuth, curing catalyst 
NCO Isocyanate group 
OH Hydroxyl groups 
EMG Exponentially modified Gauss distribution  
tan  Loss factor (loss tangent); characterisation 

of the glass-rubber transition; in elastomers 
or in polymers; tan  = G’’/G’ = E’’/E’  

G’ Storage shear modulus 
G’’ Loss shear modulus 
G*:  Complex shear modulus, G* = G’ +iG’’, 

22 ''G'G*G  
  Phase angle, angle between stress and strain 

in the dynamical measurement 
Tg  Glass-rubber transition temperature, here 

defined as maximum of the loss factor 
curve in DMA measurements, Tg,DMA 
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The Influence of Laser Pulse Width on Propulsion Performance of 

GAP Propellant doped with Carbon 
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Abstract: An GAP propellant doped with carbon was designed in order to solve the 

problem of lower thrust and impulse coupling coefficient in micro laser ablation 

propulsion technology. The propulsion performance of doped GAP ablated by low 

power diode laser was measured and analysed. The influences of different pulse width 

of laser to specific impulse and impulse coupling coefficient were received. The 

results show that the maximum specific impulse and impulse coupling coefficient are 

100s and 195μN/W when laser power is 7W and the pulse width is 2ms.  

Key words Laser ablation Micro-propulsion Specific impulse Impulse coupling 

coefficient 

1 Introduction 

With the development of micro and nano satellite technology, we put forward higher 

requirements on micro-propulsion technology [1, 2]. Compared with electrical micro-propulsion 

technology, Cool-air micro propulsion technology and chemical micro-propulsion technology, 

laser ablation micro propulsion technology has more advantages such as a wide range of 

specific impulse adjustment and more efficient on utilization of energy. Laser 

micro-propulsion technology has made a figure in micro and nano satellite propulsion field, 

becoming one of the schemes for micro and nano satellite propulsion systems [3]. 

Because there are restrictions on energy supply of micro-nano satellites.It requires the 

target of micro-propulsion laser ablation should have a low coefficient of thermal 

conductivity, and it should produce a better propulsion performance at low input energy. 

Polymers possess above characteristics .So it becomes an important alternative materials [4]. 

In 1982, laser ablation of the polymer was first reported [5]. As laser ablation material, 

the weakness of Polymer is limited absorption of the incident laser.In order to improve the 

utilization of laser energy,geting higher coupling coefficient (Cm) and specific impulse (Isp), 
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usually we need to do polymers doping. T.Lippert and C.Phipps team found the polymers (TP) 

containing triazene groups were sensitive to light in the study of polymer ablation process.It 

also had a minimum ablation threshold [6-8]. In 2004, L.Urech respectively studied the doped 

toner glycidyl azide polymer (GAP), the polyvinyl chloride (PVC) and one energetic polymer 

poly vinyl nitrate (PVN) [9].The experimental results showed that carbon-doped PVC had the 

highest specific impulse, reaching 650s.GAP doped by cabon had the highest impulse 

coupling coefficient,reaching 1200 N/W. In 2008, Cai Jian[10] studied four targets,Poly 

methyl methacrylate (PMMA), double-base drug, black paint and celluloid film.The results 

showed that PMMA target obtained the highest specific impulse 1543s , double-base drug 

targets obtained the highest impulse coupling coefficient 180 N / W. In 2011, Propulsive 

performance of carbon-doped PVC were studied by Ye Jifei team [11]. The results showed that 

the increase on power density will help improve the specific impulse and energy conversion 

efficiency, but meanwhile the impulse coupling coefficient would reduce. 

The ablation material with low ablation power threshold which is designed for Laser 

micro-thruster on space propulsion face the problem of weak basic research. So this paper 

will use GAP with energetic properties as the main propellant material to study the law of the 

ablation and propulsive efficiency with the ablation from low power semiconductor laser.In 

order to lay the foundation of the laser propellant. 

2 Experimental apparatus and method 

2.1 The principle and equipment of Micro-thrust test 

Impulse coupling coefficient Cm, specific impulse Isp and ablation efficiency  are three 

important parameters to measure the performance of propulsion. To get above parameters, 

impulse incident laser pulse energy, mass of single pulse ablation propellant and impulse 

generated by single pulse are three basic measurements. The incident laser pulse energy can 

be obtained according to the incident laser power multiplied by pulse width;the mass of the 

single pulse ablation propellant can be obtained by measuring the density of the ablation layer 

and volume of ablative layer. 

Micro-impulse measurement is based on the principle of Torsion-pendulum method [12-14] 

that tiny impulse load on the arm, then the arm is swing.The flexible shaft installed at both 

ends of the vertical shaft will rotate and produce restoring force. 

This is the second-order mass - spring - damper system. Using laser displacement sensor 

measure the torsional pendulum displacement during the swing. the impulse can be obtained 

by measured maximum pendulum deflection. Follows are the relationship between maximum 

pendulum deflection with impulse: 



0
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0A  is the maximum amplitude of the torsional pendulum; J is the rotational inertia can be 

obtained when the torsion pendulum work on the axis of rotation; 0 is the free swing 

angular frequency; forcel is the distance between the action point of thruster with thruster 

shaft ; sensorl is the distance between the measuring point of displacement sensor with thruster 

shaft. sensorl forcel are system parameters which can be directly measured, J 0  can be 

obtained through the system calibration. with a systemic resolution 4 × 10-7 N • s,and 

measuring range 4 × 10-7N • s ~ 10-3N • s. 

 

Fig.1 Image of torsional balance 

2.2 Parameter of light source 

In experiment, We chose the semiconductor laser made by Beijing BWT Optoelectronic 

Technology Co., Ltd. Wavelength 808nm.The maximum output power is 8W.Pulse width 

range is 16us ~ 49ms. Output by Fiber-coupled with the focus lens. The focal length is 

6mm.The spot diameter at the focal point is 200 m.After measurement, the efficiency of 

focusing optical fiber coupling is 77%. 

In experiments, we set the laser output power in 7W.Considering factors such as the 

energy loss caused by the optical fiber coupler, the laser power density at focal point is 1.46 × 

104W / cm2. 

2.3 manufacture of laser ablation target and thermal analysis  

Using the GAP produced by the Liming Chemical Research and Design Institute limited 

liability company .The molecular weight 3800.Hydroxyl value 28.52mg KOH / g.Moisture 

0.02%. 



Weigh GAP and micron carbon powder in proportion. First of all ,put the carbon powder 

in ultrasonic wave for 10min, then mixed the GAP with carbon powder. The mixed material 

liquid was dried in a vacuum oven for 2h so as to remove GAP moisture. Avoiding bubbles 

after added the curing agent hexamethylene diisocyanate (HDI) . Heating in the oven can also 

increase the liquidity of GAP,and it help GAP thoroughly mix with carbon powder. After 

addition of 9% HDI, stirred for 20min. slowly added dropwise 1% curing catalyst dibutyltin 

dilaurate (DBTDL).Stirring was continued for 20min to obtain a stock solution with a certain 

viscosity. 

Use homemade coating mechanism to make the target for laser ablation. We selected 

high temperature polyimide film as the base layer of target. Through testing, at 808nm, the 

light transmittance of the polyimide film was 85%. The obtained target tape was dried at 

room temperature for 12 hours, then the target tape was dried in a vacuum oven for 12 

hours.eventually we gained the final target tape which prepare for laser ablation. Measured by 

laser scanning confocal microscope, the thickness of the target ablation layer was 170 ± 5 m. 

Obtained target tape shown in Figure 2. 

Tab.1 Agent of target tape

Agents GAP C HDI DBTDL 

Content/% 88 2 9 1 

 

Fig.2 Image of target tape 

Use Netzsch 449C TG-DSC simultaneous thermal analyzer to analyze the target ablation 

layer. The mass of sample is about 1mg, the sample container is a covered alumina crucible. 

Heating rate during the experiment were 10  / min, 15  / min, 20  / min, test 

temperature at 30  ~ 600 . Both purge gas and protective gas were argon gas with 

flow-rate of 100ml / min. The picture a in Figure 3 shows a TG graph gained by Test. The 



picture b is obtained DTA curve.Pictured c is the weight loss rate curve obtained by TG curve 

taking its derivative with respect to temperature. 

Please see the TG curve, the secondary weightlessness process exist in GAP, the first 

stage take place during 200  ~ 260 .With the increase of heating rate, the thermal 

hysteresis phenomenon is more and more obvious.The initial decomposition temperature and 

terminational decomposition temperature increased , but the weight loss kept constant.We can 

knew through DTG curves that weight loss rate won’t be influenced by the heating rate, 

maximum were all 0.15% / min. The second stage of weightlessness process come up duing 

260  ~ 600 .There is a main exothermic peak in the DTA curve of GAP,and the peak 

temperature is about 250 . With heating rate increasing, due to the thermal effects increased 

in unit time, the peak temperature moves to higher temperature,and peak area is also 

increased. 

 

Fig.3 TG, DTA and DTG curve of ablation layer 

3 Experimental results and analysis 

The entire testing process was carried out under atmospheric conditions. During the test, 

the test platform was placed on a vibration isolation platform to reduce the impact of 

environmental vibration existed in the test, and added organic glass to weaken the influence 

of air flow in the test. 

Use homemade test machine which is prepared for transmission-type microthrust to 

make a ablation performance test on obtained target the prototype is shown in Figure 4. 



 
Fig.4 Image of thruster for laboratory testing  

Typical test results are shown in Figure 5 

 
Fig.5 Sample curve of test result 

Test was divided into two phases. Stage 1, torsion pendulum was in equilibrium position, 

amplitude of torsion pendulum was less than 0.5 m due to ambient vibration and the air 

flow.In fifth second, laser ablation target tape produced thrust,and torsion pendulum started 

swinging. The maximum amplitude is 5.0 m. Due to the presence of damping, swing 

decreased gradually. 

Under different conditions of the laser pulse width, there are results related to specific 

impulse and impulse coupling coefficient variation which is shown in Figure 6,7. 

 

Fig.6 Image of Cm to pulse width                     Fig.7 Image of Isp to pulse width 



It can be seen that with the increase of the laser pulse width, impulse coupling 

coefficient and specific impulse presented similar variation. When the pulse width was 2ms. 

the maximum specific impulse was 100s, maximum impulse coupling coefficient was 195 N 

/ W. Between 2ms ~ 10ms, with pulse width increasing, the specific impulse and impulse 

coupling coefficient decreased sharply.They respectively reduced to 20s and 60 N / W. When 

the laser pulse increased beyond 10ms, the rate of decrease get low, specific impulse and 

impulse coupling coefficient finally reduced to 10s, 10 N / W, respectively. 

When the laser radiate GAP target, due to the continuous absorption of energy, the target 

will go through the following series of processes [15-17]:  Target began to heat up, When 

reaching the decomposition temperature ,the azide groups on the side chains begin to 

decompose.  Continue absorbing the energy released during the decomposition and the 

temperature rise  Backbone begins to break down and absorb the decomposition heat and 

gasification. In this series of process, each step regard absorb the laser energy as a 

precondition.  

It should be noted that the laser energy deposition only occurs in the target surface, so 

the depositional energy and the energy released by the decomposition process still have to 

conduct heat to the surroundings and lose energy. Therefore, whether target could gasification 

(decomposition) will depend on the competition between energy deposition and energy loss 

caused by the heat conduction,and laser ablation process must include both of them. 

With the increase of the pulse width, the portion of the laser energy is used to burn 

through the target, the remaining energy of the laser light will get a transmission through a 

small hole in the target directly. Energy is not fully utilized, so that the impulse coupling 

coefficient decreases.With the increase of pulse width, the long inject of laser energy makes 

more energy deposition that leads to a greater range of heat conduction, resulting in a lateral 

ablation film intensifies, more quality loss, making specific impulse decreases rapidly. On the 

whole, in order to obtain a larger specific impulse and impulse coupling coefficient ,we 

should control pulse width into a smaller range.  

Ablation hole under different laser pulse conditions are shown in Figure 8,9. And under 

different pulse conditions, the efficiency of laser ablation is shown in Figure 10 

 

Fig.8 Image of ablation hole to different pulse width 



  

Fig.9 Image of ablation diameter of target tape to pulse width  Fig.10 Image of  to pulse width 

GAP targets’ Specific impulse and impulse coupling coefficient obtained in this 

experiment is smaller than the results of foreign research, the main reasons are: there are 

bubbles in the internal production target ablation layer .In laser action process, it will make 

part of the laser energy lost through thermally conduction, and it can not effectively act on the 

target tape. Figure 11 is a transmission diagram of target ablation taken by the X-ray, it can be 

seen from the figure, uneven size of the bubbles exist in the inside target, the maximum 

bubbles’ diameter are about 100 m. 

 

Fig.11 X-ray transmission image of target tape 

4. Conclusion 

Aiming to promote micro-laser ablation technique, to solve questions such as small 

targets’ micro thrust, low coupling coefficient.I designed doping micron cabon powder GAP 

target, we obtained the following conclusions by testing the target: 

1) When the laser power density is 1.46 × 104W / cm2, the single pulse width is 2ms, the 

impulse coupling coefficient and specific impulse of 170 m target will reach 195 N / W and 

100s; 

2) the poor performance of ablation was mainly due to the internal voids exist in target, 

and resulting in loss of energy, can not effectively act on GAP. 



It’s crucial to produce dense target to improve and stabilize ablation performance The 

next step we will improving the production process of the target and doping in Internal 

ablative materials toget the better performance of the target ablation. 
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The underwater applications of nanoenergetic materials (nEMs) could be extended by 

developing more convenient and reliable ignition methods. However, the underwater ignition 

of nEMs is a significant challenge because water perturbs the reactants prior to ignition and 

also quenches the subsequent combustion reaction of nEMs upon ignition. In this study, we 

developed flash-ignitable nEMs for underwater explosion. This was achieved by adding sea 

urchin-like carbon nanotubes (SUCNTs) as the optical igniter into an nEM matrix, composed 

of Al/CuO nanoparticles. The SUCNTs absorb the irradiated flash energy and rapidly convert 

it into thermal energy, and then the thermal energy is concentrated to ignite the core catalysts 

and neighboring nEMs. The maximum burn rate was achieved by adding 1 wt% SUCNTs 

into the nEM matrix. The burn rate significantly decreased with increasing amount of 

SUCNTs (� 2 wt%), indicating that the remote flash ignition and controlled-explosion 

reactivity of nEMs are possible by incorporating an appropriate amount of SUCNTs. 
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ABSTRACT 
The underwater applications of 

nanoenergetic materials (nEMs) could be 
extended by developing more convenient 
and reliable ignition methods. However, the 
underwater ignition of nEMs is a significant 
challenge because water perturbs the 
reactants prior to ignition and also quenches 
the subsequent combustion reaction of 
nEMs upon ignition. In this study, we 
developed flash-ignitable nEMs for 
underwater explosion. This was achieved by 
adding sea urchin-like carbon nanotubes 
(SUCNTs) as the optical igniter into an 
nEM matrix, composed of Al/CuO 
nanoparticles. The SUCNTs absorb the 
irradiated flash energy and rapidly convert it 
into thermal energy, and then the thermal 
energy is concentrated to ignite the core 
catalysts and neighboring nEMs. The 
maximum burn rate was achieved by adding 
1 wt% SUCNTs into the nEM matrix. The 
burn rate significantly decreased with 
increasing amount of SUCNTs (� 2 wt%), 
indicating that the remote flash ignition and 
controlled-explosion reactivity of nEMs are 
possible by incorporating an appropriate 
amount of SUCNTs. 
 

1. INTRODUCTION 
Generally nEMs cannot easily react in 

aqueous environments. It is because water 
perturbs the reactants prior to ignition, and it 
also immediately quenches the combustion 
reaction of nEMs upon ignition [1-3]. In 
order to prevent water permeation through 
the nEMs-based matrix, several previous 
researches have been attempted to use a 
hydrophobic binder in the formulation of 
nEMs. However, the hydrophobic binder-

added nEM composite powders were  
rapidly lost their heat to the water 
surroundings prior to self-propagating 
reaction, which eventually resulted in fast 
quenching the explosive reaction. 
In this study, we demonstrate a viable 

method of the synthesis and flash ignition of 
sea urchin-like carbon nanotube 
(SUCNT)/nEM composite pellets coated 
with hydrophobic polymer thin film for 
realizing underwater explosion.  
 

2. EXPERIMENTAL 
A schematic illustration of the preparation 

and flash ignition of SUCNT/nEM 
composite pellets for underwater explosion 
tests is presented in Fig. 1. We specifically 
considered nitrocellulouse (NC) thin-film-
coated SUCNT/nEM composite pellets with 
a theoretical density of approximately 80%; 
the pellets are composed of aluminum 
nanoparticles (Al NPs) as the fuel, copper 
oxide nanoparticles (CuO NPs) as the 
oxidizer, and SUCNTs as the optical igniter. 
 

 
 
Figure 1. Schematic of fabrication and flash 
ignition of NC-encapsulated SUCNT/nEM 
composite pellet for underwater explosion 
 
3. RESULTS AND DISCUSSION 



Fig. 2 shows a series of photographs of the 
flame propagation of various flash-ignited 
SUCNT/nEM composite pellets installed in 
the water. On the basis of those photographs, 
the burn rate of a SUCNT/nEM composite 
pellet was determined by taking the ratio of 
pellet diameter to the time taken from the 
flame initiation to furthermost edge of the 
pellet. The resulting underwater burn rates 
were determined to be ~34 m/s for 
SUCNT(1 wt%)/nEM composite pellet, ~28 
m/s for SUCNT(2 wt%)/ nEM composite 
pellet, ~14 m/s for SUCNT(5 wt%)/ nEM 
composite pellet, and ~3 m/s for SUCNT(10 
wt%)/nEM composite pellet, respectively. 
This suggests that the embedment of 
SUCNTs is essential for the successful 
ignition and underwater explosion of nEM 
matrix, and an increase of the amount of 
SUCNTs in the nEM matrix can retard the 
explosion reaction presumably due to the 
rapid heat dissipation toward environment 
and the physicochemical intervention with 
reacting fuel metal and oxidizer materials. 
 

 
 
Figure 2. Snapshots of flash ignition and 
subsequent underwater explosion of nEMs-
based matrix pellets without and with 
SUCNTs.   
 
4. CONCLUSIONS 
We have successfully demonstrated that 

flash ignition and underwater explosion of 
nEM pellets embedded with SUCNTs as an 
optical igniter. We have shown that the 
designed structure of SUCNTs absorb the 
irradiated flash energy, and then rapidly turn 
it into thermal energy for sufficiently 
igniting the neighboring nEMs at nanoscale. 
The results of flash-induced burning tests 
showed that the presence of SUCNTs in the 
nEM matrix is essential for reliable flash 

ignition and subsequent underwater 
explosion. By embedding specially designed 
catalytic NPs/CNTs into nEM pellets, one 
can obtain nEM composite powders and 
pellets with the desired explosive reactivity. 
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ABSTRACT 

Pyrotechnic devices are useful for their multi-
faceted performance capabilities. Assessment of the
post-ignition behavior of the pyrotechnic device 
begins by studying the pyrotechnic within the 
device through burn rate experiments in a hybrid 
strand burner and development of a convective 
combustion model. It is noted through both burn 
studies that the pyrotechnic likely undergoes a 
steady-to-unsteady burning mode transition.  This 
insight is discussed within the context of the multi-
phase flow that exhausts into the surrounding device 
environment recorded with high-speed schlieren 
imaging. Evidence of strong shock motion, 
combustion gas expansion, and particle motion are 
presented.

1. INTRODUCTION

Pyrotechnic powders are useful for applications that 
take advantage of the multiphase flow fields, the 
luminous high-temperature combustion plumes, and 
the rapid gas generation rates they produce. The 
constituents of a pyrotechnic mixture, including 
their relative amounts, constituent particle sizes, and 
bulk density, directly influence the output 
characteristics. Depending on a given device 
application, there are certain performance 
characteristics of interest. For instance, the flame 
spread rate and pressure time history may be of 
prime importance to devices such as actuators, 
which drive pistons or perform other such 
mechanical work, whereas ignitors and initiators

may be more concerned with particle sizes and 
temperatures of the combustion products.

Through a collaborative experimental and 
computational research effort, an assessment of the 
post-ignition behavior is presented for a pyrotechnic 
powder in the small geometries characteristic of 
pyrotechnic igniters and actuators. This work 
provides the first step towards understanding the 
entire functional lifecycle of a pyrotechnic part from 
electrical input to output characteristics (shock, gas, 
heat, light) useful for various applications.

The pyrotechnic powder of titanium subhydride 
potassium perchlorate (TiH1.65/KClO4, referred to as 
THKP) was studied in this work.  The THKP 
powder is a 33% TiH1.65:67% KClO4 mixture by 
weight with nominal particle sizes of 13 µm and 22 
µm, respectively. The bulk powder density studied 
was a fraction of its theoretical maximum density
( TMD = 2.845 g/cm3), = TMD.

The device under consideration in this work is a 
simple research igniter containing pressed THKP 
powder in a charge cavity with nominal dimensions 
of 0.221 cm in diameter and 0.191 cm in height for 
an aspect ratio of 0.86, shown in Fig. 1. The top 
surface of the pressed powder remained open to the 
surrounding environment.  Each research igniter 
was functioned by thermally heating a Tophet C 
bridgewire to ignite the pyrotechnic powder. 



Figure 1. Illustrated dimensions of the cylindrical 
igniter body, D and H, and the charge cavity, d and 

h, for the research igniter 

This paper contains the results of our three efforts 
organized in terms of phenomena occurring within 
and external to the device: 1) application of 
traditional burn rate measurements to the smaller 
research igniter geometry; 2) presentation of an 
initial convective combustion model; and 3) 
schlieren images of the multiphase flow evolution 
of the igniter within the surrounding environment.  

2. COMBUSTION WITHIN DEVICE

2.1. Correlation of Burn Rate Experiments

The steady conductive burn rates of THKP ( = 0.8)
have been previously measured in a hybrid strand 
burner and fitted to r = BPn with B = 1.5054 cm/s 
MPa-n and n = 0.5239 [1].   In the large ullage of the 
strand burner vessel, initially filled with argon, the 
pressure rise during strand combustion is relatively 
modest. For a strand with nominal diameter of 6.35 
mm, the pressure increased from 0.2 MPa to 1.4
MPa after consuming 2.54 cm of the strand.  After 
which, the combustion front was observed to 
transition from a steady conductive burning mode to 
a deconsolidated burning mode that rapidly 
consumed the remaining material.  This steady-to-
unsteady burning mode transition was observed 
over a range of initial densities and initial vessel 
pressures.  

As an initial attempt to relate the strand-burner-
measured burn rates to the much smaller igniter 
geometry, the previously derived universal 
relationship [1] between pressure and amount of 
strand consumed is utilized.  This relationship 
describes the dependence of the pressure rise (P-P0)
in the free volume of the vessel (Vu0) on the gas-
phase products generated by combustion (with burn 
surface area Sx) of the initial solid material (with 
bulk density ).  Thus, reduced parameters of and

include the bulk density and vessel ullage
respectively [1]:

=
P-P0 =

Sx

Vu0
x 

=
1+

Utilizing this relationship for analysis of the 
research igniter considered here (Fig. 1) requires 
that several assumptions, made in the application of 
this relationship to the strand burner facility, remain 
valid at this smaller length scale: 1) a constant co-
volume approximation of 1/ despite the near-zero 
ullage; 2) an unvarying burn surface area; and 3) the 
steady rate burn law remains valid throughout entire 
range of pressures.  Evaluating the validity of these 
assumptions with scale is the subject of ongoing 
investigations. 

Nonetheless, applying the universal relationship to 
the research igniter predicts a rapid pressure rise 
within the charge cavity, as shown in Fig. 2.
Different assumptions of the burn surface area Sx

are also plotted [1].  It was previously shown that Sx

= 0.6V0/L best represented the burn surface area in 
the strand burner experiments. Here, V0 represents 
the initial volume of the pyrotechnic strand with 
initial length L.      

Shown on Fig. 2 is the critical pressure at which 
transition to deconsolidated burn is expected [1].  It 
is clear that this occurs early in time and after only a 
small fraction (x/L) of the igniter pellet has been 



consumed.  These experiments form the motivation 
for developing predictive models capable of 
capturing these basic combustion phenomena across 
scales. 

Figure 2. Predicted pressure using universal 
relationship derived in [1] for length scales of 

research igniter.  Early transition to deconsolidated 
burn is predicted.

2.2. Combustion Model Development

The simple convective combustion model can be 
described as a model for solid particle combustion 
coupled with a porous flow model for gas transport.  
The model captures the essential characteristics of a 
burning pyrotechnic but remains simple enough to 
be tractable for practical problems of interest.  In 
essence, burning particles produce high temperature 
gas which then flows to adjacent particles, heating 
them up.  Upon reaching a threshold ignition 
temperature (Tign), those particles also ignite, 
combust, and release hot gases thereby further 
propagating the reaction.  In the simple model, the 
particles are treated as shrinking spheres with 
uniform initial size, and the gas transport is done via 
a Forchheimer-corrected Darcy’s law.  Simple gas 
phase equations of state (ideal gas or Noble-Abel) 

are used.  For now, we have neglected particle bed 
compaction and certain flow effects (turbulence, 
supersonic flow, etc.).

The shrinking sphere burning model can be cast into 
a form based on the volumetric extent of reaction,
defined as =1 V/Vp,0, where Vp,0 is the original 
particle volume.  The volumetric burning rate of a 
particle is given by: 

dV
dt

=4 (1 ) rburn

where rburn is the particle burning rate (length/time)
and can be a constant or an exponential function of 
pressure (i.e. rburn = CPn, where n may be zero).  In 
practice, the multiplicative constants are lumped 
together, and we define the mass burning rate 
(kg/m3-s) of a collection of particles at a given 
location as: 

rxn
''' =A s(1 ) Pn

We allow a certain fraction of the reactant material 
to form gaseous products, while the remainder is in 
the solid phase.  Energy is also released during this 
process.  This is summarized by:

Reactant Fg Gas + (1 Fg rxn

In the above expression, Fg represents the mass 
rxn is 

the energy release (mass basis).  Naturally, some of 
this released energy will go with the gas products 
while the rest will remain with the solid products.  

rxn which goes with 
the gas fg; the portion remaining with the solid 
products is (1-fg).  It is possible but perhaps not 
required that the energy apportionment to the gas 
phase, fg, is equal to the mass apportionment, Fg.

The energy equations used in this work consist of 
two separate contributions: a solid phase equation 
associated with the particle bed, which includes 
thermal conduction, and a gas phase equation,
which includes diffusion and advection.  Two 



separate phase temperatures are tracked, and heat 
transfer between the two phases is computed via a 
heat transfer coefficient.  There is also a source term 
associated with the heat of reaction.  The pressure-
volume work term is also included.

The governing equations for the solid and gas phase 
regions are:

Mass conservation (solid & gas phases):

s
'

= - rxn
''' Fg

g
'
+ ( g

' v) = rxn
''' Fg

Energy equations (solid & gas phases):( Cp,sTs) = 2Ts+hv Tg-Ts + rxn
''' Hrxn 1-fg

( g
' Cp,gTg)

+ ( g
' vCp,gTg) = ( g

' DCp,g T)

+
P)

+hv Tg-Ts + rxn
''' Hrxnfg

Note the inclusion of the terms for advection 
(second term on left hand side) and gas diffusion 
(first term on right hand side) of the gas energy 
equation.  Thermal conduction in gas phase has 
been neglected here. The primed densities represent 
bulk quantities in terms of porosity, , and the 
material densities:  = and = (1- ) .

For this initial version of the model, in lieu of true 
full momentum equations for the two phases, we 
have used a simplified approach.  For the solid 
phase, we assume the particles remain fixed.  For 
the gas phase, the pressure-velocity relationship for 
the porous flow is given by the following equation,
where the first term on the right hand side is the 
standard Darcy’s law form and the second term is 
the Forchheimer term to correct for inertia.

P = 
k

v + |v|v
In the above, v is the velocity vector, is viscosity, 
k is permeability, is gas density, and is an 
effective inertia coefficient (here chosen as 0.55 
m-1).  The permeability, k, is treated as a power law 
function of the porosity, , and is based on 
measurements of pyrotechnic materials, as shown in 
Fig. 3 [2,3].

Figure 3. Permeability as a function of porosity for 
pyrotechnic materials, from Refs. 2 and 3.

The heat of reaction, average heat capacity, gas 
molecular weight, and product gas fraction were 
obtained from constant volume explosion 
computations [4] for THKP taken at low density.
The baseline values used in the model are: Cp = 850 
J/kg-K, W = rxn = 3.8e7 J/kg, Fg = 0.5
(at higher pressures/densities the molecular weight 
and gas fraction change substantially, but we have 
not accounted for that effect here).  Values of 
transport coefficients were taken as D = 2e-5 m2/s 
and = 1 W/m-K. A volumetric heat transfer 
coefficient, hv (standard heat transfer coefficient 
multiplied by the particle’s surface-to-volume 
ratio), of 1e9 W/m3-K was used. A temperature-
dependent viscosity was used (2e-5 to 1.2e-4 N-



s/m2 from 300 K to 5000 K), estimated from air 
properties.

Figure 4. Baseline 2-D axisymmetric simulation 
results showing solid temperature (left side) and 
extent of reaction with velocity vectors (right
side) at three times after ignition: top=0.5 ms, 

middle=1.0 ms, bottom=1.35 ms.

Simulations were performed using the finite 
element model described above.  Fig. 4 shows the 
solid temperature and the extent of reaction profiles 
at three different times.  The velocity vectors are 

give an indication 
of the ignition front location (purple/dark blue 

interface) and burnout location (yellow/red 
interface).  Note that the flame zone is rather thin 
early in time, but expands as the hot gases quickly 
spread through the domain and ignite particles.

It is also interesting to note that early in the burn,
the gas velocity is essentially normal to the burn 
front (i.e. the gases flow exclusively outward away 
from the burning).  At later stages, the flow 
direction changes over part of the domain near the 
outer edge (a wall location) such that the gases 
generated flow back through the already burned 
material.  This is because the permeability has 
increased in the already burned region allowing 
gases to more easily flow toward the exit at the top,
instead of through the unburned material near the 
wall.  This results in a slowdown of the ignition 
front propagation near the side wall.

There are also mesh-dependent instabilities in the 
combustion, which appear as wavy patterns in the 
extent of reaction.  We have not as yet fully 
resolved all the phenomena, nor have we fully 
established the best set of model parameters to 
represent the situation at hand, so these results must 
be considered as preliminary. That said, several 
different runs were performed in order to elucidate 
the effects of various model parameters.  In 
particular, we have looked at three: the solid particle 
ignition temperature (Tign), the particle burning rate 
coefficient (A), and the volumetric heat transfer 
coefficient (hv).  

It can be argued that an appropriate ignition 
temperature is the melting point of KClO4 of 883 K
since oxygen for combustion must arise from 
decomposition of that material, and decomposition 
rates dramatically increase upon KClO4 liquefaction
[5, 6]. Hence, for our baseline calculation, we used 
883 K as a particle ignition temperature.  One-off 
calculations in which the ignition temperature was 
assumed to be 50 K higher or lower were also 
performed.  The baseline value for A and hv were 
arbitrarily chosen at 5000 s-1 and 109 W/m3-K.  The 



effects of these two parameters were also 
investigated by varying them by ± 20% of their 
baseline values.

Fig. 5 shows the relative effects on the overall 
integrated extent of reaction.  As expected, 
increasing the ignition temperature leads to a slower 
reaction rate, while lowering it speeds things up.  
Increases in A and hv both led to faster reaction 
rates, while decreases slowed the process.  
Relatively speaking, the combustion process is less 
sensitive to changes in hv than in the reaction rate 
constant, A. 

Figure 5. Overall reaction rate for combustion 
simulations of baseline and one-off cases showing 

sensitivity effects of reaction rate (A), particle 
ignition temperature (Tign) and solid-gas heat 

transfer coefficient (hv).

One of the principal desired outputs is information 
on the gases produced by the pyrotechnic material.  
Fig. 6 shows the gas temperature and the mass flux 
(per unit area).

Another variable of interest is the pressure produced 
by the combustion process.  Fig. 7 shows the spatial 
profiles at the same points in time as the snapshots 
in Fig. 4 for the baseline case.  

Figure 6. Gas temperature and mass flux at exit 
location from baseline simulation.

Figure 7. Pressure distribution along centerline at 
times corresponding to the snapshots in Fig. 4.

Note that the pressure profiles in Fig. 7 behind the 
reaction front are fairly flat (associated with 
increasing permeability), but ahead of the front, the 
pressure gradients become steeper with time.  The 
simplistic form of the model used here is not 
sufficient to capture shock formation, material 
compaction and other phenomena which may be of 
interest; that would require a more complete multi-
phase momentum description. Nonetheless, the 
current result that hundreds of MPa of pressure have 
evolved well before the burn front reaches the exit 
location indicates more than sufficient pressure to 



generate a shock wave once that gas does break out.  
Where and when that breakout will occur depends
on material strength (including inertial strength) of 
the compacted pyrotechnic material.

3. MULTIPHASE FLOW EXTERNAL TO 
DEVICE

3.1. High-speed schlieren imaging

A schlieren imaging system (Fig. 8) was designed
[7] for use with pyrotechnic igniters known to have 
intense self-illumination.  A Specialized Imaging 
SILUX640 laser light source provided non-coherent 
illumination centered at 644 nm with an 8-nm-wide 
bandwidth.  In combination with a laser line filter 
centered at 640 nm with a 12-nm-wide notch, the 
pyrotechnic self-light was filtered allowing for 
visualization of the blast wave, particle motion, and 
expanding combustion gas volume from the 
pyrotechnic igniter.  A Shimadzu HPV-2 high-speed 
camera captured 102-frame image sequences of the 
pyrotechnic event at 500 kHz and 250 ns exposure.  
The camera CCD was 2.07 cm wide × 1.72 cm tall 
with pixel sizes of 66.3 µm × 66.3 µm for a total of 
312 × 260 pixels in each image. 

Optics were selected to capture an 8 cm × 8 cm 
field around the research igniter.  The collimating 
and schlieren lenses were two 15.24-cm-diameter 
plano-convex achromatic lenses.  The cutoff (a 
vertically-oriented razor blade) was placed at the 
focal point of the schlieren lens and inserted into the 
beam to block approximately two-thirds of the beam 
spot.  The laser line filter and a 2.0 neutral density 
filter were placed after the cutoff.  Finally, a 
combination of biconvex lenses was used to 
demagnify the image at the object plane of the 
schlieren lens onto the CCD of the camera.  

The SILUX640 laser system has a maximum run 
time of 30 µs, which was split into 120 discrete 
pulses, each of 250 ns duration at a frequency of 
500 kHz to match the camera frame rate.  The 
experimental timing was fixed by the triggering 
sequence required to couple the firing signal from 
the laser diode driver (LDD), the limited laser 
pulses, and the 102-frame camera recording length.  
This triggering configuration did not allow for 
imaging of the pyrotechnic event at breakout (seen 
in Fig. 9).

Figure 8. Schlieren imaging system designed for imaging of pyrotechnic events.  SILUX640 laser system 
provides effectively non-coherent illumination.  Shimadzu camera records 102-frame image sequences with 

312×260 pixels.  Field of view of system captures 8 cm radius from igniter.



3.2. Images of multiphase flow

In each test, 102-frame image sequences were 
captured of the post-ignition behavior of the 
pyrotechnic igniters.  The open top charge cavity of 
the igniter is located near the bottom right corner in 
the images.  A portion of each image sequence 
(nominally 70 frames) captured the roughly 
hemispherical blast wave propagation across the 
field of view. The optically dense multiphase 
volume of gaseous combustion products and 
particle cloud propagate behind the blast wave.  
Images have been presented for a THKP test ( =
0.76) in Fig. 9.

Figure 9. Four frames are shown from a THKP test 
( =0.76).  The first composite frame shows the blast 

wave shape evolution in time, shown every 10 µs 
until no longer visible in the field of view.  The 

subsequent three frames are 20 µs apart, showing 
the gas volume expansion and particle motion.  

Gamma correction has been applied to all frames to 
enhance features.

Multiphase combustion products and particle 
motion are seen in Fig. 9b-d behind the shock wave.  
Presumably unburned, solid particle fields were 
observed in all tests done with THKP, qualitatively 
suggesting that the combustion reaction did not 
consume all of the pyrotechnic powder in the charge 
cavity.  Fig. 10 shows a single cropped frame from 

three individual THKP tests repeating the same test 
conditions ( = 0.76).

Figure 10. Evidence of presumably unburned solid 
particles is shown for several THKP tests, each at 

200 µs.

In all three tests, the opaque region of the image is 
presumed to contain unburned pyrotechnic powder 
that has been ejected from the charge cavity.  
Resolving individual particle sizes at this 
magnification and camera pixel resolution was not 
feasible.   Future efforts increasing the
magnification and employing additional optical 
techniques to resolve particle size and quantity will 
enable inferences of the unburned powder mass and 
combustion efficiency within the igniter.

3.3. Analysis of shock motion 

The characteristic radius-versus-time data points 
from the test shown in Fig. 9 were identified 
through a process of edge tracking the shock wave 
followed by a statistical representation of the 
probability distribution function of radius across all 
angles about the axis of the igniter [8].  Then, the 
data points were fitted to the Dewey [9] blast wave 
equation:

R = A + Ba0t + C ln (1 + a0t) + D ln (1 + a0t)

where R is the shock radius; t is time; A, C, D are
fitted coefficients; and is the sound speed of the 
air at ambient temperature.  B is set equal to one to 
ensure that the shock speed approaches sonic 
conditions at late time.  Fig. 11 shows the individual 
data points and the fitted blast wave equation.  The 



uncertainty analysis for this test can be found in 
Ref. 7.

Figure 11. Plot of characteristic radius versus time 
for the THKP igniter test shown in Fig. 9. Data 
points are shown as circles while the blast wave 

curve fit is shown as the solid line.

The blast wave was tracked for nearly 8 cm and 136 
µs.  The blast wave had sufficient strength to remain 
visible within the entire field of view.  Strong 
agreement of the curve fit to the data appears in Fig. 
11.

Each radius-versus-time data point was converted to 
a blast pressure-versus-characteristic radius point 
using the following three equations for shock speed, 
Mach number, and blast pressure.

U =
dR
dt

M =
U
a0

P=PS-P0=
P0  

(M2-1)

The blast pressure-versus-characteristic radius 
points and the representation of the blast curve fit in 
terms of blast pressure-versus-characteristic radius 
are shown in Fig. 12.

Figure 12. Plot of blast pressure versus 
characteristic radius for the THKP igniter test 

shown in Fig. 9.  Data points are shown as circles 
while the blast wave curve fit is shown as the solid 

line.  

The pointwise differentiation used to find the shock 
speed of the data and then subsequently calculate 
Mach number and blast pressure increases the 
observed scatter in the data shown in Fig. 12.
However, the blast wave decay of the pressure is 
evident.  The pressure values around characteristic 
radius values of 2-3 cm correspond to a 2-2.3 Mach 
shock wave. The pressure decays to nearly ambient 
conditions within the field of view.

4. DISCUSSION

The pressure data correlate reasonably well between 
the burn studies within the device, but both of these 
data sets were orders of magnitude greater than the 
pressures measured external to the device.  The 
predicted pressure within the igniter based on the 
universal relation fitted to strand burner data 
predicts that the pressure is over 100 MPa at 1 ms 
after the time of ignition.  The combustion model 
predicts that the pressure at 1.35 ms and only half 
the height of the charge cavity is over 220 MPa.  In 
contrast, the pressure predicted by the imaging 
results is only nominally 0.4 MPa after the shock 



has formed in the surrounding environment and 
expanded to a 2 cm radius; time zero data 
corresponds to when the camera system is triggered 
to record images of the pyrotechnic event at 
nominally 2 ms after current is first applied to the 
igniter. However, the lack of near-field, early-time 
data in these shots, due to the triggering sequence 
required to synchronize the camera, laser pulses, 
and firing signal as discussed above, hinder direct 
comparison. It is not unreasonable to suggest shock 
pressures on the order of 1-10 MPa if extrapolation 
of the blast wave equation in the limit of R 0 is 
considered. 

There is strong correlation across all research efforts 
that the pyrotechnic material is not completely 
consumed by the combustion reaction within the 
charge cavity. The evidence of unburned particles 
in the imaging results support the predictions of the 
transition to deconsolidating burning from both the 
burn rate data and the combustion model. 

5. CONCLUSIONS

We present the results from three efforts aimed at an 
improved understanding of pyrotechnic device 
behavior including the combustion phenomena 
within the device to the resulting output multiphase 
flow within the environment surrounding the 
device.  Each effort considered THKP at nominally 

= 0.80 in a common research igniter geometry.
Consistent phenomena are suggested from these 
three experimental and computational research 
efforts: 1) the generation of large pressures from 
convective combustion suitable for the production 
of strong shock waves in the surrounding 
environment, and 2) the likelihood of steady-to-
unsteady combustion mode transition within the 
charge cavity of the device and ejection of solid, 
unburned particles. A number of areas of future 
work have been identified in order to advance our
understanding of pyrotechnic device performance,
from combustion behavior to multiphase output.
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Detection of vapour of explosives by a multi-sensor prototype 
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The detection of explosives in a real environment is a very challenging task. Many techniques 
and devices have been developed for the detection of explosives in large countries for counter 
terrorism and/or military applications. Explosives materials are usually hidden in some way and 
detection can be a very challenging problem. Our developments were dedicated to trace 
detection (vapors and particles) for second level concepts of operation. 
 
A specific portable device was elaborated to detect and identify explosives vapors in real time 
with the name of T-REX (Technology for the recognition of Explosives). The major advantage of 
T-REX is to combine three transduction technologies: Surface Acoustic Wave (SAW), Quartz 
Crystal Microbalance (QCM) and fluorescence. These technologies were chosen for their 
sensitivity capabilities and complementarities. 
The prototype T-REX is composed of a multi-sensors chamber which is integrated in a 
polycarbonate box. The sizes of the box are 300mm (L), 200mm (l), 1800mm (H) with a weight 
of 6kg. A fluidic chamber has been specially designed to integrate different sensors and the 
device is composed of 8 SAW sensors, 4 fluorescent sensors and 2 quartz crystal microbalance 
sensors. The sensors were coated with various sensitive materials which allow suitable 
selectivity to targets. Design and data processing performances were already reported in several 
communications. Original data processing was developed by CEA and the algorithm processed 
all the data in real time. Today, T-REX has reached a technology readiness level (TRL) of 6. 
 
Performances obtained in laboratory conditions but also under real conditions are depicted in 
this paper. Preliminary laboratory testing on nitro aromatics (4-NT, 2,4-DNT, 2,4,6-TNT), nitric 
esters (EGDN), peroxides explosives (H2O2) and also with interfering compounds such as 
ethanol, dichloromethane, toluene, and methyl ethyl ketone. In real conditions, each compound 
was tested under more significant quantities, with interfering compounds and on explosives 
compositions which allowed to evaluate the prototype performance and reveals appropriate 
using conditions and limitations.  
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CHARACTERIZATION OF ELECTROLYTE AND PYROTECHNIC 
PELLETS IN THERMAL BATTERIES 

Electrolyte and pyrotechnic pellets are two important components of thermal 
batteries. Both electrolyte and pyrotechnic pellets are produced by cold compaction 
of constituent powders. These compacts are integrated in the battery as pellets with 
sufficient green density, green strength, calorific energy and burning rate (for 
pyrotechnic only) to provide high performance batteries.  

In this study, effects of physical properties of the powders (particle size 
distribution, average particle size, particle shape), powder compositions, applied 
compression pressure and their interactions on green density, green strength, 
calorific energy and burning rate were examined.  

Statistical experimental designs were constructed to investigate the main 
and interaction effects of studied variables. Results of “24 two factorial statistically 
designed experiments” for pyrotechnic pellets exhibited that the compression 
pressure and iron powder morphology were the most significant factors improving 
green density and break strength of pyrotechnic pellets. It was shown that the 
compression pressure had a negative effect on burning rate. Both calorific output and 
burning rate were increased significantly by increasing KClO4 fraction. Whereas, 
decreasing particle size of KClO4 had a positive effect on burning rate. Results of “23

two factorial statistically designed green strength and green density experiments” of 
electrolyte pellets revealed that, compression pressure was again the dominating 
factor. Moreover, there was a tendency for higher green density with lower MgO 
fraction and electrolyte powder average particle size. Besides, the positive effect of 
decreasing average particle size on green strength was investigated distinctly at low 
green density values. 

As a result, the detailed characterization of electrolyte and pyrotechnic 
pellets was carried out and the ability of designing these pellets with different 
properties was achieved in order to obtain desired thermal battery performance. 

Keywords: Thermal Batteries, Electrolyte and Pyrotechnics Pellets, Green Density, 
Green Strength, Calorific Output, Burning Rate 
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Crystalline plasticity and the elasto-plastic behavior of ductile materials. 

J.L. Dequiedt, C. Denoual, R. Madec, 

CEA,DAM,DIF, 91297 Arpajon France 

 In the aim of improving the simulation of the elasto-plastic behavior of ductile metals, it is 
attempted to use a multi-scale approach. Namely, crystalline plasticity models have been developed 
for several years in CEA/DAM based on the activation of the different glide systems of the crystalline 
structure. In the so-called “storage recovery models”, strain hardening is driven by the interactions 
between these different systems deduced from dislocation dynamics (DD) calculations. 

 In this work, the elasto-plastic response of one grain to a prescribed average strain rate was 
first investigated: in some cases, a strongly heterogeneous deformation is exhibited triggered by the 
dissociation of the slip systems which have the highest interaction coefficients. This phenomenon can 
be analyzed as an instability mode of the initially homogeneous deformation of the monocrystal. 

 The simulation of aggregates of several grains shows that slip system dissociation still arises 
and that the average behavior is sensitive to the set of interaction coefficients. It is thus essential to 
take into account the heterogeneity of deformation inside grains which is yet ignored by the simplest 
polycrystal constitutive models. The development of anisotropy, linked to the rotation of crystal 
orientations towards favored directions, may also be addressed by the same type of simulations. The 
latter cannot be reproduced by macroscopic approaches. 

 However, the transition from mesoscopic to macroscopic scale should be achieved by the 
simulation of larger aggregates, statistically representative in terms of grain shapes, sizes and lattice 
orientations. Furthermore, the single crystal constitutive models need to be improved to integrate 
different effects such as the influence of dislocation substructures or grain boundaries. 



CRYSTALLINE PLASTICITY AND THE ELASTO-PLASTIC BEHAVIOR OF DUCTILE 
MATERIALS 

J.L. Dequiedt (1)) 

(1) CEA, DAM, DIF, 91297 Arpajon, France, Email: jean-lin.dequiedt@cea.fr

ABSTRACT 

A multi-scale approach is developed to improve 
the modeling of the elasto-plastic behavior of 
metals. At the scale of the material substructure, 
crystalline plasticity models link plastic flow in 
grains to the activation of the glide systems of the 
crystal lattice. Two applications are illustrated in 
this work. First, copper single crystals are loaded 
in biaxial stretching, leading to the segregation of 
slip systems into bands forming a strongly 
heterogeneous deformation pattern. Second, the 
case of aggregates is considered to estimate the 
macroscopic stress-strain behavior of 
polycrystalline materials. 

1. INTRODUCTION 

Much effort has been devoted to the modeling of 
the elasto-plastic behavior of ductile metals for 
years. Sophisticated macroscopic models have 
been developed in order to cover large domains of 
loading conditions and take into account the 
coupled influence of strain, strain rate, pressure 
and temperature (Steinberg-Cochran-Guinan [1] or 
Preston-Tonks-Wallace [2] models could be 
mentioned for instance). Although the structure of 
these models is justified by the physics of plastic 
flow, their coefficients cannot be estimated a priori 
and have to be identified by a large number of 
mechanical tests. In this context, the modeling of 
the plasticity at the grain scale is of much interest. 
It allows for understanding the phenomena taking 
place at this scale and gives elements for 
macroscopic models. In this aim a crystalline 
plasticity model has been developed in CEA, DAM 
[3]. It integrates the physics of smaller scales 
investigated with such tools as dislocation 
dynamics [4]. 

The aim of the present work is to exhibit different 
results obtained with crystal plasticity approaches 
both at the scale of the single crystal and the one of 
aggregates. Copper is retained for the simulations.

The monocrystal plasticity model is detailed in 
section 2. Section 3 is concerned with a slip system 
segregation phenomenon observed when loading a 
single crystal. It can be analyzed as a bifurcation of 
the homogeneous deformation which becomes 
unstable. The simulation of aggregates is presented 
in section 4: the spatial distribution of strains is 
analyzed and the average stress-strain behavior is 
compared with experimental results. 

2. SINGLE CRYSTAL CONSTITUTIVE 
MODEL 

The plastic deformation of single crystals is 
governed by gliding along some crystalline planes. 
The favorable planes have normals α

0n  and the 

glide directions are α
0m , each set ( )αα

00 ,nm
defining a slip system. One of the 12 slip systems 
of the fcc structure is represented on fig. 1 and the 
others are deduced by lattice symmetries: the four 
planes normals are collinear to the diagonals of the 
crystallographic cubic cell and the glide directions 
(three per plane) join the atoms at the center of the 
faces. 

Figure 1. Crystallographic cubic cell and glide 
plane for the fcc structure (only atoms at the center 

of faces are represented). 
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The plastic strain is a sum of glide on all these 
systems: 

( )� ⊗+⊗=
α

αααα
αγ

00002
mnnm�

�
� p       (1) 

In the same way as macroscopic constitutive 
equations link the plastic strain rate to the stress 
tensor (through the expression of an elastic limit 
and a flow rule), the single crystal model links the 
slip rate αγ�  on each of these systems to the so-
called resolved shear stress ατ , namely the shear 
component in the slip direction of the force acting 
on the slip plane. In the case of a viscoplastic flow 
rule, αγ�  reads: 
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with :  

ααατ 00 n�m ⋅⋅=         (3) 

The critical shear stresses ατ c  on the different 
systems � are functions of internal state variables 
governing the strain hardening of the material. 

More precisely, the glide on slip systems does not 
take place with the simultaneous displacement of 
ranks of atoms but with the propagation of linear 
lattice pile-up defects called dislocations. 

These dislocations accumulate in the crystal and 
entangle in such a manner that the deformation 
becomes more and more difficult. Therefore, the 
critical shear stresses are functions of the 
dislocation densities operating on the different 
systems (Teodosiu et al. [5]): 

�+=
β

βαβα ρμττ abc 0   (4) 

The critical shear stress ατ c  increases with the 
dislocation density αρ � on the same system �
(diagonal terms ααa �of the interaction matrix) and 
with the densities βρ  on the other systems (off-
diagonal terms αβa �of the interaction matrix). 

Evolution of dislocation densities with glide 
writes:  

αα

β

βαβα γρρρ �� �
�
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b
21

     (5) 

The rate of dislocation multiplication αα γρ �� �

increases with the dislocation densities βρ  due to 
entanglement. The efficiency of interactions 
between dislocations of the different systems to 
generate new dislocation segments is ruled by a 
mean free paths coefficients matrix αβd . On the 
other hand, αα γρ �� �decreases thanks to dynamic 
recovery, i.e. annihilation of dislocations of 
opposite sign, in such a way that dislocation 
densities tend to saturate: cy  is a recovery length. 

The interaction and mean free paths coefficients 
are closely linked and drawn from dislocation 
dynamics simulations. For fcc metals such as 
copper, they were identified by Kubin et al. [6]. An 
initial dislocation density 0ρ  = 108 m-2 is assumed 
for all the slip systems: it is a measure of the lattice 
defects remaining in the as-received material. 

3. SLIP SYSTEM SEGREGATION IN A 
SINGLE CRYSTAL. 

A copper single crystal of infinite extent loaded in 
biaxial stretching and low strain rate is considered 
in the aim of studying deformation patterns 
emerging at scales much smaller than the average 
grain size. This deformation needs to be 
accommodated by the combination of a high 
number of slip systems involving a strong strain 
hardening due to the interactions of the 
dislocations of all these systems. 

A cubic volume element (fig 2-a) with a uniform 
crystal orientation and periodic boundary 
conditions is simulated with the element free 
Galerkin hydrocode Coddex developed at CEA, 
DAM. Several crystal orientations are retained 
such that the symmetry axes of the lattice (i.e. the 
axes of the crystallographic cubic cell) are distinct 
from the loading axes. They are defined by rotating 
the lattice so as to align the z loading axis with a 
prescribed direction in the lattice coordinate 
system (fig. 2-b). 



Figure 2. (a) Simulation conditions and (b) crystal 
orientations (defined by the orientation of the z 

loading axis). 

This simulation exhibits an early bifurcation from 
the expected homogeneous deformation of the 
volume element to a band pattern with precise 
orientation. This is displayed on maps of 
equivalent deformation defined by: 

�� :
3
2=devε   (6) 

The maps are given for two crystal orientations on 
fig. 3 for times at which the pattern is marked, 
showing the same kind of bifurcation but for 
different characteristic times and with different 
orientations (since no characteristic length exists in 
the constitutive model, the band spacing is 
bounded by the mesh size). 

Figure 3. Maps of equivalent deformation showing 
band patterns for (a) )231(  z-axis and (b) 

)1532( �z-axis (dashed line is for band 
orientation). 

A precise analysis of this bifurcation process 
shows that it is governed by the propensity of the 
set of activated slip systems to split into subsets 
activated in separated zones in order to minimize 
the dislocation interactions (and subsequently the 
energy spent to deform the crystal). For the first 
lattice orientation, fig. 4 shows two slip systems 
activated in exactly complementary bands of the 
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same orientation as the one of the equivalent 
deformation map. These two systems are “cross 
slip systems” with the same glide direction and two 
different slip planes. Such systems have the 
strongest interaction and yield high values for their 
interaction and mean free path coefficients αβa
and αβd . 

The second lattice orientation ( )1532( ) does not 
involve cross slip systems which explains the 
slower bifurcation process. However, the 
segregation still proceeds in such a way as to 
separate strongly interacting systems. The same 
observation could be made for many other crystal 
orientations. 

Figure 4. Maps of slip rates for )231(  z-axis and 
systems B5 and C5 at time t = 0.4 ms (systems are 
designated with the Schmid and Boas convention 
in which the capital letter denotes the slip plane 

and the integer the slip direction). 

All these results are detailed in Dequiedt et al. [7] 
and justified theoretically by an instability analysis 
which is not developed here. Namely, instable 
eigenmodes are found for the homogeneous 
deformation solution, the highest growth rate being 
for a mode with the orientation of the numerical 
band pattern. Furthermore, although small 
amplitude biaxial deformation of single crystals 
has never been experimented to the best of our 
knowledge, evidence of slip system segregation 
was observed by Dmitrieva et al. [8] in simple 
shear. 

The possible segregation of the set of activated slip 
systems at the intragranular scale, even though 
enhanced by the biaxial stretching conditions 
retained here, has to be taken into account in a 
multi-scale modeling of polycrystalline materials. 
If it is missed, due to insufficient mesh refinement 
for instance, it might lead to an overestimation of 
the material hardness by integrating slip system 
mutual hardening which actually does not occur. 

4. BEHAVIOR OF AN AGGREGATE 

A second interesting application of crystal 
plasticity is the simulation of the response of 
aggregates in the aim of investigating the behavior 
of polycrystalline materials. 

Here, a 256 grains assembly is built from a 
Voronoï tessellation of a cubic volume element. 64 
grain orientations are randomly selected and 
distributed among these grains (fig. 5-a). This 
aggregate is supposed to be statistically 
representative of an isotropic polycrystalline 
material. The copper single crystal constitutive law 
of section 2 is applied to each of these grains. 

The volume element is loaded in uniaxial tension 
in the x direction (fig. 5-b) in order to simulate the 
behavior of copper during characterization tests. 
Periodicity conditions are applied in the x direction 
and the faces orthogonal to the y and z axes are 
stress free. The axial strain rate is xxε  = 0.5 s-1. 

The map of equivalent deformation is plotted on 
fig. 6. A strong heterogeneity of deformation in the 
volume element is displayed. Whereas the mesh 
size is obviously too coarse to display intragranular 
banding such as depicted in section 3, these 
simulations exhibit heterogeneities at the 

5Bγ�

5Cγ� �



intergranular level. Strain concentrates in some 
grains leaving some other much less deformed. 

Figure 5. (a) Simulated 256 grain  aggregate 
obtained by a Voronoï tessellation (color map 

distinguishes the 64 crystal orientations) and (b) 
simulation conditions in uniaxial tension. 

At each time, the average stress-strain behavior is 
calculated by computing the mean values of the 
axial stress and plastic strain over the volume 
element. The corresponding stress-strain curve is 
reported on fig. 7 showing a very low yield stress 
(flow stress at zero strain), usually observed for 
high purity copper. 

The influence of the initial dislocation density is 
evaluated: it comes that an increased 0ρ  slightly 
shifts the stress-strain curve but keeps the slope 
nearly unchanged (see fig. 7). 

Figure 6. Maps  of crystal orientations and 
equivalent deformation at time t = 50 ms in the 

aggregate. 

Figure 7. Stress-strain curves for the copper 
aggregate as a function of the initial dislocation 

density 0ρ . 
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The confrontation to experimental data is quite 
difficult owing to the large scatter of loading test 
results. Namely, the very low yield stress of copper 
enhances its sensitivity to crystal defects, 
precipitates or impurities which are present even in 
a properly annealed material and not taken into 
account in the present model. As an illustration, the 
simulated behavior of the aggregate is compared 
with stress-strain curves obtained for quasi-static
compression tests on annealed OFHC copper at 
CEG Gramat [9] and on recrystallized OFE copper 
in Los Alamos National Laboratory (LANL) [10] 
with initial average grain sizes of 18 µm and 
40 µm respectively (fig. 8). The potential 
dissymmetry between tension and compression is 
not considered here. 

Figure 8. Comparison of the simulated behavior of 
the aggregate with  experimental compression tests 

on copper performed at CEG and LANL. 

The two experimental curves are roughly parallel 
with a much higher yield stress for the CEG 
copper. The simulation reproduces the beginning 
of the LANL copper loading curve but slightly 
underestimates its slope, i.e. the rate of strain 
hardening. Let us recall that the simulated 
aggregate mimics an ideal polycrystal free of 
impurities and precipitates. Furthermore, the effect 
of grain size is not reproduced in the model. 

5. CONCLUSION 

The two applications of crystal plasticity presented 
above give an illustration of the potentialities of 
mechanics at the mesoscopic scale (i.e. the one of 
the material microstructure but at which a 
continuum approach is still relevant) to reproduce 

the physics of plastic flow in metals, even though 
many elements are still lacking in existing models. 
The possibility to integrate the effect of grain size 
and imperfections (lattice defects, precipitates) 
present in real materials in a physically relevant 
manner shall be addressed in future work. 

The necessity to investigate both the intragranular 
and intergranular scales arises since they display 
different types of phenomena. Incidentally, in view 
of the heterogeneity of deformation exhibited at 
both scales, polycrystal models lying on rough 
homogenization techniques should be used 
carefully. 
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Airbag technology is an amazing demonstration of the huge technical and economical 
potential of energetic materials. Energetics are usually considered as difficult to handle, and 
dangerous. But when turning the engines of our cars every morning, most of us forgot that 
their recent car carries roughly 200 grams of 1.3 class material, located some tenth of 
centimetres of our head. Such situation talking about hazard class 1 materials comes from the 
incredible amount of work done during the last decades. From the early seventies, airbag 
industry worldwide faced numerous technical challenges. Parts of them have been achieved 
thanks to innovations in the field of energetic materials. It is interesting after thirty years of 
development to look back and see that a lot of different technologies have been used, from 
classical molecules to specially elaborated ones, from classical processes to spray drying or 
extrusion. We will try to make an overview of propellant and processes innovations and 
highlight the most noticeable ones.  



Home     Comittees     Sponsors
GTPS Companies   Communications

SESSION S2D
Methodologies for design, safety, reliability

and lifetime demonstration

M. COTTREL-BUSSENAULT - Herakles
Reliability : GTPS methods



Authors: GTPS “Reliability” commitee 
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Subject: Document GTPS No11A Presentation (Statistical Method of PROBIT) 
---------------------------------------------------------------------------------------------------- 

The GTPS document No11A was updated by the GTPS "Reliability” committee" to make it 
compatible with the current needs. 

The older version was dated from 1999 and present unacceptable defects: 

� The method presents a substantial risk of not achieving a usable result, 

� To reduce the risk of ending with a wrong test sequence, a tests driving flowchart was 
constructed and inclued into the GTPS document N°11A: The feedback showed that 
flowchart was not working properly. 

The GTPS document N°11A has been worked on by the “reliability” Committee: 

� Remove the wrong driving tests flowchart, 

� Integrate the results of PAQTE work carried out by CNES (2004 and 2005) in the 
following recommendations: 

o The method is not recommended to assess the reliability of a pyrotechnic 
device, as it requires a large number of samples, and it has a significant risk of 
failure (BRUCETON and ONE-SHOT methods need less samples), 

o The method is currently used for the production of acceptance cutting cords 
shots (an example is shown in the new document), 

o The method allows to concatenate Batch acceptance shots made by PROBIT 
and / or BRUCETON protocols: the large accumulation of tests results allows 
to approach the “true law” distribution parameters,

o Finally, the mining PROBIT method can be used to salvage an unusable 
BRUCETON test (if the ratio s/d> 2). 

A spreadsheet was also performed by the GTPS “reliability” Committee and is free to 
download on the GTPS website. 
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Understanding the effect of RDX particle shape on shock sensitivity 
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P.O. Box 70034 – F68301 Saint-Louis Cedex France 

 

The sensitivity of explosives is of paramount importance to ensure the safety of people using explosive 

devices. A link has been established between shock sensitivity and microstructural defects and 

morphology of explosive particles. It has been proven that the decrease of internal defects in RDX 

particles (solvent inclusions mostly) results in an improvement of the shock sensitivity of RDX based 

formulations. Recent experimental work done at ISL demonstrates that surface treatment applied on 

defect free RDX particles improves significantly the shock sensitivity. The surface treatment has an 

effect firstly on the surface roughness of the particles and secondly on the shape of the particles 

(spherical shapes). To better understand those experimental results, numerical researches have been 

undertaken to study the influence of the shape of the RDX particles on the propagation of the shock 

wave in a RDX/wax (70:30) composition. The first computations were performed using the hydrocodes 

AUTODYN and LS-DYNA. More perturbations are observed in the propagation of the shock wave 

through the composition when the particles have sharp edges or corners. The maximum pressures for 

the general hydrodynamic flow are higher for particles with sharp edges. There are two possible 

explanations. The first is that sharp corners induce many wave reflections and focusing effects which 

generates localized hot spots (high pressure points). The second reason is that, for a same mass 

fraction, the packing of the particles in the binder is more difficult when the particles have sharp edges 

or corners and they are more likely to impact each other during the propagation of the shock wave 
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ABSTRACT 

The sensitivity of explosives is of paramount importance to ensure the safety of people using explosive 
devices. A link has been established between shock sensitivity and microstructural defects and 
morphology of explosive particles. It has been proven that the decrease of internal defects in RDX 
particles (solvent inclusions mostly) results in an improvement of the shock sensitivity of RDX based 
formulations. Recent experimental work done at ISL demonstrates that surface treatment applied on 
defect free RDX particles improves significantly the shock sensitivity. The surface treatment has an 
effect firstly on the surface roughness of the particles and secondly on the shape of the particles 
(spherical shapes). To better understand those experimental results, numerical researches have been 
undertaken to study the influence of the shape of the RDX particles on the propagation of the shock 
wave in a RDX/wax (70:30) composition. The first non-reactive computations were performed using 
the hydrocode AUTODYN. More perturbations are observed in the propagation of the shock wave 
through the composition when the particles have sharp edges or corners. The maximum pressures for 
the general hydrodynamic flow are higher for particles with sharp edges. There are two possible 
explanations. The first is that sharp corners induce many wave reflections and focusing effects which 
generates localized hot spots (high pressure points). The second reason is that, for a same mass fraction, 
the packing of the particles in the binder is more difficult when the particles have sharp edges or corners 
and they are more likely to impact each other during the propagation of the shock wave and, thus, create 
localized hot spots. Finally, those results have highlighted a few modelling issues. The most problematic 
point is the treatment of the interfaces which is often unclear or not adapted to this particular application. 

1. INTRODUCTION 

The sensitivity of an explosive characterize the degree to which an explosive is initiated by impact 
(shock wave), heat, shear or friction. Many efforts are currently undertaken to decrease it as much as 
possible in order to produce safer explosives and avoid accidents. Initiation and shock to detonation 
transition of explosives are complex phenomena, based on what is called the “hot spots” theory (1-4). A 
solid explosive composition or cast formulation is usually made of explosive crystals (RDX, HMX …) 
bounded together with a polymeric binder (inert or reactive). It is a heterogeneous material and 
heterogeneities can arise in the binder (voids), at the interface binder/crystal (interstitial voids) or in the 
crystal as processing defects. Heterogeneities or microstructural defects in the crystal are presented in 
Figure 1(a): They can be external (irregular shape, surface porosity, particle size…) or internal (voids, 
solvent inclusions, cracks…). Those defects are often present in commercial RDX. 

The interaction of a shock wave with those heterogeneities leads to high strain on very small area 
where various mechanical mechanisms can occur (rapid void collapse with material jetting, shear, 
friction, viscous void closure…). The temperature can rise rapidly in those regions called hot spots, they 
are either quenched by heat diffusion or react exothermically. Then, multiple hot spots can interact and 
initiate the reaction which grew as the different burning fronts coalesce. The theory of hot spots is 
schematically summarized in Figure 1(b)(5). 
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Figure 1: (a) Microstructural defects observed in a crystal of explosive (RDX, HMX,…). (b) Hot spot 
theory/ two steps processes driving the initiation of explosive: initiation of hot spots and propagation 

of the reaction by coalescence at the different burning fronts. 

According to the hot-spot theory, the decrease of the number of microstructural defects result in a 
decrease of the explosive sensitivity and this has been observed in different experimental studies (6-11). 
25 years ago, ISL researchers noticed a correlation between the shock-to-detonation transition threshold 
with the microstructure of PBX crystals (particle size)(5) and started working on this issue. Through the 
development of metrological tools to characterize the quantities of heterogeneities (voids and solvent 
inclusions)(6) and to quantify the sensitivity of an explosive (7,8), ISL elaborated a method to produce 
RDX crystals with a reduced sensitivity, called VI-RDX (Very-Insensitive RDX). Its elaboration, 
illustrated in Figure 2, is achieved through two processes (12-14): 

� The recrystallization of RDX crystals to remove the heterogeneities: micro-defects, 
intragranular voids and solvent inclusions (See Figure 2(b)). 

� Surface processing treatment to smooth the crystal shapes (see Figure 2(c)). 

Figure 2: Microscopic pictures of a) RDX with internal and external defect, b) RDX after ISL 
recrystallization process, called raw VI-RDX c) final VI-RDX particle (raw VI-RDX after surface 

processing treatment). 

Performances of VI-RDX are shown in Figure 3. The pressure threshold to detonation of VI-
RDX is higher than the best commercially RDX class 1 grade. Moreover it was noticed that shock 
sensitivity of VI-RDX is equal to the very low shock sensitivity of ultrafine RDX particles (0/12 �m). 
The two processes applied alone to RDX crystals do decrease the shock sensitivity (8,15,16) but not as 
much as when they are applied in combination with the correct adjustments. Although, it is relatively 
simple to explain why the shock sensitivity of RDX is reduced by removing the heterogeneities 
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according to the hot spot theory, it is however less evident to understand why the surface treatment has 
such an influence on the shock sensitivity. The surface treatment applied to the particles consists of a 
mechanical process along with a solvent action. It has two effects on the particles. The first is on the 
particle surface: it is rougher than the raw crystallized particles and this may change the nature of the 
interface between the particles and the binder. The second effect of the surface treatment is a 
modification of the shape of the particles. After the surface treatment the angularities of the particles 
appear smoothed; the sharp edges are not visible anymore (see Figure 2c) Preliminary studies are 
currently undertaken to understand the effect of the particle shapes on the shock sensitivity of RDX. 
Experimental data are examined in a first part: Shock sensitivity tests have been performed on particles 
before and after the surface treatment. Then a numerical approach is proposed using the software 
AUTODYN 2D to explore different hypothesis on how the particle shape can have an effect on the 
sensitivity of the explosive. 

Figure 3: Comparison of VI-RDX shock sensitivity (pressure threshold to detonation) with different 
commercially available RDX. 

2. EXPERIMENTAL RESULTS 

The experimental setup used is described in Figure 4. The reactive behavior of the cast formulations 
is tested by impacting formulation with a flat ended steel projectile of diameter 20 mm and length 10 
mm with a nylon sabot using a powder gun. A protection wall and a distance of two meters between the 
target and the gun muzzle avoid blast effects. The formulations tested are made of 70% by weight of 
RDX and 30% of an inert wax which acts as a binder. The shock transit time across the formulation 
sample is recorded for several projectile velocities. A double flash prior the impact gives the projectile 
velocity and the quality of the shock input (stability of the projectile). The purpose of this experiment is 
to determine the projectile velocity threshold which generates a full detonation of the sample. 

Figure 4 : (left) Small projectile impact experimental setup (right) Radiography of the temporal 
evolution of the projectile. 
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The results of the small projectile impact test are depicted in Figure 5. Several RDX types were 
investigated: commercial RDX class 1, commercial Reduced Sensitivity RDX (RS-RDX) class 1, RDX 
that has undergone the ISL recrystallization process (called raw VI-RDX in Figure 5 and which is shown 
in Figure 2b) and VI-RDX (See Figure 2c). The sharp decrease of the shock transit time when the sample 
detonates provides the projectile velocity threshold to detonation. The higher the impact velocity 
threshold, the less sensitive the explosive. The projectile velocity threshold to detonation of a 
commercial RDX is about 800 m.s-1. For a commercial RS-RDX, it is about 1150 m.s-1 while For the 
VI-RDX, it is above 1300 m.s-1. Those results emphasize the improvement of the shock sensitivity of 
RDX particles using the VI-RDX process. The test has also been performed on raw VI-RDX (see Figure 
2b), the sensitivity of those formulations is approximately the same than for RS-RDX. The question 
raised by those results is why is there a difference in shock sensitivity between the raw VI-RDX and the 
VI-RDX. In both particle lots, there is the same amount of microstructural defects in the particles and 
the only differences between the samples are the results of the surface treatment. As explained in the 
introduction, the surface treatment applied to the crystallized RDX modifies the surface roughness of 
the particles which may change the nature of the interface between the binder and the particles and it 
also modifies the shape of the particles by smoothing the angularities. The decrease of the shock 
sensitivity of the explosive is probably the result of the combination of both effects. An interesting 
approach would be to study the influence of both effects separately to better understand the mechanisms 
involved. The effect of the roughness of the particle surface is not studied in this article. The effect of 
the particle shape on the initiation of the explosive is investigated using numerical tools. 

Figure 5 : Results of the small impact projectile test for several formulations. In the left graph the 
shock transit across the sample is plotted as a function of the projectile velocity. The right graph show 

the maximum shock pressure loading with no detonation and the minimum shock pressure loading 
with detonation for each formulations. 

3. NUMERICAL APPROACH 
3.1. Preliminary reflection 

When a shock wave, propagating in the air, encountered solid obstacles, it can be attenuated or 
amplified. The phenomenon, in particular the attenuation of shock wave, has been widely studied for 
the development of effective barrier arrangement against blasts (17-19). The interaction between shock 
waves and solid obstacles or holes objects is responsible for the appearance of new waves (shock, 
compression or rarefaction) by reflection, scattering or diffraction. They interact with each other giving 
rise to vortices and turbulences. 

The attenuation/amplification depends on various parameters which are: 
� The ratio of available flow area to the total cross-sectional area. The lower this ratio, the greater 

the attenuation of the shock wave. If this number is large, i.e. the number or size of the obstacle 
is relatively small in comparison to the cross section of the sample studied, then the other 
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parameter described below will not have an important impact on the propagation of the shock 
wave. 

� Shape / geometry of the obstacle and orientation: The presence of sharp edges or corners on the 
obstacle generates turbulences in the flow around the angularity and this effect is amplified as 
the orientation of the angularities becomes more perpendicular to the main flow. 

� The number of obstacles: the attenuation of the shock wave is faster when increasing the number 
of obstacle. 

� The spatial distribution: Staggered arrangements provide more attenuation of the shock wave 
than random arrangements. The presence of multiple columns in the barrier configuration 
subsequently produces a series of reflected shock fronts moving upstream and these returning 
shock fronts internally get reflected by the previous column of obstacle. 

� The initial intensity of the blast / the incident Mach number. 

Besides, several studies investigated experimentally and numerically the propagation of a shock 
wave through heterogeneous materials, either in granular media (20-26) (containing inert materials or 
energetic materials) or in layered composites (27-29) and similar phenomenon were observed in both cases. 
Like the propagation of a shock wave in a gaseous media through solid obstacles, the propagation of 
shock waves in heterogeneous media is a turbulent phenomenon. The intensity of the initial shock wave 
is attenuated and the particle velocity decreased. Moreover, a resonant phenomenon is observed, 
pressure fluctuations/oscillations occur in the layers of the composites or in the grains of materials. The 
frequency and amplitude are dependent on various parameter such as: 

� The interfaces: the shock impedance mismatch between two solids is responsible for the creation 
of multiple waves (shock and rarefaction) as a result of the interaction or the transmitted waves 
and the reflected waves at the interface. The created shock wave may be of higher intensity than 
the initial shock wave (Mach stems). The orientation of the interfaces determines the direction 
of the transmitted and reflected shock waves. The greater the impedance mismatch, the longer 
the duration of the resonant oscillations, which results in a decrease of the shock velocity. 

� The number of interfaces or density of grains in the binder also influences the duration of the 
oscillations. An increase of the density results in an increase of the fluctuation and therefore a 
decrease of the particle velocity. 

� The spatial arrangement of the particles: Contact points favors the material deformation in those 
areas. Moreover, more fluctuations are observed for ordered system. Disorder of the particles 
reduces the resonant effect. 

� The internal microstructural porosity of the grains such as pores or voids are often areas that 
undergo strong local stress fluctuations that could results in transient hot spots. Since the number 
of internal defect in the VI-RDX is very low, this parameter is not taken into account in this 
study. 

� The particle size affects the amplitude and frequency of the oscillations. 
� The material properties influence mostly the amplitude of oscillation, especially the first peak.  
� The initial shock strength 

Those studies permitted to emphasize a few parameters linked to the particle shape that may 
influence the shock sensitivity: 

� The interfaces: as explained above, the shock impedance mismatch is responsible for the 
creation of multiple shock waves and the orientation of the interface determines the direction of 
the transmitted and reflected shock waves. The orientation of the interfaces is different in 
crystallized RDX and in VI-RDX because of the presence of angularities. The reflection and 
transmission of the shock wave at the angularity are complex phenomena and acute angles can 
lead wave reverberation which might results large pressure fluctuation and/or high strain areas. 
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� The spatial arrangement of the particles and in particular the distance between the particles: in 
Figure 6, the square shape particles and the circular particles have the same area (same mass 
fraction) and the same center positions. Some squares are in contact because of the angularities 
while there is no contact between the disks. Therefore, when a shock wave pass though the 
samples, particles with angularities come into contact more easily than circular particles. The 
contact points are sites that can undergo large geometric strain as a result of the coalescence of 
multiple shock wave (23).  

Figure 6 : Spatial arrangement of square shaped particles (left) and circular particles (right) that 
have the same area and the same center positions. 

The geometric strain or high pressure area in a materials can give rise to various phenomena 
depending on the mechanical and thermal characteristics of the material. It may lead to plastic strain, 
rupture of the materials and it can also activate the melting of the materials. Therefore, the area enduring 
high geometric strain can locally initiate the exothermic decomposition of RDX; they are potential hot 
spots. When the number of potential hot spot is increased the shock sensitivity of the explosive is 
probably degraded. 

3.2. Numerical reflection 

To validate the hypothesis stated in the previous part. A periodic academic 2D model was 
imagined. It is described in Figure 7. A projectile animated with a velocity of 1000 m.s-1 (pressure 
loading of 4.98 GPa on the RDX/Wax 70:30 formulation) impacts a formulation containing particles of 
RDX that are either square shaped with angularities or circular without angularities. Both types of 
particle have the same area so the mass fraction of RDX in wax is the same in both configurations. 
Initially, the models contain ten particles. Symmetry conditions (normal velocity null) are applied on 
the upper and lower boundaries.  

The reactive behavior of RDX is not taken into account, it behaves like an inert material. The 
initial pressure loading applied to the formulation is about a few GPa which is much larger than the yield 
strength of the materials used in the simulation. Therefore, hydrodynamics equations are sufficient to 
describe its behavior. Consequently, the model used does not take into account neither the mechanical 
response of the materials (viscosity - elasticity – plasticity), nor the rupture of the materials or the 
thermal behavior. This model is only valid for very high shock pressure load above the elasticity limit 
of the materials. For a better description of the elastic-plastic behavior under shock load, it is necessary 
to use a material model. 

With this model, the influence of several parameters on the shock wave propagation is studied: 

� The mass fraction of RDX into the wax 
� The shape of the inclusions (presence of angularities) 
� The spatial arrangement of the particles in the wax
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Figure 7 : Description of the model. A projectile with a velocity of 1000m.s-1 impacts a formulation of 
wax containing ten particles of RDX that are either square shaped or circular. 

The software package AUTODYN was used for the calculations. It is fully-integrated 
engineering codes developed by ANSYS specifically designed for non-linear dynamic problems such 
as impact, penetration, blast and explosion event. AUTODYN is explicit numerical analysis codes, 
referred to as hydrocodes, usually used to analyze the behavior of materials under transient dynamic 
loading. Three solvers are available in AUTODYN 2D.  

The Lagrangian solver is usually used for the description of solids. The numerical mesh is attached 
to the material therefore the cells moves and distorts with the material. Consequently, for severe 
deformations, which occur in high-velocity impact systems, the mesh undergoes large distortions 
resulting in a dramatic decrease of the time step and a significant loss of accuracy. The multi-material 
Eulerian solver is usually used to describe fluid or gas behavior. The numerical mesh is fixed in space 
and the physical material flows through the mesh. The advantage of this solver is that for severe 
deformation, there is no mesh distortion. The downside of this solver is the description of the interfaces 
and the boundaries. They are modelled using mixed cells (cells containing more than one materials). 
The finer the mesh, the better the description of the interface and the boundaries. Finally, the ALE 
(Arbitrary Lagrangian Eulerian) solver, also called “automatic rezoning” is often used for fluid-structure 
interaction. It is a mix between the Lagrangian and the Eulerian solver. Contrary to the Eulerian solver, 
in the Lagrangian and ALE solvers, the modelling of the interactions between two solids is quite 
accurate. It can be either joint or sliding, with or without friction. However, the very large deformations 
expected in our case will be handled with difficulties by the Lagrangian and ALE solvers 

Therefore, an alternative to those three solvers is the Euler-Lagrange coupling algorithm usually 
used to study fluid-structure interactions. The binder (wax) has a density of 0.986 while RDX has a 
density of 1.8. The wax is twice softer than RDX. Consequently, the hypothesis that the wax behave 
like a fluid compared to RDX seems reasonable. An Euler grid would be more adapted for this material 
while Lagrange grid remain more suitable for the RDX particles and the projectile. In the Euler-
Lagrange interactions, the Lagrange domain acts as a geometric constraint to the Euler region while the 
Euler region provides a pressure boundary to the Lagrange domain. As the Lagrange mesh moves and 
deforms, it covers and uncovers the fixed Eulerian cells.  

3.3. First results 

Influence of the mass fraction of RDX 

In Figure 8, two simple calculations were made using circular RDX particles. The only 
difference between the two calculations is the mass fraction of RDX. The two configurations studied 
contain 42% of RDX by weight and 65%. Gauges were placed at the center of each particles to record 
the temporal evolution of the pressure. A geometric strain erosion criterion was used in both 
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calculations: it means that above a critical threshold (150%) of geometric strain, the nodes are discarded. 
This is a numerical technique handful to avoid very small time steps but it often leads to a loss of 
accuracy. The eroded nodes are depicted in the Figure 8 by red points. They indicate areas where the 
geometric strain is the largest. 

Figure 8 : Material deformations shown at 0.5 ms of two simulations containing circular particles and 
with two different mass fraction of RDX: 65% (upper), 42% (lower). Temporal evolution of the 

pressure at the center of the fifth particles for each calculation. 

First it is interesting to notice in both calculations that pressure fluctuations occur in the particles 
as the various shock and rarefaction waves are transmitted and reflected at the successive RDX/Wax 
interfaces. The overall pressure applied to the particles is higher when the RDX mass fraction is 
increased. Besides, in the second configuration (65% of RDX by weight), it seems that more nodes are 
eroded, in particular at the top and the bottom of the particles. Consequently, when the mass fraction of 
RDX is increased, the shock intensity is higher and the particles undergo larger geometric strain. This 
is the results of a closer proximity of the particles with each other and with the boundaries. The particles 
have less space to expand, therefore geometric strains are observed mainly at the top and the bottom of 
the particle. Those areas are privileged sites for the occurrence of hot spots. This results is consistent 



�

with experimental observations: an increase of the mass fraction of RDX leads to formulations with 
higher shock sensitivity. However, the phenomenon highlighted in this paragraph is certainly secondary. 
Indeed, the increase of the sensitivity of the formulations is firstly due to the presence of a higher amount 
of reactive materials. 

Influence of the shape of RDX particle 

Then, the influence of particle shape on the propagation of the shock wave was studied. The 
results of two calculations containing circular particles and square shaped particle is shown in Figure 9. 
The ratio explosive/ binder is the same in both calculations (42:68 of RDX/Wax). As previously, the 
temporal evolution of the pressure was also recorded in the center of each particle and an erosion 
criterion based on the geometric strain is applied in both calculations. The eroded cells are depicted by 
the red points in in Figure 9. 

Figure 9 : Material deformations shown at 0.5 ms of two simulations with different particle shape and 
the same mass fraction of RDX in both cases (42%). (Left) circular particles, (Right) square shaped 
particles. Temporal evolution of the pressure at the center of the fifth particles for each calculation. 

The pressure levels were approximately the same in both particle types, slightly lower in the 
square shaped particles. Pressure fluctuations occur in both configurations. The overall decrease of the 
pressure and the very small pressure fluctuations that appear in the middle of the curve of the square 



�

shaped particle are the results of a degradation of the accuracy of the calculation because of the large 
number of eroded nodes. Still, more oscillations are observed in those particles. This could indicates a 
higher number of transmitted and reflected shock waves. There are almost no eroded nodes in the 
circular particles calculation but there are many of eroded nodes in the square shaped particles 
configuration. They are mainly situated on the upper and lower corners of the squares. The angularity 
of the particles must be responsible for such a phenomena although the reason remain complex: the 
proximity and orientation of the interfaces in those areas favors the multiplication of the reflected and 
transmitted shock waves inducing more constraints in the angularity and around it (in the wax). There 
are also eroded nodes on the right and left corners. In those regions, the RDX particles interact with each 
other while, at the same time, there is no contact between the circular particles. Those collision zones 
undergo high geometric strain. As explained previously, the explosive can potentially be initiated in 
those areas. 

Influence of the spatial arrangement of RDX particles 

In the previous calculations, for clarity reason, the real mass fraction of RDX was not used 
which allowed us to observe the influence of particle shape. In the cast formulations tested there is 70% 
by weight of RDX in 30% of binder (wax) which correspond to the configuration shown in Figure 10. 
It is possible to observe that in both calculations, there are more eroded nodes which is probably the 
result of an increase of the interactions between the particles. There are still more eroded nodes in square 
shaped particles. This is partly due to the high deformations undergone by the upper and lower corners 
of the square. However, the main reason for this amount of eroded nodes is certainly the increased 
number of interactions between the particles. There is more contact zones between the square shaped 
particles than the circular particles giving rise to more potential hot spots.  

Figure 10 : Material deformations shown at 0.5 ms of two simulations containing either circular 
particles (left) or square shape particles (right). The mass fraction of RDX is the same in both 

simulation and is the mass fraction used in real cast formation 70%. 

�

�

�
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4. CONCLUDING REMARKS 

This qualitative study demonstrates that the particle shape of RDX has an influence on the sensitivity 
of an explosive involving two different mechanisms. First, pressure oscillations were observed in all the 
particles. The occurrence of the fluctuations seems increased as the particles have angularities. This may 
be the results of the orientation of the interfaces that induce the appearance of a larger number of shock 
waves through various reflections and transmissions. This phenomenon is also observed locally at the 
upper and lower corners of the squares where the closeness of the interfaces magnifies this effect leading 
to very high geometric strains. The second mechanism occurring because of the angularities of the 
particles is the increased number of interactions between the particles. At the contact zones, very high 
geometric strains were observed. 

The high geometric strain areas can lead to the formation of hot spots through various mechanisms 
that depend on the mechanical and thermal characteristics of the materials (22). Under a high velocity 
impact, the materials could undergo plastic strains, fragment or even phase transformation. Those 
phenomena induce increased pressure fluctuations that could lead to a thermal response through the 
formation of transient hot spots which correspond to a local rise of the temperature. However, this 
behavior is currently not predictable since no strength model was used for RDX. The integration of such 
model should greatly improves the interpretation of the results. Besides, another possibility to improve 
the model is to use the real particle shapes and sizes in three dimensions and also the real distribution of 
the particles in order to understand the effect of a random orientation of interfaces. It may attenuate the 
resonant effect of the pressure observed in the particles of this spatially periodical model (23). 

Another issue that is not treated in this study is the modification of the surface roughness during the 
processing of the VI-RDX. The numerical tool is not sufficient to investigate this parameter since the 
definition of the interface is not accurate enough. Experimental data are still needed to elucidate the 
influence of the surface roughness on the shock sensitivity of an explosive and also validate the 
hypothesis formulated in this study. 
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Abstract : Detonation Initiation of Heterogeneous Melt-Cast High Explosives 

V. Chuzeville, G. Baudin, A. Lefrançois, CEA Gramat 

R. Boulanger, Nexter Munitions 

L. Catoire, ENSTA ParisTech 

Existing literature is mainly focused on the detonation initiation of pressed explosives. Moreover, 

most of proposed models necessitate many experimental results in order to be calibrated, and their 

use outside their calibration domain is risky. Initiation mechanisms of melt-cast conventional 

explosives are even less known and even if the existence of hot-spots is widely recognized, their 

formation mechanism is not yet established.  

The development of a two-phase shock to detonation transition model with a ZND approach requires 

three elementary blocks: equations of state for unreacted phase and detonation products, the 

modelling of interactions between these two phases in the reaction zone and a kinetic mechanism. 

We study here two melt-cast explosive families, ontalite (NTO- TNT 60:40) and hexolite (RDX-TNT 

60:40) in order to establish a relation between microstructure and reactivity. 

It has been proven that the kinetic rate law can be written as the factorization of the number of 

initiation sites, the explosive’s deflagration velocity around these hot spots and a function of the 

volume fraction of gas produced by the growth of deflagration fronts. The deflagration velocity 

depending on pressure can be determined from planar shocks on explosive, traditional pop-plot 

tests, if the hypothesis of the single curve build-up is verified. This hypothesis deviating has been 

verified for the two studied explosives. Microstructural observations and an analogy with the solid 

nucleation and growth theory allowed us to propose a new kinetic mechanism where deflagration 

fronts grow form grain’s surface. The chosen mixture law is based on a two-phase approach taking 

into account thermal exchanges between phases in the reaction zone. 

Experimental results of pop-plot tests are presented. Kinetic rate law obtained from this method is 

compared with another method to obtain the deflagration velocity, the thermochemical simulation 

with a Chapman-Jouguet deflagration model. 
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ABSTRACT 

2,4,6-trinitrotoluene (TNT) is widely used in 
conventional and insensitive munitions as a fusible 
binder,  commonly melt-cast with other explosives 
such as 1,3,5-trinitroperhydro-1,3,5-triazine (RDX) 
or 3-nitro-1,2,4-triazol-5-one (NTO). In this paper, 
we study the shock-to-detonation transition 
phenomenon in two melt-cast high explosives 
(HE). We have performed plate impact tests on 
wedge samples to measure run-distances and time-
to-detonation in order to establish the Pop-plot 
relation for each HE. Highlighting the existence of 
a single curve build-up, we propose a two-phase 
model based on a Zelovich, Von-Neumann, Döring 
(ZND) approach where the deflagration fronts 
grow from explosive grain boundaries. Knowing 
the grain size distribution, we calculate the 
deflagration velocities of explosive charges as a 
function of shock pressure. 
 
1. INTRODUCTION 

Melt-cast high explosives (HE) have been widely 
used in conventional munitions for many decades. 
During this period, researches have focused on 
three main areas: development of new aromatic 
compounds, improvement of the synthesis of these 
molecules and enhancement of formulations [1]. 
Nowadays, even if 2,4-dinitroanisole (DNAN), 
1,3,3-trinitroazetidine (TNAZ) and Ammonium 
Dinitramide (ADN) could be used in melt-cast 
technology, 2,4,6-trinitrotoluene (TNT) is still a 
good candidate for these applications, particularly 
thanks to its high detonation properties, relatively 
low shock sensitivity and environmental friendly 
comportment [2]. During the fabrication process, 
generally vacuum or open melt-casting, explosives 
charge such as 1,3,5-trinitroperhydro-1,3,5-triazine 
(RDX), 3-nitro-1,2,4-triazol-5-one (NTO) or 
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine 
(HMX) can be added to obtain respectively  
Composition B (Comp B), TNTO and Octol. 

 
Shock initiation is a really important property of 
HE. Its study allows ensuring that the HE will 
nominally detonate when intentionally shocked or, 
on the contrary, will not detonate when 
accidentally exposed to a shock wave. Shock 
compression of Comp B has been widely 
experimentally studied since the sixties. We can 
notice unreacted Hugoniot determinations [3-10], 
Pop-plot studies [7-12], non-sustained plate 
impacts [13], short pulse shocks under the critical 
diameter [14] or spherical projectile impacts [15]. 
A shock initiation model has recently been 
proposed by Urtiew et al [7-8] and verified on 
pulsed shock by May and Tarver [14]. On the 
opposite, there are very few available data 
concerning TNTO. In France, H. Moulard 
determined a Hugoniot relation and a Pop-plot for 
this composition [16] and another shock-to-
detonation study has been performed at Centre 
d’Etude de Gramat (CEG) for Nexter [17]. 
 
In this work, we study the shock sensitivity of two 
melt-cast HE: Comp B and TNTO. Powder gun 
driven plate impact experiments have been 
performed on wedge samples in order to observe 
the shock-to-detonation (SDT) phenomenon and 
determine the run-distance and time to detonation, 
as initially proposed by Ramsay and Popolato [11]. 
A low impedance manganin pressure gauge 
measurement allows us to obtain an inert Hugoniot 
state at the same time by the mean of shock polar 
matching method. Here we present the results of 
plate impact experiments and compare these results 
with previous works. On two experiments, a 
94 GHz microwave interferometer has been added 
to enhance the resolution of the distance time (x-t) 
trajectory. 
 
After having verified the single curve build-up 
hypothesis for the two studied HE, we propose a 
two-phase model based on a Zeldovich, Von-



Neumann, Döring (ZND) approach. The reaction 
rate is written in a factorized form including the 
number of initiation sites, the explosive’s 
deflagration velocity around hot-spots and a 
function depending on gas volume fraction 
produced by the deflagration front propagation. 
The deflagration velocity depends on pressure and 
is determined for Pop-plot tests.  The function 
depending on gas volume fraction is deduced from 
microstructural observations and from an analogy 
with the solid nucleation and growth theory. It has 
been established for deflagration fronts growing 
from grain’s surface and a given initial grain size 
distribution. The model requires only a few 
parameters, calibrated thanks to an inversion 
method. 
 
2. EXPERIMENTAL SETUP 

We present here the HE compositions and the 
experimental setup chosen to study the SDT. 
 

2.1.  HE Compositions 

Tab. 1 summarizes the properties of investigated 
melt-cast HE. Both compositions have been 
especially manufactured for this study by Nexter 
Munitions thanks to a vacuum melt-casting 
process. The Comp B is a mixing of 59.5% RDX, 
39.5% TNT and 1% wax by weight. The fusible 
matrix is a type-D TNT and the explosive charge is 
RDX with a mean grain size of approximatively 
700 µm. The TNTO is a mixing of 59.5% NTO, 
39.5% TNT, 1% wax by weight. The TNT used is 
the same as for Comp B and the NTO have a 
smaller grain size than RDX. The initial density of 
Comp B is 1698 kg/m3 and 1762 kg/m3 for TNTO, 
which corresponds to an initial porosity of 
approximatively 2%, a common value for this type 
of process. 
 

Table 1: Summary of properties of Comp B and 
TNTO 

Property Melt-cast Comp B Melt-cast TNTO 
Formulation 
(by weight) 

59.5% RDX 
39.5% TNT 
1% wax 

59.5% NTO 
39.5% TNT 
1% wax 

Matrix TNT Type D TNT Type D 
Explosive 
charge 

RDX class III NTO (200-400 
µm) 

Initial density 
kg/m3 

1698 1762 

2.2. Plate impact experiments 

The two melt-cast HE have been submitted to a 
plane sustained shock wave at different pressure 

levels using the 98-mm bore diameter powder gun 
ARES, which allows to reach projectile velocities 
up to 2300 m/s. The experimental setup is shown 
in Fig 2. The impactor and the buffer plate are 
chosen in order to obtain the desired input pressure 
in the HE, ensuring that the 30° base angle of the 
double wedge is sufficient to avoid the back 
release wave influence on SDT. For Comp B 
experiments, the impactor is an 88 mm diameter, 
15 mm thick aluminum (Al) plate and the 
aluminum buffer plate is 5 mm thick. For TNTO 
experiments, the impactor is a 96 mm diameter, 10 
mm thick cooper (Cu) plate and the aluminum 
buffer plate is 12 mm thick. Tilt angle and 
projectile velocity are usually measured with six 
short-circuit pins. In some cases, three 
piezoelectric pins and two Photonic Doppler 
Velocimeters (PDV) are used to improve tilt and 
velocity uncertainties. 
 
A low impedance (13 mohm) manganin pressure 
gauge is inserted at the interface between the 
buffer plate and the HE wedge. The gauge is 
insulated into two 150 µm thick PTFE layers in 
order to avoid shorting of the gauge, especially 
when the reaction grows and the medium becomes 
conductive. This type of gauge has been widely 
used since the early eighties to study SDT and is 
still applied nowadays [7-8, 18-19]. There are few 
available calibration works and those carried out 
thirty-five year ago are still the reference [22-23] 
even if it exists more recent works [27]. For our 
gauges, we used the calibration proposed by Perez 
[24]. Fig. 1 presents the different available 
calibrations [20-27]. 
 

 
Figure 1: Comparison of low impedance manganin 

gauges' piezoresistive coefficients 

 



The x-t trajectory is measured using twelve 
piezoelectric pins placed on each wedge side. The 
position of the pins is precisely controlled by a 
three-dimensional measuring machine after the 
setup assembly. This position is determined as the 
intersection of the pin cylinder and the contact plan 
of the wedge. Taking into account the wedge 
flatness defect, this position is given with an 
uncertainty of about 30 µm [28]. The record of the 
piezoelectric signal on an Acquiris digitizer gives a 
good pin chronometric precision of typically 5 ns. 
For the last experiment of each HE, a second raw 
of eleven piezoelectric pins has been added on one 
wedge side to enhance the spatial resolution of the 
x-t trajectory. 
 
For these two last experiments, we also used a 
94 GHz microwave interferometer allowing the 
continuous measurement of the discontinuity front 
inside the HE wedge. The HE radio-transparency 
in the millimeter waveband has been evaluated for 
many decades. From 1958, Cawsay et al. proposed 
the use of a 34.5 GHz interferometer to measure 
the detonation velocity of different common HE 
like TNT or PETN [29]. Since then, the microwave 
interferometry has been developed in different 
wavebands like X-band at 10.6 GHz, Ka-band at 
35 GHz or W-band à 91 GHz [30] to measure 
shock-waves in porous media [31], the 
deflagration-to-detonation transition in double-
base powders [32] or the extinction phenomenon in 
non-ideal HE [33]. Since a couple of years, the 
microwave interferometry has extensively been 
developed in Russia [34], in the United States [35-
36] and in France [37-38]. 
Tab. 2 summarizes the impact conditions of 
different experiments performed. 
 

 
 

 
 
 

 
Figure 2: Wedge test experiments, experimental 

setup 

 
Table 2: Impact configurations for wedge tests 
Shot Impactor Buffer 

plate 
Expected 
projectile 
velocity 

(m/s) 

Explosive 

CA 4094 Al Al 1100 Comp B 

CA 4101 Al Al 1500 Comp B 

CA 5022 Al Al 1300 Comp B 

CA 4102 Cu Al 1690 TNTO 

CA 4105 Cu  Al 1850 TNTO 

CA 5023 Cu Al 2050 TNTO 

 

3. EXPERIMENTAL RESULTS 

All the experimental results are summarized in 
Tab. 3. at the end of the section 3. The next 
paragraphs explain how they are obtained. 
 

3.1. Input pressure and unreacted Hugoniot 

The pressure at the interface between the buffer 
plate and the HE is measured thanks to a low 
impedance manganin pressure gauge. A typical 
pressure signal is shown in Fig. 3. The uncertainty 
has been precisely calculated from all 
measurement chain elements. 
 



 
Figure 3: CA4101, typical pressure signal 

Thanks to these measurements, and assuming that 
the equations of state (EOS) for impactors and 
buffer plates are well known, we can determine 
unreacted Hugoniot state for each experiment by 
the shock polar matching method, as recently used 
by Urtiew et al. [7-8]. By inversing the impactor 
adiabat originating at the projectile velocity and, if 
necessary, the buffer plate adiabat, the 
experimental measurements of the initial pressure 
level gives us the corresponding particle velocity. 
The polar matching for Comp B is given in Fig. 4. 
 

 
Figure 4: Polar matching for Comp B 

The three Hugoniot states are placed on the 
pressure-particle velocity (P-u) plane and 
compared with previous works [3-10]. This 
comparison is given in Fig. 5 where we indicate 
the composition in % by weight, the fabrication 
process and the initial density.  
 

 
Figure 5: Unreacted Hugoniot data for Comp B in 

the pressure-particle velocity plane 

The obtained Hugoniot states are consistent with 
the former works, notably for a similar initial 
density [6]. We used these three points and 
Lemar’s one at lower pressure to compute a new 
Rankine-Hugoniot relation (Us=c0+su) where Us is 
the shock velocity, u the particle velocity and c0 
and s coefficient to be fitted. The new relation with 
the standard deviation is  
Us = 2173 (± 228) + 2.65 (± 0.26)u in m/s. 
 
We proceeded the same way for the three TNTO 
experiments. As the impactor and the buffer plate 
are made with different metals, there is a 
supplementary step in the shock polar matching. 
We give an example in Fig. 6. As there are very 
few available data for TNTO, we constructed a 
theoretical unreacted Hugoniot with the 
MUPHINS tool (MUlti PHase INert Shocks) based 
on the shock jump relations for multiphase 
mixtures with stiff mechanical relaxation [39]. We 
obtain the following Rankine-Hugoniot relation: Us 
= 1882 + 2.57u in m/s. The theoretical Hugoniot is 
in good agreement with the experimental results of 
the present study as seen in Fig. 7. On this figure 
we can also compare the obtained results with the 
Hugoniot relation obtained by Moulard [16] on a 
TNTO with 5 % more of NTO. Our Hugoniot 
relation has a softer behaviour than Moulard one’s 
due to a lesser NTO content in the material studied 
here. 
 



 
Figure 6: Polar matching for TNTO 

 
Figure 7: Unreacted Hugoniot data for TNTO in 

the pressure-particle velocity plane 

3.2.  Piezoelectric pins, x-t trajectory and run-
distance to detonation 

In plate impact experiments, the projectile tilt may 
have a great impact on the measured velocities 
[40]. For example, the initial shock velocities 
measured from each wedge side can present a 
difference up to 5% as shown in Fig. 8. When the 
tilt measurements are available, the time recorded 
by each piezoelectric pin has been tilt-corrected 
with the method proposed by Gustavsen et al. [40]. 
Describing each pin by its (x,y,z) coordinates and 
knowing the impact plane is z=0, if the projectile 
with a velocity V is tilted with a small angle α form 
the x-axis and a small angle β from the y-axis, each 
pin time can be corrected to a no tilt condition 
using the Eq.1. 
    

         
 

A comparison between raw and corrected data is 
shown in Fig. 8.  

 

 
Figure 8: CA4102, tilt correction example 

The data from the piezoelectric pins were analysed 
using the method developed by Hill and Gustavsen 
[41], where the x(t) data are fitted to the Eqs. 2. 
and 3.  This secondary order differential equation 
has been obtained from the works of Yao and 
Stewart [42] assuming that the detonation wave is 
plane. 
 

 
 
where the acceleration function is written as: 
 

 

 
U0 is the initial shock velocity, DCJ  the steady 
detonation velocity, theoretically the Chapman-
Jouguet detonation velocity, am and Um are 
constant describing how the reactive shock wave 
reaches the stationary mono-dimensional (1D) 
detonation state. The parameter DCJ is determined 
from the last piezoelectric pins (see Tab. 3). Then 
we fit the x(t) data to Eq. 2 and Eq. 3 using a 
Mathematica algorithm. The fitted parameters are 
U0, am and Um. Fig. 9 gives an example of fitting 
result including the fit residuals. The shock 
velocity which is the first time derivative of the 
shock position, is calculated from the x(t) fit. We 
can then determine the run-distance and time-to-
detonation from the fit, defined as the position and 
time where the shock velocity reaches 99% of DCJ. 
These parameters, respectively noted x* and t* are 
given in Tab. 3. 



 
Figure 9: CA5022, x-t trajectory and fitting results 

3.3.  The single curve build-up 

The single curve build-up concept has first been 
proposed by Lindstrom [43]. Recording the x-t 
trajectory of eleven shock impacts on a plastic-
bonded explosive (PBX) for different input 
pressures, he noticed that shifting the origin of the 
trajectory at the (x*, t*) point, each trajectory lies 
on top of each other. This property is the basis of 
some SDT models (see section 4.) but is rarely 
checked during experimental studies. Baudin et al. 
have recently verified this hypothesis for two PBX 
[37]. We have proceeded the same way for our two 
melt-cast HE and put in evidence the existence of 
the single curve build-up concept for Comp B and 
TNTO as we can see in Figs 10 and 11. 

 
Figure 10: Shock trajectories for Comp B 

 

 
Figure 11: Shock trajectories for TNTO 

3.4. Shock initiation sensitivity 

Knowing the run-distance to detonation and the 
input pressure, we can establish the classical Pop-
plot for our two melt-cast HE. This type of curve, 
first proposed by Ramsay and Popolato [11], 
represents the run-distance to detonation function 
of the input pressure in a log-log scale. Fig. 12 
shows the new Pop-plot points established for 
Comp B and a comparison with former works [7-
11] where we indicate the composition in % by 
weight, the process fabrication and the initial 
density. 
 
The studied Comp B appears to be less shock 
sensitive than those studied during the former 
years. The resulting fitting of our experimental 
results is given in the classical form:  
log(P) = 1.5786-0.7263log(x*) with P in GPa and 
x* in mm. 
 
We can notice that the different Comp B are more 
or less shock sensitive but they seem to have 
similar behavior, shown by their parallel Pop-plot 
slope. We proceeded the same way for TNTO, 
making comparison with previous works [16-17]. 
The results are presented in Fig. 13.The studied 
TNTO appears to be very less shock sensitive than 
the first TNTO composition studied in 1995. The 
resulting fitting relation is:  
log(P) = 1.6867-0.4681log(x*). 
 



 
Figure 12: Pop-plot data for melt-cast Comp B 

 
Figure 13: Pop-plot data for melt-cast TNTO 

 
 

Table 3: Summary of unreacted Hugoniot states and run-distances/time-to-detonation for Comp B and TNTO 
Shot Explosive Projectile 

velocity (m/s) 
Input 

pressure 
(GPa) 

Initial particle 
velocity (m/s) 

Steady detonation 
velocity (m/s) d 

x*(mm) 
t*(µs) 

CA4094 Comp B 1134 ± 8 a 5.5 ± 0.65 782 8861 ± 162 14.23 
3.11 

CA4101 Comp B 1473 ± 12 a 7.9 ± 0.89 982 7925 ± 72 8.6 
1.62 

CA5022 Comp B 1284 ± 13 b 6.7 ± 0.76 862 7952 ± 167 10.96 
2.16 

CA4102 TNTO 1685 ± 17 b 14.5 ± 1.46 1500 7572 ± 94 12.84 
2.13 

CA4105 TNTO 1845 ± 18 b 16.5 ± 1.63 1623 7584 ± 28 10.99 
1.73 

CA5023 TNTO 2050 ± 31 c 19.7 ± 1.93 1758 7530 ± 75 6.31 
0.95 

a measured by short circuit pins, uncertainty is the standard deviation of the velocity and tilt fit 
b measured by PDV, the typical uncertainty is 1% 
c not measured, uncertainty of 1.5% is given by the powder gun knowledge 
d uncertainty is the linear fit standard deviation 
 
 

3.5. The microwave interferometer technique, 
a route to a continuous measurement of 
the SDT process 

On two experiments, we used a 94 GHz 
microwave interferometer (or radio-interferometer 
RIF) in order to measure the shock front 
displacement continuously inside the HE. This 
method has been extensively described elsewhere 
[34]. In order to obtain the displacement and the 
velocity of the shock wave, we have to know the 
relative dielectric permittivity ε of the studied 
explosive at 94 GHz. We determined it by an 
inverse method, varying the dielectric permittivity 
as a parameter to obtain the same steady detonation 
velocity with the RIF and the piezoelectric pins. 

We obtain a relative dielectric permittivity for 
Comp B: ε94GHz = 3.35, which is consistent with 
the available data at lower frequencies: ε3GHz = 
3.25 [44], ε1-18GHz = 3.48 [45] and ε8-12GHz = 3.292 
[46]. For TNTO, we obtained a lower value for the 
relative dielectric permittivity: ε94GHz = 3.17. The 
comparison between the RIF velocity measurement 
and the shock velocity obtained by fitting the 
piezoelectric pins data is given on Fig. 14. We note 
a really good agreement between those two 
velocity evolutions. It confirms the legitimacy of 
the use of piezoelectric pins and Hill and 
Gustavsen fit to measure x-t trajectories and run-
distances.   
 



 
Figure 14: Comparison between microwave 

interferometer measurement and piezoelectric pins 
data for Comp B and TNTO experiments 

4. MODELING 

The shock-to-detonation transition is modeled 
using a Zeldovich, Von-Neumann, Döring (ZND) 
approach, first proposed by Vieille in 1900 [47] 
and formulated in equations forty years later [48-
51]. In this approach we consider that the 
detonation front consists in an inert shock wave 
initiating chemical reactions transforming the 
unreacted explosives into detonation products. The 
reactive flow is simulated using the reactive Euler 
equations (Eq. 4), where ρ is the density, p the 
pressure, u the particle velocity, E the total energy, 
λ the reaction parameter and R(λ,p,ρ) the reaction 
rate.  
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To completely describe the SDT, we have also to 
choose EOS for unreacted phase and detonation 
products, the modeling of interactions between 
these two phases in the reaction zone and a kinetic 
mechanism. This modeling approach has first been 
proposed by Hubbard and Johnson [52]. In the 
following, we will indicate with a s index the solid 
states and with a g index the gas ones. 
 

4.1.  Unreacted solid phase EOS 

We use a Cochran-Chan (CC) EOS to describe the 
unreacted phase. This EOS proposed by Cochran 
and Chan [53], is written as the sum of an 

attractive and a repulsive potentials. The CC 
coefficients are determined for each HE from the 
unreacted Hugoniot given in the section 3.1 with a 
0 K isotherm reference curve. 
 

4.2.  Detonation gaseous products EOS 

The Jones-Wilkins-Lee (JWL) EOS (see [54] and 
reference therein) is widely used to describe the 
detonation products [7-8, 14, 37]. The isentrope 
reference curve coming from the Chapman-
Jouguet state is fitted on thermochemical 
computations for detonation products. For 
Comp B, we used the available data [15] and 
adapted the detonation velocity to our initial 
density thanks to the data from [44, 55]. As there is 
no available data for TNTO, the JWL EOS has 
been calculated with CHEETAH. 
   

4.3.  Mixing law 

In addition to the two EOS, we need a 
supplementary closure relation describing the 
mixing of the reaction zone. Several approaches 
have been proposed during the past decades, most 
of them based on a mechanical equilibrium 
between the two phases. The most usual is the 
pressure-temperature equilibrium (P-T), notably 
applied in the different Ignition & Growth models 
[56-58]. This hypothesis is not valid at early time 
of the SDT and tends to become right at the end of 
the phenomenon. By 1964, Bernier [59] proposed 
another mixture hypothesis assuming that there is 
no heat transfer between the two phases. At the 
opposite of the pressure-temperature equilibrium, 
this hypothesis can be considered valid at the very 
beginning of the SDT. Then the heat transfer 
radiation from hot gases to unreacted phases 
becomes important. 
 
In 1994, Goutelle and Baudin [60] proposed an 
alternative closure relation (V-T) describing the 
thermodynamic system thanks to the Helmoltz free 
energy ψ. Assuming that vg/vs=1 where v=1/ρ it 
totally describe the system with a temperature 
equilibrium, considering the reaction parameter λ 
as written in Eq. 5. 
 

     
 
More recently, Stewart and Yoo [61] proposed a 
closure relation also based on the mechanical 
equilibrium and where the ratio vg/vs is constant but 
not equal to 1 (they not assume a thermal 
equilibrium). We will further compare the reaction 



rates obtained form (P-T), (V-T), solid phase 
isentropic evolution and Stewart assumptions.  
 

4.4.  Reaction rate law 

Many kinetic mechanisms have been proposed to 
model SDT since 1959. One of the most known is 
the Forest-Fire model [62]. Making several 
assumptions (single curve build-up, partially 
reactive shock wave, (P-T) equilibrium, pressure 
dependant rate law and negligible pressure 
gradients at the shock front) Mader and Forest 
obtain the kinetic rate which can be determined 
only with the Pop-plot results. This model has then 
been enhanced replacing the reactive shock by an 
inert one [63-64], using a no heat transfer model 
[65] or taking into account the pressure gradients 
[66].  
 
One of the drawbacks of the Forest-Fire model is 
that it does not explicitly consider the existence of 
hot-spots. Indeed, in 1952, Bowden and Yoffe [67] 
proposed the formation of hot-spots as preferential 
initiation sites related to the explosive 
heterogeneity, from where the chemical reaction 
grows during the SDT. During the past decades, 
many other models have been proposed to describe 
SDT taking into account the hot-spots, the most 
used being the Ignition and Growth model [56-58]. 
Others approach have been proposed, considering 
the hot-spot temperatures like JTF [68] or with a 
kinetic rate depending on the entropy rather than 
pressure (CREST) [69]. These models have several 
parameters which have to be fitted by many 
experimentations with in-situ  pressure or particle 
velocity measurements. Recent models have been 
developed with limited parameters, which are 
deduced from Pop-plot and velocity-curvature 
relations [70-72].  
 
Our approach is based on Damamme [73-74] and 
Menikoff [71-72] ones. In the reaction zone, the 
HE is supposed to be a mixture of reactants and 
products with a simple chemistry 
reactants�products, with reaction growing from 
hot spots behind the shock wave. With dimensional 
considerations, we can factorize the reaction rate 
law as shown in Eq. 6. 
 

 
 

where N is the number of ignition sites per unit of 
volume, h(α) a function of the product volume 

fraction and Df(P,T) the deflagration velocity 
around hot-spot. Assuming that the pressure has a 
low influence on the flame temperature, we can 
write Df in a usual laminar flame theory form given 
in Eq. 7. 
 

 
 
Considering a unique explosive grain size dm and 
that every grain is an ignition site, the reaction rate 
law can be written as the Eq. 8. 
 

 

 
Based on the Forest-Fire approach with an inert 
shock wave [63-64], we can deduce the Df(P) only 
with the Pop-plot relation. Indeed at the shock 
front ρ/ρs=1 and λ=0. The deflagration velocity 
can be determined from the Eq. 9. 
 

 

 
Moreover, using S index for the shock state, n for 
the propagation front normal velocity and H for the 
Hugoniot state, the shock evolution equation is 
given in Eq. 10, where D is the shock velocity and 
c the sound speed. The thermicity σ and y are 
defined in Eq. 11.   
 

 

 

 

 
Considering a plane shock wave and negligible 
pressure gradient at the shock we can express the λ 
derivative as seen in Eq. 12, with the Pop-plot 
coefficients log(P) = a-b.log(x*) in the single 
curve buildup hypothesis. 
 

 

 



where the value of ρ, P, c, u, D and σ depend on 
chosen EOS and mixing law.  
 
We give the λ time derivative obtained for Comp B 
with the different mixing rules hypothesis in 
Fig. 15. 
 

 
Figure 15: Reaction rate law of Comp B 

We can see that the mixing rule has a great 
influence on the reaction rate law, especially for 
high pressures. We will compare this influence on 
1D and 2D simulations in our future works. 
 
Using the Eq. 9, we can deduce the deflagration 
velocity of RDX grains in Comp B for a unique 
average grain size of 720 µm. The result is 
compared with the velocity obtained for the Los 
Alamos (LANL) one which has an average grain 
size of 100 µm with the data of [10] in Fig. 16.   
 

 
Figure 16: Deflagration velocity of two different 

Comp B for the VT mixing rule 

           
We note a difference between the deflagration 
velocity obtained with our Comp B and the one 

obtained with LANL HE. Our futures works will 
consist in enhancing the grain size description (not 
only an average size) and trying to determine if 
explosives grains can be fractured at the shock 
crossing over. In this case the grain size used to 
calculate the deflagration velocity will not be the 
initial one. Indeed, if we suppose that the larger 
grains are fractured and set a new average grain 
size at 220 µm, we find exactly the same 
deflagration velocities for the two different 
Comp B. In this case, the evolution of the reaction 
rate law could be due to the grain fragmentation 
function of the shock pressure and not only to the 
deflagration velocity variation. Menikoff has 
moreover performed some works showing that the 
HE deflagration velocity is not highly dependent 
on pressure [75].    
 
5. CONCLUSION AND FUTURE WORKS 

We have presented new unreacted Hugoniot and 
shock sensitivity for Comp B and TNTO. 
Verifying the single curve build-up hypothesis, we 
used the Pop-plot relation to calculate reaction rate 
law for Comp B with different mixing rule and 
obtained its deflagration velocity. In our future 
works, we will proceed the same way for Comp B 
and TNTO with new grain size distributions. The 
continuous velocity measurement inside HE thanks 
to the RIF is promising. It will allow to obtain the 
kinetic rate law directly with the shock evolution 
equation.  
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TNT widely used as fusible binder in conventional and insensitive 
munitions 

- High detonation properties 
- Relatively low shock sensitivity 

 
Explosives charges such as RDX or NTO added to obtain melt-cast 

High Explosives (HE) 
 
 
 
 
 
 
 
 
Purposes:  

Find links between micro structure (grain size distribution) and shock 
initiation properties 

Propose a physical model taking into account the HE micro structure 

INTRODUCTION 
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Plate impacts on wedge samples, with 98 mm diameter powder gun 
- Interface pressure measurement with low impedance manganin gauge 
- Shock trajectory measured with piezoelectric pins 

 
 
 
 
 
 
 
 
 
 
 
 
 

Enhanced configuration 
Projectile velocity measurement with Photonic Doppler Velocimeters (PDV) 
12 + 11 piezoelectric pins 
Microwave interferometer (RIF) in situ measurement 
Chirped Fiber Bragg Grating in situ measurement 
 

EXPERIMENTAL SETUP 
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Input pressure measurements and shock polar matching 

EXPERIMENTAL RESULTS, UNREACTED STATE FOR COMP B 

Knowing the Hugoniot relations for 
impactor and buffer plate, determination 
of an Hugoniot state for HE  

Good agreement with previous 
works 

New Rankine Hugoniot relation 
using lower pressure states from 
Lemar et al. 
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Input pressure measurements and shock polar matching 

EXPERIMENTAL RESULTS, UNREACTED STATE FOR TNTO 

Rankine Hugoniot relation
determined with multiphase 
mixture shock relation  

Good agreement between 
experimental results and 
theoretical relation 

 

Knowing the Hugoniot relations for 
impactor and buffer plate, determination 
of an Hugoniot state for HE  



23 AVRIL 2015 |  PAGE 6 EUROPYRO 2015 

Tilt correction 
Error on velocity up to 5% 
 
 
 
 
 
 
 
 
 

 

EXPERIMENTAL RESULTS, SHOCK TRAJECTORIES (x-t) 

Shock trajectory fitting  
 
 
 
 
 
 
Run-distance and time to detonation 
 

Hill, L.G. and Gustavsen, R.L. (2002). On the characterization and 
mechanisms of shock initiation in heterogeneous explosives. Twelfth 
International Detonation Symposium. 975-984. 
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New Pop-plot relations for Comp B and TNTO 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 

EXPERIMENTAL RESULTS, POP-PLOT 

Our Comp B is less sensitive than 
previous work ones  

- Grain size influence 
- Ageing influence ? 

Our TNTO is very less sensitive than 
previous work ones 

- Grain size influence 
- NTO quality influence ? 

 
 
 
 

Comp B 

TNTO 
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Single curve build-up 
x-t trajectories are compared by shifting the origin at the transition to 

detonation point 

EXPERIMENTAL RESULTS, SINGLE CURVE BUILD-UP 

Comp B 

TNTO 

The measured trajectories lie on top of 
each other 

 
x-t trajectories are independent of the 

starting pressure 

Single curve build-up concept used in 
the Forest-Fire model 

 
Construction of a Shock-to-Detonation 

Transition (SDT) model with a similar 
approach 



Simple chemistry: reactants � products 
Zeldovich, Von-Neuman, Döring (ZND) approach 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Reaction growing from grain surfaces 
Pressure has low influence on flame temperature 
Unique explosive mean grain size dm 
Every grain is an initiation site  

- (P-T) 
- Solid phase isentropic 

evolution 
- (V-T) 
- ρs/ρg = constant 
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MODELING 

Reaction zone 

Explosive 
Detonation 
Products 

Inert shock wave initiating 
chemical reaction 

End of reaction 

D Cochran-Chan EOS JWL EOS 

Factorized form 

Damamme, G. (1987). Contribution à la théorie 
hydrodynamique de l’onde de détonation dans les explosifs 
condensés. Thèse d’état présentée à l’université de Poitiers.  

e



Deflagration velocity  
At the shock front 
 
 
Considering the shock evolution equation 
 
 
Assuming the single curve build-up hypothesis and negligible pressure gradient 

behind the shock, we use the Pop-plot relation 
 
 
 

Reaction rate law and deflagration velocity computations 
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MODELING 

Fragmentation ? 



The microwave interferometry 
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CONTINUOUS MEASUREMENT OF THE SDT PROCESS 

Bel’skii, V.M., Mikhailov, V.M., Radionov, A.V. and Sedov, A.A. (2011). Microwave 
Diagnostics of Shock-Wave and Detonation Process. Combustion, Explosion and 
Shock Waves. 47(6), 639-650. 

Direct inversion of the shock evolution 
equation 

 
Gradient modeling 



Chirped Fiber Bragg Grating, an alternative method for not 
 radio-transparent explosives  
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CONTINUOUS MEASUREMENT OF THE SDT PROCESS 
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Y. Barbarin et al. “Optimization of detonation velocity measurements using a Chirped Fiber 
Bragg Grating” Proc. SPIE, Fiber Optic Sensors and Applications XII, 9480-25, (2015) 

Comp B 



We have presented: 
New Hugoniot relations for Comp B and TNTO 
Pop-plot results 
 

After having verify the single curve build-up hypothesis, we have 
proposed a SDT model which takes into account the grain size 

 
We note differences between our Comp B and LANL Comp B  

Ageing influence ? 
Grain fracturation at the shock crossing over ? 
Evolution of industrial process to manufacture Comp B ? 
 

Future works 
Experiments on new Comp B and TNTO grain size distributions 
Development of mixing rule taking into acount thermal exchanges between 

solid and gaseous phases 
Development of inversion method to obtain the kinetic rate law from RIF 

measurements 
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ABSTRACT 

 This paper investigates a simplified numerical 
approach, based on the release of a pressurized 
spherical air volume, to reproduce the main 
characteristics of a blast wave generated by a 
detonation. This approach aims to give an 
alternative to the use of the JWL empirical EOS 
for the detonation products with a TNT equivalent 
when explosive parameters are unknown.  
 The validity of the proposed approach is 
assessed through the comparison of predicted 
overpressure and impulse at different distances 
from explosion with that of stoichiometric 
propane-oxygen explosions. The results are also 
compared to the one obtained with the use of a 
JWL model and a TNT equivalent mass.  

1. INTRODUCTION 

A survey of recent articles which describe 
major accidental explosions highlights the renewed 
attention paid on such major hazards risks. Three 
recent explosions are typical examples: Buncefield 
(United Kingdom) 2005 (HSE [1], Atkinson and 
Cusco 2011[2]), Jaipur (India 2009) (MoPNG [3], 
Sharma et al. [4]) and Bayamon (Puerto Rico) 
2009 (CSB [5]). These three cases present striking 
similarities. They are accidental Vapour Cloud 
Explosions (VCE) which take place in 
petrochemical processing plants. The violent blast 
generated by the ignition of the vapor cloud 
resulted from the spillage of a large amount of 
gasoline. The explosion had devastating 
consequences on surrounding technical buildings 
and off-site infrastructures. Even if the initial 
explosion process was a deflagration, it is now 
admitted that a deflagration to detonation transition 
is the most likely scenario.  

In order to prevent potential losses, a 
prediction of damage resulting from a blast wave 
interacting with an infrastructure need to be 
performed. Due to the important development of 
computer hardware over the last years, it 
becomes possible to perform detailed numerical 
simulations to study the consequences of such 
major accidents. Explicit multi-dynamics codes 
such as AUTODYN, DYTRAN, DYNA3D based 
on the coupling of eulerian and lagrangian solvers, 
are well suited to study blast-structures interactions 
with the support of the modelling of explosions 
and particularly of the detonations. However these 
hydrodynamic codes usually ignore the complex 
chemical reaction and thermodynamic behaviour 
of the reaction products. Full thermo-mechanical 
equations of state (EOS) remain currently too 
expensive in terms of computer processing unit 
(CPU) to be incorporated in multi-dynamics 
solvers. This very fine description is usually 
reserved to purely specialized Computational Fluid 
Dynamics codes such as FLACS, EXSIM or 
AutoReaGas. However the accuracy in the 
description of the blast loading remains a key issue 
to perform a realistic damage evaluation. There are 
several reasons for the limitation of quality of blast 
loading estimations with computational fluid 
dynamics (CFD): 

• Numerical approximations: grid cell size, 
order of accuracy of used algorithms … 

• Approximations in the representations of the 
initial blast environment: most of the 
calculations, avoiding the computationally 
expensive reactive flow description for the 
combustion process, are based on the 



empirical JWL equation of state or on the 
use of a compressed balloon. 

 This paper will focus on the second point, 
i.e. the representation of the initial blast 
environment, when the target can be considered in 
far-field from the source of explosion. As a 
consequence, the detonation phase where the 
explosive material ignites and the burn front 
expands in space and the near field expansion of 
detonation products are neglected. 

2. EQUATION OF STATE 

2.1.  Jones-Wilkins-Lee Equation of State 

 In the hydrocode literature, the main 
approach to simulate the detonation phase is based 
on the steady state detonation model. The release 
of energy due to chemical reaction is supposed to 
occur through a zero-thickness reaction zone and 
to be instantaneous. The detonation is assumed to 
be a discontinuity that propagates at the Chapman-
Jouguet (CJ) celerity through the unreacted 
material which instantaneously release its energy 
and transform into detonating products in 
thermodynamic equilibrium. The most classical 
empirical Equation Of State (EOS) used to 
describe detonation products, is the Jones-Wilkins-
Lee (JWL) formulation (Lee et al. [6]). 

� � � �� � �	
 ���  ����
���

� � �� � �	� ���  ����
��� � ��� (1)

where�����is the current density of detonation 
products and e the specific internal energy. 
This EOS is known to provide a good 
approximation of the adiabatic expansion of 
detonation products. To use this equation, five 
material parameters depending of the explosive are 
needed (��,��,	
�,	��,��). These parameters were 
calculated for many solid explosives (Dobratz and 
Crawford [7]) but for very few gases and, for 
example, are not available for propane/oxygen 
mixture.  

2.2.  TNT Equivalent 

 It is usual in air blast experiments to 
quantify the released energy and/or the effects in 
term of a reference explosive. TNT performs this 
role since it is the best known explosive in term of 
physical properties of the blast wave. Furthermore, 
for many gaseous mixtures, the JWL parameters 

are unknown and it is usual to use an equivalent 
mass of TNT. A single equivalence factor can be 
derived by comparing:

• The energy yield of an explosive with that for 
the same mass of TNT; 

• The effects of an explosive with values 
computed either for peak overpressure or 
positive specific impulse; 

However, these methods can give inaccurate 
results especially for vapour cloud explosions due 
to the disparity between the pressure and impulse 
compared with solid high explosives (Dusenderry 
[8]). Indeed, a calculated TNT equivalent has to be 
computed for each distance and each parameter of 
interest. The TNT equivalence versus scaled 
distance presents a non-linear variation (Swisdak 
[9]), (Dewey [10]). 

2.3.  Ideal gas Equation of state 

Brode [11] was one of the first to use the 
ideal gas approximation to calculate the 
propagation of a shock wave.  � � �� � ���� (2) 
The ratio of specific heats at constant pressure and 
volume, � � �� ��� , is supposed to have  a 
constant 1.4 value. In fact, at very large pressure 
and temperature, the air starts to ionize and 
dissociate so that the ratio of specific heat changes 
(Baker et al [12]). However, if the distance 
between the explosive and the target is sufficiently 
large, a good accuracy is obtained. 

3. BALLOON ANALOGUE 

 The chosen approach to generate a realistic 
blast wave profile is the use of an air compressed 
balloon. Brode [11] introduced the concept of 
compressed balloon with a bursting sphere blast 
solution. The idea of the balloon method is to use a 
region (balloon) with compressed air of initial size 
much bigger than the size of the solid explosive. 
The pressure-time function resulting from a 
compressed balloon can approximately match the 
curve of an air blast wave. The amount of 
compression can be calibrated with the maximum 
pressure or the impulse. Ritzel and Matthews [13] 
showed that any particular detonation could 
ultimately be described by tweaking several non-
physical related parameters. So it must be 
emphasized that in the literature, the balloon 



parameters are chosen in order to reproduce the 
results of an experiment. In this paper we propose 
to define the balloon properties from physical 
evidences so as to be able to predict the 
overpressures in an experiment. 

3.1.  Basic theory of the compressed balloon 

We begin with a brief description of the 
main usual conditions imposed to the compressed 
balloon model when the objective is to fit the blast 
wave generated by the detonation of a TNT charge. 
The authorship of this first approach is attributed to 
Brode [11]. 

� The Equation Of State used in the environment 
(Air at 20˚C) is a perfect gas EOS : �� � �� � ������ (3)

With  �� = 101325 Pa, �� = 1.204 kg.m−3, ��������� = 210392 J.kg−1 and � = 1.4.  

� The EOS used inside the balloon is also a 
perfect gas EOS : � � �� � ��� � (4)

With � = 1.4 in spite of the extreme conditions 
in the balloon. 

� The main constraint is that the compressed 
balloon must release as much energy as the 
detonation of the solid TNT in an ideal 
detonation.  
� The energy !"#" released by a mass $"#"

of TNT is calculated, using the chemical 
energy available per unit mass �%&"#", by : ��������������������!"#" � ��%&"#"$"#" (5)

with���%&"#" � '()�*J.kg−1 (Dobratz and 
Crawford [7]). It should be noticed that even 
for the reference high explosive that is TNT, 
the available values differ. Others often used 
values are: �%&"#" � '(+*J.kg−1 (Kinney 
and Grahams [14]) and �%&"#" �'(,*J.kg−1 (Baker et al [12]). 

� The energy release !  by a balloon which 
has a -  meters radius is calculated by: 

��������������! � ').- / 0 �� � � ����� (6)

� As a consequence, the energetic 
equivalence requires: 

�������������������') .- / 0 � � ���� � �� � �%&"#"$"#" (7)

  In other words, the energy which can be 
released is the one required to raise the pressure in 
an isochoric manner from�����12�� .  

Three parameters,��� ,�� ��and either��- ��or � �345678�9:�;73<=4>5���)��, are unknown and 
need to be chosen to close the problem and create 
the balloon adequate to the TNT charge. It must be 
emphasized that there is no requirement for the 
volume of the balloon, ? � @/ .- /, to be equal to 
the TNT charge volume. 

3.2.  Numerical implementation of the 
compressed balloon 

Actually, having -  and��  is not enough. 
Every numerical code needs to have its 
environment defined by the velocity�A, the 
density���, the pressure��� and the internal specific 
energy���. Therefore: 

� ��, A�, ��, ��, A  are known (A� = A  = 0) 

� �  (linked to - ),��  and �  have to be chosen 
or calculated.  

Several methods to determine these three 
parameters were explored, in order to find the most 
representative one. In these comparisons, in order 
to avoid a bias due to mesh sensitivity, the balloon 
pressure, hence the radius, are fixed. The first 
approaches studied were the most intuitive ones: 

� A compressed balloon resulting from an 
isothermal compression at ambient 
temperature. In this case: ����������� � �� (8)

And  

����������� � � �� �� (9)

� A compressed balloon resulting from an 
isentropic compression with a ratio of specific 
heats set to that for air (� � �B' ). With this 
hypothesis: 

������ � �� �� � �� � ����� C� � ���� 
DE�D F (10) 

And  

����������� � � �� � ����� (11)



This approach is, in fact, equivalent to that of 
Larcher and Casadei [15] except they adjust �
to 2. 

� A compressed balloon resulting from an 
isochoric compression in which the specific 
energy is set to that of TNT: 

������ � �"#" (12) 
And  ����������� � � �� � ����� (13)

The second approach studied was to set 
some parameters to the Chapman-Jouguet state 
(Catlin et al [16]). Three different combinations are 
analyzed: 

� � � �GH and � � �"#"
� � � �GH and � � �"#" (equivalent to an 

isochoric balloon with � � �GH) 
� � � �"#" and � � �"#"

These seven balloons were compared to 
the traditional ideal detonation model for explosive 
shock wave (for example called "solid detonation" 
on AUTODYN [17]). It consists of the creation of 
a region of TNT which radius depends on the 
mass, a JWL equation of state for the TNT and a 
detonation point. This method is reported to be 
accurate (close to the experimental) for the study 
of the free-field detonation by Chapman et al [18].  

4. RESULTS 

4.1.  Comparison of compressed balloon 
models for TNT 

The example chosen consists in the 
detonation of 1. kg of TNT with a centered 
initiation. The overpressures generated by the 
seven balloons are compared to that of the 
traditional ideal detonation simulation with a JWL 
EOS for TNT used as a reference. 

Figure 1 to Figure 4 present the shock 
pressure profile for the most intuitive compressed 
balloons at��I � J�$B KL�
M/: isotherm, isentropic 
and isochoric.  

Figure 1. Comparison between an ideal detonation 
and an isothermal CB 

Figure 2. Comparison between an ideal detonation 
and an isentropic CB 

Figure 3. Comparison between an ideal detonation 
and a fitted isentropic CB 



Figure 4. Comparison between an ideal detonation 
and an isochoric CB 

In all configurations the general shape of a 
blast wave profile is observed. In all situations, the 
time of arrival is greater than the reference one. 
The isotherm balloon generates the worst results 
with a lower peak overpressure and a very long 
positive phase duration. The isentropic balloon 
gives better results even if a lower overpressure 
and a greater impulse are still observed. A change 
in � allows to better adjust both time of arrival and 
location of the secondary shock giving the best 
results (Figure 3). As a conclusion on Figure 5, 
Figure 6 and Figure 7, isochoric and modified 
isentropic balloons provide quite satisfactory 
results except for the arrival time of the second 
shock. One can also notice that in far field, the 
delay in time of arrival remains constant. 

Figure 5.Comparison of the overpressure between 
the simple models 

Figure 6.Comparison of the impulse between the 
simple models 

Figure 7.Comparison of the time of arrival 
between the simple models 

The three last alternative approaches give very 
good results (except the one with imposed 
Chapman-Jouguet overpressure and density) for 
the overpressure impulse and time of arrival. 
Among these methods (Figure 8, Figure 9 and 
Figure 10), the most accurate, with the best 
description of the secondary choc, is to fix the 
specific internal energy NO and the density of the 
balloon PO as the one of the explosive.



Figure 8.Density of PCJ fixed 

Figure 9.Specific energy and PCJ fixed 

Figure 10. Density and specific energy fixed  

Except for one of the models, there is 
almost no differences between the compressed 
balloons and the ideal detonation model (Figure 
11, Figure 12, Figure 13). These differences are 
quantified in the table Figure 14. 

Figure 11. Comparison of the overpressure 
between the complex models 

Figure 12. Comparison of the impulse between the 
complex models  

Figure 13. Comparison of the time of arrival 
between the complex models  



Figure 14. Relative deviation at z = 2 m.kg-1/3  

4.2.Experimental pressure signal prediction 

It has been deduced from comparisons 
between compressed balloons and a reference 
numerical solution that the most accurate 
formulation to reproduce the shockwave generated 
by the detonation of TNT, is a balloon with a fixed 
specific energy and density. The next step is to 
check the ability of the proposed approach to 
predict the blast wave generated by a gaseous 
detonation. The reference experiment consists in 
the detonation of a stoichiometric propane/oxygen 
mixture.  

The density of the balloon will be the same 
as the mixture i.e.:  

�G/QR � �*	S � �BT))�KLB$�/
��� � �*	S � �B))U�KLB$�/

And because of the stoichiometric proportions: 

�%VWXYZ[ � �\�G/QR � ,\��� � �B'�'�KLB$�/
Also, knowing that: 

��]^ � _`a_���\	S� � �%VWXYZ[��%VWXYZ[�
(With `a ���JU''Kb $2c� � being the enthalpy 
of reaction of combustion, R the perfect gas 
constant) 

We obtain: 

�%VWXYZ[��Jd)e� � �U�U�'��''��bB KL�

More information regarding propane/oxygen 
mixture and the type of experiment used can be 
found in Duong et al [19]. 

 Numerical pressure signals were compared 
with experimental ones. This comparison can be 
split into 2 parts: close range and far range.
Globally, calculations show very good 
agreement with experimental results, 
especially after five times the diameter of the 
charge (Figure 15 and Figure 16) 

Figure 15. Comparison between experimental and 
numerical overpressure, close range

In very close range, the compressed 
balloon tends to overestimate the shock wave 
parameters. That's why it is considered to be 
inefficient next to the charge and another 
solution should be considered. 

Figure 16. Comparison between experimental and 
numerical overpressure, far range 

ΔΔP+

(mbar)
I+

(mbar.ms)
ta

(ms) 
Ideal detonation model 1721,16 747,09 2,02
Isotherm 1051,90 1024,76 2,99
Relative deviation (%) 38,88 -37,17 -48,17
Isentropic 1597,40 863,03 2,42
Relative deviation (%) 7,19 -15,52 -19,92
Isentropic Larcher 1704,80 756,19 2,15
Relative deviation (%) 0,95 -1,22 -6,54

Isochore 1648,40 695,4 2,05
Relative deviation (%) 4,23 6,92 -1,59

Density/Pressure 1420,90 741,57 1,97
Relative deviation (%) 17,45 0,74 2,38

Specific energy/Pressure 1741,70 728,78 1,94
Relative deviation (%) -1,19 2,45 3,87
Density/Specific energy 1730,90 725,08 1,95
Relative deviation (%) -0,57 2,95 3,37



Differences between numerical and 
experimental data are computed for several 
energetic scaled distances and reported in Table 1.   

Table 1. Difference between experiment and 
compressed balloon simulation 

These very good values are compared with 
those of the traditional TNT equivalent method in 
the next paragraph. 

Based on Trelat’s work (Trelat et al [20]), we 
computed an average TNT equivalent for our given 
experiment. The equations are then: !fgh � JB),!"#"!"#" � $"#"�"#"

!fgh � ').- /�%VWXYZ[�
The detonation of a 3 cm radii hemispheric 
stoichiometric propane/oxygen mixture is in 
average equivalent to the detonation of 0.08g of 
TNT. A new simulation using JWL Equation Of 
State was performed and compared to both our 
experiment and the proposed compressed balloon. 
The maximum overpressures, minimum 
underpressures, the time of arrival, impulses, and 
positive phase duration are compared at different 
energetic scaled distances in Table 1 and Table 2.  

Table 2. Difference between experiment and TNT 
equivalent simulation

A comparison of Table 1 and Table 2
shows that the main difference existing between 
the “JWL + TNT equivalent” approach and the 
compressed balloon model is the impulse. This can 

be explained by the more accurate shockwave 
speed for the compressed balloon, hence a better 
positive phase duration and a good positioning of 
the second shock on the profile. This result is of a 
prime importance since it was noted that the couple 
of parameters Impulse/Positive phase duration is 
more important to describe loadings and damages 
than Overpressure/Positive phase duration (Duong 
et al [21]).  

5. CONCLUSION 

A simple methodology to define the 
parameters of a compressed balloon has been 
described. With such an approach, the propagation 
of a blast wave can be reproduced with a better 
accuracy than the TNT equivalent method in many 
practical cases when the JWL parameters are 
unknown. In particular, the position of the second 
shock is better predicted which could lead in better 
representation during the study of the reflection of 
the shock wave, especially when multiple 
reflections occurs.  

 The ability to reproduce a blast wave 
impacting a building, and to determine correct 
reflection coefficients has already been established 
(Blanc et al [22]).  
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Controlled and monitored shock experiments are usually performed on HE explosives to 
study and identify the Shock to Detonation Transition (SDT) process on several impact 
configurations: low and high pressure range, sustained and unsustained durations, multi-
shocks. In this paper, we are interested in low amplitude single and double shock initiation 
experiments to obtain pressure history data and then identify or validate the parameters of the 
reactive flow models. These experiments are performed on TATB based composition using a 
single stage powder gun ARES with a 98 mm diameter. For double shock experiments, the 
duration of the first shock is sustained more than 1.5 µs by increasing the diameter of the HE 
target. A new configuration is also tested on the double shock set-up with inverse particle 
velocity on the second shock, based on a back reflection instead of a double impactor. 50 
ohms Manganin gauges are used at 10 mm depth to register the variation of resistance versus 
pressure. Precise recalibrations of two resistive bridges and of the piezo-resistive coefficient 
allow us to understand and determine the uncertainty on the pressure measurements. 93.7 
GHz Radio-interferometer and laser heterodyne techniques are performed at the back of the 
sample, respectively for the shock velocities inside the HE target and for the interface 
velocities. These experimental results are of course correlated with the numerical simulations 
associated with a new reactive flow model, based on hot spots numbers and able to capture 
and reproduce a low amplitude threshold.  
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ABSTRACT 

In this paper, we are interested in low amplitude 
single, double and reflected shock initiation 
experiments under 7 GPa on a TATB composition 
for safety purposes. 50 ohms manganin gauges are 
used at 10 mm depth within the HE sample, 93.7 
GHz radio-interferometer and laser heterodyne 
techniques are also performed at the back of the 
sample. The pressure measurement uncertainties 
have been estimated based on calibration tests. 
These experimental results are correlated with the 
numerical simulations performed with the 
lagrangian version of the hydrodynamic code 
Hesione in which a burn rate depending on an 
explicit hot spot model is included.  

1. INTRODUCTION 

Controlled and monitored shock experiments are 
usually performed on HE to study and identify the 
Shock to Detonation Transition (SDT) process on 
several impact configurations: low and high 
pressure range, sustained and unsustained 
durations, multi-shocks. Low amplitude single and 
double shock experiments under 7 GPa are not 
numerous for TATB based compositions, because 
the observed reactivity is very slow and the run-
distance is quite high and difficult to set-up [1-15]. 
For a single shock configuration on a 97 % TATB 
composition, the reactive threshold had been 
observed between 4 and 6 GPa for 3 µs duration 
[1,2]. For a double shock set-up, no reaction had 
been observed at 3.7 GPa during 1.4 µs and 9 GPa 
during 2 µs [2]. Reflected shock experiments on 
LX17 did not show any initiation threshold for the 
first shock respectively at 4.4 GPa during 4.5 µs 
and 6.8 GPa during 4 µs and the second shock at 
6.7 and 14 GPa with an Al and Cu reflector disc 
[3]. The reactive threshold was observed for the 
first shock at 7.2 GPa during 4 µs and a second 
shock at        14 GPa with an Al disc, which is also 
the limit for dead pressing LX17. In this paper, we
have performed shock experiments under 7 GPa in 

order to improve our knowledge on the low 
pressure rate increase within the HE sample. We 
are focused on a shock duration, as long as 
possible in one dimensional condition. For low 
amplitude double shock initiation experiments, the 
first shock should last more than 1.5 µs. The 
chosen configurations are presented. The 
experimental data are then compared with SDT 
modeling results and future work is outlined. 

2. EXPERIMENTAL SET-UP 

Manganin gauge calibration tests and shock 
initiation experiments on a TATB based 
composition are performed using a single stage gas 
gun DEIMOS and a single stage powder gun 
ARES with a 98 mm diameter.  
The inert calibration set-up (CAL) uses a 50 mm in 
diameter and 7 mm thick copper flyer with impact 
velocities from 120 to 1200 m/s and a teflon target 
with the same dimensions. An encapsulated 20 µm 
thick manganin foil piezoresistive gauge is placed 
within the target, 2 mm from the impact surface. 
The shock initiation experiments (SGL) are based 
on 85 mm in diameter and 15 mm thick copper 
flyer with impact velocities from 600 to 1400 m/s, 
a 4 mm thick copper buffer plate and a 85 mm in 
diameter and 30 mm thick HE sample. Two 
manganin gauges are placed within the HE, 10 mm 
from the buffer plate. Radar and laser 
interferometry are also performed at the back of 
the sample. 
Double shock experiments (DBL) are also 
performed. The first configuration has a 
respectively 10 mm thick and 6 mm thick VISTAL 
alumina/Kel-F flyer and the same instrumented HE 
target without the buffer plate. The second 
configuration has a single copper flyer and a buffer 
plate, similar to the single shock configuration. 
The 20 mm thick HE target is backed by a 20 mm 
thick copper plate and instrumented with the same 
diagnostics at the same position as the single shock 
set-up. This set-up is also called the reflected 



shock experiment. The inert estimated pressure 
calculations have been performed first with 
Hugoniot data. The shock conditions are listed in 
table 1. The standard deviation of the impact 
velocities are given from the linear fit of the 
contact pins data. It is possible to improve these 
values, by minimizing both the tilt and the impact 
velocity and/or by the flyer laser heterodyne 
velocity measurements. The pressure standard 
deviation is then calculated with Godlag 
Hydrocode. The influence of the Hugoniot data for 
inert and HE samples, for example the density, the 
sound velocity and the shock velocity errors, has 
been also tested. At the end, the main parameter is 
of course the impact velocity error. 

50 ohms or low impedance (tens of mohms) 
manganin gauges are often used within the target 
to register the variation of the electrical resistance 
with pressure. This piezoresistive technique is 
operational for decades [1, 2, 3, 6, 10, 13]. The 
piezoresistive coefficients for 50 ohms gauges are 
presented fig. 1 [16, 17, 18].  
In this study, two different ¼ resistive bridges 
conditioners are used for 50 ohms manganin 
gauges with a different constant voltage power 
supply (20 - 80 V).  
The uncertainties of the resistive bridge 
calibrations and of the piezoresistive coefficients
are taken into account respectively with the 
controlled ohmmeter and oscilloscope uncertainties 
and with the shock conditions.  

The microwave radio-interferometry has been 
developed over the years to measure continuous 
shock and transient processes inside the 
radiotransparent HE sample [19 - 29]. In this 
paper, we have tested a 93.7 GHz mm wave set-up. 
A relative permittivity of 4.55 has been evaluated 
on the lowest single shock experiment conditions 
associated with the inert Hugoniot calculations. 
This value has been applied to the other signal 
analysis. This value is very close to the one found 
near and below 13.3 GHz [25, 28 - 30]. 

3. EXPERIMENTAL RESULTS 

The manganin calibration, the single and double 
shock experimental results are presented here. 

3.1.Manganin calibration  

Shock calibration experiments have been 
performed to verify the piezoresistive coefficient. 
The results are summarized fig. 1. The observed 

difference could be associated with the electrical 
set-up conditions and the type of manganin 
(proportion of copper, nickel and manganese).  

The pressure versus time for the CAL066 is 
presented fig.2. The flat response of the gauge does 
not show any thermal influence of the set-up in the 
teflon target. The experimental pressure is obtained 
here with the ref. 16 piezoresistive coefficient, and 
is equal to 51.08 ±4.9 kbars (k=2), which is 9.6 %.

3.2.Shock initiation experiments 

The single shock initiation experiments are 
presented fig. 3 to 5. The two resistive gauges for a 
given shock show the good reproducibility of this 
technique, even if the sets of electrical and 
physical calibrations are different. The uncertainty 
is quite high around 9 %, with a careful 
identification of the error contributions based on 
the chosen ohmmeter and oscilloscopes. The main 
parameter is indeed the piezoresistive coefficient 
error.  

Even for the lowest shock experiment, a pressure 
rate has been characterized. A good reproducibility 
is obtained for these increasing rates, obtained with 
different conditioners and gauges for a given 
shock. The very slight slope difference remains 
unexpected for the shot SGL023, probably due to 
the electrical or the assembly set-up. 
The microwave interferometry shock velocities 
inside the HE sample are presented fig.6. 

3.3.Double shock initiation experiments 

The double and reflected shock experiments are 
presented respectively fig.7 and 8.  
For the DBL070, an increase is visible during the 
first 500 ns followed by a flat. A low pressure rate 
increase is observed after the double shock. 
For the DBL075, a similar behaviour during the 
first shock is observed as the shot SGL024. The 
second shock was difficult to measure with 
accuracy, probably due to particle velocity 
conditions through the reflected shock: a gauge has 
been certainly broken, and the other one has a 
lower level than expected. 



Table 1. Shock experiments 
Shots Vi(m/s) Tilt 

(mrad) 
Inert P 

calc.(GPa) 
CAL061 1185.1±15.5 3.9 7.35±0.13 
CAL066 879.1±23.5 4.2 4.82±0.19 
SGL019 1034.5±13 2.5 6.67±0.12 
SGL023 847.9±25.9 3 5.06±0.21 
SGL024 798.7±14.7 2.8 4.67±0.12 
DBL070 1386.2±32.6 4.2 4.8±0.16 

/ 9.8±0.34 
DBL075 815.1±33.1 3.7 4.98±0.09 

/ 10.56±0.6 

Figure 1. 50 ohms manganin piezoresistive 
calibrations 

Figure 2. CAL066 calibration experiment 

Figure 3. SGL024 shock initiation experiment 

Figure 4. SGL023 shock initiation experiment 

Figure 5. SGL019 shock initiation experiment 



Figure 6. shock velocity measurements with the 
93.7 GHz radio-interferometer 

Figure 7. DBL070 shock initiation experiment 

Figure 8. DBL075 shock initiation experiment 

4. EXPERIMENTAL-MODELING 
COMPARISON  

The modeling efforts are presented in this part. The 
developed SDT model is based on a burn rate (Eq. 
1-2) that depends on two macroscopic variables: 
the pressure of the leading shock (pshock) and the 

product mass fraction (λ) and on a microscopic 
variable : the number of reaction sites (NRS) 
produced in the flow. 
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The function of the reaction progress variable G(λ) 
is very similar to that in the Surf Model [32-33]. 
The burn rate variable (NRS) is deduced by 
computing the viscoplastic collapse of spherical 
pores [1-2]. In our hydrocode calculations, eight 
pore radii have been considered, ranging from 40 
nm to 0.63 μm. Depending of the pressure (P) in 
the flow, chemical reactions start around the 
largest pores. The smallest radius of these pores 
that support chemical reactions is used to calculate 
the effective number of reaction sites (NRS). 
Furthermore, the parameters (m, N, A, B) of the 
burn rate have been calibrated to reproduce the 
measured pressure or particle velocity profiles and 
the run distance to detonation [31]. 

This SDT model is completed with the equation of 
state developed by Westcott et al. (WSD) [34] for 
the unreacted explosive and its detonation 
products. In all the one dimensional lagrangian 
calculations, a constant mesh size of 20 μm for the 
explosive has been used. 

The experimental – modelling comparison is 
presented fig. 3 to 5 for the single shocks, and fig.7 
and 8 for the double shocks. The model is able to 
reproduce the low pressure rate behaviour for low 
amplitude single shock experiments. The double 
shock is also reproduced with a good accuracy, 
despite a base line shift for DBL070 and a second 
shock discrepancy for DBL075, probably due to 
the reflected flow. 

The shock velocity of 3970 and 4320 m/s are 
calculated respectively for the impact velocity 
conditions of the shots SGL023 and 019. The 
discrepancy is quite low with the experimental data 
presented fig. 6, respectively 1.6 and 1.7 %. The 
shock velocity seems constant for these input 
pressures. 

5. CONCLUSION 

Single, double and reflected shock initiation 
experiments on a TATB composition have been 
performed under 7 GPa. 50 ohms manganin gauges 
are used at 10 mm depth within the HE sample, 
and the pressure measurements uncertainties have 



been estimated based on calibration tests. The 
numerical simulations performed with a reactive 
burn model based on an explicit viscoplastic pore 
collapse model reproduce with a good agreement 
the low reactive rates obtained with the 50 ohms 
manganin pressure time histories and the shock 
velocities measured with the 93.7 GHz radio-
interferometer.  
Work is ongoing to compare the calculations with 
laser heterodyne measurements at the back of the 
HE sample and to complete the piezoresistive 
coefficient calibration experiments. The same 
double shock experiment will be performed with 
electromagnetic velocity gauges in order to 
compare the in-situ measurements. 
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 Abstract 
 
 

 In the last decades, aqueous foams have been studied for their abilities to protect from blasts. To 
understand and to predict this protection, experiments of blast wave propagation (explosive 
detonation) in aqueous foams have been carried out recently. In order to explore more particularly the 
detonation conditions, we ignited HE hemispheres from 3 g to 120 g and placed, in some cases, an air 
exclusion volume to enhance post-combustion. Time-pressure histories have been recorded for each 
shot with a total of 23 incident or reflected pressure gauges to cover scaled distances from 0.2 m.kg-1/3 
to 5 m.kg-1/3. Attenuation is explored through comparison of peak overpressures, arrival times and 
positive impulses in aqueous foam and in air. Therefore, we are able to assess of the validity or not of 
the Hopkinson-Cranz scaling laws in the foam for each of these parameters. Then, by comparing shots 
in air and in foam, we observe and quantify the mitigation the foam provides on each one of them. A 
numerical code has been developed during the past years in which the multiphase formalism is used to 
model the interactions of the liquid phase with the gaseous phase, as well as the interaction of the 
detonation products with the two-phase medium. The calculations reproduce with a good accuracy the 
experimental results. 
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Abstract

Over the last decades, aqueous foams have been
studied for their ability to protect from blasts. To
understand and to predict this protection, experi-
ments of blast wave propagation from explosive det-
onation in aqueous foams have been carried out re-
cently. In order to explore more particularly the det-
onation conditions, we ignited High Explosive (HE)
hemispheres from 3 g to 120 g and placed in some
cases, a foam exclusion zone over the HE to enhance
post-combustion phenomena. Time-pressure histo-
ries have been recorded for each shot with a total
of 23 incident or reflected pressure gauges to cover
scaled distances from 0.2 m.kg−1/3 to 5 m.kg−1/3.
Mitigation is characterized through the comparison
of peak overpressures, arrival times and positive im-
pulses in aqueous foam and in air. Therefore, we are
able to assess whether the Hopkinson-Cranz scal-
ing laws are valid or not in the foam for each of
these parameters. Then, by comparing shots in air
and in foam, we observe and quantify the mitigation
the foam provides on each of the aforementioned pa-
rameters.

1. Introduction

Aqueous foams possess the particular ability to miti-
gate blast effects. Numerous studies have been con-
ducted during the last decades (see [1] for a gen-
eral review). Aqueous foam is a cellular two phase
medium made of a liquid phase which is a mixture
of water and surfactant and a gaseous phase which
is air in most cases. Foam is described mainly by its
expansion ratio (ER) which is the ratio between the
volume of the foam and the volume of liquid within
it. If ER is less than 20, foam is qualified as wet;
if ER is greater than 20 it is dry. Another impor-

tant property of foam is the size of the liquid cells
enclosing the gas. Made of thin films joining into
liquid segments, their diameter ranges from 0.1 to
1 mm.
To understand and to predict the process of blast mit-
igation, we have recently carried out experiments of
blast wave propagation generated by High Explosive
(HE) detonation in aqueous foams.
Section 2 describes the experimental campaign and
its set-up. Section 3 presents the experimental re-
sults where the comparison with tests in air will en-
able us to draw conclusions on mitigation perfor-
mances in Section 4.

2. Experimental campaign description

2.1. Objectives

The main objective of this campaign was to com-
plete our experimental database about HE detona-
tion confinement by aqueous foams. Indeed, ear-
lier experiments have been led in order to quantify
the influence of the foam characteristics on the blast
mitigation, such as its expansion ratio or its mak-
ing process [2]. Therefore, this new campaign has
been designed to study the influence of the HE det-
onation source characteristics. To achieve this goal,
several masses of HE have been used: 3 g, 14 g, 70 g
and 120 g. A foam exclusion volume has also been
placed over the charge in some cases to study the
possible influence of post-combustion effects. The
use of different masses allows us to obtain results
on a wide range of scaled distances. We recall the
definition of scaled distance R in Eq. (1).

R =
d

M
1

3

(1)

1



with d the distance from the center of the charge and
M the TNT equivalent mass of the charge.

2.2. Description of the experimental set-up

This campaign as been performed on one of the ex-
perimental test sites of the CEA Gramat. The ex-
perimental set-up, illustrated in Fig. 1, consists of a
metallic plate facing an instrumented concrete block
sided by two Plexiglas panels. A 4 m3 rectangu-
lar tank is thus formed and can be filled with foam.
These experiments have been led with hemispheri-
cal charges of FORMEX R©, a high explosive com-
posed of 89 % of PETN and 11 % of inert rub-
ber. The charge is glued on the metallic plate. This
plate is also instrumented with three rows of pres-
sure gauges. In the whole set-up, a total of 23 pres-
sure gauges are placed: 20 of them measure in-
cident overpressures and 3 measure reflected over-
pressures. The incident pressure gauges are dis-
posed on the plate as follows: 7 are on each side
of the charge (Pi1 to Pi7 and Pi8 to Pi14) and 4 are
under the charge (Pi15 to Pi18). The Pi19 is within
the tank between the plate and the instrumented con-
crete block and the Pi20 is outside the foam, over the
tank. The 3 reflected pressure gauges are placed in
front of the charge within the concrete block wall.
This experimental configuration allows us to obtain
2 or 3 measurements at each given distance from the
charge. This gives us some insight into the disper-
sion of our experimental data set. For example, the
Pi19, the Pi6 and the Pi13 are at the same distance
from the charge. This will also guaranty that there
is no boundary effect coming from the vertical plate.
The Pi20 gauge is outside the foam and helps us to
understand and verify the transmission of the blast
at the foam/air interface. A high-speed camera is
also placed on the side of the enclosure to record the
propagation of the blast wave in the foam along the
Plexiglas panel.
The tank is filled with foam of ER 60 or 120. For
each mass of HE, a shot in air has been carried out
as a reference.
In some cases, the charges were covered with a thin
metallic structure wrapped with plastic film in or-
der to create an exclusion volume of air around the
charge. Two structures of 300 mm and 500 mm in
diameter have been tested for two HE masses of 14 g
and 70 g.
It has been shown in [3] that, in air and in this con-
figuration, a hemispherical charge of FORMEX R© is

considered to be equivalent in pressure effects to a
TNT spherical charge of 2 times its mass. We will
see that this assumption is also true in the foam con-
finement.

Figure 1: Experimental set-up. Side view of the
rectangular tank on the top and front view of the

instrumented plate on the bottom.

3. Results and discussion

The overpressure profiles obtained during this cam-
paign allowed us to observe and compare several cri-
teria to assess the efficiency of the foam. The first
step has been to verify the validity of the scaling
laws in order to compare our results. Then, we dis-
cuss the value of several blast parameters in air and
in foam. Finally, we studied the influence of some
parameters as the expansion ratio or the presence of
air close to the charge.
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3.1. Scaling laws validity

The first point we were able to verify in this cam-
paign is the validity of the Hopkinson-Cranz scaling
laws [4] [5] for blast waves in foam . This notion has
been developed in air but may be unverified in other
media. These laws can be a reliable tool in order to
compare experiments between them.
Fig. 2 and Fig. 3 represent the peak overpressure
and the scaled arrival time, respectively, as functions
of scaled distance for detonations in air. The scaled
arrival time tra is defined as follows:

tra =
ta

M
1

3

(2)

with ta the arrival time of the blast wave and M the
TNT equivalent mass of the explosive charge. Our
experiments conducted in air with 4 HE masses have
been compared to the UFC 3-340-02 predictions [6].
We can easily see that the overall overpressures and
scaled arrival times measured for the different HE
masses produce a remarkable continuous line as a
function of scaled distance.
The same analysis has been conducted on the trials
in foam. Fig. 4 and Fig. 5 represent the peak over-
pressure and the scaled arrival time, respectively,
as functions of scaled distance for detonations in
foam. Our experiments conducted in foam with 4
HE masses have been compared to the Sandia Lab-
oratories data [7]. We can see again that the overall
overpressures and scaled arrival times for each mass
show also a remarkable continuous line as a function
of scaled distance.
The displayed results allow us to validate the use of
scaled parameters for detonation in foam. The use of
the scaled distance is relevant as far as we are con-
cerned with scaled arrival time and peak overpres-
sure. The same study has been conducted for the
scaled positive phase duration and the scaled pos-
itive impulse, which are scalable in air. However,
even if the positive phase duration seems also scal-
able in the foam, as we will see in the next para-
graph, the positive impulse does not seem to comply
with the same scaling laws.

3.2. Comparison of blast wave in air and in
foam

With the validation of the scaling laws, we can now
compare the experiences conducted in air with those
carried out in foam. This allows us to observe the

influence of the foam on the different criteria used
to evaluate the effects of a detonation.
The peak overpressure is the major parameter to
evaluate the blast mitigation. Fig. 6 gathers the re-
sults of Fig. 2 and Fig. 4 on a same graph. We
can then, easily notice the clear difference between
the peak overpressure obtained in air and the one ob-
tained in foam. At first, close to the charge, the peak
overpressure in aqueous foam is similar to the one in
air. Considering that foam is a medium with a higher
acoustic impedance than air, therefore that better
couples with the high impedance detonation prod-
ucts, we could even expect the peak overpressure
to be higher. Nonetheless, farther away from the
charge, the two-phase medium enhances the peak
overpressure decrease. The overpressure decrease
rate is higher in the aqueous foam than in air. By
that phenomenon, we obtain a mitigation of the max-
imum overpressure, which reaches a factor of 10 at
a scaled distance of 1 m.kg−1/3 and which increases
further away from the charge. This is explained by
the fact that the shock front of the blast wave is
slowed down in the foam and that the rarefaction
waves following the shock attenuate it faster in foam
than in air. Indeed, the main difference between the
air and the foam is their respective sound speed. For
a two-phase medium, it is estimated by the Wood
sound speed cW , [8] which is defined as follows:

1

ρfc
2

W

=
αL

ρLc
2

L

+
αG

ρGc
2

G

(3)

with ρ, c and α the density, the sound speed and the
volume fraction, respectively and the subscripts L,
G and f for the liquid phase, the gaseous phase and
the foam, respectively.
According to Eq. 3, the sound speed is much lower
in foam than in air. This difference explains what we
observe in Fig. 7 which gathers the results of Fig. 3
and Fig. 5 on a same graph. The arrival time of the
blast wave in air is significantly lower than in foam.
Indeed, the sound speeds difference leads to a faster
slowing down of the blast wave in foam than in air.
The Fig. 8 highlights the difference between the
scaled positive duration in air and in foam. The
scaled positive phase duration trd is defined as fol-
lows:

trd =
td

M
1

3

(4)

with td the positive phase duration of the blast wave
and M the TNT equivalent mass of the explosive
charge.
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Figure 2: Peak overpressure in air for the 4 HE masses compared to the UFC 3-340-02 curve [6]

Figure 3: Scaled arrival time in air for the 4 HE masses compared to the UFC 3-340-02 curve [6]
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Figure 4: Peak overpressure in foam for the 4 HE masses compared to the Sandia curves [7]

Figure 5: Scaled arrival time in foam for the 4 HE masses compared to the Sandia curves [7]
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Figure 6: Peak overpressure in air and in foam for the 4 HE masses compared to the UFC 3-340-02 [6] and
the Sandia curves [7]

Figure 7: Scaled arrival time in air and in foam for the 4 HE masses compared to the UFC 3-340-02 [6] and
the Sandia curves [7]
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Figure 8: Scaled positive phase duration in air and in foam

Figure 9: Positive impulse in air and in foam for the 14 g HE hemisphere
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We can observe that the positive phase duration in
the foam is longer than in the air. We can there-
fore deduce that the rarefaction waves tail is slowed
down more in air than in foam and, comparatively,
more than the shock wave. This observation does
not benefit to the structure protection because the
longer a pressure load is applied, the more signifi-
cant is the damage caused. To be sure that the in-
crease of the positive phase duration does not com-
pensate the reduction of the peak overpressure, we
must observe the positive impulse.
Positive impulse is indeed a decisive criterion to
evaluate the effects of a blast wave. It is particu-
larly effective on solid structures because it simul-
taneously takes into account the overpressure level
and the time it is maintained. As said above, the
scaling of positive impulse does not seem relevant.
Nonetheless, the influence of the foam on this pa-
rameter can be evaluated by comparing the results of
the detonations in air with those in foam for a given
HE mass. We present in Fig. 9 the comparison of
the positive impulse for a 14 g hemisphere charge
detonated in air and in foam.
The comparisons for each mass underline a com-
mon pattern: close to the charge, the positive im-
pulse is higher in foam than in air but away from
the charge the trend is reversed. This change occurs
around 0.7∼0.8 m.kg−1/3. The positive impulse at
1 m.kg−1/3 is then approximately twice as small in
foam as in air.
We can therefore conclude that the confinement of a
detonation by aqueous foam allows to reduce all its
effects.

3.3. Complementary results

The campaign has also brought some complemen-
tary results. First, we studied the influence of the
expansion ratio. Many results from past experiments
led to the conclusion that the lower is the ER, the
better is the peak overpressure mitigation. This is
verified in Fig. 10, which displays peak overpressure
data from many experiments. Among them, shots of
a 70 g charge in air, in ER 60 foam and in ER 120
foam, along their respective reference data [6] [7]
are presented. We also added results from a former
campaign, called PEM experiments [2], for ER 60
and ER 120 foams in order to compare the two set-
ups. We can then see that the difference between ER
60 and ER 120 foams is not negligible (+70%) but
small compared to that with air (+1000%). Again,

we proceed with the positive impulse in the same
way. In Fig. 11, we compare positive impulses of
a 70 g charge in air, in ER 60 foam and in ER 120
foam. We can draw a new conclusion with regards to
the positive impulse: the higher is the ER, the better
is the impulsion mitigation. Moreover the difference
between the two ER is of the same order than the dif-
ference with air. The objective would be now to find
the best compromise between overpressure and im-
pulse mitigation.

Figure 10: Peak overpressure in air and in two
different ER foams compared to the UFC

3-340-02 [6] and the Sandia curves [7]. The PEM
experiments results come from a previous

campaign [2].

Figure 11: Positive impulse in air and in two
different ER foams.

Secondly, the use of a foam exclusion volume over
the charge allowed us to observe that its influence on
the peak overpressure and on the positive impulse is
minor as long as the exclusion volume has a radius
under 0.5 m.kg−1/3 and that there is the same length
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of foam above it. We can deduce from this observa-
tion that, in the present experimental conditions, the
post-combustion has little impact on the foam pres-
sure response under blast.

4. Conclusion

This experimental campaign has enabled us to com-
plete our database about detonation confinement.
Generally, we can affirm that the mitigation by dry
aqueous foams is highly efficient since it mitigates
the pressure gradient at the shock front, the maxi-
mal overpressure and the positive impulse of a blast
wave. Scaling laws can be used for overpressure and
arrival time, but are no more pertinent with regards
to the impulse. It is then proved that the detrimental
effects are drastically reduced for foams of expan-
sion ratio between 30 and 150.
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First developed in the mid-80’s at LLNL, Laser Imaging (LI) – illuminating a scene by using a short 
duration laser pulse – was aimed at studying shaped charge jets, by rejecting the unwanted luminance 
due to air ionization surrounding them.  
 
We summarize here our continued developments in bringing this technique back to the field of 
detonics. Image resolution has been improved by recent developments in CCD camera (reduction of 
pixel size, exposure time, noise and increase of pixel number).  
 
In a first part, we remember how to reject spurious flux. Then we present the composition of our 6-
frame setup which is made to be moved to different experimental places.  
The second part details acquisitions done with this means of detonation waves propagating in a tank 
of Nitromethane and in a sheet of Formex. Phenomena at velocities beyond 5 km/s could thus be 
perceived in their full complexity and with high resolution. 
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[Fig. 2 and 3]. The laser source cabinet 
integrates 3 laser sources which each delivers 
2 pulses of 7 ns. This cabinet has a laser 
command and an oscilloscope. Lasers are 
coupled in bundles of optical fibers 10m to 
15m, depending on the distance of the detonic 
experiment.  
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The imaging camera cabinet integrates 
cameras, optics, timing system and a 
computer in order to perform acquisition. 
Laser coupling into a bundle has many 
advantages. First, when light is coupled inside 
bundles, it is easier to use and to arrange. It 
can be safely use. Secondly, the numerical 
aperture of the fiber naturally spreads light 
�
	����	��	���	��'�	����'�
�	 @� 	���������
	����
use lenses or diffuser near the scene. Finally, 
a (yet unexplained) phenomenon seemingly 
occurring within the guides scrambles speckle 
pattern over the duration of the pulse, 
therefore virtually eliminating this unwanted 
feature of laser light. 
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The cameras used are those described in 
[REF. 4, 5], as well as filters [Ref. 4, 6]. High 
speed CCDs can also be employed (see 
section 3.2), providing a single, longer 500-ns 
obturation without an intermediate tube. 
Higher sampling results from the use of these 
(4 Mpixels are easily achievable on a 1” FPA), 
as well as improved dynamic range. Still, in 
accord with previous section, these detectors 
should be used only when stray light is low. 

3. CHARACTERIZATIONS OF DETONATION 
WAVES 

3.1 Nitromethane detonation wave 

The experiment is aimed at characterizing the 
phenomena underlying the Shock to 
Detonation Transition (SDT) process. The 
setup [Fig. 4] is a tank of Nitromethane in 
which optical fibers are embedded. They act 
as Photonic Doppler Velocimetry (PDV) 
probes, with sensitivity both in front of their 
end and beyond [Ref. 7]. At the bottom of the 
tank is a plate of steel acting as a transmitter 
of the shock generated by a 100 mm plane 
wave generator. 
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Abstract : 

 
Detonation Products – Air Turbulent Mixing and Combustion for Various Oxygen Balances:  
Analysis and Modelling. 
 

G. Zaniolo, G. Baudin, M. Genetier, A. Lefrancois,  
CEA, DAM, GRAMAT, 46500, Gramat, France 

 
High explosives (HE) have generally a negative oxygen balance and their detonation give 
condensed and gaseous products (DP) composed of several chemical species (C, CO, CH4, …) 
acting as a fuel. Their combustion with oxygen of air leads to a diffusion turbulent flame. The 
expansion of this turbulent flame (assimilated to the fireball) is unstable with large eddies of 
turbulence and depends strongly on the HE detonation characteristics, the DP-air turbulent mixing 
and their combustion which plays a major role in the effects of explosions because the energy 
released by the DP combustion is up to three times the detonation energy. Several attempts to 
describe the turbulent mixing using direct numerical simulation (DNS) or large eddy simulation 
(LES and MILES) have been successfully tried. Moreover, such methods are not compatible with 
fast evaluation of the turbulent combustion effects on HE efficiencies. 
Another approach is the statistical hydrodynamic modeling of turbulent mixing and combustion, 
Reynolds Averaged Navier-Stokes (RANS). This method is useful for fast estimation of HE 
efficiencies. We propose a fast running model based on a minimal RANS approach and able to 
compute the open-air blast parameters of a spherical uncased explosive charge and to generate 
abacus. Classical HE and HE containing aluminum additives are considered. The post-detonation 
combustion of aluminum is both anaerobic (with the detonation products) and aerobic (with air). 
Our model contains only two parameters. This model is validated in a large range of oxygen 
balances (from trinitrotoluene up to nitroglycerine). 

It successfully predicts the major tendencies of the reactive flow and allows computing open-air 
blast effects for a large choice of classical solid HE. A model based on Hutchinson strategy was 
developed to take into account the metallic casing of ammunitions. It allows computing the blast 
effects of ammunition with a good agreement with experiments. 
 



DETONATION PRODUCTS – AIR TURBULENT MIXING AND COMBUSTION FOR VARIOUS 
OXYGEN BALANCES: ANALYSIS AND MODELING. 
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(1) CEA, DAM, GRAMAT, F-46500 Gramat, FRANCE, guillaume.zaniolo@cea.fr

ABSTRACT 

It has become of greater interest to better describe 
the effects of cased charges, in order to correctly 
predict their efficiency and to take into account the 
potential collateral effects. We will present and 
discuss here a methodology developed at CEA 
Gramat to compute blast effects of cased items. 
We will first describe the complete method used to 
calculate the spherical bare explosive charge 
equivalence. Then we will present the Unsteady 
Reynolds Averaged Navier Stokes (URANS) code 
used to compute blast similarity laws for these bare 
charges. Finally, some numerical results will be 
shown and discussed regarding their comparisons 
with experimental results to validate the complete 
chain. 

1. INTRODUCTION 

The work presented in this article is a real need to 
precisely know the effects produced by cased 
charges. This knowledge is quite important to 
make good assumptions of the possible collateral 
effects. We will more specifically focus our study 
on the blast parameters. In order to complete this 
study, several steps were required. Firstly, we will 
discuss how to model cased charges as a bare 
spherical charge using Hutchinson formula. Then 
we will use an Unsteady Reynolds-Averaged 
Navier-Stokes (URANS) code to compute the blast 
effects. This computation will take into account 
both the turbulent mixing of detonation products 
with air and the combustion reaction that will 
happen during this process. The numerical results 
will be presented as similarity laws for the chosen 
high explosive (HE) and therefore could provide 
data for fast running code. This method will be 
compared with experimental results in order to 
check its validity. 

2. COMPLETE CHAIN DESCRIPTION 

The main idea in our study was to calculate the 
blast parameters of any axisymmetric cased charge 
thank to a numerical chain. The one-dimensional 

code used is dedicated to the bare spherical charge 
effects. The complete chain is described here and 
can be separated in the following steps: 

- modeling the studied cased charge as a 
cylindrical one, 

- taking the casing effects into account 
to get a bare cylindrical charge, 

- taking the cylindrical effects into 
account to get our bare spherical 
charge, 

- computing the blast parameters using a 
hydro code. 

2.1.Simplified complex cased configuration 

This first step helps to simplify the studied 
charges. After it, we will get the high explosive 
and casing weight of a more usual configuration 
with a cylindrical high explosive covered with a 
constant thickness casing. 
The modeling of any cased charge as a cylinder 
one is made using the following criteria: 

- we keep the high explosive length and 
weight 

- we keep the mean thickness of the 
casing regardless of its weight 

These two assumptions made, we have the 
equations Eq.1-2 that allows the calculation of both 
the high explosive charge and casing weight. 
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The notations in Eq.1-2 are the following: 

- ���� is the cylinder charge radius 
- 	
 is the high explosive weight 
- 
 is the high explosive length  
- �
 is the high explosive density 
- 	� is the cylinder casing weight 
- �� is the casing density 
- ��� is the casing mean thickness 



2.2.Cylindrical casing effects 

From the simplified configuration we obtained 
from the previous step we will now take the casing 
effect into account. Once this will be done, we will 
have a cylindrical bare HE charge. 
We have decided to use, for the determination of 
the bare cylindrical explosive charge, the 
Hutchinson formula [1] among many other that can 
be found in the literature. The main advantage we 
found to this approach is that it can be used for 
many configurations in terms of casing materials 
and thicknesses. This is an empirical formula that 
can be applied to a cylindrical high explosive, 
which weight is noted��, covered by a cylindrical 
metal casing, which weight is noted��. The 
Hutchinson formula has the form presented in Eq.3 
and Eq.4. 
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Eq.3 and Eq.4 allow us to determine a bare 
cylindrical high explosive weight ���� producing 
the same pressure effects as the initial cased one. 
The two parameters 0� and 12 are respectively the 
casing yield stress and the gas pressure for the high 
explosive assuming a constant volume detonation. 
The Hutchinson formula seems, according to [1], 
valid for ratio 67  up to ten and experimental value 
confirmed it for a cylinder where the length over 
diameter ratio is 2. 

2.3.Cylindrical bare effects 

Once we have got a bare cylindrical charge, we 
will transform it in a spherical bare charge in order 
to use its weight as a parameter for the hydrocode 
calculations. 
To achieve this step, we used the Eq.5. 
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Eq.5 comes from an equalization of the momentum 
released by a cylinder bare high explosive which 

weight is ���� and by a spherical one which weight 
is��89:. We have assumed that the blast parameters 
are directly linked to the momentum transferred in 
air. More detailed studies such as [2] have shown 
that this relation depends on the distance of the 
charge. Eq.5 has still been chosen as a first 
approach that should be correct for measurements 
far from the charge, but might be wrong at close 
distance. 

2.4.The URANS hydrocode 

Once we have an equivalent bare charge, using the 
previous steps, we can use a hydrodynamic code to 
compute the blast effects of the studied cased 
charge. We decided to use the URANS reduced 
code developed by G. Baudin [3] and named 
Arbitrary Lagrangian Eulerian eXplosion In Air 
(ALEXIA). The main assumptions made in this 
code are described here. This hydrodynamic code 
relies on the equation Eq.6, which are the usual 
Euler equation for a non-reactive flow. 
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To these equations, we have added the reaction 
model shown in the Eq.7. This model has been 
extrapolated from the original one [3] to take into 
account both aerobic and anaerobic chemical 
reaction during the turbulent mixing between 
detonation products and air. 
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In Eq.7, the subscript i refer either to: 

- the reaction between the detonation 
product and air (aerobic) 

- or the reaction between the aluminum 
particles from the HE and the 
detonation product and then the one 
between the aluminum and the air 
(anaerobic) 

We have two formulas to compute the value of JK I. 
The first one when the subscript i stand for aerobic, 
the second one when it stands for anaerobic. Eq.8 



presents these two formulas. 
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HKSTS
 describes the surface reactions of spherical 
aluminum particles assuming an infinitely fast 
gaseous chemistry with detonation products (DP). HKS
YZ comes from the reduction of the full URANS 
model [3] with the assumption of an infinite 
reaction rate for the gaseous DP air combustion. 

The various parameters in Eq.8 are defined as: 
- �8 is the fireball radius, 
- [\ is link to the turbulent diffusion, 
- `8 is the stoichiometric proportion of 

air for the aerobic reaction, 
- ab2 is the initial weight fraction of 

fuel, set to 1 in our code, 
- >U is the speed of the aluminum 

combustion, 
- <V� is the mean diameter of the 

aluminum particles in the HE. 

We assumed that �[\ is constant for high 
explosives of the same kind (aluminized or non-
aluminized). We currently use a single value of 
this parameter: �[\ � c+�dD�	e&� fe&. This has 
been calibrated so that the calculation gives the 
same fireball radius as the one observed on an 
octogene/Viton 96/4 experiment and on a 
trinitrotoluene/aluminum one. 
The parameters needed, such as the heats of 
combustion PI for those two reaction paths in 
regard of the mixture density and the remaining 
amount of aluminum, comes from thermochemical 
calculation using the CHEETAH code [4] and post 
treatment software. This database is obtained in 
two steps: Cheetah code first calculates the 
isentrope from the Chapman Jouguet detonation 
point of the mixture, and then the post treatment 
software extracts from this isentrope the searched 
parameters. 
This equation system is completed using the John-
Wilkins-Lee (JWL) [5] equation of state for the 
detonation products. 
This code merely propagates the shock wave 
produced by the detonation of a high explosive in 
air adding for each time step a certain amount of 
energy in the system. This energy can either be 
determined using only the aerobic formulas or 

using both anaerobic and aerobic formulas. In this 
second case, the anaerobic contribution is 
computed first. 

3. EXPERIMENTAL VALIDATION 

We have up to here presented a relatively quick 
way to determine the blast effects of a cased 
charge. We will now compare some numerical and 
experimental results to validate firstly the 
hydrocode and then the complete chain 

3.1.Bare charge validation 

We will present in this part the scaled blast 
parameters computed by ALEXIA for several high 
explosive weights. Fig.1-4 respectively show the 
peak incident overpressure, the scaled positive 
impulse, the scaled positive phase duration and the 
scaled time of arrival versus scaled distance for 
five different high explosive weights ranging from 
30 to 328 kg. These numerical results were 
obtained for a hexogen base aluminized plastic 
bonded explosive (PBX) with an inert binder. 
Moreover, we added some experimental points on 
these curves. Fig.1-4 compare the computed results 
to those observed during the detonation on the 
ground of a 23 kg bare high explosive hemisphere. 
To validate our similarity laws, we have 
considered, as it is commonly assumed, that the 
blast parameters measured from this experiment 
are equivalent to those produced in free field by a 
sphere twice as large. Therefore, we named the 
comparisons points a 46 kg experiment. 
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Figure 1. Computed peak incident overpressure 
similarity law using ALEXIA code compared with 

a bare charge experiment 
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Figure 2. Computed scaled positive impulse 
similarity law using ALEXIA code compared with 

a bare charge experiment 
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Figure 3. Computed scaled positive phase duration 
similarity law using ALEXIA code compared with 

a bare charge experiment 
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Figure 4. Computed scaled time of arrival 
similarity law using ALEXIA code compared with 

a bare charge experiment 

As we can see, the scaled values are similar for the 
various weights except in Fig.3 for positive phase 
duration. These discrepancies have been 
investigated and can be explained by the computed 
conditions of adding energy in the system and by 
the way this parameter is calculated. We have 
chosen a mean value for the positive phase 
duration consistent with the experimental data. We 
validate the calculated similarity laws presented in 
Fig.5. 
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Figure 5. Summary of the validated similarity law 
computed using ALEXIA for the studied PBX HE 

The units used in Fig.5 have been chosen in order 
to allow the representation of all for parameters 
using the same y-axe graduation. 
We can now assure that the computed values using 
ALEXIA code are in good agreement with the 
blast effects of this HE detonation. 

3.2.Complete chain validation 

Since we have proven the validity of the hydrocode 
to provide similarity laws for bare charges, we will 
see if our complete method to determine the 
equivalent spherical bare charge of a cased HE is 
effective. 
We choose to preserve the experimental results 
from any modification. Since we had three 
experiments of the same cased charge 
configuration, we ran the complete method once to 
get the equivalent spherical bare charge weight as 
presented in part 2. The experimental set up used 
the HE we had studied and a steel casing. The 
casing was around 10 mm thick and the length 
over diameter ratio was around 6. We get a bare 
equivalent weight of 30 kg. Thus, we have used the 
similarity laws shown in Fig.5 and this weight to 
compare the computed blast parameters to the 
experimental ones. Fig.6-8 represent these 



comparisons. 
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Figure 6. Peak incident overpressure versus 
distance of a cased charge, experiment-modeling 

comparison 
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Figure 7. Positive impulse versus distance of a 
cased charge, experiment-modeling comparison
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Figure 8. Time of arrival versus distance of a 
cased charge, experiment-modeling comparison

As we can see, the experimental and computed 

values are in the same order of magnitude, 
especially for the incident overpressure and the 
positive impulse, and present a good agreement for 
the time of arrival. We can remark that the 
measurements were made quite away from the 
charge. Moreover, the experiment did not really 
take place in free field, the cased HE laid on a 
supporting structure. From our primary 
investigation, we suppose that the values indicated 
here are measured in a Mach stem and does not 
represent the free field blast parameters computed 
using ALEXIA. 
It seems that the complete calculation chain we 
have presented in the second part of this article can 
be used to compute the blast parameters of a steel 
cased charge detonation even if this point still have 
to be proved. 

4. CONCLUSION 

We have presented in details the several steps of 
our method to obtain similarity laws for cased high 
explosive. We have detailed the assumptions and 
formulas used to model a cased axisymmetric 
charge as a bare spherical charge. We have 
presented the one-dimensional hydrocode 
ALEXIA that is able to compute blast parameters 
similarity laws for several HE. This code has 
proven its ability to take into account the turbulent 
mixing of detonation products with air and the 
post-combustion phenomenon that appears. The 
complete method has shown good results when 
compared to experiments. 
Some of our works in progress, besides completing 
the validation of the modeling of the casing effects, 
involve the study of other HE compositions 
(pressed or melt-cast) and cased charge 
configurations (larger and smaller length over 
diameter ratios, other casing materials) to provide a 
wider database of similarity laws for cased HE. 
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INTRODUCTION

A complete calculation chain for cased charges blast 
effects

It is a real need to precisely know the effects of cased charges

To determine their efficiency,
To prevent possible collateral damages.

Plan:

Modeling a cased charge as a bare spherical one,
Presentation of the reduced Unsteady Reynolds-Averaged Navier-Stokes 
(URANS) hydrocode
Numerical vs. experimental results
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MODELING A CASED CHARGE AS A 
SPHERICAL BARE CHARGE
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PRESENTATION OF THE MODELING STEPS

The modeling process

Three steps:

Simplifying a complex cased configuration (1)

Take into account the casing effects (2)

Take into account the cylindrical effects (3)
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SIMPLIFIED CONFIGURATION

First step of the cased charge modeling

Data required:

High explosive length     and weight

Casing mean thickness

Density of the high explosive and of the casing

Main assumptions:

High explosive length and weight conserved

Casing mean thickness        conserved
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BARE CYLINDER CHARGE

Hutchinson formula

Data required:

High explosive weight

Casing weight

Casing yield stress

High explosive gas pressure for constant volume detonation

Hutchinson formula compute the equivalent bare cylinder charge weight
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BARE SPHERICAL CHARGE

Cylinder effects

Several laws in the literature.

Assumption: blast effects linked to the transmitted momentum

Equaling the total momentum from detonation of a bare        cylinder and 
spherical charge:
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THE UNSTEADY REYNOLDS-
AVERAGED NAVIER-STOKES 
HYDROCODE
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THE URANS HYDROCODE

Presentation

1-D hydrocode to compute the blast parameters of bare spherical charges. 

Rely on an URANS approach and named Arbitrary Lagrangian Eulerian eXplosion In 
Air (ALEXIA).

The Euler equation

weight conservation

momentum conservation

energy conservation
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THE URANS HYDROCODE

Reactive model

The reactive model:

The subscript i refers to two reaction paths:

Aero : aerobic reaction between the detonation products and the air

Anae : two steps reactions:
- aluminum from the high explosive with the detonation products
- combustion of the aluminum with air.
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THE URANS HYDROCODE

Required database

John-Wilkins-Lee equation of state for the detonation products.

The heats of combustion for the reactions     tabulated :

CHEETAH to compute the isentrope for the detonation products from the 
Chapman-Jouguet point

A post treatment extraction of heats of combustion in regard of the mixture 
density and of the remaining amount of aluminum
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EXPERIMENTAL VALIDATION
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BARE CHARGE VALIDATION

Comparison of the scaled blast parameters measured and 
computed for bare charges
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COMPLETE CHAIN VALIDATION

Comparison of the blast parameters measured and 
computed for cased charges
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CONCLUSION

ALEXIA is able to compute similarity laws for bare high explosives.

Determination of equivalent bare spherical high explosive weight from a cased charge.

Complete calculation chain give good results in the determination of blast parameters 
from cased charges.

Work in progress:

Further validation of the modeling of casing effects

Study of other high explosives composition (melt-cast and pressed)

Study of other cased charge configuration (casing material, length over 
diameter ratio)
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Numerical Simulation of Detonation in Suspended Mixed RDX 

and Aluminum Dust 
 

Hong Tao, Zan Wentao 
Institute of Applied Physics and Computational Mathematics 

No. 2 Fenghao Donglu, Haidian District, Beijing 100094 
 

Detonation in suspended mixed RDX explosive and aluminum dust is numerically 
simulated. In such a mixture, due to the difference of physical and chemical properties of 
RDX explosive and aluminum particles, the ignition delay time is different for two kinds of 
particles after the shock front of the detonation wave. The chemical reaction rate is also 
different. These bring the important influence on characteristics of the structure and 
parameters of detonation wave on two-phase systems. 

Two-phase flow model is used to numerically simulate detonation in suspended mixed 
RDX and aluminum dust. Gas and solid phase satisfy the conservation laws respectively. 
There are mass, momentum and energy exchange between the gas phase and solid phase. In 
detonation, explosive particles are heated by convective heat transfer by gas of leading shock 
wave of detonation wave. As the temperature of particles rises to the melting point of RDX, 
the surface of the explosive starts melting. In reference of liquid particles stripped by high 
velocity of gas flow, in calculation it is assumed that the liquefied part of explosive particles is 
stripped by gas flow and instantaneously decomposed in high temperature gas environment.  

Detonation in suspended mixed RDX explosive and aluminum dust is numerically 
simulated. The distribution of pressure, density, velocity, temperature in the flow field behind 
leading shock wave of detonation is obtained. For explosive dust, adding aluminum particles 
can improve the detonation velocity and detonation wave and pressure, temperature and 
velocity in flow fields. 

In numerical simulation, as ignition distance of aluminum particles is much longer than 
that of high explosive particles, then a double front detonation might occur in suspended 
mixed RDX and aluminum dust. In double front detonation, explosive particles are ignited in 
lower temperature than that of aluminum particles and produce first discontinuity. Aluminum 
particles was ignited after explosive particles released all energy. As the aluminum particles 
reaches the ignition temperature and release energy, then produce second discontinuity. 
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Studies on Combustion of Confined Explosive in an Opto-Pyrotechnic Detonator (DOP) 

 
The improvement of performances and safety is one fundamental objective that has 

been set for the future space systems. In this purpose, AIRBUS DS has been carrying out 
studies for decades on opto-pyrotechnics in order to develop lead free pyrotechnic initiators 
using only secondary explosives, and triggered by low-power and low-cost laser sources. 
This technology is one of the most promising innovations that could replace the current 
electro-pyrotechnic train in use for on-board pyrotechnical functions. Its major advantages 
are the absence of primary explosives, the insensitivity to electrostatic and electromagnetic 
disturbances, and a reduction in global mass. One of the terminal functions of the opto-
pyrotechnic train is ensured by a component designated as the Opto-Pyrotechnic-Detonator 
(DOP). The DOP is divided into two stages. In the first stage, a small flyer is propelled by the 
combustion of a secondary explosive. In the second stage, another secondary explosive is 
immediately set to detonation by the impact of the flyer, which provides the priming power. 
The combustion process of the first stage is the early part of a Deflagration-to-Detonation 
Transition (DDT) that never reaches the final detonation regime, whose absence in the 
combustion chamber is essential for safety requirements. Thanks to a partnership (ISL, 
Nexter, PPRIME), an experimental campaign has been achieved to study different influential 
parameters of the first stage. A numerical modeling of the combustion process has been 
developed in parallel to sustain the definition and the improvement of the DOP. This 
modeling leads to a classification of functional parameters (explosive grain characteristics, 
loading density, and confinement strength), so that the reliability and the safety of the 
device can be mastered, and its design-to-cost phase can be improved. 
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ABSTRACT 
 
Studies have been achieved on an opto-pyrotechnic 
initiator designated as the Opto-Pyrotechnic 
Detonator (DOP) used to convert an optical input 
signal into a detonation. The objective is to 
determine and classify the governing parameters 
that affect the industrial specifications (including 
reliability, safety, and performance) and the main 
physical phenomena occurring in the device (fast 
combustion, shear failure of a disk closing the 
combustion chamber, subsequent formation of a 
projectile, propulsion of the flyer). Experimental 
campaign has shown that the pressing process of 
high explosive pellet in the combustion chamber 
creates cracks into particles, which modifies their 
morphology (size and shape) and increases the 
specific surface area. This deeply influences the 
combustion process and noticeably affects the final 
velocity of the flyer. Based on these analysis, a 
numerical modeling of the combustion process is 
developed in parallel to simulate the detonator 
functioning and to improve the design-to-cost of 
the component. 
 
1. INTRODUCTION 
 
Preparing the next generation of space launchers, 
Airbus Defence and Space is carrying out studies 
on detonators ignited by laser sources, ideally low-
cost laser diodes. The motivation is to develop 
safer and less polluting lead free pyrotechnic 
detonators using only secondary explosives, in 
which laser thermal energy is transported through 
optical fibers that are insensitive to electrostatic 
and electromagnetic disturbances. As fibers do not 
need to be shielded, other advantage is a 
substantial reduction of the global mass. 

 
Available power density of laser diodes is not 
powerful enough (few kW/cm²) to trigger direct 
detonation of secondary explosives (requiring 
GW/cm²), but it is sufficient to initiate a 
combustion process. A two-step process is 
necessary to trigger detonation with such laser 
sources. The opto-pyrotechnic detonator (DOP) in 
study is consequently divided into two stages (Fig. 
1). 
 

 
Figure 1. Schematic cross-section of the two-stage 

Opto-Pyrotechnic Detonator. 
 

In the first stage, the optical fiber transfers energy 
from the laser diode to the secondary high 
explosive confined in a closed chamber, heats it 
and ignites a fast combustion. The primordial 
safety requirement is the absence of a detonation 
regime in this combustion chamber. 
Due to the rising pressure in the chamber, the 
metallic closure disk of the first stage is sheared, 
which opens the chamber and leads to the 
formation of a small projectile. The flyer is then 
propelled by the gaseous products of the 
combustion through a barrel at high velocity. After 
a short travel distance, the projectile finally 
impacts a second stage loaded with secondary 
explosive that undergoes a shock-to-detonation 
transition if the impact velocity is high enough. 
 



 

The paper focuses on the combustion of the 
confined explosive that occurs on the first stage, 
and on the generation of gaseous products that 
propel the flyer at high velocity, allowing the 
nominal functioning of the second stage. It aims at 
analyzing governing parameters that can affect the 
combustion process. 
 
2. EXPERIMENTAL DETAILS 
 

2.1 Explosive samples 
 
Three different batches of a secondary explosive 
(Octogen HMX) are tested (referred to “100-200”, 
“E” and “M3C”) varying their initial particle 
diameters (Tab. 1) at an initial porosity of 15%. All 
samples are mixed with 1% wt carbon black 
(N991) to facilitate the ignition by a laser. 

 

Designation Initial mean particle diameter 
(µm) 

HMX 100-200 163.5 
HMX E 24 

HMX M3C 4.6 
Carbon black N991 0.35 
Table 1. Characteristics of the samples (99% wt 

HMX; 1% wt N991) before loading. 
 

The process used to ensure a mixture 
homogenization could impact the explosive 
morphology, but carbon black effect can be 
reasonably supposed negligible in the combustion. 
Observations with a Scanning Electron 
Microscopy (SEM) highlight the micro-structure 
differences between each batch (Fig. 2). 

 

 

 
Figure 2. Observations of the micro-structure of 

two HMX batches (HMX 100-200 and HMX M3C) 
with a SEM. 

 
The above samples are loaded and pressed under 
700 bar pressure into the combustion chamber of 
the DOP. 
 

2.2 Photonic Doppler Velocimetry 
 
The velocity of the projectile in the launching tube 
is measured by the Photonic Doppler Velocimetry 
(PDV). This velocity is directly connected to the 
combustion process that occurs in the first stage. 
From velocity history, the pressure at the base of 
the projectile can also be deduced. 
PDV technique enables time-resolved 
measurements of a moving target. It is based on the 
Doppler effect, which is a change in frequency of 
the light reflected by the moving flyer. Mixing 
both reference and back reflected frequencies 
produces a beat signal from which the projectile 
velocity can be determined [1, 2]. 
Measuring the velocity of the projectile implies the 
absence of the second stage and an opened 
launching tube. 
 

2.3 Long-closed tubes 
 
The evolution of the combustion can be observed 
on a longer DOP to study the effect of the granular 
bed length. 
The initial combustion chamber is so replaced by a 
closed tube twenty times longer than the normal 
one. The confined explosives are loaded with the 

HMX 100 – 200 
× 200 

HMX M3C 
× 5000 



 

same conditions of porosity and loading pressure 
as in the normal configuration. Probes are regularly 
set along the tube to detect a possible deformation 
of the external walls, so that a detonation can be 
located in case of apparition, and the run-to-
detonation distance can be estimated. 
 
3. RESULTS 

 
3.1 Specific Surface Area 

 
The Specific Surface Area (SSA) governs the 
velocity of the combustion flame. Generally, the 
smaller the particles, the higher the SSA value and 
the faster the combustion flame. 
SSA has been measured on pulverulent 
pyrotechnic composition and on compressed 
pellets using the BET gas adsorption technique [3]. 
The measured specific surface area comprises both 
surface of high explosive particles exposed to the 
combustion process and that of the very fine 
carbon black powder. 
Results of the specific surface area measurements 
for each batch are listed in Tab. 2. 

 

Designation 

Total specific 
surface area 

before pressing 
(m²/g) 

Total specific 
surface of 
pressed 

charge (m²/g) 
HMX 100-200 0.314 0.724 

HMX E 0.278 0.731 
HMX M3C 2.192 2.425 

Carbon black N991 8.91 8.91 
Table 2. Specific surface area of the samples (99% 
wt HMX; 1% wt N991) before and after loading. 

 
According to the measurements, it is certain that 
the charge pressing systematically increases the 
value of the specific surface. It means that the 
pressure level applied degrades the grain by 

creating cracks in particles, which modifies their 
size and their shape, and so the resulting specific 
area. 
The roughness of particle surface also influences 
the specific surface area, which can explain why 
the value of sample HMX E before pressing is 
lower than that of sample HMX 100-200 in Tab. 2. 

 
3.2 Velocity of the flyer 

 
The velocity of the projectile has been measured 
considering a nominal DOP but by varying the 
grain size. Two samples have been fired for each 
explosive batch. Red color stands for the HMX 
M3C sample, green one for HMX E sample and 
blue one for the HMX 100-200 (Fig. 3). 

 
Shot reproducibility for each batch is correct. It 
appears that explosive with bigger particles (HMX 
100-200) propels the projectile to higher velocity 
of about 1000 m/s. HMX E sample results in 850 
m/s and HMX M3C velocity is about 800 m/s. It is 
noticeable that the particle size really influences 
the propulsion of the projectile, and consequently 
the functioning of the whole detonator. 
In all cases, the measured velocities are high 
enough to trigger the detonation of the second 
stage with a sufficient safety margin, which proves 
the reliability of the system. 

 
Other experiments have been achieved to 
determine the influence of the shearing process on 
the acceleration of the internal closure disk. In this 
purpose, the metallic closure disk is designed 
without the extra-edges that are fitted into the 
DOP. The results are reproducible and can be 
compared with above ones (Fig. 4). 

 



 

 
Figure 3. Evolution of projectile velocities measured by PDV for several explosive batches differing by their 

mean grain size (samples M3C, E and 100-200). 
 

 
Figure 4. Evolution of projectile velocities measured by PDV for several explosive batches differing by their 
mean grain size (samples HMX M3C, HMX E and HMX 100-200) in normal DOP (in lines) and in the “no-

shearing” case (in dotted and dashed lines). 
 

The shearing process is energy-consuming. 
However, it seems that it does not impact the 
acceleration of the projectile. Indeed, the velocity 
of the projectile is lower in the “no-shearing” case 
than with the nominal closure disk whatever the 
grain size. This can be explained by an early loss 
of tightness of the combustion chamber in the “no-
shearing” case and so a sensible increase of gas 

leaks from the combustion chamber to the 
launching tube ahead of the projectile. This loss of 
propulsive energy makes the projectile slower. 
 
Then, the effect of the projectile mass on the 
resulting velocity has been analyzed. The normal 
projectile (as introduced in Fig. 1) is compared 
with a three times thinner flyer (Fig. 5). 



 

 
Figure 5. Evolution of projectile velocities measured by PDV for sample 100-200 with normal projectile and 

with thinner projectile. 
 

 
Figure 6. Evolution of pressures at the base of the projectile for sample 100-200 with normal projectile and 

with thinner projectile. 
 

Thin flyer has been propelled at a higher velocity 
within a shorter time due to a lower weight but its 
flight is more unstable which explains slight 
fluctuations on the PDV measurements. On the 
contrary, a bigger projectile has a very steady 
trajectory but it is slower. 
Determining the pressure at the base of the 
projectile allows to analyze the effect of the height 
on the tightness. It shows that gas leaks decrease as 
the height increases, which raises the pressure in 
the combustion chamber (Fig. 6). The maximum 

pressure can be over 10 kbar which highlights the 
constraints that have to be borne by the chamber 
walls. 
 

3.3 Post-mortem analysis 
 
After firing, an optical microscopy has been used 
to observe the structure of the metallic closure disk 
and to identify the mode of shearing. 
Acid attacks on the projectile have revealed the 
formation of Adiabatic Shear Bands (ASB) in the 



 

shearing area (Fig. 7), which is typical from high-
intensity loadings on a metal [4, 5, 6]. These bands 
lead to the rupture of the metallic piece. 

 

 
Figure 7. Observation of an adiabatic shear bands 
on the metallic closure disk after shearing with an 

optical microscope. 
 

Traces of a ductile shearing (dimples) have been 
also observed thanks to a Scanning Electron 
Microscopy (Fig. 8). This superposition of bands 
and dimples could be explained by a dual shearing 
process. 
The first step of the process corresponds to a high-
intensity loading. It exists as long as the 
combustion chamber is completely closed by the 
metallic disk. In isochoric volume, the internal 
pressure rises very fast. 
A partial shearing starts once the pressure reaches 
a sufficient level, which allows gas leaks from the 
combustion chamber to the launching tube ahead 
of the disk. Consequently, the pressure 
immediately falls down and the conditions for 
bands formation are not satisfied anymore. Then, 
the end of the shearing is ductile, which creates 
dimples. 
 

 

 

 
Figure 8. Superposition of bands (1) and dimples 
(2) on the metallic closure disk, resulting from a 

dual shearing process (Scanning Electron 
Microscopy observations). 

 
3.4 Run-to-detonation distance 

 
Loading the long-closed tubes with coarse-grain 
Octogen (HMX 100-200), a transition to 
detonation has been detected about 30 mm from 
the ignition point (Fig. 9). This result is 
reproducible. The apparition of the detonation is 



 

 
Figure 9. Evolution of the flame velocity in a long-closed tube deduced from the deformation of the walls 

that have been detected by probes (two firings). 
 
explained by a process called Deflagration-to-
Detonation Transition (DDT) that is briefly 
described at the next section. 
This result shows that a sufficient length makes 
detonation possible in the first stage of the DOP. 
However, the run-to-detonation distance that has 
been estimated is quite longer than the nominal 
size of the combustion chamber. Such a length 
would not be compatible with the DOP integration 
in the opto-pyrotechnic train. That is why a two-
stage device is required. 
 
The same experiment has been performed 
replacing HMX 100-200 with fine-grain Octogen 
(HMX M3C). No detonation has been detected, 
despite the substantial increase of the specific 
surface area in HMX M3C case (see Tab. 2). The 
absence of detonation could be explained by the 
pore (or void) size in HMX M3C, which is very 
small comparing to coarse-grain Octogen. Thus, 
the permeability of gaseous products in the 
explosive is considerably reduced, which perturbs 
the propagation of the combustion flame in the 
granular bed. Therefore, the pressure increases 
quite slower than in the case of 100-200. 
 
 
 

4. NUMERICAL MODELING 
 

It has been noticed previously that the process 
inside the combustion chamber of the DOP is the 
early part of a Deflagration-to-Detonation 
Transition which never reaches the detonation. 
The DDT results from an initial combustion of 
granular explosives and consists of several 
successive steps leading to detonation [7, 8]: 

� Ignition (here from a laser diode) 
� Conductive combustion (“standard” 

combustion) 
� Convective combustion (hot gas 

convection into the pores of fresh 
explosive) 

� Compressive combustion (initiation of 
“hot-spots” by frictions between grains) 

� Formation of a shock 
� Detonation 

These two last steps have never been observed in 
the first stage of the DOP, due to the short length 
of the combustion chamber. 

 
Studying the whole DDT process requires a 
complete numerical modeling based on multiphase 
flow theory [9] to consider all the interactions 
between gaseous products and solid particles 



 

during each step of the process, from the ignition 
by a laser to the detonation. In particular, the key 
process of the convective burning corresponds to 
the infiltration of hot gaseous products from the 
combustion zone to the unburnt solid granular 
explosive due to a pressure gradient. This implies 
important differences in velocities and 
temperatures between gas and particles that tend to 
balance with time and the rising pressure in the 
closed chamber. 

 
A numerical modeling has been developed to study 
physical phenomena of the DOP and their 
parameters (specific surface area, confinement), 
based on the sequential coupling of the two-phase 
code EFAE with the hydrodynamic software LS-
DYNA [10]. 
The EFAE code (“Enhanced Fuel-Air Explosion”) 
concepted by Khasainov [11, 12] is used to 
simulate the early stage of the DDT in an isochoric 
combustion chamber. The deformation of the 
structure and the shearing of the metallic piece are 
then modeled with LS-DYNA after a re-mapping 
from EFAE. Thanks to this code, the velocity of 
the projectile can be calculated and compared with 
the experimental values. 
 
First calculations have shown a very high 
sensitivity to detonation of the explosive confined 
in the combustion chamber, which is not in 
agreement with experiments. 
The premature detonation that occurs in the 
modeling could be explained by inadequate values 
that have been chosen from literature and be 
applied in the burning law of EFAE. 
Moreover, a mono-modal grain or pore size 
distribution has been assumed in the modeling, 
whereas this distribution can be quite wide in 
reality allowing the co-existence of small and large 
pores. Thus, the contribution of smaller pores to 
the acceleration of the convective burning is 
smaller than that of larger voids. Respectively, the 
surface area corresponding to larger pores is 
significantly smaller than the whole specific 
surface area that has been measured. 
In other words, the convective flame is 
considerably accelerated in calculations and there 

is an overestimation of the bulk burning rate which 
is a product of normal burning rate and specific 
surface area. Therefore, a high level of calculated 
pressure is attributed in the chamber. 
Works are currently in progress to improve this 
phenomenon. 
 
5. CONCLUSIONS 
 
An experimental campaign has been performed to 
identify the combustion process in the first stage of 
the DOP and its influencing parameters. Thanks to 
long-closed tubes, the early part of a DDT has been 
identified. Main parameters that affect this mode of 
combustion are the specific surface area, the 
porosity and the confinement. 
An essential parameter that directly affects the 
DDT process is the explosive grain morphology 
(size and shape) and the resulting specific surface 
area. It is very sensitive to the charge pressing in 
the chamber that can create cracks in particles and 
can accelerate the combustion. 
The porosity is also a predominant parameter since 
it affects the gas permeability of the explosive and 
so the development of the DDT. Very small pores 
prevent the penetration of hot gaseous products in 
the granular bad, which makes the pressure 
increase slower. 
The tightness of the closed combustion chamber 
affects the pressure profile in the chamber and the 
acceleration of the projectile. A shearing process 
considerably improves the tightness without 
requiring any longer projectile. 

 
The numerical modeling in development takes into 
account these three parameters but the acceleration 
of the convective flame in small pores has to be 
corrected. 
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STUDY OF PARTICLE CLOUDS EJECTED UNDER SHOCK: 
THE CONTRIBUTIONS OF PHOTONIC DOPPLER VELOCIMETRY. 
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ABSTRACT:  Photonic Doppler Velocimetry (PDV, a.k.a. LDV or het-V) is a multi-velocity time-
resolved diagnostic. Developed from 2000s, the all-fibered conception makes its integration into shock 
experiments easy. The purpose of the talk is to describe the contributions of PDV systems for high-
velocity (several km/s) particle-cloud characterization. 

An extensive study of a PDV system is proposed. It leads to the definition of time-velocity 
spectrogram, evaluated in units of collected power, and a detectivity limit. A PDV spectrogram 
simulation program is shown within the framework of particle clouds. It produces spectrogram 
estimated from a cloud distribution in size and velocity. 

Finally, several experimental campaigns are exposed. They emphasize the remarkable capacities of 
the system; results are compared to simulations. Diameter distributions are inferred using slowing 
down in air or in other gazes. Some radiometric analyses are also performed. 
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Characterization of thin detector shielding against explosion 

D. Counilh, F. Gillot, L.-M. Adolf, P. Silvin, O. Bozier
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To carry out radiography measurements on a pyrotechnic setup, two essential components of the 

radiographic chain must be protected: the head of the X-ray generator and the detectors (film, image 

plates). If the X-ray source, in certain cases, can be sacrificed, it’s not the case for the detector since 

it holds the data we want to collect. The detector shielding is therefore an essential part of the 

radiographic chain. It must take into account two antagonist needs. On one hand, shielding should be 

light enough, in terms of areal mass, so that it doesn’t attenuate excessively the radiographic signal. 

On the other hand, it must be sufficiently resistant to protect the detector from the detonation of 

the setup and from the fragments generated by the explosion.  

We present here the results of an experimental campaign carried out to test the performances of 

detector shielding and the numerical calculations done to restore the experiments. Cylindrical 

projectiles of various masses (from 20 g to 40 g) and aspect ratios (length to diameter from 0.1 to 1) 

have been launched with a gas gun. The initial velocity of the projectiles varied from 1500 m/s up to 

2000 m/s. The tested shielding sets were assemblies of successive plates of steel, aluminum and B4C. 

Experiments and numerical computing have been used to optimize the disposition and the 

thicknesses of the plates and to design a shielding which fulfils our needs in terms of radiographic 

measurement and mechanical behavior towards fragment impacts.  
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CHARACTERIZATION OF DETECTOR SHIELDING AGAINST EXPLOSION 

D. Counilh, F. Gillot, L.-M. Adolf, P. Silvin, N. Rambert, O. Bozier 

CEA, DAM, DIF, F91297 Arpajon, France, Email: olivier.bozier@cea.fr

ABSTRACT 

To carry out radiography measurements on a 
pyrotechnic setup, the detector, that holds the data, 
must be protected. The detector shielding is 
therefore an essential part of the radiographic chain 
and must take into account two antagonist needs: 
not attenuate excessively the radiographic signal 
and be sufficiently resistant in order to protect the 
detector. 
We present here the results of an experimental 
campaign carried out to test the performances of 
detector shielding. Cylindrical projectiles of 
various masses (20 – 40 g) and aspect ratio 
(Length to Diameter ratio, between 0.1 – 1) have 
been launched with a gas gun. The velocities of 
projectiles varied from 1500 m/s up to 2000 m/s. 
Tested shielding sets were assemblies of 
successive plates of steel, aluminum and B4C. 
Thus an optimized shielding has been designed 
which fulfills our needs. 

1. INTRODUCTION 
In a pyrotechnic experiment involving 
radiographic measurements, two essential 
components of the radiographic chain must be 
sheltered: the head of the X-ray generator and the 
detector (cassette filled with films, or image 
plates). 
The blast wave and fragments generated by the 
explosion can be destructive for these two 
components if no precaution is taken. If the X-ray 
source, in certain cases, can be sacrificed, it’s not 
the case for the detector, otherwise the 
measurement is lost. 
The protection against the blast wave can be solved
by using a sufficient ground tie and an appropriate 
design of the shielding (oblique form) to prevent 
detector’s ballistic flight. Nevertheless, detector 
shielding must be designed to stop fragments, since 
they are the main cause of data losses. 
Splinter-proof shield induces an attenuation of the 
X-ray signal. Therefore, it also decreases the 
quality of radiographies. Thus, detector shielding 
must be designed in such a way that it allows 
detectors safety and doesn’t attenuate excessively 
the radiographic signal. 

X-ray signal transmission depends on material 
characteristics (mass absorption (m2/kg) and 
density (kg/m3)) and its thickness (mm). Moreover 
mass absorption is a function of photon energy 
spectrum. Fig. 1a shows the transmission of 50 mm 
thick plates versus photon energy for 4 materials 
(PMMA, copper, aluminum and Iron). At 1 MeV 
(photon energy), respectively PMMA, aluminum 
and iron transmit 8, 6 and 1.3 times more than 
copper. Fig. 1b shows the transmission of 
aluminum plate versus thickness and photon 
energy. At 1 MeV, plates of thicknesses of 20, 50 
and 100 mm is, respectively, 1.2, 1.6 and 4.5 times 
more impervious to photons than for 10 mm plate. 

Figure 1. Photons energy transmission against 
spectrum, material and thickness 

The quality of the radiography (signal/noise ratio) 
is essential to determine object density or find 
edges. Thus, from the radiographic point of view, 
it is important to use the right materials (like 
PMMA) with a small thickness for detector 
shielding. On the other hand, from the safety point 
of view, a material with a high thickness and 
density is a better choice to stop fragments. 



Consequently, it’s necessary to optimize the nature 
of material and its thickness for the shielding. 
Usually, the front face of our cassette is a few mm 
thick plate of aluminum. This barrier can’t stop 
fragments for our future experiments. For this 
study, we replace the cassette by an acceptor to 
adjust the splinter-proof shield to our needs. This 
acceptor is made of 55 mm aluminum. 
For this purpose, we process in 2 steps. The first 
one is dedicated to the determination of 
representative fragments (material, size and 
velocity). Thus overestimated projectiles are 
defined. The second one deals with the 
characterization of the fragment penetration inside 
the acceptor (diameter and depth of the crater) 
versus shielding composition and projectile nature.

2. FRAGMENTS TYPOLOGY – 
PROJECTILES DEFINITION 

We know that the penetration of a given projectile 
depends on: 

• its velocity, 
• its mass, 
• its form. For cylindrical fragments, the 

higher the aspect ratio L/D (Length to 
Diameter ratio) is, the deeper the 
penetration is (like a bullet), 

• its nature. High density materials are, in 
general, much more penalizing. 

In various pyrotechnic experiments, PEHD blocks 
were used to collect fragments. Fig. 2 shows one 
3D radiographic reconstruction of these blocks. 
The use of PEHD blocks allowed us to evaluate the 
mass and the type of fragments generated during 
our experiments. The more penalizing fragments 
are due to high density metals which are close to 
the explosive. 

Figure 2. Fragments penetration in PEHD block 

To take into account the variability of fragments 
liable to occur, we considered these elements to 

define the projectiles used during the experimental 
campaign: 

• aspect ratio: between 0.1 and 1, 
• velocity (m/s): between 1500 and 2000, 
• mass (g): between 10 and 40, 
• material (g/cc): tantalum (16.7) and denal 

(17.6). It’s two type of heavy material, one 
casted and one pressed. 

3. EXPERIMENTAL SET-UP 

We carried out a series of experiments to evaluate 
the effect of a projectile on the splinter-proof 
shield and the aluminum acceptor. During this 
campaign, we used a gas gun at the Thiot company 
(cf. Fig. 3) to throw projectiles with different 
calibers on the shielding. 

Figure 3: Gas gun (THIOT photo) 

Globally, the test campaign unfolded in two 
phases: 

• Phase 1: The aim was to design the 
shielding composition. During this phase, 
we test increasingly heavy splinter-proof 
shield in order to identify the better 
shielding to protect efficiently the 
acceptor. 

• Phase 2: We tested the composition 
adopted after phase 1. On one hand, we 
tested the shielding performance in his 
nominal configuration. We threw 
increasingly stronger projectile (mass and 
velocity) on the detector shielding. On the 
other hand, we tested degraded 
configuration of the splinter-proof shield. 
This allowed us to evaluate the potential 
consequences of a shielding mismatch. 

A sketch of the projectile behavior during ballistic 
tests is shown on Fig. 4. Projectiles launched on 
the shielding are composed of an impactor (a 
cylinder of metal) to simulate the fragment. The 
impactor is embedded into a plastic support (made 
of plastic PC1000) and a sabot. This latter is 
stopped during the flight with a deflector. 



The support function is to ensure the projectile 
behavior during the acceleration phase in the gas 
gun. 

Figure 4. Experimental configuration example 

This experimental set-up imposes the presence of 
an impactor support. It’s a part of the projectile 
that impacts the shielding. In certain cases, the 
added mass represents 30% of the total mass of the 
projectile. So this measurement bias is 
overestimating. It can be revealed by calculations.
The projectile trajectory is perpendicular to the 
splinter-proof shield. During the test, an X-ray 
measurement was used to determine the projectile 
angle when it’s near the shielding (cf. Fig. 5). 
The used splinter-proof shield was composed of 
plates of different materials: 

• B4C ceramic (ρ = 2.52 g/cc), 
• 35NCD16 steel (ρ = 7.8 g/cc), 
• MARS steel (ρ = 7.91 g/cc), 
• Aluminum 7175 (ρ = 2.5 g/cc).

The plates can be or not separated with an air gap.

Figure 5. Radiography examples showing the 
projectile tilt before impact 

4. EXPERIMENTAL CAMPAIGN PHASE 1: 
SHIELDING DEFINITION 

Comparative tests have been realized with four 
different sets of plates (cf. Fig. 6). Protection 
increases from configuration #1 to configuration 
#4. This increase induces a lower quality of X-Ray 
radiography (cf. Tab 1). Thus it’s important to 
choose the right set of protection plates which 
enables to protect the detector against fragments 
without attenuating too much the X-ray 
measurement.

Figure 6. Shielding configurations tested during the first phase of the experimental campaign. For each 
configuration, materials and the thickness in mm are specified 



Table 1. Effect of shielding on radiographic signal

During this phase, we only used denal projectiles 
with a mass of 27.5 g. 
For configurations #1, #2 et #3, two shots were 
realized : one with a 20 mm in diameter and 5 mm 
in thickness projectile (aspect ratio = 0.25) and one 
with a 12.6 mm in diameter and 12.6 mm in 
thickness projectile (aspect ratio = 1). For 
configuration #4, only one shot was done with a 
D = 20 mm and L = 5 mm projectile. 
Tests done and results of this first phase are 
summarized in Tab. 2 and in Fig. 7. For each shot, 
shielding performances are evaluated through the 
crater depth in the acceptor (penetration). 

Figure 7. Penetration depth in the aluminum 
acceptor versus shielding configuration and 

projectile type. In this figure, projectile velocity is 
different for each bar 

Fig. 8 shows the shielding and the acceptor before 
and after the projectile impact for test VU032. 

Figure 8. VU032 Test. Aluminum acceptor and 
shielding before (upper view) and after (lower 

view) the test 

The configuration #1, with only 5 mm of steel, is 
inadequate. The steel plate is pierced by the 
fragment and the acceptor suffers severe damage 
(cf. Fig. 9 and Fig. 10). 
For configuration #2 (15 mm B4C + 5 mm steel), 
acceptor aggression is highly reduced (Fig. 11 and 
Fig. 12). The steel plate is no longer pierced (as it 
was in configuration #1). But the plate is highly 
deformed. The material thickness towards the 
impact is near zero (small holes in the crater). The 
steel protection plate is at its rupture limit. 
Configuration #2 doesn’t offer enough safety 
margins to fulfil our needs. 



Table 2. Tests performed for phase 1 (shielding definition) 

Figure 9. HE0176 test – Configuration #1 – Projectile: L = 5 mm / D = 20 mm 

Figure 10. HE0182 test – Configuration #1 – Projectile: L=12.6 mm / D =12.6 mm 



Figure 11. HE0175 test – Configuration #2 – Projectile: L=5 mm / D = 20 mm 

Figure 12. HE0181 test – Configuration #2 – Projectile: L=12.6 mm / D =12.6 mm 

This is all the more true that fragments do not 
always arrive at right angles on the shielding. 
Unfortunately, we can’t multiply experimental 
tests by adding the impact angle as a parameter. 
For this purpose, we used calculations (1) with the 
hydrodynamic code HESIONE. We also used this 
code to study the effect of a more penalizing 
projectile (aspect ratio higher than 5). These 
calculations reinforce us in our choice for 
configurations #3 and #4 (Tab. 2).Thus, up to now, 
the only configurations that gave us enough safety 
margin are configurations #3 and #4.  
We must keep in mind that it’s unnecessary to 
overestimate the shielding in regard of the X-ray 
measurement. Thus, we decide to retain 
configuration #3 (5 mm steel + 15 mm B4C + 5 
mm steel) as nominal shielding composition. 
VU032 test shows us that with this kind of 
shielding, a denal projectile with an aspect 
ratio = 1 and a velocity = 1850 m/s is stopped (cf. 
Fig 13). 

Figure 13. VU032 test – Configuration #3 – 
Projectile: L=12.6 mm / D =12.6 mm 

5. EXPERIMENTAL CAMPAIGN PHASE 2: 
PARAMETRIC STUDY OF SHIELDING 

At the end of the first phase, configuration #3 
seems to fulfil our need. We decided to go further 
in order to characterize the effect of the: 

• B4C presence or not, 
• steel plates grade, 
• air gap between plates, 
• ceramic type. 

This allows us to test deteriorated configurations of 
the shielding. Thus we can evaluate the potential 
consequences of incompliance. 



5.1. B4C Plates Presence 

B4C is a ceramic. Thus, it is possible that one or 
more plates can be destroyed due to a shock during 
manipulating phases. We performed 4 tests 
(VU039, VU036, VU043 and VU040) to deal with 
the lack of B4C plates and to study the shielding 
behavior. The shielding for tests VU039 and 
VU043 is given on Fig. 14. For tests VU036 and 
VU040, the shielding was the configuration #3, 
Fig. 6. For the 4 tests, the steel plates were in 
MARS190 and projectiles were in tantalum. 

Figure 14. Shielding configuration for VU039 and 
VU043 tests. B4C plates are missing when 

compared to configuration #3 (Fig. 6) 

Results obtained are summarized in Tab. 3. 
Without B4C plates, steel plate #2 undergoes 
severe damage. The defect created in the acceptor 
is more important too, but the acceptor is not 
pierced in these tests. 

5.2. Steel Grade Influence. 

Two tests were performed under the same 
conditions, but with two different steel grades for 
the shielding (MARS steel and 35NCD16 steel). 

The shielding configuration #3, Fig. 6, was 
retained for the 2 tests. The results are summarized 
in Tab. 4. We can see that the damage sustained by 
the steel plates #2 and the acceptor are very similar 
for the two types of steel. 
Therefore, shielding performance doesn’t seem 
significantly dependent on the used steel grade. It 
should be noted that for the comparison presented 
here, we used two high strength steels. 

5.3. Influence of Air Gaps. 

Several comparative tests were performed in order 
to compare shielding configurations listed in Fig. 
15. 
The two tests presented in Tab. 5 allowed us to 
compare configurations #3 (nominal configuration) 
and #3B. For both configurations, the thickness of 
the steel plate #2 after impact is identical. The 
crater depth in the acceptor is slightly lower for the 
configuration #3. But the discrepancy between 
these two configurations (15%) is insignificant. 
Thus, we can conclude that shielding performances 
doesn’t seem affected by an air gap presence 
between B4C plates. 
The results of the comparison between 
configurations #3 (nominal) and #3C are 
summarized in Tab. 6. 

 Table 3. Characteristics and results for VU039, VU036, VU040 and VU043 tests 

Table 4. Characteristics and results for VU029 and VU030 tests 



Figure 15. Shielding configurations #3, #3B and #3C

Tableau 5. Characteristics and results for VU035 and VU038 tests 

Table 6. Characteristics and results of VU030, VU031, VU032 and VU034 tests 

Table 7. Characteristics and results for VU031 and VU044 tests 

We note that the configuration #3C is less 
efficient. Taking into account differences in 
velocity between a test and another, the penetration 
depth into the acceptor is practically multiplied by 
two. We believe that the presence of the air gap #1 
and #4 is an important parameter. Indeed, VU035 
and VU038 tests have shown that stopping power 
of the shielding is unaffected by the fact that B4C 
plates are in contact or separated. We conclude that 
degradation of shielding performance between the 
configurations #3 and #3C is related to the air gaps 
#1 and #4. It is therefore important to ensure that 
the steel plates do not touch the B4C plates.  
The presence of the air gap #5 is also a very 
important element. Indeed, through this air gap, we 

prevent a transmitted shock to the acceptor 
whenever a fragment hits the steel plate #2. 

5.4. Influence of Ceramic Type 

In the shielding, we use ceramic plates of B4C 
type. What are the consequences of a modification 
of the ceramic properties on the shielding 
behavior? To address part of the answer, we 
performed two tests, under identical conditions, but 
with two different types of ceramic. The 
configuration of the splinter-proof shield is 
described in Fig. 16. 
The results are summarized in Tab. 7. Considering 
that the projectile velocity is higher for VU044 
test, it can be concluded that damage on the steel 



plate #2 and the acceptor are similar. So, the 
shielding performance doesn’t seem to be modified 
significantly by the ceramic type. It should be 
noted that for the comparison presented here, we 
tested two special types of ceramic for armor. 

Figure 16. Shielding configuration for VU031 
(above) and VU044 (bottom) tests. 

6. CONCLUSION 

This study allowed us to design a detector 
shielding against high velocity, high density 
fragments. The configuration retained allows us to 
obtain a satisfactory X-Ray measurement while 
preserving the detector health. 
You should remember that to minimize fragments 
penetration in the acceptor:  

- configuration #3 is optimal, whatever 
the projectile is (aspect ratio, mass, 
material), 

- air gaps presence is very important 
between steel plates and B4C plates. 

The shielding performance doesn’t seem 
significantly dependent on the used steel grade. It 
should be noted that for the comparison presented 
here, we used two high strength steels. 
In the same way, the ceramic type used doesn’t 
modify the shielding performance significantly. 
But we only tested two special types of ceramic for 
armor. 
This study also helps us to validate our numerical 
models (1) (EOS, behavior laws) on the different 
materials studied and therefore perform 
calculations closest to reality (no projectile 
PC1000 support, impact velocity control...). 
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At CEA, we have a good experience to study high speed physical events. We propose a new type of
optical sensor used to measure the speed of a detonation wave in explosive compositions. This
development has been patented under reference 1363568.

Usually, the detonation velocity measurement is performed with switch foils. This sensor is
composed of several switches (about 10) connected to an electrical circuit. When the detonation
wave reaches each switch, it creates short circuit and an electrical pulse is delivered. But, in some
cases, we may observe a failure in the response of this sensor.

The prospected design is composed of several fibered Bragg gratings, ASE laser and fast detector. It is
a discrete measurement sensor used to localize and measure propagation times of detonation wave
between two Bragg gratings.

The principle of measurement is described and the experimental results of the device are presented.
The first test, concerns a liquid explosive (Nitromethane). Other experimental geometries are
composed of high explosive cylinder covered by different confinements (aluminum or steel). For each
device, we place a reference sensor (optical fiber with metallic cap) and compare the signal response
between switch foils and new optical probe.
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MEASUREMENT 
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ABSTRACT 
We propose a new type of optical sensor to 
measure the detonation wave velocity in high 
explosive compositions.  

Usually, the detonation velocity measurement is 
performed with switch foils (SF). This sensor is 
composed of several switches (about 10) 
connected to an electrical circuit. When the 
detonation wave reaches a switch, an electrical 
pulse is delivered. Experimental conditions are 
very sensitive to the response of the sensor and in 
certain case it can introduce artefacts in the 
measured signal. 

The prospected design is composed of several 
separated fibred Bragg gratings, an ASE laser and 
a fast detector. It is a discrete measurement sensor 
used to localize and measure propagation time of 
the detonation wave between two Bragg gratings.  

The principle of measurement is described and 
experimental results are presented. The first test, 
concerns a liquid high explosive (Nitromethane). 
Other experimental geometries are composed of 
high explosive (H.E.) cylinder covered by 
different confinements (aluminum or steel). For 
each test, we compare the signals delivered by the 
different sensors.  

 
1. INTRODUCTION 
In the characterization of high explosives, the 
measurement of detonation velocity is one of the 
important parameters to be determined. For this 
one, the CEA has developed time sensors to 
measure a scrolling wave.  

 
Figure 1: switch foils (SF). 

So far, the main sensors used are electrical switch 
foils called SF (CI in French; ref. [1]) in fig. 1. 

Optical fiber with metallic cap called MC (ref [2] 
and fig. 2). 

 
Figure 2: optical fiber with metallic cap (MC). 

Since twenty five years, research and 
development plan have been done on fibered 
optical sensor and more especially with Fiber 
Bragg Grating (F.B.G.). A technique used to 
insolate a Bragg inside fiber has been developed 
in 1989 by Meltz and al [3].This sensor was 
mainly used in telecommunications for filtering 
applications and more recently in engineering to 
evaluate the ageing of constructions. 

Several teams [4], [5], [6] have tested a sensor 
based on Chirp Fiber Bragg Grating (C.F.B.G.) to 
measure velocity, pressure and temperature during 
detonation of highly energetic material. Results 
seem very encouraging but are limited to H.E. 
with embedded fiber and the experimental set up 
is very sensitive (the length of sensor is limited 
and the calibration is not easy). 

To improve those sensors, we propose a new 
approach called Optical Fiber with Bragg Grating 
(FORB). It is composed of about ten Bragg 
Gratings and therefore performs a discrete 
measurement. 

 
2. SENSOR DESCRIPTION 

2.1. Optical design 

We have designed a system allowing the detection 
of the transition time.  

Optical fibers have been chosen for our sensor 
because of its insensitivity to electromagnetic 
disturbances and it’s compact. The last property 
allows us an easy way to integrate the sensor in 
our experimental devices. 

600 µm 



This fiber is associated with an infrared spectrum 
laser (around 1550 nm). At this wavelength, the 
attenuation rate in fiber is very low and then 
allows multiple measurements on the same fiber. 

In our scheme, the propagation of the detonation 
wave is characterized by the destruction of the 
FBG. This phenomenon introduces the fall of 
reflective signal, because each FBG can be 
considered as a mirror. 

The precise localisation, in space and in time 
domain, of the different FBG gives us the average 
velocity of the wave detonation. 

The global positioning of the FBG is based on an 
optical reflectometer measurement and will 
explain in the section 2.3. 

2.2. Measurement principle 
We have chosen Fiber Bragg Grating for its 
flexibility of implementation. So, each Bragg 
grating reflects a part of the light according to the 
Bragg law (Eq. 1). �B is the Bragg wavelength 
(reflected light), p the period of the refractive 
index modulation, m is the diffractive order (in 
general the first), and n is the refractive index.  

m
pn

B
��

�
2�   (1) 

FBG is a periodical modulation of the refractive 
index in an optical fiber. The modulation in the 
glass core is realized by exposing the fiber with an 
interference pattern of UV light (Fig. 3). 

��

��
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Cladding
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Periodic refraction index

 

Figure 3: FBG structure in fiber core. 

A FORB sensor is built with optical single mode 
fiber. Core diameter is 9 µm and cladding is 80 
µm (acrylate jacket is about 160 µm diameter). 

We use an incoherent broadband amplified 
spontaneous emission (ASE) source centered in 
telecommunication C-band. Light source is 
coupled into a single mode fiber (SMF 28) and 
followed by a circulator which redirect the 
reflected light from FORB to a fast detector 
(bandwidth > 200 MHz). 

The distance between sensor and detector can be 
important (> 100 m) because optical attenuation is 

low (about 0.2 dB / km). The temperature doesn’t 
change the result because distance between 2 
Bragg grating is too small (see § 2-3).  

1 9191 1919191

1 FBG lengh 1 mm
FO lengh 9 mm9  

Figure 4 : Sensor arrangement example 

We have tested two sensor’s design. In the first 
one, called FORB1, each FBG has a length of 1 
mm and the second one is based on 3 mm length 
FBG. 

To improve the aptitude to be integrate in reduce 
environment, we choose a cladding diameter of 
80 µm (less than standard which is about 
125 µm). 

ASE LASER
1530 <��< 1580 nm

FAST
DETECTOR

Circulator

FORB sensor

optical 
line 

(SMF28)

E2000/APC

FC/APCFC/APC

FC/APC
Digitizer

 
Figure 5 : FORB experimental set-up. 

 
Figure 6: Photography of this measurement 

FORB system. 



2.3. Calibration 
The calibration consists in measuring the position 
of different FBG in sensor FORB. To realize this 
calibration, we use an optical reflectometer called 
Optical Back Reflectometer OBR 4600, from 
LUNA TECHNOLOGIES (Fig. 7). This 
instrument has a high spatial resolution. 

 
Figure 7 : Optical Reflectometer OBR 4600 

(LUNA) control unit. 

An optical signature of FORB is shown into fig. 8. 
Each peak indicates the relative position of each 
FBG in fiber. 

 
Figure 8 : Signal recorded by OBR 4600. 

The calibration proposed in our experimental 
context is not sensitive to temperature variation 
because the distance between two FBG is short 
(about 10 mm). The first influence is the value of 
thermal expansion coefficient in silica (about 

 / °C). The second one, S. CHANG and al 
[8] is show with equation (2). 

 
dT
dn

≈ 5101 �� / °C  (2) 

 

The variations of refractive index in silica with 
temperature are lower than incertitude of optical 
refractive index group ( . So, the global 
incertitude on the localization of FBG in fiber is 
insignificant with respect to low temperature 
variation (less than 10 °C) between calibration 
and experimentation times.  

 
3. EXPERIMENTAL RESULTS 
In this part, we detail the different experiments we 
have carried out. 

The first one considers liquid H.E. Here, only 
FORB and FIM sensors are compared. We called 
FIM, an optical fiber without jacket and lens, 
which is used with Heterodyne Velocimeter 
(PDV) to measure a velocity.  

The second one is a cylinder expansion, with 
different confinement of the H.E. material. Four 
different sensors responses are compared. 

 
3.1. Liquid high explosive 

We realized the first experimental test in 
Nitromethane (liquid high explosive) with some 
sensors embedded. The experimental set up is 
similar to another experiment described in ref. [9]. 
This one is composed (fig. 9) of an octogen plane 
wave generator. It is set vertically under a 500 µm 
thickness steel plate. Just over this plate, a cubic 
glass cell contains the liquid high explosive and 
the sensors (FORB and FIM) are imbedded.  

 
Figure 9 : Experimental setup (liquid high 

explosive). 
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We show in fig.10, raw signal and the main 
location of perturbation. Only 3 points of 
measurement are usable to determine velocity. 

We compare the average velocity obtained in this 
experiment between the various sensors (FORB 
and FIM); results are summarized in the table 1. 
In FORB sensor, the number of measurement 
points is too low in the liquid. So, uncertainty is 
rather important but the average velocity reaches 
in each sensor is equivalent.  

Table 1: Detonation velocity in Nitromethane 

Sensor type 
Measured 
detonation 

velocity 

Uncertainty 
(2	
�

FIM1 6480 m/s ± 233 m/s 

FIM2 6430 m/s ± 134 m/s 

FIM3 6503 m/s ± 135 m/s 

FIM5 6405 m/s ± 106 m/s 

FORB 6313 m/s ± 204 m/s 

In table 1, FIM uncertainty is calculated using the 
standard deviation (	
. The FORB uncertainty is 
evaluated by the quadratic error of the linear fit of 
the spatial and temporal data. 

 
3.2. Solid explosive  

This experiment has two main objectives: the first 
one is to compare four sensors (FORB, SF, MC 
and FIM). The second one is to highlight the 
influence of confinement on sensors response. 

 
Figure 11: SF signature with steel confinement 

We show in fig. 11, the signal of SF sensor with 
steel confinement. Each peak (negative and 
positive) is a signature of short-circuit when the 
wave passes through the SF. 

 
Figure 12: SF signature without confinement 

Without confinement, the interpretation of raw 
signals is difficult (fig.12) because of noisy 
response. 

 
Figure 13 : cylinder expansion (Ø: 30 mm) with 

several sensors. 
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In experimental program, we use two cylinders 
with two different diameters and two types of 
confinement (steel and aluminum). For this, we 
make a special design (1/2 cylinder) to observe on 
the same experiment, the effects of confinement 
impedance on sensors signatures (fig. 13). 

We realized 4 experiments described in table 2. 
We call a or b the nature of confinement in half 
cylinder on the same experiment. 

Table 2: Experimental test configuration 

Shot 
Cylinder 
diameter 

(mm) 

Cylinder 
height 
(mm) 

Confinement 
type 

1 12 100 without 

2 12 100 steel 

3a 30 240 steel 

3b 30 240 aluminum 

4a 30 240 steel 

4b 30 240 aluminum 

The experimental results are reported in the 
table 3. We note that some results are coherent by 
taking into account the measurement uncertainty 
and are in good agreement with the theoretical 
detonation velocity (~ 7400 m/s for Shot 1&2 and 
~ 7560 m/s for other experiment). 

In table 3, we calculate the uncertainty from data 
between deviation test points with linear fit.  

Velocity uncertainty from switches foil (SF) is 
dependent on impedance confinement (uncertainty 
decreases with the impedance). 

 

Table 3: experimental results 

Shot Velocity 
MC (m/s) 

Velocity 
SF (m/s) 

Velocity 
FORB1 

(m/s) 

Velocity 
FORB3 

(m/s) 

1 7429 ± 37 7444 
± 208 7379 ± 55 7392 

± 216 

2 7414 ± 30 7400 
± 154 7475 ± 59 7474 ± 99 

3a 7519 ± 32 N.A.1 7583 ± 66  

3b 7558 ± 21 N.A.  7564 ± 36 

4a 7531 ± 18 7550 
± 100 7524 ± 70  

4b 7560 ± 20 7559 
± 207  7545± 78 

We note that MC and FORB sensors were 
relatively insensitive to confinement material. 

We observed a difference from average velocity 
between MC and FORB. It could be due to 
positioning error on the cylinder.  

In this study, we observe a lower measurement 
uncertainty on the sensor FORB1 than on FORB3. 

 
3.3. Analysing method 

Usually, raw signal are noisy (fig. 15). The 
Savitzky-Golay filter is an efficient algorithm to 
improve the signal-to-noise ratio without 
damaging time resolution. 

To extract the temporal characteristic, a simple 
approach consists to calculate the derivative 
signal. 

The figure 16, illustrate the time detection 
method. 
                                                      
1 N.A. : Non Acquisition 



Each peaks of this signal correspond to the time 
transition in the original signal, and then to the 
signature of the FBG functioning.  

Finally, we calculate average velocity and the 
uncertainty associated (linear regression in 
fig. 17).  

 
Figure 17 : Average velocity got with a FORB 

sensor. 
 
4. CONCLUSION AND PROSPECTS 
This technique may be used to detect the time of a 
physical event crossing the sensor and disrupting 
the grating.  

If we compare this new sensor to a switch foil, we 
note that fiber is insensitive to electromagnetic 
disturbance and confinement material. In addition, 
the response of the FORB sensor doesn’t change 
with temperature.  

We have shown that it’s possible to use this 
sensor for velocity measurement in liquid and 
solid high explosive composition. 

This development has been patented, and the 
R&D plan on this sensor will be improve the 
response and to fit fiber jacket.  
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ABSTRACT / INTRODUCTION 

This paper deals with the development of a 
medium energy electro-pyrotechnic initiator (class 
1A/1W/5 min. No-fire) model for predicting heat 
transfers between the bridgewire and its 
environment (aluminised ceramic bridgewire 
holder, ZrPP type initiating pyrotechnic 
composition, Fe/Ni pins). 
 
The main objectives of this model are to: 

• Improve understanding of the physical 
phenomena involved (Joule effect, heat 
transfer in the materials, exothermal 
reaction in the initiating pyrotechnic 
composition) 

• Calculate initiation delays of the initiator 
to which a predefined electrical signal is 
applied. 
 

The specific features related to the compact size of 
the pyrotechnic device to be modelled and its very 
short response times under electrical load make 
modelling complex and required a significant 
amount of preliminary phenomenological analysis. 
In particular, this study required an experimental 
characterisation of thermal properties (lambda, rho, 
Cp) and kinetic breakdown parameters of the 1D 
initiating pyrotechnic composition (ZrPP) and the 
development of a coupled calculation model to 
predict the temperature divergence corresponding 
to the initiation time. 
Contact resistances between the bridgewire and its 
environment were determined by comparison with 
tests performed on initiators supplied with different 
intensities and calibration of observed initiation 
delays on a simplified model. 
The complete model was then tested and calibrated 
using these tests and tests performed on initiators 
instrumented with micro thermocouple loaded with 
low intensity (intensity less than the intensity 
generating initiation of the initiator). 
Foreseeable prospects in a future study concern 

simulation of the effect of a manufacturing non-
conformance on the performances of the electro-
pyrotechnic device (presence of an impurity, 
geometric defect of the bridgewire, etc.). 
 
INITIATOR DESCRIPTION 
 
The electro-pyrotechnic initiator operates 
according to the hot wire principle (Joule effect), 
and belongs to the family of medium energy 
initiators known as "1A-1W".  A medium intensity 
is applied to the pins, and the electrical resistance 
of the wire heats the composition up to ignition. 
 
The initiator is described in Fig.1 
 

 
 

 
The initiator mainly consists of: 

 A sealing feedthrough or bridge wire 
holder (1), including two pins assembled 
by brazing into an aluminized ceramic 
block. This ceramic block is itself brazed 
into a metallic body (2).  

 A bridge wire resistive element connected 
to the pins by micro-soldering (3); 

 An aluminized ceramic pyrotechnic 



composition body with a central bore (4) ; 
The connection between the composition 
body and the bridge wire holder is made 
by laser soldering 

 An amount of ZrPP (Zirconium, Potassium 
Perchlorate) pyrotechnic composition 
charge (5), compacted in the central hole 
of the composition body. 

 
THERMAL PROPERTIES IDENTIFICATION 
 
In order to simulate the initiator behaviour, the 
thermal properties of each part of the initiator have 
to be determined. 
 
The thermal properties of the ZrPP pyrotechnic 
composition were measured experimentally at 
HERAKLES – CRB.  
 

• The specific heat capacity (Cp) is 
determined by DSC (Differential Scanning 
Calorimetry) between 20°C and 180°C. The 
results are presented in Tab.1. 
 

Table 1 : Specific heat capacity function of T 

 
 

Tab.1 underlines the good consistency of 
the test data. 

 
• The thermal diffusivity (lambda) is obtained 

by a flash technic on ZrPP powder pellets. 
Manufacturing such pellets is a real 
challenge. The pressing pressure of the 
pellet is the same as the one applied for 
initiator manufacturing. 

 

Figure 2 : Pellet of ZrPP 

Only two temperatures were tested. The 
mean value for the conductivity, retained for 
this study is 0.51W/(m°C). 

 
• The DSC provides the TACP (auto ignition 

temperature = exothermic peak) information. 
The results are presented in Tab.2. 
 
Table 2: DSC on ZrPP at different heating 

rate 

 
 
As the ZrPP ignition is a chemical reaction 
process, an isoconversional method (AKTS) 
was conducted and gives activation energy 
and pre-exponential coefficient function of 
reaction process. The results are presented in 
Fig.3. 
 

 
Figure 3 : Results of AKTS methodology on 

ZrPP 

The AKTS exploitation gives good results 
for reaction progress in the range [10%; 
60%]. Beyond a reaction progress of 60%, 
the correlation is poor. Nevertheless, at a 
reaction progress of 60%, the temperature is 
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well above the ZrPP TACP and it can be 
assumed that the ZrPP decomposition 
process has passed beyond the initiation 
threshold (see Fig.4). It is assumed that the 
remaining 40% of reaction progress has 
limited influence on the initiation process. 
Therefore, knowing these limitations, the 
obtained results can be used for a calculation 
model. 
 

 
Figure 4 : Reaction progress function of T 

• The thermal properties of the other parts of 
the device were found in literature or from 
manufacturer documentation. All the data 
are summarized in Tab.3 in appendix. 

 
 
EXPERIMENTAL TEST PLAN 
 
In order to be able to calibrate the complete 
thermal model, a database was built by the mean of 
two series of tests. 
  
Initiation delay function of intensity: 
 
Tests were performed on initiators fired with 
different intensities.  
 
Data are presented in Fig.5 in appendix. 
 
Thermal response tests on instrumented 
initiators: 
 
In order to calibrate the thermal paths in the 
initiator, tests were performed on initiators fitted 
with micro thermocouples. They were supplied 
with low intensity. Intensities values were chosen 
lower than the all-fire current of the initiator. 
 
 
 

 
Test matrix: 

 
Figure 6: Instrumented initiator test matrix 

Test configuration: 
 
For each initiator, 2 micro thermocouples are 
mounted on the external body (just in front of the 
bridgewire). An infrared thermal imaging camera 
gives an overview of the thermal exchanges. 
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Examples of test results: 
 

Figure 8 : Temperature function of time for 
initiator n°1 loaded at 0.8A during 5 

minutes 

Figure 9 : Maximum temperature for 
initiator n°1 during the test at 0.8A (thermal 

camera data) 

Figure 10 : Temperature function of time for 
initiator n°4 loaded at 0.8A, 1A, 1.5A and 

2A (5 min for each intensity) 

TRANSPORT PHENOMENA MODELLING 

First, the delay of each phenomenon must be 
analysed to understand the global thermal 
behaviour of the initiator. Considering an adiabatic 
axisymmetric bridgewire (with resistance 
temperature sensitivity following the relation 
r=r0(1+kT)), the analytical solution of this thermal 
problem is known (see Eq.1).  
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Comparison between time to get TACP with 
adiabatic bridgewire and experimental data (Fig.11 
in appendix), underlines the importance of thermal 
losses in the initiator. The initiator is made of 
several part assembly which leads to many thermal 
contact resistances. Their determination must be 
done by considering the whole initiator. An 
optimisation was run considering an elementary 
volume (transversal cut of the bridge holder, 
bridgewire and composition). The obtained 
resistance couple is then applied in 3D model.  
The pyrotechnic composition is modelled as a 
cylindrical composition with equivalent 
macroscopic properties. 
 
Two types of criteria can be chosen to determined 
ignition time: 

• Define TACP level : ignition occurs when 
composition temperature reaches TACP 

• Take chemical kinetics into account in the 
numerical simulation: ignition occurs 
when composition temperature exceeds 
bridgewire temperature. The ZrPP kinetic 
parameters were determined with AKTS 
analysis (see Fig. 3) 

 
ELEMENTARY VOLUME SIMULATIONS 

Fig. 5 shows low dispersion on DOI for intensities 
above 3.5A. For such intensities, generated heat 
remains close to the bridgewire, consequently only 
thermal contact resistances between 
bridgewire/composition and bridgewire/ceramic 
holder have an influence. Considering the 
brigewire is longer than wide and that its 
temperature field is homogeneous in axial 
direction, the initiator can be modelled by its 
transversal cut. 
 
Eventually, an elementary volume including 
bridgwire section, ceramic holder and composition 



can lead to significant results which are 
representative of the whole initiator behaviour. 
This simplification allows optimisation due to fast 
simulations. 
 

 
Figure 12 : Intensity applied to elementary volume  

The results obtained from optimisation for two 
criteria for the ignition (TACP or kinetic) are 
presented in Tab. 4. 
The code used for this study is MSC. Software 
MARC. 

I(A) DOI (ms) Time TACP (ms) Time kinetics(ms) 

3.00 3.20 9.55 - 

3.50 1.90 1.94 1.77 

4.00 1.00 0.97 0.93 

5.00 0.45 0.45 0.45 

 
As intensity increases the threshold of initiation 
becomes more accurate. The go/no go delay is 
difficult to determine for low intensities due to 
thermal losses in the initiator and dissipation of the 
energy released by the pyrotechnic composition. 
The numerical simulations and experimental 
testing correlate well for both criteria. 
 
This analysis exhibits the two major thermal paths. 
As the bridgewire temperature increases, the 
ceramic holder tends to dissipate the heat due to its 
relatively high conductivity whereas the 
composition which is a bad conductor permits a 
local heating close to the bridgwire (Fig. 13 in 

appendix). 
The choice of the material for the holder and its 
mounting are crucial to design the initiator and to 
correctly set the all-fire threshold. 
 
The elementary model provides good correlation 
with medium intensity firing tests (above 3.5A). 
However this model is limited for lower intensity 
levels. Therefore complete geometry and 
appropriate thermal boundary conditions have to 
be considered. 
 
3D MODEL ANALYSIS 

Medium intensity comparison (3.5A-5A) 

The TACP criterion is used for 3D approach 
because of computations duration. Intensity is 
applied directly to the pins (as shown in Fig. 14).  
 

Figure 14 : 3D model 

 
The optimised thermal resistances couple is used. 
The mesh is less refined for 3D model than for the 
elementary study which can lead to different DOI. 
For medium intensities, the results are similar to 
elementary model ones. The elementary model is 
accurate for this intensity range (3.5A-5A). 
 

Low intensity simulations 

Lots of tests have been conducted at low intensity 
and provide an interesting database for the 
numerical model evaluation. 
These tests are described in Fig. 6. The whole 
device must be meshed as the thermocouples are 
mounted on the external faces of the metallic case 
(Fig. 15).  



 

 
Figure 15 : Mesh of the igniter and its cut 

In a first instance no specific boundary condition 
was applied to the external faces of the device 
which means in the numerical code to consider 
adiabatic interfaces. As the experiment was 
performed outdoors, a thermal convection 
coefficient was then applied, but it was not 
sufficient to reach experimental results levels. 
 
An infrared thermal camera provides images of 
thermal fields during the test. From these, it 
appears that the holding Teflon plate has a major 
influence for understanding the test results. Indeed, 
this plate conducts the heat coming from the 
initiator as shown in Fig. 16. This element is 
comparatively massive to the initiator dimensions; 
it needs to be meshed in order to be representative 
of the experiment (Fig. 17) 

Figure 17: Mesh of igniter with Teflon plate in test 
configuration 

The numerical results are given in Figs. 18 and 19 
(in appendix). The implementation of the Teflon 
plate in the numerical simulation leads to better 
correlation. The model can be improved by 
considering natural convection coefficient with the 
outer environment, clarifying the thermal contact 
between the Teflon holder and initiator… However 
the current numerical model allows to identify the 
important phenomena, to quantify characteristic 
times and to guide definition and design of the 
initiator and tests. 
 

 

CONCLUSIONS 

This study provides a better understanding of 
physical phenomena at stake in a medium energy
electro-pyrotechnic initiator. An adiabatic 
hypothesis around the bridgewire gives too short 
initiation delays. It underlines the importance of 
thermal losses in surrounding parts of the device 
and the need to always considerate the bridgewire 
with the nearby materials.  

The pyrotechnic composition is modelled as a 
continuous medium with equivalent thermal 
properties obtained by experimental measurement. 
Two types of initiation criteria were used, one 
based on reaching TACP, the second (more 
accurate but more time consuming) taking into 
account the exothermal aspect of the chemical 
reaction during initiation. 

For medium intensities leading to initiation, an 
elementary model provides good correlation with 
experimental data and thus can be used to simulate 
the initiator behaviour. This numerical model 
provides information helpful to guide the design of 
electro-pyrotechnic initiators. 

For low intensities, the whole initiator has to be 
meshed and must be considered in its experimental 
environment due to its small dimensions. The 3D 
model could be helpful to simulate a 
manufacturing non-conformance. 

 
ABBREVIATIONS AND ACRONYMS 

 
TACP Température d’auto-inflammation par 

chauffage progressif 
DSC Differential Scanning Calorimetry 

 
AKTS 
ZrPP 

Advanced Thermal Analysis Software 
Zirconium potassium perchlorate 
 

DOI Delay of Initiation 
 
 

 

Thermocouples 
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Table 2 : Thermal properties of igniter‘s materials 

Figure 5: Initiator initiation delay function of intensity 
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Figure 11 : Time to reach TACP for adiabatic bridgewire calculation and experimental data on the igniter 

 
Figure 13: Thermal field for I=3.5A 
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Figure 16 : Thermal fields at the beginning (left picture) and during the test (right picture) 

Figure 18: Comparison computations and experimental data - I=1A 



Figure 1 : Comparison in the case of a continued growth of the intensity 
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Abstract: Detonators based on laser-driven flyers are less vulnerable to the strong 
electromagnetic interference and can use insensitive secondary explosives as initial explosives. 
Additionally, this technology has advantages in terms of improved flexibility and reliability. 
Hexanitrostilbene (HNS-IV) is an ideal candidate for using in laser-driven flyer initiation. 
Experiments were carried out to study the initiation of HNS-IV whose density was 1.6g/cm3, using 
laser-driven Al/Al2O3/Al multi-layer flyers and Al single-layer flyers at different laser energies. 
The results showed that when the laser energies were up to 134.9mJ the Al single-layer flyers can 
successfully detonate the HNS-IV explosive. While the laser energies of HNS-IV initiation by 
Al/Al2O3/Al multi-layer flyers were down to 53.8mJ. That means under the same experiment 
conditions the initiating ability of laser-driven Al/Al2O3/Al multi-layer flyer is better than that of 
Al single-layer flyer, although the addition of Al2O3 insulation layer decreased the flyer velocity.
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1. Introduction
The technology of explosives initiation using laser-driven flyers has advantages in 
terms of improved flexibility and reliability. Detonators based on this technology are 
less vulnerable to the strong electromagnetic interference and can use insensitive 
secondary explosives as initial explosives. Laser-driven flyers comprise of one or 
more thin layers forming a foil coated onto a transparent substrate. Irradiation of the 
foil/substrate interface with a Q-switched laser pulse produces a plasma, the 
expansion of which forms a flyer, which can reach velocities in excess of 4 km/s. 
These flyers impart shocks are sufficient to initiate secondary explosives such as 
Hexanitrostilbene (HNS) and Pentaerythritol Tetranitrate (PETN). HNS is an 
insensitive explosive that will not inadvertently initiate when exposed to various 
environments, such as electrostatic discharge, drops, friction, or elevated temperature. 
However, it is relatively easy to initiate the explosive with the shock wave generated 
by laser-driven flyer. Because of all the above advantages of the laser-driven flyer
initiating technology and the HNS explosive, laser-driven flyer detonators with 
HNS-IV can be widely used in oil completion business, weapon system and aerospace
engineering.
In this paper, two kinds of laser-driven flyers (Al single-layer flyers and Al/Al2O3/Al 
multi-layer flyers) were used to initiate HNS-IV explosive whose charging density 
was 1.6g/cm3, and compared the shock initiation capacity of the two kinds of flyers.

2.  Experiment methods
All the flyer targets were deposited on K9 glass substrates via magnetron sputtering. 



The parameters of the flyer targets are shown in table 1.
Table 1 The parameters of the flyer targets

Flyer targets Target 
material

Sputtering 
power/W

Thickness
/µm

Total 
thickness/µm

Al Al 210 5.6 6.0

Al/Al2O3/Al
Al 210 1.0

6.0Al2O3 234 1.0
Al 210 4.0

Figure 1 shows the schematic of the experiment setups of shock initiation using 
laser-driven  flyer. The experiments were performed using a Q-switched Nd:YAG 
laser of 1064nm wavelength and 6.5ns pulse duration in the air. The laser pulse is 
focused with a 120mm focal length lens and is incident onto the surface of the film 
through a 5×2mm thick K9 glass substrate. The diameter of the irradiated spot on 
the film is about 1.0 mm. When the laser beam is incident on the surface of the film, a 
small part of the film is ablated to plasma. The remainder film is sheared off by the 
edge of the barrel ( 0.7×0.6mm) and accelerated to a high velocity flyer plate to 
impact on the HNS-IV. And the HNS-IV will be initiated when the shock wave is 
great enough. In the experiments a fine grain HNS-IV is used whose average size is 
1196.6nm and charged in a steel case ( 2×8mm) with a density of 1.6 g/cm3 and a 
height of 5mm. A plumbum witness plate is fixed behind the HNS-IV to judge the
detonation.

Fig.1  Setup of shock initiation using laser-driven flyer

3.  Results
The initiation results of HNS-IV using laser-driven Al single-layer flyers and 
Al/Al2O3/Al multi-layer flyers under different laser energies are shown in Table 1 and 
Table 2 ( The flyer velocity was measured via the Photonic Doppler Velocimetry).
From the table, it can be seen that when the laser energy up to 134.9mJ
(corresponding the Al flyer velocity is 4190m/s) the HNS-IV can be successfully 
initiated by the Al single-layer flyer. While the HNS-IV can be easily initiated by 
Al/Al2O3/Al multi-layer flyer under the laser energy low to 53.8mJ (corresponding the
Al/Al2O3/Al flyer velocity is 2543m/s). Figure 2 and Figure 3 are the pictures of the 
detonation devices after impacted by laser-driven flyers. From the pictures can be 
seen the HNS-IV reacted obviously with the laser energy increasing until was initiated
and the diameter of the steel case was expanded by the HNS-IV detonation. Figure 4 

Flyer HNS-IV

Nd:YAG laser

Lens K9 substrate
Witness plateBarrel



shows the picture of the witness plate after the HNS-IV successfully initiated and a 
hole of nearly 6mm diameter was left.

Table 1  Initiation results of laser-driven Al single-layer flyer

No. Laser energy
/mJ

Flyer velocity
/(m/s)

Result

1 78.1 3197 No
2 117.8 3996 No
3 134.9 4190 Yes
4 149.7 4317 Yes
5 166.8 4335 Yes

Table 2  Initiation results of laser-driven Al/Al2O3/Al multi-layer flyer

No. Laser energy
/mJ

Flyer velocity
/(m/s)

Result

1 20.1 No
2 36.4 2028 No
3 53.8 2543 Yes
4 117.8 3706 Yes
5 166.8 4505 Yes

 
Fig.2 The pictures of the detonation devices after functioned by laser-driven Al single-layer 

flyers

 

Fig.3 The pictures of the detonation devices after functioned by laser-driven Al/Al2O3/Al

multi-layer flyers



 

Fig.4  The picture of the Pb witness plate after the HNS-IV detonation

Compare the initiation results of HNS-IV using the two kinds of laser-driven flyers,
we can see that under the same experiment conditions the initiating ability of 
laser-driven Al/Al2O3/Al multi-layer flyer is better than that of Al single-layer flyer.
According to Walker-Wasley critical energy initiation criterion= 2
where P is the pressure imparted to the explosive, is the shock duration. For 
initiation to occur, the product P2 must exceed Ec, a constant that needs to be 
determined for a given explosive. is determined by the thickness of the flyer and the 
shock velocity in the flyer. In this experiment, the thickness of the two flyers are same 
and the main material of the flyers is Al, so the different of duration between the two 
flyers can be ignored. In the previous study we found that the addition of the Al2O3

insulation layer increases the mass of the flyer, which slightly decreases the velocity 
of the flyer, but significantly improves the impact pressure. So the P2 value of the 
Al/Al2O3/Al multi-layer flyer is much larger than the Al single-layer flyer and more 
easily exceed Ec of the HNS-IV under a lower laser energy for the initiation to occur.

4.  Conclusions
On the basis of the Al single-layer flyer, we prepared the Al/Al2O3/Al multi-layer 
flyer by adding an Al2O3 insulation layer. And using laser-driven Al/Al2O3/Al 
multi-layer flyer and Al single-layer flyer to initiate HNS-IV whose charge density is 
1.6g/cm3. The results showed that when the laser energies were up to 134.9mJ the Al 
single-layer flyers can successfully detonate the HNS-IV explosive. While the laser 
energies of HNS-IV initiation by Al/Al2O3/Al multi-layer flyers were down to 53.8mJ. 
That means under the same experiment conditions the initiating ability of laser-driven 
Al/Al2O3/Al multi-layer flyer is better than that of Al single-layer flyer, although the 
addition of Al2O3 insulation layer decreased the flyer velocity. From the analyses we 
found that to initiate the explosives using laser-driven flyers the impact pressure is 
crucial. How to design the flyers with new structures and materials to improve the 
impact pressure of laser-driven flyer is important in the study of laser-driven flyer 
detonation devices.
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Considerable progress has been made recently in the performance of both fibre coupled laser diodes 
and optopyro initiators or detonators (OPI/OPD) in order to achieve full warhead safety standard 
compliance. Increasing the number of components and connections along the optical line must make 
us ask key questions on parasitic light behaviours which could dramatically affect the system 
robustness. Among them, laser feedback is known as being a major cause of laser diode failure. Even 
if single element fibre laser diode technologies passed qualification tests in the past (mostly for 
Telecom applications), questions need to be asked concerning the ruggedness of these single or 
multiple laser ignition lines. 

For this purpose, a list of potential optical feedback sources in a typical optical ignition line is analysed. 
In particular, the optical power level back-reflected by an optopyro initiator is measured. The optical 
feedback risk in single element laser diodes is assessed by following an optimized experimental 
procedure for good reliability estimation. The laser diodes are step-stress tested by increasing the 
feedback level and the optical pulse width until a failure occurs. The experimental results are 
statistically processed to determine the critical operating conditions for optopyro applications in terms 
of optical feedback levels and pulse width duration. By performing accelerated tests, one can finally 
estimate the reliability level of these laser diodes against this effect and decide if some additional 
protecting components are required or not.   
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ABSTRACT 

Increasing the number of components and 
connections along the optical line for optopyro 
ignition raises key questions on parasitic light 
behaviours which could dramatically affect the 
system robustness. Among them, laser feedback 
is known to be a major cause of laser diode 
failure. In this paper, the effects of Optical 
Feedback (OF) on the laser diode reliability are 
investigated. While the devices tested here are 
relatively tolerant to back-reflections – they can 
be used at high power levels, up to 15W in a 
typical ignition line – there is a feedback 
threshold level that can lead to catastrophic 
damages. The good reliability level of these laser 
diodes for short-term operation is demonstrated 
by analysing the experimental results obtained 
in this study. 
 
 
1. INTRODUCTION 

Considerable progresses have been made recently 
in the performances of both fibre coupled laser 
diodes and optopyro detonators (OPD) or initiators 
(OPI). In order to achieve full warhead safety 
standard compliance, several new concepts of 
optical switch & shutter mechanisms have been 
proposed1. 
Increasing the number of components and 
connections along the optical line raises key 
questions on parasitic light behaviours which could 
dramatically affect the system robustness. Laser 
Optical Feedback (OF) is known to be a major 
cause of laser diode failure. It has recently been 
suggested that at the very high power used by the 
system, minor issues at fibre interfaces may result 
in feedback with destructive effects. Good 
understanding of the intrinsic laser diode failure 
mechanism is thus necessary to understand the 

risks that could be taken with respect to the optical 
line design and production methods. 
This paper reports the study of the OF risk on laser 
diodes for optopyro applications. The potential 
sources of light reflection in an optopyro ignition 
line are reported and quantified with respect to the 
optical design. The effects of back-reflection on a 
single element laser diode characteristics are then 
analysed, in terms of reversible effects (non-
destructive) and permanent effects (destructive). 
An experimental procedure is developed to 
determine the robustness of a laser diode module 
when operated with OF. Finally, the good 
reliability level of these laser diodes for short-term 
operation is demonstrated by analysing the 
experimental results obtained in this study. 
 
2. BACKGROUND AND CONTEXT 

This work has been led within the framework of 
the Tasks 6 and 7 of the Anglo/French Innovation 
and Technology Partnership (ITP) project on 
Materials & Components for Missiles (MCM), and 
funded by DGA, Dstl, Thales and ALPhANOV. It 
aims at investigating the suitability of laser diodes 
and optical switches for firing. Even if single 
element fibered laser diode technologies passed 
key qualification tests in the past (mostly for 
Telecom applications), some questions need to be 
asked concerning the ruggedness of these single or 
multiple laser ignition lines. 
For this purpose, an optical ignition line has been 
designed, according to the NATO standardisation 
agreement (STANAG) 4368 edition 3 for safety2. 
An example of such ignition line is displayed in 
Fig.1. 
The optical path interruption and the simultaneous 
dual warhead firing capability are made possible 
thanks to the optical switch which was designed by 
ALPhANOV. 
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Figure 1. Example of an ignition line 
 

In the example of Fig. 1, an optical circuit 
comprising a low power laser diode or LED and 
photodetectors is connected to the input port of the 
optical switch. This optical circuit is used to check 
the fibre path integrity in the ignition line. A high 
power laser diode is connected to the other input 
port of the optical switch. This firing laser diode 
emits typically 10W or more (25W, 100W… 
depending on the power required for fast ignition) 
at 9xx nm. 
 
In this figure, various sources of OF can be 
identified: 
- The optical switch can induce back reflections 

to the laser diode, especially at the fibre to 
fibre interface. Because of the change in the 
optical index, 4% of the incident light power 
originating from the tip of a fibre, cleaved 
perpendicularly to the longitudinal axis, is 
back-reflected. Depending on the technology, 
the feedback level can be reduced.  For 
instance, an anti-reflection coating may reduce 
the reflection level at the fibre tip down to 
0.3%. 

- Optical interfaces can also introduce OF: 
connectors, optical components and even 
splices (if defects are present during the 
splicing process) are a potential source of 
optical reflection. 

- The end of the optical path at the initiator is 
also a source of feedback when the fibre tip is 
not angled. At this stage, the reflectivity of the 
explosive material is also unknown and must 
be characterised. 

 
3. OPD BACK REFLECTION LEVEL 

CHARACTERISATION 

For OPD/OPI Back Reflection level 
characterisation, two optical detonators 
manufactured by NEXTER Munitions were tested 
on a specific bench, which comprises a power-
meter, a 2x1 optical coupler, a laser diode and its 
driver. The measurement setup is visible in Fig. 2. 
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test 
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2x1 coupler 
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Figure 2. Experimental setup for the measurement 

of the OPD reflectivity 
 
A 10W multimode laser diode manufactured by 
II-VI Laser Enterprise is mounted on a CCM (Cool 
& Control Multimode) module. This module, 
manufactured by ALPhANOV, is a laser diode 
driver and temperature controller dedicated to the 
control of multimode laser diode modules. The 
laser diode module is driven continuously (CW) 
for power stability requirement and the 
temperature is stabilised to 20°C. Because of the 
ignition threshold of the OPD, it is strongly 
recommended by the manufacturer to operate at 
low optical power. The output fibre of the laser 
diode is spliced on the input port of a 2x1 coupler. 
The other input port is connected to a power-meter. 
The output port of the coupler is spliced to a 
FC/PC fibre pigtail. This pigtail is then connected 
to the OPD under test. When the laser diode is 
powered, the portion of light back-reflected by the 
OPD goes to the power-meter according to the 
coupling ratio of the 2x1 coupler. Prior to OPD 
testing, the coupling ratio was measured and the 
laser diode output power was characterised. 
Two OPD references were tested (references 
SP210 and SP226). The laser diode operating 
current is set to 600 mA (40 mW output power) for 
this test and the results are reported in Tab. 1. 
 

OPD part number Reflectivity 
SP210 1.8 % 
SP226 1.8 % 

Table 1. OPD reflectivity values measured at same 
optical power 

 
The reflectivity values are identical for both 
detonators. The device SP226 was tested at three 
different current levels to determine the influence 
of the optical power on the reflectivity. The results 
are reported in Tab. 2. 
According to the values found during this test and 
taking into account the 4% reflection at the fiber-
air interface, it is expected that the total OF level in 
a STANAG 4368 Ed.3 compliant ignition line 
should not exceed 5.7%. This value is higher than 



the maximum acceptable feedback value given by 
the laser diode manufacturer (2.5%) and therefore 
it is important to evaluate their reliability when 
operated with feedback. 
 

Incident power Reflectivity 
10mW 1.6 % 
20 mW 1.7 % 
40 mW 1.8 % 

Table 2. Reflectivity values of SP226 measured at 
three different current values 

 
4. OPTICAL FEEDBACK EFFECTS ON 

LASER DIODES 
4.1. Laser diodes families 

Two types of laser diodes families could be 
considered for OPD/OPI ignition applications. The 
family considered here are single element 
multimode laser diodes. The OF damage threshold 
measured here is the one reaching a unique laser 
chip. Using multiple element laser diodes at high 
power levels could lead to higher OF power levels. 
These higher OF power would then be shared 
between the various (typically 3) chips within a 
multiple element laser diode. The following study 
is thus also valid for multiple element laser diodes 
knowing that the OF power has to be divided by 
the number of chips within the laser diode. 
 

4.2. Reversible effects on the devices characteristics 

As mentioned by Tomm et al. in reference 3, the 
cavity length of laser diodes increased because of 
the need of a high optical output power at the 
lowest cost possible. The decreased conversion 
efficiencies accompanied with increasing cavity 
length have been compensated by lowered front 
facet reflectivity. This made these devices more 
susceptible to all types of external feedback. 
OF may affect the laser diode performance in 
several ways. The threshold current is reduced 
when light is partially back reflected to the front 
facet4. OF also modifies the laser spectrum and 
introduces power fluctuations due to the changes in 
the interference conditions in the overall laser 
cavity (semiconductor and external cavity)5. These 
fluctuations are associated with the competition of 
several longitudinal modes for lasing. It results in 
near-field pattern modifications with the 
development of power intensity filaments, as 
reported in reference 6. This non-uniform intensity 
distribution at the output facet leads to a local 

increase of the output power which may degrade 
the laser diode. 
 

4.3. Degradation of laser diodes subsequent to 
optical feedback  

Filamentation of the near-field pattern can be 
destructive if the device is operated at high power 
levels. An example of a laser diode near-field 
pattern with and without feedback is displayed in 
Fig. 3. 
 

 
Figure 3. Near-field pattern of a laser diode 
without feedback (blue dotted line) and with 

feedback (red line)6 
 
In this figure, one can see that the peak power 
density increases when the laser diode is operated 
with OF. The peak power level can be greater than 
the maximum level measured without feedback 
and this can lead to catastrophic optical damage 
(COD) at the mirror facet (COMD). In Fig. 3, 
COMD is correlated with the intensity peak in the 
near-field pattern, which suggests that OF may 
increase the COMD occurrence. COMD is a well-
known degradation mode in high-power laser 
diodes7. It occurs because light is absorbed at the 
laser diode output facet. The temperature locally 
increases which induces a feedback loop with the 
increase of the non-radiative recombination rate. 
The semiconductor melts and fuses with the 
passivation layer. Finally crystal dislocations 
propagate along the laser cavity because of the 
temperature and current, leading to the catastrophic 
degradation of the device. 
Catastrophic degradation during operation with OF 
is not solely due to semiconductor damage. In laser 
diode modules, the failure may also be due to the 
package. As visible in Fig. 4, the fibre of a 10W 



laser diode module was destroyed during CW 
operation with 4% of optical power back-reflected 
to the chip (reflection originating from the tip of 
the fibre, cleaved perpendicularly to the 
longitudinal axis, due to the change of index at the 
fibre to air interface). Light was back-reflected to 
the laser facet and goes back outside the fibre core. 
It was finally absorbed by the fibre metallisation, 
leading to heating until the fibre burns down. 
 

 
 

 
Figure 4. a. Top view of a 10 W multimode laser 

diode module operated without OF. b. Top view of 
a 10 W multimode laser diode module operated 

with OF 
 
Manufacturers generally recommend avoiding 
back-reflections to the module. For instance, 
Oclaro (now II-VI laser enterprise) recommends 
that the back-reflected light should be less than 250 
mW for 10W modules (2.5%)8. This value is lower 
than the 4% reflection from the fibre-air interface 
which confirms that angled connectors or angled 
fibre cleave must be used. 
Other authors reported the gradual degradation of 
high power laser diodes emitting at 808 nm and 
operated with OF9. The degradation rate of these 
diodes is higher when the OF is applied. The 
semiconductor was analysed and the root cause of 

the optical power drift was further investigated. It 
was shown that optical reflections created local 
defects in the semiconductor near the laser diode 
facet, which increase substantially the non-
radiative recombination rate. A more recent study 
reported that external feedback does not enhance 
point defect creation in 980 nm laser diodes as it 
could do in 808 nm laser diodes10. Gradual 
degradation is therefore not expected for the laser 
diodes tested hereafter because the semiconductor 
technology is the same at 940 nm and 980 nm. 
Typical missile ignition applications require short 
time operation and gradual degradation should not 
occur during the whole mission operating time. 
However a laser diode is always tested before 
being integrated into a system and any source of 
feedback may potentially initiate a COD. 
The OF risk may exist and this subject must be 
investigated to increase the technology readiness 
level (TRL) of opto-pyrotechnics lines for missile 
applications. For this purpose, various tests were 
carried out to determine the robustness of high-
power laser diodes operated with OF for optopyro 
applications. 
 
5. STEP-STRESS TESTING 

5.1. Experimental procedure 

Step-stress testing is a useful initial indicator to 
obtain information of the prevalent failure modes 
and when in the stress-time domain they occur11. It 
consists in increasing stepwise a stress level during 
a test to identify different failure mechanisms most 
readily and to obtain information about the failure 
rate in the least time. For optopyro applications, 
two parameters can be varied: the reflectivity and 
the pulse width. The laser diode optical power is 
set to its maximum value since one may need the 
highest power available to ignite properly the 
optopyro device. 
A view of the experimental setup is shown in 
Fig. 5. 
The laser diode under test is fixed on a CCM laser 
diode driver which is triggered by a function 
generator. The output fibre is spliced to a 99/1 
coupler. The 99% port is connected to a digital 
variable reflector (DVR) fabricated by OZ Optics. 
This instrument collimates the incident beam to a 
mirror which reflects the light back to the fibre. A 
moving part is inserted into the collimated beam to 
adjust the reflectivity level. 
The 1% port of the coupler is split in two: the first 
output is used for energy measurement through a 
power-meter and the second output is connected to 

a 

b 



a photodiode to measure the optical signal and 
check that the laser diode is still emitting during 
the pulse. The various insertion losses have been 
characterized prior to testing. 
The overall reflectivity level that can be achieved 
is 45%. The pulse width can be varied from 10 µs 
to 100 ms. 
 

CCM 

Laser diode 
under test 

2x1 coupler 
99:1 ratio 

1% 
 

99% 

DVR 

 
Oscilloscope 

Photodiode 

Function 
generator 

Power-
meter 

2x1 coupler 
50:50 ratio 

 
Figure 5. Schematic view of the experimental setup 

for the step-stress test 
 
Several laser diode modules emitting at 9XX nm 
were supplied for this test. In the design shown in 
Fig. 1, the operating current for the step-stress test 
is set to 18 A. This value is higher than the 
maximum value specified by the manufacturer for 
CW operation but one may expect that the module 
can briefly operate at these levels without being 
damaged. 
 

5.2. Results 

- Constant pulse width 
The first step stress test sequence is done for a 
constant pulse width and a variable reflectivity 
level. The latter is increased until a failure occurs. 
One single current pulse is sent to the diode for 
each step during this test and the pulse width is set 
to 1 ms. 
The optical power measured at the fibre output is 
plotted as a function of the reflectivity in Fig. 6 for 
three laser diode modules.  
The three devices failed at three different 
reflectivity values: 15% for reference 38, 17% for 
reference 40 and 35% for reference 43. These 
values are much higher than 5.7% which is the 
maximum amount of light back reflected to the 
laser diode in a typical ignition system device (see 
part. 3). The results obtained during this test are 
encouraging since no device failed at 15 A and it 
was necessary to increase the current to 18 A to 
observe a degradation. Optical pulses are shown in 
Fig. 7 for device 38. Below 15% reflectivity, the 
laser diode emits during the whole pulse duration 

(see Fig. 7.a.). At 15% reflectivity, the laser diode 
emits light during a dozen of µs before stopping 
(see Fig 7.b.). 
 

 
Figure 6. Optical power drift during the OF step-

stress test 
 

    
Figure 7. P(t) curves obtained for reference 38 at 

reflectivity levels: a. 7% and b. 15% 
 
The damage is permanent: the laser diode stops 
emitting after the last pulse at 15% reflectivity. 
However the component has still a diode behaviour 
(forward voltage at ~1V). The laser diode package 
was opened and the module analysed. The top 
view of the failed module #38 is visible in Fig. 8. 
 
One can see in this figure that there is no 
degradation of the electrical wires or the optical 
fibre inside the module. The optical power drop is 
not linked to a package degradation and is more 
likely due to a semiconductor damage. The chip on 
submount was then removed from the package and 
the laser diode front facet was observed with a 
microscope. No evidence of COMD was found and 

a b 



the root cause of the failure (facet or bulk 
degradation) has not been determined. 
 

 
Figure 8. Top view of the laser diode chip and 

fibre 
 
 - Constant reflectivity level 
In this test, the reflectivity is kept constant and the 
pulse width is increased stepwise until a failure 
occurs. The optical power drift measured at the 
fibre output of three modules is plotted in Fig. 9. 
In this figure, one can see that that references 42 
and 41 did not fail during the test. The current was 
increased up to 18A and the reflectivity up to 25% 
without affecting the laser diode performance, 
even at 100 ms pulse width. 
For device 39, a failure occurred at 100 ms: the 
optical power decreased down at 18 A. The laser 
module was analysed and the fibre optic connector 
was inspected. As shown in Fig. 10, the fibre 
connector was damaged during the test. 
 

 
Figure 9. Optical power drift during the variable 

pulse width experiment 
 
The core burned because of the light power, 
inducing cracks in the ferrule. It is suspected that 
the light was absorbed at the connector output 

during the test, maybe because of dust or other 
contamination. 
A new fibre pigtail replaced the damaged one and 
the laser diode performances were recovered. The 
connector is not supplied by the manufacturer with 
the laser diode module, which means that the 
device itself successfully passed the test. 
It is worth noting that no device failed during this 
test. The damage threshold of laser diode modules 
operated with feedback seems to be unlinked to the 
pulse duration. 
 

     
Figure 10. Visual inspection of the fibre connector 

before (a) and after degradation (b) 
 

A new device was then tested with more than 360 
pulses at 18 A and 1 ms. The reflectivity is set to 
17% and the duty cycle is lower than 0.01%. The 
optical power versus time is acquired during all the 
test and the peak power drifts are estimated to be 
lower than 3%. 
 
These tests bring out important results: 
- Laser diodes are relatively tolerant to OF for 

optopyro. - Observed degradations are always 
catastrophic. The laser diode definitely stops 
emitting after a dozen of µs if the reflectivity 
level threshold is reached 

- No effect of the pulse duration on the failure 
occurrence was noticed during these tests. 
Some devices are more tolerant to feedback 
than others but the pulse width is not a critical 
parameter. 

- Failures seem to be related to a feedback 
threshold level and optical reflection effects 
are not cumulative in pulsed operation. 

 
6. RELIABILITY ESTIMATION 

The results plotted in Fig. 6 show that there is a 
dependence of the OF on the COD occurrence for 
a given optical peak power. Similar results were 
reported by Takiguchi et al. in reference 13 for 
808 nm laser diodes tested with OF. The 
dependence can be modelled according to Eq. 1. 

TRCTR
P

P COD
FBCOD

33
_

21 ��
�   (1) 

Fibre 

Fibre 
carrier 

Chip on 
submount 
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Here, PCOD_FB is the COD threshold, i.e. the optical 
power level at which the COD occurs when the 
laser diode is operated with OF. PCOD is the COD 
threshold without feedback, R3 the mirror 
reflectivity, C and T are laser-dependent 
parameters. One can use Eq. 1 to plot the data of 
Fig. 6. The result is shown in Fig. 11. 
 

 
Figure 11. COD threshold versus reflectivity. Blue 
circles show the experimental data and the orange 

line is the plot of the model 
 

This behaviour confirms that COD is the main 
failure mechanism for these laser diode modules 
operated with feedback. The uncertainty of the fit 
is probably due to the difference in the coupling 
ratio from one device to another. 
The laser diodes studied here are relatively tolerant 
to OF since they can emit more than 15W with 
5.7% back-reflection without degradation. When 
increasing the optical power, the risk of COD is 
greater and it is unsafe to operate in this regime. 
However below 15W, how does OF influence the 
laser diode module reliability? 
As reported in reference 6, OF increases the peak 
power density (PPD) which can be determined 
from the near-field pattern of the device. 

E

F
HB
PHPPD

0

95�   (2) 

In Eq. 2, HF corresponds to the height of the most 
intense filament, P95 is the output power, B0 the 
base of a top-hat shaped near-field pattern and HE 
the emitter height. 
For the module studied here, the fibre is butt-
coupled to the laser diode emission area. In case of 
back-reflection, because of the beam divergence at 
the fibre output (NA=0.15), the distance of the 
fibre to the chip and the chip geometry (the active 
area is probably a rectangle of few decades of 
microns by few microns), only a certain part of the 

reflected power is reinjected into the active area. It 
is therefore very difficult to measure the near-field 
pattern when the fibre is present since it requires 
separating the beam in two parts without 
modifying the fibre coupling. Without the fibre, 
the injection conditions are modified and the near-
field pattern that could be measured will differ 
from the one with fibre. 
Regarding the reliability, the failure rate λ will 
directly depend on the PPD as: 

)exp(0 kTEPPD a
y �� ��   (3) 

In Eq. 3, λ0 is the failure rate in nominal 
conditions, Ea the activation energy of the thermal 
activated degradation process, k the Boltzmann’s 
constant, T the temperature and y the exponent for 
the power degradation law. The PPD being 
dependent on the OF, the failure rate will increase 
with the feedback rate. At this stage, it is difficult 
to estimate this variation because of the fibre 
proximity to the chip. In reference 10, one can see 
that the PPD can be increased by more than 20% 
when OF is present in 976 nm laser diodes. Using 
the reliability data published by the manufacturer14, 
one may expect in the worst case that the failure 
rate could increase from 13 kFIT to 33 kFIT when 
the PPD increases by 20% at 14W and 25°C. The 
corresponding mean time before failure (MTBF) is 
three and a half years for a laser diode operation 
with feedback at 14W. This has to be confirmed by 
a lifetest, if possible with a reflectivity level 
corresponding to the one characterised in a typical 
optopyro line (5.7%). 
 
7. GUIDELINES TO SUPPRESS BACK-

REFLECTIONS 

Alternatively, it is also possible to reduce as much 
as possible optical reflections in the design. 
Several solutions exist: 
- The use of angled connectors reduces back 

reflections, the reflected power being absorbed 
by the connector. 

- If possible, the number of connectors shall be 
reduced and the fibres shall be spliced. 

- Optical isolators or circulators can typically 
reduce more than 50 dB of back reflected 
power but also induce some insertion losses 
which shall be taken into account in the system 
design. 

- Index matching liquid could also be 
considered, but this does not seem to be a 
credible solution for missile applications.  

 



8. CONCLUSION 

In this paper, the effect of OF on the characteristics 
of 9xx nm high power single elements laser diode 
modules used for optopyro ignition lines is studied. 
The feedback level of a typical ignition line is 
generally lower than 6% but this value is greater 
than the limit given by laser diode manufacturers. 
Step-stress testing the laser diodes with an 
increasing reflection level revealed that laser 
diodes fail because of COD. By choosing the 
appropriate output power, depending on the 
ignition system requirements, one may expect at 
least a MTBF greater than 3.5 years at 14W at such 
a high reflectivity level. 
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HMX Hotwire Initiation and Performance Criteria 
 

Recently, new understandings surrounding the coupling of electrical energy to explosive 
initiation have been found.  More accurate measurements of voltage across bridge materials, in 
addition to precise measurements of current, have allowed for the correct calculation of power 
and energy delivered to an explosive inside a component.  These two variables seem to control 
initiation across a wide variety of variables, including current discharge rate and different 
bridge dimensions.  Analysis of power-energy space allows both explosives and component 
designs to be explored, and the optimum performance parameters determined.  This 
information can lead to more efficient explosive component designs, and better inform safety 
criteria.  The equipment and tests required to obtained accurate current and voltage data will 
be explained.  The analysis of the data will be explored, and the information obtained from the 
analysis will be discussed.  
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The Test Vehicle 

OUO 

Agilent 10076A 
Passive Voltage Probe 

Agilent 10076A 
Passive Voltage 

Probe 

Header Shell 

Header 
Pins 

Fixed Charge 
Column 

Explosive 

� The test vehicle allows changing bridge length and the explosive pressing. 
� Input is measured using a CVT for current and differential voltage probes 

for voltage. 
� The output is detected via optical detection or pressure reading. 

 Bridgewire Header Glass 



Obtaining Voltage with Differential Probes 
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� The two voltage signals are subtracted. 
� The result is the true voltage across the bridge. 
� This method works most reliably being as close to the bridge as 

possible with the two measurements. 



The Ignition Problem 
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� Trying to find  

 

Header = Sink 

Bridgewire = Source 

HMX Powder = Sink 

 

   

 

  



Observations from TKP Tests 

� All wires are 1 Ω. 
� Changing bridge dimensions and material changes energy and 

power asymptotes. 
 OUO 

Different 
Asymptotes in 

both Power and 
Energy 



The Curves are Related by Surface Area 

� The different bridge materials and dimensions can be related by 
their surface area. 

� This allows translation between designs having only performed a 
single test series. 

OUO 

Same Power and 
Energy 

Asymptotes 

Kick-up is due to electrical 
energy deposition starting to 

be faster than heat 
conduction 
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� Several tests conducted increasing firing current from 2 A to 25 A. 
� Many tests performed at 4 A (near threshold). 

HMX Performance Data 



HMX Performance Data 
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Large Scatter 
Near Threshold 



Performance Data 
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Large Scatter 
Near Threshold 

Indistinguishable 
performance  

~10 A 

� Why is there  a reduction in scatter as input is increased? 
� Where in the design does the scatter come from? 



Power-Energy Space 

OUO 

� Points taken at Peak Power, which corresponds to bridge burnout. 
� In low-power region, burnout occurs when output occurs. 
� In high-power region, bridge burns out before output. 



Power-Energy Space 
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Low-power 
Asymptote 

(<4 A)  

• In the low-power regime, heat gain and heat loss compete to ignite the 
explosive. 



Low-power 
Asymptote 

(<4 A)  

Power-Energy Space 
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Cross-over 
Region  
(4-6 A) 

• In the low-power regime, heat gain and heat loss compete to ignite the 
explosive. 



Low-power 
Asymptote 

(<4 A)  

Cross-over 
Region  
(4-6 A) 

Power-Energy Space 

OUO 

• In the low-power regime, heat gain and heat loss compete to ignite the 
explosive. 

• At high-power, energy deposition is too fast for heat loss to occur and 
scatter becomes negligible. 

High-power 
Asymptote 

(>6 A) 



Low-power 
Asymptote 

(<4 A)  

Cross-over 
Region  
(4-6 A) 

High-power 
Asymptote 

(>6 A) 

Power-Energy Space 

OUO 

• In the low-power regime, heat gain and heat loss compete to ignite the 
explosive. 

• At high-power, energy deposition is too fast for heat loss to occur and scatter 
becomes negligible. 

• Since losses can be ignored at high power,  

 
Range 



Analyzing Single Test Series in Low Power Region 
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� Assume HMX ignites at same energy every time ( . 
� Can observe design’s inherent variability in heat loss. 

 



Obtaining  

OUO 

� Assume HMX ignites at same temperature independent of input. 
� Large variability in initiation of HMX (  range). 
� Even larger variability in heat loss due to powder and header 

contact (  range). 

 

 



Obtaining  and  
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� Raising the bridge gives us the same energy to ignition as high-power testing. 
� This implies the powder is an insulator on these time scales, and the energy 

loss to the powder goes to zero. 
� This also implies the largest variability in ignition is due to heat loss to the 

header. 
 

 

 



Back to HMX – Changing Bridge Size 

� This test changes the resistance by changing the bridge 
dimensions. 

� These bridges were pressed onto the header. 
 OUO 



These Tests are also Related by SA 

� Surface area relates the different wire geometries. 
� This implies the Power-Energy curve can be normalized by surface area. 
� Now a new tool exists for scanning the design space of an HMX ignitor. 
� Bridge dimensions and materials can be changed until the desired no-fire (energy 

asymptote) and desired hard-fire (power-asymptote) can be achieved. 
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Comparing HMX and TKP 

� HMX requires ~2 orders of magnitude higher power/energy for ignition. 
� This type of analysis can be performed on other explosives to further aid 

design decisions for both no-fire safety and performance criteria. 

OUO 



Conclusions 
� Power-Energy Space governs hotwire performance. 
� Any material and any bridgewire geometry can be compared 

using Power/SA vs Energy/SA. 
� Doing a single test series produces the characteristic 

performance curve. 
� Wire dimensions can now be changed until desired 

characteristics are achieved. 
� The energy asymptote (low-power) controls no-fire and safety criteria. 
� The power asymptote (low-energy) controls hard-fire characteristics. 

� Different explosives can be compared readily in Power-Energy 
Space. 
� Compare no-fire requirements for safety. 
� Compare input requirements for performance. 

OUO 
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New innovative anti-tank solid rocket motor design 

Author(s): N.RUMEAU (Roxel) – F.STANKIEWICZ (Herakles) 

 

Abstract 

Since the early 2000’s Roxel, formely Celerg, have tried to promote advanced technologies in its solid 
rocket motor designs for tactical missiles. More particularly, cooperation with SNPE, in charge of DGA 
funded research, was performed to demonstrate interest in smokeless XLDB propellant like Azamite®.  

Through new impulse given by its new shareholder SAFRAN Herakles and MBDA financial support, 
industrials partners set up late 2011 an ambitious technical demonstration program enabling Roxel, 
European leader company, to demonstrate its technical and industrial ability in providing solid rocket 
motor design including lead free smokeless XLDB propellant and more particularly Azamite®. 

Compared to smokeless conventional of the shelf technologies Azamite®propellant combined with 
appropriate single charge design is able to provide, 

� Environmentally friendly solution (lead free), 
� Higher specific impulse, higher Turn Down Ratio enabling to extend missile range, 
� Comparable costs of production, 

By merging their resources and efforts, the industrial partners, with a large range of simulation works, 
experimentations and trials, want to demonstrate, 

� Achievable ballistic performances at SRM level on a large temperature range, 
� SRM Safety factors including knock down factor associated with ageing, 
� IM performances, 
� Plume signature, 

After first promising firing trials achieved in heavy weight and solid rocket motor configurations, TRL6 is 
expected to be reached by mid-2015, and allow to go on with development program for an updated 
MMP solid rocket motor design. 

Such achievement will enable Roxel and its partners to expand their technological portfolios, propose 
this innovative technology in all new development programs in which performance is required, and stay 
a step ahead from competitors. 
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New innovative anti-tank solid rocket 
motor design 

Author : N.RUMEAU (1) 

(1) Head of Energetic Materials and Processes 
Department – Roxel France  
n.rumeau@roxelgroup.com 

Abstract 

Since the early 2000’s Roxel, formely Celerg, 
have tried to promote advanced technologies in 
its solid rocket motor designs for tactical 
missiles. More particularly, cooperation with 
SNPE, in charge of DGA funded research, was 
performed to demonstrate interest in smokeless 
XLDB propellant such as Azamite®.  

Through new impulse given by its new 
shareholder SAFRAN Herakles and MBDA 
financial support, industrials partners set up late 
2011 an ambitious technical demonstration 
program enabling Roxel, European leader 
company, to demonstrate its technical and 
industrial ability in providing solid rocket motor 
design including lead free smokeless XLDB 
propellant and more particularly Azamite®. 

Compared to smokeless conventional of the shelf 
technologies Azamite® propellant combined 
with appropriate single charge design is able to 
provide, 

� Environmentally friendly solution (lead 
free), 

� Higher specific impulse, higher Turn 
Down Ratio enabling to extend missile 
range, 

� Comparable production costs with 
conventional double base SRM designs, 

By merging their resources and efforts, the 
industrial partners, with a large range of 
simulation works, experimentations and trials, 
aim to demonstrate, 

� Achievable ballistic performances at 
SRM level on a large temperature range, 

� SRM Safety factors including knock 
down factor associated with ageing, 

� IM performances, 
� Plume signature, 

After first promising firing trials achieved in 
heavy weight and solid rocket motor 
configurations, TRL6 is expected to be reached 
by the end of 2015, and allow to go on with 
development program for an updated MMP solid 
rocket motor design which could be delivered to 
forces around 2020. 

Such achievement will enable Roxel and its 
partners to expand their technological portfolios, 
propose this innovative technology in all new 
development programs in which performance is 
required, and stay a step ahead from competitors. 

1. Introduction 

Early 2010, replacement of MILAN (middle 
range) anti-tank missile was confirmed. MBDA, 
major missile prime, proposed in this way to set 
MMP development and qualification program in 
order to provide French forces a fire and forget 
anti-tank missile. 

 

Figure 1 : MMP missile architecture 

This new program was considered as a new 
opportunity to promote Herakles and Roxel past 
experiences in respectively advanced energetics 
and innovative solid rocket design such as 
Nitramite® propellant development in the early 
90’s, MACAM (Tow anti-tank solid rocket 
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motor Europeanisation) and Diabolo (anti-tank 
boost-sustain Azamite® R free standing grain) 
advanced research programs. 

 

Figure 2 : Diabolo Advanced Research program 

Moreover, this new program was considered as a 
chance to speed up performances demonstration 
of minimum smoke lead free Azamite ®R 
propellant already known to provide higher 
specific impulse[1] than conventional double base 
(EDB, CDB and XLDB). 

 

Figure 3 : Lead free Azamite® R formulation drivers 

To accelerate double base technology 
substitution currently down selected in the 
development program, industrial partners 
decided to set up a technology demonstration 
program base on lead free Azamite®  R 
propellant, enabling the team to demonstrate 
compliance with MMP SRM specifications. 

By demonstrating capability to achieve boos-
sustain ballistic regime, MURAT one star 
signature, shelf life, plume transparency, and 
cost performance, the partners aim to achieve 

TRL 6 late 2015 to propose prime, government 
and forces the best available technology 
providing extended (range, missile agility,….) 
performances compared to off the shelf systems. 

2. Technological demonstration, key 
achievements to date. 

Lead free Azamite® R propellant was developed 
through DGA funded research program. Lead 
free Azamite® R performances evaluation 
coupled with past experience analysis eased to 
design reliable grain and solid rocket motor 
architecture. 

 

Figure 4 : Lead free Azamite® R performances 

Azamite® R performances were then integrated 
in trade off studies to predict performances and 
analyse them in regards with MMP technical 
specifications. 

 

 

Illustration 5 : Boost-sustain charge design and associated 
performances 
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In the early step of the demonstration program, 
plume signature was appraised. This assessment 
was implemented in representative SRM 
configuration for both, boost and sustain 
pressure conditions.  

Combined with dedicated inhibition system, 
Azamite® R propellant demonstrated the 
compliance with the required level of stealth, 
both for visible and infra-red transparencies. 
Moreover, use of formulation additives and 
dedicated nozzle conditions lead to non-post 
combustion phenomenon. 

 

 

 

Figure 6 : Plume signature assessment (visible and IR) 

Grains were then manufactured on representative 
industrials means of production in order to 
provide the necessary equipment to implement 
performance demonstration at solid rocket motor 
level. More than 20 grains were manufactured.  

Prior to integrate the grains in Kevlar over 
wrapped aluminium case, heavy weight firing 
were successfully achieved allowing the next 
step of the demonstration program to be 
implemented. 

 

Figure 7 : Heavy weight firing at +20°C 

Then, SRM demonstrators were successfully 
performed on the whole temperature range [-
40°C to +63°C], demonstrating boost –sustain 
regimes with a measured thrust down ratio over 
3. 

 

Figure 8 : example of SRM firing at -40°C 

 Early 2015, partners considered that achieved 
TRL is 5. The next steps to come will be focused 
on IM and ageing knock down factor through 
simulated ageing program. 

Concerning IM, the solid rocket motor signature 
will be demonstrated by performing slow cook 
off (3,3°C/h) and fragment impact (1800 m/s) 
trials. As fully representative in terms on SRM 
design, Diabolo measured IM signature for fuel 
fire and bullet impact will feed the current 
technical demonstration. 

IR  emission spectrum

Azamite R propellant
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Figure 9 : IM signature (Diabolo past experience) 

3. Industrialisation 

Industrialization process began mid 2013, with 
risk analysis surveys. Through this first step, 
preferred industrial organization was identified 
to organize safe production cycle complying 
with on time, on cost and on quality for future 
deliveries. 

In parallel, robust design-rapid development 
methodology (addressing class of difficulties, 
maturity level) is implemented to demonstrate 
industrial capability to qualify the defined 
design. 

4. Conclusions 

Through the work completed lead free Azamite® 
R performances were strengthened on MMP 
specified temperature range. Boost – sustain 
grain and solid rocket motor designs were 
implemented and performance predictions 
completed in regards with MMP technical 
specification. This step highlighted possible 
performance extensions at missile level. 

Moreover, industrial partners considered that 
through heavy weight and SRM firings TRL 5 
was achieved on the technology.  The next steps 
at demonstration program level will ease to 
achieve TRL 6 by the end of 2015 preparing 
future development and industrialization phases 
enabling prime to possibly deliver MMP MK2 
design to forces around 2020. 
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AIRCRAFT SAFETY DEVICES 

Emilie LIEBENS 
Herakles 

Abstract 

Herakles, a world leader in gas generant for car occupants protection also develops safety devices 
for aeronautic applications. The Herakles development strategy is to design modular products, 
with common unit components and providing a wide range of products (a few tens of grams to a 
few tens of kilograms) 

Safety devices developed by Herakles apply in several fields: 

� « Electrical » applications: H2C and IPS circuit breakers   
� « Fire protection » applications: TYPHOONTM extinguisher 
� « Gas generant » applications: CALIMATM gas generator 

The CALIMATM generator has been developed in partnership with Ratier-Figeac for support 
systems to open an aircraft door in emergency evacuation situations. The objective of this project 
is to design a device able to replace gas bottles under pressure currently operational on aircraft 
door. This developed generator is on qualification phase on Ratier-Figeac test benches (TRL6). 

In parallel with the development of safety devices in aeronautics, Herakles also works in other 
civilian areas such as land transport and industry. It increases Technology Readiness Level, by 
using products in shorter time cycles markets. 

Safety devices developed or under development by Herakles are "one-shot" systems, reliable, used 
in ultimate safety situations. They have the advantage of being lighter, less bulky than other 
existing systems and do not require maintenance. 
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ABSTRACT 

Herakles, a world leader in gas generant for car 
occupants’ protection also develops safety devices 
for aeronautic applications. The Herakles 
development strategy is to design modular 
products, with common unit components and 
providing a wide range of products (a few tens of 
grams to a few tens of kilograms). 
 
Safety devices developed by Herakles apply in 
several fields: 

� Electrical: H2C and IPS circuit breakers   
� Fire protection: TYPHOON® extinguisher 
� Gas generant applications: gas generator 

 
The CALIMA® generator has been developed to 
support systems to open an aircraft door in 
emergency evacuation situations. The objective of 
this project is to design a device able to replace gas 
bottles under pressure currently operational on 
aircraft door. This developed generator is on 
qualification phase on industrial test benches 
(TRL6). 
 
In parallel with the development of safety devices 
in aeronautics, Herakles also works in other 
civilian areas such as land transport and industry. It 
increases Technology Readiness Level by using 
products in shorter time cycle markets. 
 
Safety devices developed or under development by 
Herakles are "one-shot" systems, reliable, used in 
ultimate safety situations. They have the advantage 
of being lighter, less bulky than other existing 
systems and do not require maintenance. 
 
1 INTRODUCTION 

Pyrotechnic safety devices took off in the early 
1990’s in the automotive industry with the 
introduction of the first Airbags in European 
vehicles steering wheel.  It then conquered the 

entire vehicle with protection devices making 
vehicles safer for the driver, for passengers but 
also for its’ environment (pedestrian, cyclist ...). It 
is now possible to significantly decrease the 
number of deaths related to the car. Herakles is 
proud to be one of the major players in this 
development with offices in Europe and Asia. 
It should be therefore natural for this technology to 
be implemented in the aeronautical field or other 
transport mode where safety is a critical parameter. 
The evacuation systems are the symbol of aviation 
safety systems. Do not forget extinguishing 
systems in the cargo area or engine area. We can 
also imagine safety devices for more electric 
aircraft   in the image of what is done on hybrid or 
electric vehicles. 
Nevertheless, the constraints are very different: 
production rates (the unit is the million for the car, 
the hundred for aeronautics), life cycles: a 
generation of car every 5 years, a generation of 
plane every 30 years. 
We therefore had to change our mind to offer a 
range of products that could meet the needs of 
aircraft manufacturers and OEMs. 
 
2 GAS FORMULATION 

The first generation of gas generators for 
automotive safety was derived from military 
double base compositions. They then evolved 
taking into account two targets: decreasing the 
temperature of the generated gas and increasing the 
maximal operating temperature. I don’t forget to 
mention the reduction in NOx levels, chlorine, 
particle but also increasing molar yield. Obviously 
reducing price was a key parameter. 
In all cases very high burning rates were sought to 
address the requirement for a very short time of 
operation (a few tens of milliseconds). 



 

 
 
This work is continuing on the same axes for the 
future of airbags with further reduced gas 
temperatures. 

 
 
To adapt to new requirements, we have developed 
new formulations with combustion burning rate 
much slower to address operating times of the 
targeted devices. Flotation equipment deploy about 
5 s, an extinguishing device can operate for more 
than 10 seconds. Our new formulation NGP (New 
Green Propellant) addresses this need. When it is 
necessary to maintain the volume of gas generated 
despite the cooling and condensation of the gas, we 
associate it with an extremely slow burning or 
rather pyrolysing formulation called NfN2. Its’ gas 
production can exceed 500 s. The two cold molar 
yields are estimated to about 20 moles per kg. Cold 
mean that the gas is quantified after condensation 
(eg water).  
 
Ongoing work aims to continue to reduce the 
temperature of the gases generated but also the 
condensable rate to continue optimizing our 
devices. 
 
3 SAFETY DEVICES 

3.1 General Design 

To design our safety devices, we conducted an 
analysis of the value of the devices we wanted to 
offer. We converged on the introduction of a range 
of products, since low production rates and very 
low prices don’t allow profitable specific products. 

Similarly we favoured the use of off-the-shelf 
subsets and the choice of a manufacturing process 
consistent with the achievement of similar products 
with a mass varying from 10 g to 10 kg. 
 
Of course, we considered deriving our safety 
devices of our two flagship products: 

� Our solid propellant Engines have largely 
the good range of mass. But it seems very 
difficult to develop a range of modular 
products. 

�  Airbags are compatible with a range of 
product by increasing the number of 
pellets and adjusting the casing. However, 
it seemed unrealistic to build a 10 kg 
device with small pellets. 

 
We therefore developed a modular architecture - 
like Legos - which allows building a buzjet or 
A380 from a few identical parts. 
 
The design uses standard aluminium tubes in 
which the different functional subsets are crimped. 

� The igniter may include a standard 
automobile initiator to optimize the serial 
price. It may also include an aeronautic 
initiator qualified for military 
environments. It includes a boost grain for 
amplifying the ignition signal. 

� The main chamber, covered by a thin 
thermal protection, includes one or more 
blocks to generate the large amount of gas. 

 
The blocks are fixed using springs. Each room is 
closed by a seal. 

 
This architecture allows designing and 
manufacturing a range of generators of variable 
volume gas from 3 standard tube diameters cut to 
the desired length. 

 



 
This architecture also enables the design and 
manufacture of pyrotechnic syringe to spray 
liquids or powders (Typhoontm). In this case, the 
liquid or powder is placed in a separate chamber of 
the generator. The generator is naturally designed 
according to the architecture of the generators  
which I have just presented. 

 
 
Besides being able to perform a variety of different 
products from the same sub-assemblies, this 
architecture allows to re-use the feedback of a 
project to another project. Similarly a single 
numerical simulation tool can be set-up and fitted 
on many tests. This allows us to quickly meet the 
needs of a new application. 
 
We have developed 3 ranges of products consistent 
with this design: 

� Cut-Off 
� Pyrotechnic Syringe 
� Gas Generator 
�  

3.2 Cut-Off 

IPS works by cutting a bus bar. This gives it a very 
simple and thus extremely reliable property. It has 
no impact on the electric system before operating 
since positioned above the bus bar. After 
operation, it cuts the bus bar and separates and 
isolates the two conductors to prevent arcing. 

 
The cut-off time is of approximately 2ms. This 
architecture is compatible with medium power 
devices (electric device) I ~ 200 A V I ~ 50 V. 

 Indeed, the increase in intensity will require 
increasing the section of the bus bar, thus 
increasing the energy of the disconnector. 
Similarly the increase in tension will require more 
separate conductors and thus complicate the 
device. 
 
This explains why, for larger energy requirements, 
we developed H2C that works with a mobile 
conductive cylinder. Before operation, it connects 
the two poles of the circuit breaker providing 
electric continuity (almost negligible resistance). 
After operation, the driver cylinder is substituted 
by an insulating cylinder. The short running time 
and containment of gas prevents the creation of an 
electric arc. 

 
 
This architecture is compatible with a current 
roughly estimated to 400 A and 500V. The cut-off 
time is estimated to ten milliseconds. 
 

 



We also worked with Mersen to associate these 
circuit breakers in parallel with fuses in order to 
offer combined electrical switching devices: 
Trigger on order or on over current. This also 
allows operating at higher voltages since the 
current is derived in the fuse during the cut-off. 
During this phase the voltage increase is small, 
which limits the risk of arcing in the cut off. Then 
the fuse subjected to high current triggers acts. 
 
We presented this work at the SAFRAN Power 
Electronics Centre (SPEC) symposium dedicated 
to More Electric Aircraft. 
 
3.3 Pyrotechnic Syringe 

Concerning the pyrotechnic syringe, we designed 
and manufactured devices (Typhoontm) containing 
1 to 8 liters of active agent either liquid (water, 
Novec, ...) or powder (Dry Chemical) or oil or 
grease or anything else. 

 
We tested this device with different fires (Fuel, 
electrical, Lithium Ion). This device is able to 
protect combustion engines or electric cabinets or 
lithium ion batteries or other system with the right 
extinguishing agent. This work was presented at 
the IPASS and the IWMA. 
 
We also used it to grease online a failing bearing 
(increased temperature, increased vibration) and 
we were able to run 40 extra minutes. This device 
called Greasly could for instance allow a helicopter 
to land instead of making a sea landing. 

 
 

 
3.4 Gas Generator 

Solid gas generators use the strong volume 
performance of gas precursors to store a large gas 
capacity in small volume and light devices.  As a 
reminder, a relatively standard Cold Gas precursor 
is equivalent to gas storage under a pressure of 800 
bars.  

 
 
We tested these generators to successfully power 
an actuator. Two pulses (swelling with rapid 
formulation and maintaining pressure during 
cooling and condensation of the gas with a slow 
formulation) allow inflating flotation devices or 
other inflatable device even at high pressure. 

 
 
In all cases, the gain in volume with respect to 
pressure devices is significant with a rough 
estimate of an additional 50%. The weight gain is 
about 30%. 
 
4 GAS GENERATOR CALIMA® 

4.1 Aircraft door actuator 

The Calima® generator is developed with Ratier 
Figeac to power an actuator and open an aircraft 
door in emergency conditions. It’s an example of 
what pyrotechnics can bring to the matter. 
 
 



Aircraft door actuators have a dual function; first 
dampen the operational opening of the door. It 
limits the door speed at the end of the door travel 
during opening or closing and prevents the door 
from knocking and damaging the fuselage.  
Second, in emergency condition it opens the door. 
In this second case, the external forces on the door 
can be significant. 

 
 
Currently, actuators are powered by pneumatic 
cylinders. We proposed to replace these bottles by 
pyrotechnic devices, lighter, less bulky ... and 
without maintenance. 
 
This project was initiated in early 2010 when we 
presented, for the first time, the preliminary work 
done. After the usual period of discussion and 
negotiation, Ratier Figeac issued us a specification. 
The target was to design and test until TRL 6 a 
device lighter than the current bottle (500g max 
compared to 800g) and compatible with the same 
interfaces.  Specified environments were 
conventional in terms of temperature (-55°C, 
+70°C). However Gas generator was hoped to 
have better efficiency at low temperature. 
 
4.2 Requirement 

The external loads on the door of the aircraft were 
specified (inertia of the door, external load 
(gravity, wind ...) but also speed limiter. I will 
return to this speed limiter that could seem at first 
sight incompatible with a pyrotechnic device. 
For RAMS, the specifications were totally 
consistent with the natural performance of 
pyrotechnic devices: no maintenance, high 
availability high safety and high reliability even 
after a very long storage. 
Last key parameter, the target price that guides the 
design. 
 
4.3 Design 

To develop this generator we used our tanks 
adapted to airbags. Very quickly, we were able to 
test the generators at different temperatures, of 
course without back pressure. 
 

To test the generator with an actuator taking into 
account the resistance of the door, we set up a test 
bench with back pressure provided by an 
adjustable pressure hydraulic cylinder. The device 
also included a speed limiter to study the 
interactions between the generator and the speed 
limiter. 

 
 
The generator is designed in accordance with the 
general principles presented early in the 
presentation. A cylindrical tube in which are set 
the igniter (Chamber 1), the gas generating 
composition (Chamber 2). The 3rd chamber is a 
buffer room to regulate the pressurization of the 
actuator. This room also includes filters to stop 
particles.

 
 
Subjected to electrical triggering, the initiator 
generates hot gases (peak 1), which initiates a 
boost grain. This grain pressurizes the chamber 1 
up to the breakdown of the seal (peak 2). These 
gases then diffuse into the chamber 2 and initiate 
its grain. The pressure increases in chamber 2 until 
it breaks the second seal (peak 3). The gas diffuses 
in the 3rd chamber. The pressure continues to 
increase in the entire device and, at least, breaks 
the last seal (pic 4).  

 
 



The pressure in the cylinder begins to rise and the 
actuator starts moving after the desired latency. In 
this test, the actuator moves at a constant pressure 
in equilibrium with the pressure against the 
cylinder simulating the resistance of the door.  

 
 

4.4 Simulation 

In parallel with this experimental demonstration of 
some loading cases, we implemented a numerical 
tool to simulate the generator during the whole 
operating conditions (temperature, external load). 
 
First, this tool simulated the operation of the 
initiator. It then calculated the generator pressure 
evolution taking into account the evolution of the 
combustion surface and heat exchanges with the 
outside. It also took into account the impact of gas 
cooling and condensation. The back pressure was 
evaluated taking into account the inertia of the 
door and different external load and the presence 
of the speed limiter. 
This tool was initially fit on all tests conducted. 

 
It was then used to determine the operating 
pressure for all load conditions. It was checked in 
particular that the maximum pressure kept 
compatible with the mechanical resistance of the 
generator, but also with the strength of the 
actuator. 

 
 

4.5 Conclusion 

Many other studies have been made on the RAMS 
(functional analysis, FMEA, ...). The generator was 
also classified in Class 9 for transport regulation: 
Miscellaneous dangerous object. For this, we 
carried out all the tests required by the regulations, 
ensuring that the generator had no external effect 
in nominal conditions and also when subjected to 
fire (Bone Test). For example, the presented test 
proves that there is no flash or flame capable of 
igniting a sheet of paper in contact with the 
generator.

 
 
In conclusion we demonstrated a TRL 5: test in 
partially representative conditions. Calimatm 
generator is compatible with the specifications in 
terms of operational performance but also in terms 
of RAMS. It is significantly smaller than the gas 
cylinder. We just launched the demonstration in 
operational environment on the benches used by 
Ratier Figeac to characterize the performance of 
the operational cylinder.  
 

 



5 OTHER PROGRAMS 

We have equivalent ongoing programs for gas 
generator, pyrotechnic syringe and circuit breaker. 
This development phase is relatively long in the 
aerospace field due to the complexity of the 

systems in which they are used (~ 10 years). To 
minimize the cost of this phase, but also to quickly 
acquire operational feedback, we have launched 
similar programs for non-aeronautics applications 
with the same products. 

  

 
 

The TRL of our aeronautic programs are relatively 
low with the exception of the door actuator project 
I have presented. 
The development cycles are shorter for civil 
applications. We were able to move much faster on 

civil applications. We are working on certification 
for extinction applications. We have also just 
launched the development of a circuit breaker for 
an automotive application. Industrialization is on 
progress.

 
 



6 CONCLUSION 

I hope I have convinced you that pyrotechnic 
safety devices have applications outside 
automotive safety. By adapting their design, they 
bring gains of pyrotechnics (less volume and less 
mass) in new areas. They have all the advantages 
of pyrotechnics (reliability, maintenance-free even 
after long term storage). Some of them are also not 
classified in Class 1 Explosives article within the 
meaning of transport regulations. 
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Abstract : 

This article presents the progress of the opto-pyro technology carried out by Nexter Munitions. The 
studies began in the sixties, the paper described the main technical achievements. 

 

These progress have been mainly focused on the optical interface and energetic materials.  

The article details the cooperation between Airbus Defence, the Saint-Louis ( ISL ) institute and 
Nexter to work out a Opto-pyro detonator fully compliant with the requirements of the new 
generations of spatial launchers. 

Thanks to a partnership of more than 40 years with Airbus Defense in the spatial domain, Nexter 
Munitions masters perfectly the technologies and the methodologies required for the development 
of high demanding pyrotechnic components. 

As a prime contractor, Airbus Defense is in charge of the trade-off analysis at the system level 
combining optical transmission, safety and safeguard regulation as well as the down selection of the 
candidate technologies. 

ISL, thanks to its skills in detonation science, filed a patent on an innovative and very reliable 
deflagration-detonation transition phase. This patent contributes to the Nexter Munitions pyro-
detonator 

The achieved main characteristics of the pyro-detonator will be described. 
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ABSTRACT 
This article presents the evolution of the opto-pyro 
technology at Nexter Munitions. The studies had 
begun during the years 1960’, the paper described 
the different technical steps realized. 
These evolutions were mainly focused on the 
optical interface and energetics materials.  
It details the cooperation realized between Airbus 
Defense, the Saint-Louis (ISL) institute and Nexter 
to work out a detonator fully compliant with the 
requirements of the new generations of spatial 
launchers. 
Thanks to a partnership of more than 40 years with 
Airbus Defense in the Spatial domain, Nexter 
Munitions masters perfectly the technologies and 
the methodologies required for the development of 
this type of components. 
As tasks manager, Airbus Defense, assures the 
coherence at the level of the system in the domains 
of the optical transmission, the safety and the 
saving as well as in the justification of the 
technical choices. 
ISL, from part its skill in detonation, bring a patent 
on a transition innovative and very reliable 
deflagration-detonation. 
Thanks to his experience on detonics, ISL has 
applied for a patent on innovative any very reliable 
deflagration-detonation transition. This patent is a 
part of Nexter Munitions detonator 
The main characteristics of the detonator are 
finally retailed. 

1. CONTEXT 

Current space technologies are experienced for 
many years. These technologies are often 
expensive, with often heavy processes of 
manufacturing and control. New cheaper 
technologies have emerged for several years in 
different areas, and offer new perspectives in 
spatial facing a cost reduction context but also 
controls, process, sizing, reliability ... this is in this 
context that the current optical-pyrotechnic 
technology comes as it offers many advantages. 

2. HISTORICAL WORK 

2.1 LASER INITATION 

2.1.1 The principle 
The initiation of pyrotechnic substances by 
LASER radiation dates from the middle of the 60s. 
The first tests consisted in focussing a LASER 
beam onto an explosive mass. 
Today, the progress made, notably in the field of 
fibre optics, makes it possible to initiate diverse 
charges with a specific size of light spot. 
The main parameters involved in the initiation 
phenomenon are the following ones: 
� The laser power density deposited at the foot 

of the pyrotechnic composition, 
� The charging density of the pyrotechnic 

composition (porosity), 
� The particle size distribution of the 

pyrotechnic composition (size of the grain in 
relation to the diameter of the laser spot), 

� The coefficients of adsorption, reflection and 
transmission of the medium for a given 
wavelength, 

� The shape of the laser pulse (rise time), 
� The initial conditions (type of confinement and 

temperature). 

At the time of the impact of the LASER beam, a 
volume of powder determined by the size of the 
spot and its penetration depth receives energy 
depending on the combination of the aforesaid 
parameters. 
Initiation takes effect in this volume when the 
cook-off temperature of the particles is reached. 

2.1.2 Laser sources 
The sources available today to produce LASER 
radiation photo-pyrotechnic trains are of two types: 
� LASERs: useable at laboratory level because 

very bulky and necessitating a considerable 
power supply in most cases, 

� LASER diodes: more recent, because they use 
the latest advances in the field of semi-
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conductors, they have the advantage of having 
very small dimensions and of being 
inexpensive, which makes it possible to 
envisage many on-board applications. 

LASER diodes constitute the semiconductor 
LASER family. These LASER sources, extremely 
miniaturised compared with conventional 
LASERs, have progressed a great deal in recent 
years as regards the power output. 
Power outputs greater than 50 W in continuous-
wave mode and 1,500 W in pulsed mode are 
achieved today with diodes available from 
catalogues. 

In pyrotechnics, the pulsed regime (Q-CW diodes) 
is the most used one, with pulse durations varying 
from several dozen microseconds to a few 
milliseconds. 
Under these conditions, power outputs from 
several hundred milliwatts to several Watts make it 
possible to initiate a lot of pyrotechnic substances. 
High-power diodes which have appeared in recent 
years and which can laser continuously also offer 
new prospects. 

2.1.3 Laser initiators 
The first laser initiators (80s) were defined 
according to the diagram below. 

 Energy is injected into an optical fibre either by 
the diode or by the table-top laser. 
At the fibre output, a lens focuses the light beam 
onto the composition. 
The heating-up of the energetic substance initiates 
the device. 

2.2 The Tebaldi programme 1990 - 1993 

In 1990, Airbus Defence entrusted Nexter with a 
study on the feasibility of a laser diode initiated 
detonator, as part of the TEBALDI programme. 
On completion of this work, the feasibility of a 
detonator initiated directly by an optical fibre 
without going through a focussing lens (part no. 2 
on the sketch above) was acquired with a 2W 
diode. 
The fibre's core diameter was then 65 µm.  
This work was then the subject of a patent 
application. 
The work was stopped in 1993 pending a future 
need. 

2.3 Development of the detonator 

2.3.1 Validation of the results reached 
From 2005, the work resumed with own funds then 
partially funded by Airbus Defence. 
The need slightly changed further to the use of a 
105µm fibre and the necessity of having an optical 
fibre output with a connector at the end. 

The initial work concerned the optical 
fibre/initiation composition interface. 
3 pyrotechnic compositions were tested: 
� B/KNO3 composition 
� Zr/B/KNO3 composition 
� Zr/KClO4 composition 

In the -160°C to +160°C temperature range, only 
the Zr/KClO4 composition was satisfactory in 
terms of functioning time and dispersion. 

2.3.2 2.3.2 Work on the Zr/KClO4 
composition 

The Airbus Defence specification imposed that the 
pyrotechnic compositions used in the detonator be 
less sensitive than RDX CH 0 -100. 
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Now, the Zr/KClO4 compositions have very great 
sensitivity to electrostatic discharges and friction. 
Considerable work was carried out on the 
formulation and the obtention process so as to 
desensitize this composition. 
The safety characteristics are summarised below.  

Note: all the tests were performed by DGA/TT in 
Bourges. 

2.3.3 Nexter - ISL cooperation (hybrid DOP) 
ISL (Institut de Saint Louis) worked on the design 
of an Opto-Pyrotechnic Detonator with no primary 
explosive. 
This work was then the subject of patent 
applications. 
In conjunction with Airbus Defence, it was decided 
to create a hybrid opto-pyrotechnic detonator: 
� Nexter-definition opto-mechanical interface 

(fibre component) 
� Nexter safety pyrotechnic composition  
� Use of the ISL patent on the body of the two-

stage detonation-shock transmission opto-
pyrotechnic detonator. 

Study of the detonation speed 
This study was aimed at ensuring that 
the hybrid detonator made it possible to 
comply with Airbus Defence's 
requirements, namely a plate projection 
at a speed of 1,800 m/s. 
Validation was carried out by flash 
radiography.   
The results reached are summarised 
below: 
� Average projectile speed: 2,700 

m/s 
� Detonation speed > 6,500 m/s 

2.3.4  Optical harness 
The optical harness is made up of: 
� A 105µm index jump 

multimode optical fibre, 
� An FC/PC optical connector, 
� An opto-mechanical interface. 

In order to meet Airbus Defence's requirements, a 
dichroic filter was deposited at the end of the fibre 
in contact with the composition. 
The purpose of this filter was: 
� To permit the transmission of the optical signal 

at the firing wavelength, 
� To reflect the optical signal corresponding to 

the control length. 
The curve below details the efficiency of the filter. 

3. DOP V2 (V2 OPTO-PYROTECHNIC 
DETONATOR) 

The DOP V2 took into account 4 significant 
improvements, i.e.: 
� Miniaturisation of the concept, 
� Addition of a plain ring gauge so as to 

facilitate integration, 
� Shielding of the fibre (work performed by 

Airbus Defence), 
� Reduction of the explosive mass so as to limit 

the pyrotechnic shock. 
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The optical harness was also fitted with a 
connector so as to permit connection with Airbus 
Defence-definition optical lines. 

4. RESULTS REACHED ON DOP 

4.1 Functioning thresholds 
Non-functioning threshold determined at + 110 °C 
with a continuous laser pulse for 5 minutes 
135mW (0.1 % at 95% confidence) 

Functioning threshold determined at - 80 °C with 
a continuous laser pulse of 10 ms 
735 mW (99.9 % at 95% confidence) 

4.2 Functioning times 

4.3 Output effect 

4.3.1 Transmission to an M5090 relay 
Ignition 3.5A - 10ms, i.e. a 2.4W initiation power 
output on the energetic initiation material. 

The validation of 
transmission was carried out 
by the indentation of a 
detonating cord 
on an aluminium 
plate.  

4.3.2 Firings in cases and IFOC 
interface 

The case simulates the mechanical 
interface in which the DOP is mounted. 
The aim is to make sure that the 
functioning of the detonator does not damage this 
interface and provides hermetic sealing after firing. 
In the IFOC configuration, there is also no 
deformation or piercing of the case. 

4.3.3 Functioning at extreme temperatures (+ 
110 °C and -80°C) 

Nominal functioning of the DOP validated thanks 
to the short-circuit probes. 
The detonation speed in the 2nd stage, the DOP's 
functioning time and the measurement of the 
thickness of the indentation plate's rear boss were 
compliant.  
On completion of these DOP 
firings, the hydraulic 
pressure resistance (500 
MPa) of the 1st stage was 
verified.  Sealing efficiency 
was therefore retained. 

4.4 4.4 SAFETY TESTS 

4.4.1 Functioning of the hybrid DOP after 
Electrostatic Discharge tests 

The test was carried out as follows: 
� An Electrostatic Discharge (25 kV, 500 pF, 5 

kohms) was applied to the stainless steel body 
of the hybrid DOP between two furthest 
points. 
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� A radiative breakdown voltage (25 kV, 500 pF, 
without ohmic resistance) was then applied as 
closed to the optical input as possible in the 
metallic body of the DOP. 

This cycle was repeated 40 times, leaving a rest 
time of at least 5 minutes between Electrostatic 
Discharges. 
At the time of the performance of this test, no 
pyrotechnic reaction was observed. Finally, these 3 
hybrid DOPs were fired with a laser power output 
of about 3 W. Nominal functioning of the 3 hybrid 
DOPs which underwent the Electrostatic Discharge 
test was noticed. 

4.4.2 Hybrid DOP fuel fire test 
In this test, the hybrid long DOP equipped with its 
protective aluminium alloy plug was plunged into 
the flames of a fuel fire at 800°C. The temperature 
was checked by a thermocouple and a video 
camera recorded the scene during the test. At this 
high temperature, the energetic materials in the 
hybrid DOP decomposed. The aim was that the 
reaction of the DOP at the time of this thermal 
attack should not be a detonation and that, in any 
event, any pyrotechnic event should remain 
contained in the protective plug so that the 
behaviour of the DOP remained without danger. 
Careful examination of the 2 hybrid DOPs on 
completion of the fuel fire test made it possible to 
conclude that there was no detonation initiation. 

4.4.3  2m drop tests 
This test was aimed at ensuring 
the integrity and non-functioning 
of four DOPs according to 2 
configurations:  
� Horizontal position and 
� Vertical position 
The four DOPs did not function at the time of 
impact on the steel plate after a 2m drop (see photo 
below) 

The DOPs were then fired in a firing case at an 
aluminium target 

4.4.4 12m drop tests 
The two DOPs did not function at the time of 
impact on the steel plate after a 12m drop. 

Visual observations after drop. 

4.4.5 Indentation tests 
The test consisted in dropping onto the DOP a steel 
wedge with a given mass and drop height.  
The test was performed with energy of 244 J. 

Test on DOP with safety case 
The indentation test did not generate untimely 
initiation of the DOP. The photo below presents 
the deformation of the safety case caused by the 
steel wedge's impact. 
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Test on DOP no. SP219 without safety case 
Positioning of the DOP 
before drop: 

The indentation test did not generate untimely 
initiation of the DOP. The DOP positioned 
unsupported on the base was cut under the effect of 
the wedge on the seal groove. 
The indentation tests on the two DOPs did not 
generate untimely initiation of the products. 

5. CONCLUSIONS 

The development of the detonator is the result of 
fruitful cooperation between 4 manufacturers and a 
government laboratory: 
� Nexter has long experience in the pyrotechnic 

field and has been working in opto-pyrotechnic 
initiation for more than 30 years, 

� Airbus Defence & Space is the prescriber of 
the need and ensures consistency between the 
system requirements (reliability, safeguarding 
of launch, etc.) and the solutions proposed. 

� Souriau supplies the optical lines of the various 
generations of Airbuses and is expert in optical 
interfaces. 

� ISL (Institut Saint Louis) is a Franco-German 
laboratory which has great expertise in the 
field of detonics. 

The maturity of the technology makes it possible 
from now on to envisage its incorporation to future 
space launchers. 
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ABSTRACT 

 

The linear shaped charges (LSC) developed and manufactured 

by PyroAlliance for Defence & Space applications are currently 

loaded with hexogen (RDX) and lead sheathed. 

 

The use of lead was originally motivated by the ductility and 

high density of this metal. The lead cutting cord can be cold 

drawn to a very low section without compromising its flexibility. 

The high density of the lead alloy also provides a high cutting 

performance. 

 

The emergence of the REACH chemical rule raises concerns of 

obsolescence for the lead cutting cords.  

 

Moreover, Space market is challenging industrial actors to 

propose robust and cost effective products. 

 

To address the cost reduction and sustainability requirements 

for future launcher programs, Pyroalliance offers new "green" 

LSCs relying on Pyroalliance's proven experience in design and 

manufacturing of energetic equipments.  

 

Eulerian multi-material numerical models of the functioning of 

these new cutting cords have been performed in order to find 

the best compromise between fabricability and performance at 

a reduced standoff.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CNES DLA (French Space Agency) and Pyroalliance have 

undertaken a dedicated Research & Technology study in order 

to select the best materials and manufacturing process, with a 

view to future multiplatform applications 

 

The new RDX-copper LSC Prototypes tested demonstrate the 

following advantages: 

 Cost competitiveness, 

 REACH compliancy, 

 High cutting performance, 

 N- Ray inspection free, 

 High safety level. 

 

The design principles and manufacturing process are presented 

as well as performance demonstrations.  

 

Pyroalliance’s Green high performance LSC offers a robust and 

competitive solution for various space launchers and defense 

missiles.  The achieved maturity allows starting the 

development of the booster separation and flight termination 

systems of a new launcher.  
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Assessment of Explosives in pyrotechnic articles for special effects (Squibs)

Lutz Kurth
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Abstract

Experiments of this study reveal that the initiating capability of commonly used 
pyrotechnic articles for special effects (squibs) is not high enough to initiate 
secondary explosive (PETN) in all cases. The fulfillment of the ‘new’ essential safety 
requirement 4 as set out in the European directive 2013/29/EU and the 
categorization of squibs as theatrical pyrotechnic articles (T2) can therefore be 
justified, as the investigated explosive belongs to quite sensitive types (initiation with 
low impulse energies possible). Underwater initiating capability tests according to EN 
13763-15 led to meaningful results, showing that squibs are usually unable to initiate 
a secondary explosive. For a general assessment of the initiating capability of squibs 
and comparable pyrotechnic articles a threshold range of an equivalent initiation 
capability in grams of PETN on the basis of the performed underwater initiating 
capability tests was determined. It was found that squibs are generally not capable to 
initiate secondary explosives, if the underwater initiating capability test showed an 
equivalent initiation capability below 0,25 g PETN. As a consequence of this result it 
seems appropriate to resign the experimental confirmation of the ‘new’ ESR 4 by 
direct contact of the article on the secondary explosive.
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Obtaining of rocket engine from waste material 

Petar Shishkov, Milena Nedkova 

It was made a pyrotechnic rocket engine from material, taken from waste 

Russian military rocket engine. The material was taken by disassembling of 

waste rocket engine. By FTIR was made determination of the polymer, applied 

for shaping of the waste engine with apparatus Varian (Germany) in KBr -

pellettes. The thermal characteristics of the waste composition material, taken 

from Russian military rocket engine were made with two different apparatus – 

American Perkin Elmer of the 46 mg. sample and Germany STA PT1600 TG-

DTA/DSC (STA Simultaneous Thermal Analysis), made from LINSEIS Messgeräte 

GmbH of 24 mg sample. Two DSC analyses were made in the temperature interval 

from room temperature to 2500C, rate of heating 100C/min; in standard air 

atmosphere to determine the influence of the weight of the samples. No differences 

in the obtained results. The rocket engines were made by sticking of the samples of 

waste material by adhesive, made from 25% acetone solution of double base gun 

powder, made in 1983 year, from “Arsenal”, Bulgaria, with nitrogen content, obtained 

with Italian apparatus Euro EA 3000 of Euro Vector Sp A for elemental analyses. The 

rocket engines were made by sticking of the waste material with paper (produced by 

“Mondi Stamboliiski”, Bulgaria) and were charged in Chinese pyrotechnic rocket-

engine casing, made from PE – tube with ceramic nozzle.  
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ABSTRACT 

It was made a pyrotechnic rocket engine from material, taken from utilized Russian 

military missile engine. The material was taken by disassembling of waste missile  

engine. By FTIR was made determination of the polymer, applied for shaping of the 

waste propellant with apparatus Varian (Germany) in KBr-pellets. The thermal 

characteristics of the waste propellant composition, taken from Russian military 

rocket engine were made with two different apparatus – American Perkin Elmer of 

the 46 mg. sample and Germany STA PT1600 TG-DTA/DSC (STA Simultaneous 

Thermal Analysis), made from LINSEIS Messgeräte GmbH of 24 mg sample. Two 

DSC analyses were made in the temperature interval from room temperature to 

2500C, rate of heating 100C/min; in standard air atmosphere to determine the 

influence of the weight of the samples. No differences in the obtained results. The 

rocket engine models were made by sticking of the samples of waste material by 

adhesive, made from 25% acetone solution of double base gun powder, made in 

1983 year, from “Arsenal”, Bulgaria, with nitrogen content, obtained with Italian 

apparatus Euro EA 3000 of Euro Vector Sp A for elemental analyses. The rocket 

engines were made by sticking of the waste material with paper (produced by “Mondi 

Stamboliiski”, Bulgaria) and were charged in Chinese pyrotechnic rocket-engine 

casing, made from PE – tube with ceramic nozzle.  

Key words: pyrotechnic rocket engine, waste materials, single and double base old 

propellants.  

 



INTRODUCTION 

It were made research in the literature of utilization of missile engines in Cyrillic and 

Latin alphabets. In [1] were published mathematical models for utilization of rocket 

engines with solid propellant by burning and were made technical and ecological 

investigation of problems. The authors also made second publication. In other book 

[2] in Russian language was made investigation for different methods of utilization of 

missile motors. In literature at Latin alphabet have a lot of articles for utilization of 

rocket engines, but we have not found information for application of waste materials 

from utilized military missile engines for production of pyrotechnic rocket engines. It 

was the motivation for our investigations. 

EXPERIMENTAL 

In our investigations was applied material, taken from utilized Russian military rocket 

engine after disassembling of the rocket and by mechanical extraction of the 

propellant. With methods, described in [3] were determined the kind of adhesive for 

making of this engine. The result was confirmed with FTIR spectrum, made with 

apparatus FTIR Varian (Germany). The thermal investigations of this material were 

made by apparatus Perkin Elmer from USA and with German STA PT1600 TG-

DTA/DSC (STA Simultaneous Thermal Analysis), made from LINSEIS Messgeräte 

GmbH. The elemental analyses of all samples of different double base propellants 

(DBP), made from Arsenal EOOD, Bulgaria were conducted by apparatus Euro EA 

3000 (Euro Vector Sp A, Italy) and the method of work was described in [4]. From 

these propellants were made adhesives by dissolving of propellants in acetone, p.a. 

of Valerus OOD, Bulgaria. The values of the tension strength (ϭstr.) of samples, made 

with the investigated material and the paper, produced in “Mondi Stamboliiski”, 

Bulgaria were determined by apparatus Shopper (Germany) by method, described in 

[5] and average values were determined from 5 samples. The samples of DBP were 

made in Arsenal EOOD, Bulgaria. It was made investigations with two adhesives, 25 

% acetone solutions, made by dissolving of DBP in solvent at room temperature. The 

samples of paper and material were left 3 days at room temperature and 1 h in drier 

at 1400C for evaporation of dissolver acetone.  

 



RESULTS AND DISSCUSION 

The FTIR of the aliphatic polyurethane, applied like adhesive in the investigated 

material, obtained by mechanical extraction of the propellant from the body of utilized 

Russian military missile engine was in fig. 1. It were evident all bands for groups: the 

band at 3295.234 cm-1 for amine group was covered the bands for –CH2 groups 

around 2928 cm-1 and at 2850 cm-1. The same was with the band at 625.384 cm-1. 

The band at 1422.831 cm-1 was for this polymer. The FTIR spectrum was like 

spectrum, published in [6], only in our spectrum have not any bands for double 

bonds. Actually there are other differences also, but they are the result of the 

analyzed polymers. 

 

Fig. 1 FTIR of aliphatic polyurethane, applied like adhesive in investigated material. 

The results of thermal characteristics, were obtained with two different apparatus: 

Perkin Elmer from USA and STA PT1600 TG-DTA/DSC (STA Simultaneous Thermal 

Analysis), made from LINSEIS Messgeräte GmbH, Germany of two samples with 

different weights (46 and 24 mg). Two thermal analyses were made in the 

temperature interval from room temperature to 2500C, rate of heating 50C/min; in 

standard air atmosphere. No differences in the obtained results. The weights of the 

samples have not influence. The obtained results with the second apparatus are 

given in fig. 2. It were evident all thermal characteristics of the investigated material. 
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From TG curve was possible to determine the indexes in different temperatures. The 

burning heat was evident from DSC analyses. 

  The   

Fig. 2. The results from thermal investigation of material, taken from Russian military 

rocket engine. 

The results for elemental analyses are given in table 1. 

Table 1. Results from elemental analyses 

N  DBP, produced in Hydrogen,% Carbon,% Nitrogen,% R* 

1. 1969, heated  3.288 31.098 12.015 0.9967 – 0.9994 

2. 1977,heated 2.825 25.972 11.792 0.9977 – 0.9998 

3. 1986, no heated 3.188 29.158 12.113 0.9988 – 0.9997 

4. 1986, heated 3.256 29.368 11.451 0.9978 – 0.9999 

*The values of R were different for different elements. Here were given the biggest 
and smallest results. 

It was evident that from data for elemental analyses was impossible to determine the 
applied solvents. It was known, that in Arsenal were made DBP by dissolving of 
material with nitrogen value smaller than 12 in nitroglycerine (b.p. 540C) or in 
nitrodiglycole (b.p. 1040C). All samples of DBP after its production to 1990 year were 
kept in non-heated military stores and to 2014 year were kept in heated rooms in 
UCTM. In thise way all samples were aged in equal conditions and their nitrogen 
content fell down. Maybe from viscosity measurements were possible to make this 
conclusion. 



Data from thermal analyses were given in fig. 3,4,5,6,7 and 8 

 

   

Fig.3. TG and DSC of heated sample of DBP, produced in 1969 year 

  

Fig.4. TG and DSC of non-heated sample of DBP, produced in 1969 year 



 

Fig.5. TG and DSC of non-heated sample of DBP, produced in 1977 year 

 

Fig.6. TG and DSC of heated sample of DBP, produced in 1977 year 



 

Fig. 7 TG and DSC of non-heated sample of DBP, produced in 1986 year. 

 

Fig. 8 TG and DSC of heated sample of DBP, produced in 1986 year. 

The values of the tension strength (ϭstr.) of samples were shown in table 2 

Table 2. The values of the tension strength (ϭstr.) of samples, made by sticking of 
investigated material with different adhesives 

N. Kind of adhesives F, kg S,mm2 ϭstr.mPa 
1. DBP,made in 1969 year 1.70 94 0.168 
2. DBP,made in 1969 year 1.50 90 0.164 
3. DBP,made in 1969 year 2.00 100 0.20 
4. DBP,made in 1969 year 2.50 100 0.25 
 DBP,made in 1986 year 2.20 90 0.284 
 DBP,made in 1986 year 2.80 100 0.280 
 DBP,made in 1986 year 3.50 100 0.350 



It was evident, that the average values of ϭstr were 0.16 mPa for the adhesive made 

by dissolving of DBP, produced in 1969 year and 0.294 mPa for the adhesive made 

by dissolving of DBP, produced in 1986 year. Maybe the viscosity of the adhesives 

were the reason for this difference.  
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IR decoy flares proved as effective measure to protect various military platforms as well 
as civilian airplanes. Recent missiles equipped with modern seeker technology are able to 
distinguish between target and decoy flares evaluating spectroscopic emission. So 
advanced decoy flares have to be adapted to the thermal and spectral emissivity of the 
platform to be protected. Conventional MTV decoy flares emit a continuous IR spectrum, 
whereas the exhaust plume of a jet gives distinct band signatures of carbon dioxide and 
water. 
In [1] an approach called “pyro-organic flares” was introduced including the idea to 
combine hydrocarbon combustion to settle spectral requirements and pyrotechnic 
mixtures to increase the radiation intensity. 
In recent developments HTPB bonded samples including AP as oxidizer and different 
pyrotechnical mixtures were prepared and tested with regard to potential use as a spectral 
flare. Two thermite mixtures and a titanium/graphite mixture were used. Lab-scale 
combustion experiments were performed once in free atmosphere at normal pressure, and 
in a vessel at reduced air pressure of 10 to 100 kPa that covers the complete profile of 
potential application. All investigated samples satisfied in combustion properties as well 
as spectral properties at these pressure levels. Measured emission temperatures 
determined on the distinct CO2 and water bands were several hundred Kelvin higher 
compared of MTV. The studies indicate post-combustion with ambient air of the binder 
residues and the pyrotechnic reaction product TiC resulting in a favorable �/�-ratio.  
Most promising compositions were selected for real scale investigations at the ICT 
aerodynamic test stand in flow fields corresponding to helicopter, transporter and jet 
plane conditions. All specimens ignite prompt and burn stable under all tested 
aerodynamic conditions forming large flare volumes with thermal and spectral properties 
close to those achieved during the lab-scale tests. 
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Abstract 
 
IR decoy flares proved as an effective measure 
to protect military platforms as well as civilian 
airplanes. Recent missiles equipped with 
modern seeker technology are able to 
distinguish between target and decoy flares 
evaluating spectroscopic emission. So 
advanced decoy flares have to be adapted to 
the thermal and spectral emissivity of the 
platform to be protected. Conventional MTV 
decoy flares emit a continuous IR spectrum, 
whereas the exhaust plume of a jet gives 
distinct band signatures of carbon dioxide and 
water. 
In Ref. [1] an approach called “pyro-organic 
flares” was introduced including the idea to 
combine hydrocarbon combustion to settle 
spectral requirements and pyrotechnic 
mixtures to increase the radiation intensity of 
the band signature. 
In recent developments, HTPB bonded 
samples including AP as oxidizer and various 
different pyrotechnical mixtures were prepared 
and tested with regard to potential use as a 
spectral flare. In the present study, two 
thermite mixtures and a titanium/graphite 
mixture were used. Lab-scale combustion 
experiments were performed once in free 
atmosphere at normal pressure, and in a vessel 
at reduced air pressure of 10 to 100 kPa that 
covers the complete profile of potential 
application. All investigated samples had 
satisfying combustion properties as well as 
spectral properties at these pressure levels. 
Additionally, all compositions were tested at 
the ICT aerodynamic test stand for flow fields 
corresponding to helicopter, transporter and jet 

plane missions. All specimens ignited prompt 
and burnt stable under all tested aerodynamic 
conditions forming large flare volumes with 
spectral properties close to those of real 
exhaust plumes.  
Measured emission temperatures determined 
on the distinct CO2 and water bands were 
several hundred Kelvin higher compared to the 
continuum temperature which is similar to 
those of classical MTV. The studies indicate 
post-combustion of the binder residues and of 
the pyrotechnic reaction products with ambient 
air resulting in a favorable �/�-ratio.  

1 Introduction 
 
The purpose of a decoy flare is to attract the 
attention of a seeker by higher radiation 
emission to divert the missile from the hot 
engine of an aircraft. Sometimes it is enough 
to irritate the seeker by simultaneous launch of 
multiple decoys. The most frequently used 
flare compositions still base on MTV 
(magnesium/Teflon™/Viton™) emitting a 
continuous IR spectrum, whereas the exhaust 
plume of a jet gives distinct band signatures of 
carbon dioxide and water [2]. Recent 
developments in decoy flares for aircraft 
protection take into account that more and 
more infrared guided missiles are equipped 
with seekers that use at least a two colour 
detector differentiating between a jet plume 
and a pyrotechnic flare. Figure 1 illustrates 
these spectral differences by simulations 
carried out using ICT-Sim [3]. The signature 
of an exhaust plume based on hydro-carbon 
fuel is characterized by an intense emission of 
carbon oxides (CO and CO2) from 4-5 µm, 



while optically thin water bands are mainly 
emitting in the near infrared spectral range. 
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Figure 1 Simulation of spectral IR emission 

of a jet plume (side and tail aspect) 
and a MTV-decoy realized with 
ICT-Sim 

When a seeker is approaching the exhaust 
plume of an aircraft with side aspect, then no 
continuum emission is detected. In contrast, a 
conventional MTV flare with combustion 
temperatures of about 2400 K can be 
considered as a grey emitter with an emission 
maximum in NIR spectral range. Only if the 
seeker is approaching the aircraft from the rear 
(tail aspect), also a weak continuum emission 
from the hot engine may be identified. 
Regarding its spectral characteristics, MTV is 
of limited use as decoy, especially when 
intelligent seeker heads are applied taking into 
account spectral information in order to 
distinguish between a target and a flare 
signature. 
So the development of new pyrotechnic flares 
is required whose spectral and geometric 
characteristics are closer aligned to the thermal 
and spectral signature of the platform to be 
protected. Such spectral flares should have a 
similar intensity ratio in defined spectral 
regions (�/�-band ratio) as the jet plume of an 
engine. This �/�-band ratio is defined by the 
quotient of the wavelength-integrated emission 
power of the spectral regions of the two bands 
(�- and �-band) and should range from 2-10 
for a spectral flare. In the �-band region in 
NIR close to 2 µm mainly water and high 

temperature continuum radiation are emitting 
while the usually used �-band close to 4.2 µm 
is dominated by the emission bands of carbon 
oxides (CO and CO2). In addition to spectral 
discrimination, missile-seeker heads include 
kinematical discrimination, rise-time 
discrimination, UV/VIS discrimination and 
area temperature matching.  
In general the emitted spectral signature of 
decoy flares should be similar to the natural 
signature of the target that needs to be 
protected. Increasing the safety during 
processing and developing environmentally 
acceptable flare formulations are further 
important requests for the research. 
The easiest way to produce a flare with a 
satisfying �/�-band ratio is achieved by 
combustion of hydrocarbons with a similar 
C:H-ratio as it is in a jet fuel. However, these 
systems usually fail due to the low flame 
temperatures and subsequent low radiation. 
But high radiation power is required to assure 
the attention of the seeker. One way to obtain 
higher emissivity is to increase the 
temperature, which simultaneously increases 
the continuum radiation. On the other hand an 
advantageous �/�-band ratio is achieved by 
preventing continuum radiation.  

1.1 Pyro-Organic Flares 
So the ideal decoy to protect aircrafts would be 
characterized by high CO2 and low soot 
production combined with high temperature 
and radiation power. 
A possible solution of this problem is the idea 
of pyro-organic flares, which is based on the 
separation of spectral design and improved 
performance by a combination of two 
components [1]. The first one is an organic 
compound having a favourable ratio of carbon 
to hydrogen to produce the spectral signature 
characteristic. The second one is an adapted 
pyrotechnic composition, with highest possible 
heat release and combustion temperature 
optimizing the radiation intensity of the decoy. 
Figure 2 illustrates the idea of pyro-organic 
flare compositions. 
 



 
Figure 2 Scheme of pyro-organic decoy 

flares. 

Earlier studies showed that simple addition of 
an organic compound usually is not sufficient 
to ensure enough emission power and to 
prevent soot production. So the addition of an 
oxidizer to the organic component was found 
to be convenient. 
At least in low altitude the application of this 
approach also enables the use of post-
combustion of the evolved materials to convert 
CO and soot to CO2 or to increase the 
emissivity by additional heat release or 
enlarged flame volume. By this way or by the 
simultaneous production of transparent gases 
as nitrogen or hydrogen, the emission 
efficiency may be increased by optical thin 
flames [4]. A further but not yet validated idea 
is to mask the �-band emission e.g. by cool 
water vapour produced by post-combustion of 
hydrogen outside the volume of the hydro-
carbon flame. 
In former work, thermite mixtures were 
successfully used and discussed as pyrotechnic 
components providing high radiation intensity 
by enhanced temperatures [5]. Classical 
thermites produce pure metals, that may react 
exothermically with oxygen to reform the 
metal oxide, but due to the noblesse of this 
metals the energy release is limited and the 
formation of hot oxide particles is unfavorable 
to emission in �-band. 
So a further idea was to replace the thermite 
by a metal/carbon combination that should 
react in a first step at the surface of the solid 
pyrolant to its metal carbide, which is able to 
burn also exothermically with ambient air to 

form the metal oxide and the aspired CO2 [6]. 
A detailed study of various metal/carbon 
reactions showed, that titanium + graphite is 
the most suitable pyrotechnic combination [7]. 
Most of these previously studied pyro-organic 
flare mixtures based on pressed benzoic acid / 
ammonium perchlorate pellets, which showed 
convincing properties according to their 
combustion behaviour as well as to their 
emission characteristics. These samples 
allowed a simple and easy way to study the 
influence of various pyrotechnic ingredients 
on the combustion and radiation 
characteristics. But real applications require 
better mechanical stability and higher 
formability of the solid flare material to ensure 
intended emission-time behaviour. A filled 
polymeric binder like GAP or HTPB would be 
the most preferable solution for the organic 
component [8]. 

2 Samples and Experiments 
 
This paper concentrates on the exemplary 
investigation of three characteristic flare 
compositions using HTPB binder filled with 
ammonium perchlorate (AP) as additional 
oxidiser. Two compositions base on thermite 
mixtures of copper-II-oxide with aluminium 
and magnesium, respectively. The pyrotechnic 
component of the third composition consists in 
a titanium/graphite mixture. Table 1 
summarizes the formulations. The powders of 
the energetic components were pre-mixed in a 
mortar mill and then granulated. The further 
processing with HTPB and AP was performed 
in a planetary centrifugal vacuum mixer 
(Thinky-Mixer®). Then the mixtures were 
poured into a mold and after curing they were 
cut into strands of 4 x 4 x 40 mm3 for use in 
the window bomb and 150 x 20 x 20 mm3 to 
be tested under flow-field conditions. 
The combustion experiments were performed 
in free atmosphere at normal pressure, in an 
optical bomb at reduced pressures of 300, 400 
and 500 hPa with small scale strands of 5 x 5 x 
40 mm3 and under various flow field 
conditions with real scale samples of 150 x 20 
x 20 mm3. 



 

 Ti+C Al/CuO Mg/CuO 

Titanium+Graphite  19,5   

Al-powder (Alcan 400, 5µm)  3,7  

Mg-powder (325 mesh)   4,4 

Copper-(II)-oxide  15,7 15 

AP (5,4 µm) 58,6 58,6 58,6 

HTPB* 22 22 22 
*HTPB R45 HTLO with 8.5% IPDI and 0.3% D22 

Table 1 Composition of the investigated flares  

3 Results 

3.1 Free Atmosphere 
The strands were fixed on a ceramic plate and 
ignited at the top with a blow torch (1700-
1800 K). The combustion was observed with 
the HS-video camera to receive characteristic 
flame pictures and regression rates. Since the 
seeker’s head acts by the IR-spectrum, the 
radiation in this spectral range is essential for a 
flare. So a fast filter wheel spectrometer was 
used to get IR-spectra from 1.6 to 8 µm. To 
determine the radiation temperatures, an NIR 
spectrometer and the BaM software were used 
[3].  
All samples could easily be ignited and burned 
down completely with a brightly shining and 
voluminous flame. Results are described in 
more details in Ref. [8]. Thereby the titanium-
containing samples show a higher tendency for 
particle formation. The thermite-containing 
samples show a bluish shimmer within the 
flame, which is caused by the thermally 
excited copper oxide (CuO). Regression rates 
of the samples varied around 4 mm/s for Ti+C 
and Al/CuO and 8 mm/s for Mg/CuO. The 
maximum temperatures were determined to 
2500 to 2600 K for all the compositions. 
Figure 3 plots typical IR emission spectra of 
the different flare-mixtures. Two reaction 
stages are shown: 1st when the spectrograph’s 
field of view was focused to the strands body 

and 2nd focused to the pure flame area. All 
compositions showed distinct bands of 
CO2/CO, water and little HCl. As expected the 
1st stage displays a more intensive continuum 
radiation, while in the second phase, the 
CO2/CO-band rises significantly.  
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Figure 3 Typical IR emission spectra of the 

different flare-mixtures showing 
two reaction stages  

At least an increased CO2 formation is 
achieved resulting in an increase of β-band 
emission and an increase of β/α ratio. Figure 4 
shows the β/α ratio of the investigated flare-
mixtures. They all show two reaction phases, 
where the β/α value for the first phase with 0.5 
to 1 is in the same range as for MTV. In the 
second reaction phase values significantly 
above 1 are reached, which comes close to the 
characteristics of a real exhaust plume. The 
thermite mixtures tend to provide higher β/α 
ratio values; they even reach values up to 10. 
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Figure 4 β/α ratio of the investigated flare-
mixtures for the two reaction stages 

3.2 Reduced Pressure 
To simulate high altitude conditions 
investigations under reduced pressure were 
carried out in the optical bomb of ICT 
specially modified for this measurement [9]. 
For ignition a melting wire enforced by an 
ignitable booster paste is used. At least the 
same measurement technique as it is used for 
the tests in free atmosphere is applied, but 
without the filter wheel-spectrometer. 
Also under reduced pressure, all samples could 
be ignited at 500, 400 and 300 hPa and burned 
down completely. The visible flames are less 
distinctive and voluminous than under 
atmospheric pressure. In general the 
combustion is about two times slower than at 
atmospheric pressure and with decreasing 
pressure the whole process tends to become 
unstable, but reproducible regression rates 
could be determined. The sample containing 
titanium and carbon, which also burned very 
well and quickly under atmospheric pressure, 
shows a remarkably low regression rate under 
reduced pressure. 
All investigated samples show a decrease in 
the maximum radiation temperature under 
reduced pressure. This might be an indication 
that post combustion of reaction products with 
atmospheric oxygen plays an important role in 
reaction behavior of the pyro-organic flare 
mixtures.  

 

 

 

 
 
Figure 5 Typical screen shots of the burning 

flare mixtures under reduced 
pressure: Ti/C+AP/HTPB, 
Al/CuO+AP/HTPB, 
Mg/CuO+AP/HTPB compared to 
MTV 

 

400mbar 

Mg/CuO 

500mbar 300mbar 

400mbar 

Al/CuO 

500mbar 300mbar 

400mbar 

Ti+C 

500mbar 300mbar 



 MTV Ti+C Al/CuO Mg/CuO 
free atmosphere     
Regression rate [mm/s] 4 4 4 7 
Max. radiation temperature [K] 2300 2500 2500 2550 
β/α-ratio 0.5 1-4 1.5-12 1.5-12 
reduced pressure     
regression-rate [mm/s] 
300 hPa 
400 hPa 
500 hPa 

 
-- 
- 
- 

 
0.7 
1 

1.1 

 
1.6 
1.8 
2.5 

 
2.1 
2.2 
2.3 

Max. radiation temperature [K] 
300 hPa 
400 hPa 
500 hPa 

 
 

2150 
2150 

 
1870 
1930 
1910 

 
1700 
1710 
1870 

 
1650 
1760 
2000 

Table 2 Summary of properties of the flare samples measured once in free atmosphere and the 
other time under reduced pressure  

 

3.3 Real Scale Tests under Flow Field 
Conditions 
Under operational conditions a flare is strongly 
affected by the relative movement of ambient 
air. To investigate combustion effects under 
flow field conditions up to 250 m/s gas speed 
the aerodynamic ICT-test stand was used as 
described in Refs. [10][11]. Each composition 
was tested under 3 aerodynamic profiles to 
simulate the expulsion from a helicopter, a 
transporter plane and a jet fighter. 

3.3.1 Results on the Test Stand 
Allthough a non-adapted standard ignition 
based on black powder was used all three 

flares ignited immediately inside all set flow 
conditions and burned over the entire surface 
within a few hundred milliseconds resulting in 
a stable combustion process. Figure 6 shows 
screenshots of the different flares each at three 
different flow speeds. The mechanical stability 
was sufficient that all samples retained intact 
and did not break apart. In all cases, an 
intensely bright flame was formed, shining 
noticeably blue in the case of Al/CuO. The 
Ti/C sample shows a strong tendency for 
particle formation, which was already found in 
the laboratory experiments. With increasing 
wind speed the visible flames got only 
somewhat smaller but increased in length. 
 

 
 
  helicopter  transporter  jet 

Mg/CuO 

 

Al/CuO 

Ti/C 

Figure 6 Typical screenshots of the different flares each at three different flow speeds 
 



3.3.2 IR-Spectra 
The field of view of the IR-spectrometer was 
primarily focused to the flare position and 
included the total hot surface of the flare body. 
But it was large enough to detect also a certain 
fraction of the signals of the gaseous flame 
emission.  
Figure 7 plots a series of IR-emission spectra 
detected with 50 spectra/second from the 
Al/CuO flare under transporter plane 
conditions. 
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Figure 7 IR-spectra series from the Al/CuO 

flare sample tested at transporter 
plane conditions. 

As illustrated in Figure 8, which compares 
typical spectra of all samples, the spectral 
characteristics resemble strongly those of 
Figure 3 taken from the small scale samples 
without air flow featuring the same emission 
bands of gaseous species. Additionally in 
Figure 8 simulated spectra of a JP-1 jet plume 
are calculated using ICT-Sim [3] assuming 
side and tail aspect. Especially, the latter one 
agrees well with the measured spectra. 
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Figure 8 IR-spectra of the different flares 

compared to calculated spectra of 
an aircraft exhaust plume 

3.3.3 Temperatures 
The combustion temperatures were measured 
analysing the IR-spectra series using ICT BaM 
[3]. This method allows the determination of 
different temperatures of the continuum 
emission which is emitted in this case mainly 
by the hot surface of the burning flare body 
and of the emission of the flame gases by 
fitting the H2O and CO2 band. Figure 9 plots 
exemplary results of the time history of both 
temperatures from the Al/CuO test for 
transporter plane conditions (bottom) in 
comparison to the normalized profile of the 
total emission intensity (top). After 100 ms the 
temperature achieves a plateau of constant 
absolute values for the complete combustion 
periode. 
The results of all tests are summarized in 
Figure 10 comparing the emission temperature 
of continuum emission and gaseous flame 
species averaged for the sustainer period of the 
flare combustion tests of all samples at the 
different wind speed profiles. In general only a 
minor influence of the wind speed is found for 
the temperature of each composition. All the 
flare samples show a temperature increase 
with increasing wind speed from helicopter (1) 
to jet mission (3). The hottest temperatures 
were measured for the Mg/CuO flares under 
all wind speed profils. The flame temperatures 
of both other samples are only about 100 to 
150 K lower. But the continuum temperatures 



decrease more for Al/CuO as for Ti/graphite. 
This might be no disadvantage for spectral 
flare application due to the fact that the 
continuum mainly contributes to �-band 
emission. In all cases the temperatures of the 
flame species (mainly ß-band emitter CO2) is 
several hundred Kelvin beyond the continuum 

temperature and close to 2700 K and more. 
This illustrates that the idea of pyroorganic 
flares to pump energy into the emission of the 
gases either by direct addition of pyrotechnic 
heat release or after burning seems to work. 
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Figure 9 ICT-BaM evaluation of the IR-spectra series of the Al/CuO flare sample tested at 

transporter plane conditions. Time history of total intensity (top) and flame and 
continuum temperature (bottom) 
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Figure 10 Continuum and gas flame temperatures of the investigated flares recieved from IR-

spectra using ICT-BaM Fit 

 



4 Conclusions 
 
Exemplary compositions of pyro-organic 
flares were prepared using two different 
thermites and titanium/graphite as pyro-base 
all included in an AP filled HTPB matrix 
resulting in flare matter with satisfying 
mechanical properties. The flare samples were 
tested in labaratory scale at free atmosphere 
and low pressure conditions as well as in real 
scale at the areodynamic test stand of ICT 
simulating missions of a helicopter, a 
transporter plane and a jet fighter.  
In most cases a good agreement between the 
aerodynamic tests with the small scale tests 
was found confirming the value of such tests 
during the development of new flare 
formualtions. 
The idea of pyroorganic flares proved as 
striking approach for efficient spectral flare 
compositions radiating hot emission with 
spectral characteristics close to classical jet 
plumes under high altitude conditions and at 
various wind speeds. 
Especially the idea to generate hottest flame 
temperatures with intensive emission could be 
demonstrate by measuring emission 
temperatures of water and carbon-oxide. 
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ABSTRACT 

The Redesign of pyro train seems to be 
mandatory for next generation of European 
launchers, in order to be compliant with new 
requirements.

Maturation and developments done by AIRBUS-
Defence and Space, since 1970 through strong 
partnerships, concerning Optic, Optronic and 
explosive systems highlighted great 
opportunities to merge these so matured 
technologies into opto-pyrotechnic system.  

The maturity of powerful and miniaturized optic 
components becoming COTS at the beginning of 
year 2000 accelerate their integration into new 
field such as aircraft data transmission 
applications for an increasing amount of safety 
functions. 

The ability of optical fibre to transfer high 
amount of energy given by a very small laser 
diode, allow pyro designers to implement this 
technology into the first element of the pyro 
train called Laser Initiated Device (LID), such as 
the optical-initiator. 

These main technological evolutions highlight 
several improvements opportunities on launcher 
pyro trains for mainly increasing their safety 
levels. 

The safety advantages given by Opto-pyro are 
addressing several fields such as : 

-  Ground aspect during preparations and 
operations 

-  Functional aspects 
-  Industrial and Prime concerns 

Step by step, AIRBUS-DS manage to set up 
Opto-pyro train maturation from TRL4-IRL1, 
based on demonstrators and representative 
demonstrations on launcher configuration. 
These ongoing demonstrations will lead to a 
TRL6-IRL3 level in 2015, thanks to a strong 
R&T share with main partners. 

The higher safety level demonstrated by Opto-
pyro train compared to the current electro-pyro 
safety trains used on space systems, allow the 
implementation of this new Opto-pyro technology 
on any new safety systems to be developed. 



1. INTRODUCTION
Since the beginning of space conquest, Pyrotechnic trains have been the key elements of space systems 
from launchers to satellites and spacecraft. 
By housing energetical materials into specifics pyrotechnical devices, engineers managed to faced the 
problem of launchers critical phases. 
For the whole mission, starting with on ground launcher ignition to the end of mission stage 
passivation, and for each critical transient phase, current launchers commonly used pyrotechnics 
solutions to operate safely, in a very short time these difficult sequences : pyrotechnic remain the only 
technology able to perform launchers critical and key functions 

Figure 1  

The main advantages of these pyro trains is sum up 
in its small size equipments offering the high 
energy expected in the smallest volume and lowest 
mass, when activated at the safety command level. 
The pyro equipments designed and developed for 
space since the sixties have been, within the fifty 
passed years, safety improved, performance 
increased and suited to each space system 
architecture. These evolutions have been based on :

- Same core technology, 
- Original product principle. 

AIRBUS Defence and Space by leading the prime 
contractor function, deliver to its customer an 
Ariane 5 launcher customized to each specific 
mission required, on quality and on time. 
This Prime role leads AIRBUS Defence & Space 
to provide for each space systems under its 
responsibility the appropriate pyro-train technology 
fitted to the launcher architecture and compliant 
with operations requirements. 
By this way and since the last fifth decade, zero 
Pyrotechnical accident occurred on its space 
Systems.  

Space system specificity is mainly linked to their 
one shot mission without any major failure 
allowed. 
Their level of complexity is emphased with the 
mission reliability level and the safety regulation 
required. Specific launch port safety regulations 
are mainly based on nation’s space heritage, 
experiences and lessons learned, but also on 
regional regulations concerning health and 
working regulations applied to the launch site. 
That range of requirements makes the difference 
on the performances between the current 
launchers available in the world. 

For increasing space system competitiveness,  
specific disadvantages linked to its field of 
activity have to be reduced: 

• No important manufacturing ratio regarding 
the quantity of space systems launched, and 
the amount of pyro devices required 

• Very low commonalities between 
products/functions/programs  

• No re-use 
• Low duality  
• A geographical return activities oriented, that 

very often lead to design one specific 
equipment vs a generic function required  



Other difficulties for space systems operations are 
directly driven by the use of pyrotechnic trains : 

• Most of pyrotechnic trains are critical function 
inducing catastrophic events in case of premature 
firing 

• Pyro train design, constrained by specific 
standards and  local safety regulations  

• Pyro train operations, constrained by specific  
local health and working  regulations 

• The low electrical power available (low battery  
ratio Power/mass) for avionic equipment lead 
Initiation train to generally use “Middle Energy” 
electric devices using Hot wire initiators loaded 
with sensitive primary explosives, which need to 
be secured by heavy process to withstand 
possible and hazardous environmental levels 

• One shot response for pyro equipment 
• Device acceptance require very often a specific 

non-destructive process analysis for monitoring 
device health in order to demonstrate process  
reliability 

• Poor maintainability performances 
• Low level for financial budget and not enough 

manufacturing volume lead to mono source 
suppliers   

• Non continuously manufacturing process lead to 
organize specific manufacturing batches 

• Manufacturing batches based on small amounts 
of very specialized components 

• need several pyro equipments to set up a train 
• Pyro train routed on very long distance regarding 

launcher architecture 
• without any monitoring possibility for pyro 

trains,  heavy pyro process are mandatory to 
justify a successful AIT, 

• heavy training of pyro AIT team needed to 
maintain safety and quality levels avoiding any 
“accustom  effects” 

• increase of local health regulations severity lead 
to more and more pyro charge redesign for 
friendly green energetical materials 

These constraints cannot allow a unique and 
universal pyro design for a same function. 
 Despites these weakness  and the major safety 
constraints, the current pyrotechnic systems,  
provided since the last fifty years, gives the unique 
solution for: 
- the very short time functioning required during 
flight mission 

-best efficient ratio : Energy/Mass & Volume 
- robust actuation mechanisms & equipment  
operated for long duration in space environments 

For any new space systems, constraints such as 
hardware & operational costs dedicated, shall be 
reduced. For same raison technical impacts of 
pyro trains on launcher operation cycles shall be 
reduced to increase their availability potential.  
In addition perenity and obsolescence risk 
reduction targeted, will go through a re-analyze 
of pyro solutions available to comply with: 

- new market expectations, 
- customers and prime requirements, 
- health and environmental regulations, 

Any new space systems shall be focusing on 
ambitious requirements such as:  
• Cost reduction (from hardware to AIT & 

Operations) to stay on market price (using 
COTS and available components produced for 
the industrial and commercial markets),  

• RAMS improvement and more particularly 
Safety level, Maintainability,… 

• Launcher performances improved to increase 
Mass in orbit 

• Mass and volume reduction, 
• Environmental regulations mastered as soon 

as possible, 
• Robust design able to be manufactured during 

next 30 years of operations, 
• Upgradeability 
• … 

Figure 2 

However, one can be aware that within a 
launcher budget, the pyrotechnic initiation 
system is not the main driver for launcher 
improvements: 

- mass launcher contribution ≈ 0.2% 
- cost launcher contribution ≈ 2% 
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But, any RAMS improvements concerning availability, 
maintainability or safety of launcher pyro trains could 
relax current strong constraints such as safety concerns 
induced by the pyro network spread all over the launcher 
stages, and needed for its whole life cycle. The pyro 
safety constraints have to be set up for each pyro 
technology, and customized for main operations such as: 
transportation, storage, AIT, team training. This is one 
of the main drivers able to reduce process constraints 
such as AIT organization and duration. 

2. BRIEF COMPARISON BETWEEN FOUR 
AVAILABLE PYRO TECHNOLOGIES 
For next generation of Space systems, three innovative 
pyro technologies have been selected from existing ones, 
for initiation train. These preliminary selection have 
been done regarding their ability to input the cut through 
needed to comply with ambitious requirements and bring 
improvements such as RAMS and operations. These 
solutions have been be quoted considering selective 
criteria and then compared with the baseline Electro-
pyrotechnical technology currently customized in a 
“green” design (compliant with new European 
regulation REACH). In second step, destructive criteria 
such as safeguard requirements will be applied to 
technologies, and analyses their compliances. 

The three technologies analyzed are: 

- Smart pyro based on an all in one technology: 
gathering on a small electronic circuit all the functions 
such as power, data, safety barrier (based on MEMS), 
and also the pyro initiation charge housed into the 
initiator body.  

- Advanced pyro based on an all in one technology 
connected with a communicating network interfaced 
with all the initiators through a digital bus. All the 
functions such as power, data, safety barrier (based on 
a micro actuating system), and also the pyro initiation 
charge are gathered on a small electronic circuit 
housed into the initiator body.  

- Opto-pyro based on a high energy initiator: concept 
without any primary explosive charge, thermally 
initiated by an optical power transmitted through 
optical harness.  

They are compared to the current referenced 
technology: “middle energy” electro-pyro trains using 
electrical initiation for pyro charges.  

New Lead-free electro pyro technology compliant with 
Reach and Rohs regulations pyro, currently under 
development phase, has been taken into consideration 

Figure 3

The reference avionic system considered is based 
on unmanned launch system architecture. For this 
pyro initiation technology Trade-Off, an optimized 
architecture suited to the launcher, and dedicated 
for each technology compared, have been 
analyzed.  

The pyro train considered is the whole subsystem 
able to initiate the pyro terminal functions. 

For Lead free Electro-pyro and Opto pyro 
technologies, the best ratio improvement is given 
by a semi centralized architecture: 

Electro-Pyro: semi centralized architecture 
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For Smart pyro and advanced pyro, the best ratio 
improvement is given by a distributed architecture:

Smart & advanced pyro: distributed architecture
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Many selective criteria such as:  
- RAMS 
- Mass 
- Recurring costs 
- Non recurring costs 
- Technology maturity  
- AIT, 
- Testability 
- … 

are considered for this comparison. 

A quotation given for each criterion allows raising 
the best candidate.  
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Figure 6

In this study case, by taken into account sum of 
requirements and constraints, the best advantages 
are offered by the opto-pyro solution.  
This study case conclusion cannot be used as a 
generic conclusion : each new systems have to be 
analyzed with dedicated constraints linked with 
main drivers such as cost, operations, maturity & 
risks associated, mass, system requirements … in 
order to select its best pyro-technology solution.  
More over for a same system the conclusion could 
be re-evaluate after main change from system level 
such as architecture, operation cycle, development 
risks, …or environmental level such as health & 
safety regulations, procurement policy… 

Currently, considering the new European space 
launcher, and its associated constraints: safety, AIT 
cycle, cost, the opto-pyro technology appeared as 
the best compromise for the pyro trains. 
Considering direct impact on recurring costs, 
optical solution gives a clear advantage to 
operations and AIT process. 

The lowest quotations for Smart and advanced 
technology are linked to : 

- low maturity level 
- their main noncompliance with safeguard 

regulations articles (considered as destructive 
criteria) to the launch pad  

- RAMS and especially Safety concerns 
(requiring a segregation between electrical 
power, pyro control and safety barrier) 

3. FOCUSSING ON OPTO-PYRO 
TECHNOLOGIES 

For next generation of Space systems, innovative pyro 
technologies have been analyzed for initiation train, 
regarding their ability to input the cut through required 
to comply with ambitious requirements and bring 
improvements such as RAMS.  

This trade-off has been highlighting opto-pyro 
technology as a good candidate offering the best 
compromise for launcher pyro initiation functions, 
regarding operation cost gain and improvement given 
at safety and AIT level. 
Concerning Opto-pyro maturity at AIRBUS side, first 
Opto-pyro studies began in the 80’s with an 
Aerospatiale (AIRBUS DS) - GIAT (NEXTER) shared 
team for developing an optical initiator. These studies 
highlighted great advantages of opto-pyro as well at 
train level than system aspects.   
However at this moment the technology was not 
sizeable for space system regarding weight, volume 
and performance ratio of laser sources and related 
power batteries required (oversized components 
inducing great impacts in terms of mass and volume). 
Within years 2000, the very fast improvements of 
electronic processes sustained by the numeric growth, 
allow to raise miniaturized electronic devices with 
miniaturized laser source such as laser diode and small 
sized powerful batteries, which allow boosting optical 
technologies and industries related: data transmission, 
medicine, industries (welding, cutting …).  

At this moment the technology maturity level required 
for space systems, came from these new fields: 
� Optical data transmission heritage / Telecom 

applications 

� Important Market of Optical COTS supported by 
new Optical applications (industries, medicine, …) 



� Miniaturization of Optical sources in High Power 
Laser Diodes 

   

� Availability of High power Laser diode with Safe 
threshold current 

� new batteries technologies improving ratio 
Energy/mass 

� High frequency data transmission by Optical fibre 
networks 

� Progressive introduction of optics fibre into 
airplanes replacing electric copper cables, to 
improve mass ratio  

� Aircraft manufacturer (Boeing & Airbus) and 
company heritage about optical harness 
integration on Airplanes applications and 
monitoring systems related 

Figure 7 
� Successful Opto-pyro flight demonstration in a 

Space system with CNES experience on Demeter 
Satellite 

� Important heritage & acknowledgements from 
Partners and Sub-Co / Optical applications 
(Processes, High quality manufacturing, 
monitoring…) 

By this way OPTO-PYRO has not to be considered 
as a new technology but an innovation based on 
strong & matured technologies such as: Optronic, 
Optic and pyrotechnic.  
Implementation of their important heritages lead to 
opto-pyro technology 

By analyzing results from several programs 
supporting Opto-pyro technology, it appeared that 
within activities and justifications acquired during a 
decade, Opto-pyro seemed to be mature enough to be 
transferable on any safety architecture for space 
systems.  
Recent system analysis concerning use of opto-
pyrotechnic in avionics systems doesn’t raise any 
show stopper.  
In order to prepare decision making for next 
generation of space systems, a maturation phase up to 
TRL6 – IRL2, was planed.  
After a first selection phase of acknowledged and 
collaborative partners, Airbus Defence & Space set 
up an opto-pyro roadmap for achieving maturation 
demonstration at end of 2015. 

Figure 8 



First principle was to design an opto-pyro train, totally interchangeable with existing pyro terminal functions, 
on an existing space launcher. The study case was conducted on the A5 heavy launcher, due to the amount of 
pyro functions to be fulfilled. The second step was to adjust the opto-pyro train design in order to be 
implemented on the current avionic architecture with minimum impacts and with respect with safety 
requirements.  

Figure 9 

The scheme here under illustrate the fully 
interchangeability of opto-pyro train between the 
unchanged electric train upstream, and the non-
modified pyro terminal functions downstream. 

Between the two vertical red lines, the opto pyro train 
designed could be interchange with the current electro-
pyro one. 

Fulfilling the FS/FS criterion, safety requirements 
demands three independent barriers on any Electro-
pyrotechnic train, whatever the Launcher life phases 
(storage, integration, stand-by, tests…) 

The Opto-pyro safety approach is mainly based on : 
- different nature of safety barrier avoiding any 

common failure mode, 

- 3 interceptions for the pyro fire signal available 
for safety concerns : 

For opto-pyro systems, the first two safety Barriers are 
electric (Electrical Safety Barriers: �&�) and, the 
ultimate one is Opto-mechanic (Optical Safety Barrier 
: �). In case of Electro-pyro systems the architecture 
of safety barriers is the same, but with a Pyro-
mechanic barrier for the ultimate one. 

The other safety principle requiring a technological 
and topological segregation between energies: 
functional one segregated from pyro activation, to 
have an intrinsically safe architecture and avoiding 
any risk of spreading a failure, is also fully respected 
with the opto-pyro architecture. 

Due to the low sensibility level, demonstrated by test 
and calculations, for the optical harness and opto-
pyro initiator (high energy initiator) selected, vs 
accidental/hazardous environments, the last safety 
barrier: OSB can be located as close as possible and 
downstream, to the electro-optical converter (Firing 
Unit), considering at a worst case the laser diode 
which could be the weak component of the train, able 
to input a premature firing.  

Ongoing studies will demonstrate Laser diode 
inocuity vs Environment and operation activities, and 
finally close this pessimistic hypothesis.   

As the safety barrier is located as close as the laser 
firing unit, this safety equipment can be centralized 
and shared with a maximal amount of optical orders 
addressing terminal functions (except for 
neutralization trains which remain distributed in each 
stage). 



4. LASER INITIATED DEVICES (LID)  

The initiation principle chosen for this safety opto-
initiator is based on the conversion of optical power 
delivered through an optical fiber into thermal effect to 
react the first stage (safety pyro charge) of the 
initiator. Then the additional pyro charge (second 
stage of initiator) selected for the application needed: 
squib, igniter or detonator will convert the first pyro 
reaction into the output selected. 

In order to manage an affordable optical power and 
limit the optical budget for the whole train, the optical 
power for LID initiation has been required in the range 
of 0,8W- 1,5W. 
An additional requirement for the optical module of 
initiator, related to its selectivity between dedicated 
fire wavelength and the monitoring one, has been set 
up.  The optical monitoring of LID, operated during 
AIT phases will be operated at  low optical power at 
20db below the firing power, by a dedicated safety  
mean for operations : the Electrical Optical Ground 
Support Equipment : EOGSE. 

Figure 10

By selecting appropriate pyro charges, insensitive 
against launcher environments (normal, abnormal 
and hazardous), an opto-initiator had been set up. 

The design of this optical initiator is based on: 
- An AIRBUS DS technical specification, allowing : 

• its implementation on existing space systems 
• compliancy of opto-pyro train to launcher AIT 

& operations processes 
- a safety concept for detonators, develop by Nexter 

and based on the ISL patent (French-German 
institute) 

- a dedicated safety optical wavelength for monitoring 
set up, able to be inputted into the initiator optical 
module, without any pyro reaction, engineered by 
Souriau optics 

- a dedicated fire wavelength for fire set up able to be 
transferred through the optical fibre to guarantee its 
initiation, engineered by Draka-Fileca, 

- safety and low sensitivity pyro charges, to be less 
sensitive than pyro terminal functions, designed, 
customized and manufactured by Nexter, 

- pyro charges sensitivity levels tested and certified 
by French DoD laboratory 

- a pig-tailed opto-initiator designed and patent by 
Nexter, based on several stages (optic-safety-pyro), 
compliant with technical requirements 

- performance tests to demonstrate the fully functions 
required, and safety tests for demonstration of non 
initiation conducted by Nexter & ISL 

  Figure 11



The safety pyro charge has been designed for 
insensitivity towards environments and for an 
initiation capability limited to a high optical power: 
kW/cm² on a dedicated IR wavelength. 

From mechanical aspects, the opto-pyro initiator is 
based on a robust and very simple design with a very 
few parts comparing to hot wire initiators. This 
contributes to increase its reliability, performances 
and low cost.  

Note that for safety systems such as specific ones for 
space system, a low cost solution shall not be a cheap 
one. A low cost solution shall remain compliant with 
safety principle and reduce the amount of costly 
equipment by using COTS, heritage of other 
technology fields and applications. 
This philosophy has been applied during this opto-
initiator development phase.  
An additional safety principle introduced in the opto-
detonators is a sterilization effects when submitted to 
hot temperatures: the pyro charges have been selected 
regarding their sensitivity levels, performances and 
also thermal decomposition vs possible flight and 
accidental environments. Any temperature rising up 
to 200°C, induce a decomposition of the detonating 
stage (second stage) before any reaction of the first 
one which react at higher temperatures � that not 
induce any detonation able to fire the Pyro terminal 
functions and avoid any catastrophic effects  
The time reaction of LID (opto-initiator) can be 
mastered from microseconds to milliseconds, directly 
by monitoring the optical power inputted.  

After setting up all fire level (for system) and no fire 
level (for safety) for this opto-initiator, safety test 
have been conducted in order to check its robustness 
against accidental and hazardous environments.  
Successful tests allowed to set up :  

- No fire level : fixed with LID tested at a 
temperature of 100°C during 5mn  

- No degradation of No fire level after LID thermal 
test of 100°C-10h 

- No fire of LID when submitted to fall down tests 
from 2m and 12m 

- No fire of LID when submitted to impacts and 
crush tests 

By comparison with classical hot wire initiator 
currently used on space systems (electro-pyro 
technology), the opto-pyro initiators brings several 
safety advantages by avoiding any Initiator 
premature functioning from electrical disturbance: 

Figure 12 

Figure 13 

- no more electrical continuity between energy 
source and energetic material (no pin, no wire), 
avoiding all type of electrical accident due to 
electrical discharges (ESD, electrical sparks, 
arcking …), Immunity to electromagnetic 
interferences (EMI on electric conductors induce 
current, cross-talk…), hazardous current 
(vagabond current, …), lightning, 

- initiation only possible with a dedicated signal (to 
be created in wavelength, power, and shape) not 
available in normal environments 

- any gap on the optical path (disconnection, breaks, 
…) lead to a safety configuration, without any 
possibilities of firing the LID  

As a conclusion for the opto-initiator developed: 
� Opto-pyro initiator proven to be less sensitive 
than Terminal Functions (and current items used 
on electro-pyro train such as Pyro transfer lines) 
� With these demonstrations not any safety 
blocking point for considering ultimate safety 
barrier position upstream the Initiator.



5. OPTICAL HARNESS (OH) 
At beginning of 2000 main achievement through 
telecom application and optical networks maturity 
demonstration, lead aeronautic industries to analyze 
opportunities of using Optical harness on board, 
highlighting great advantages :  

- Compactness & Mass saving with optical cable: 
Electrical copper quadrax = 40 g/m, Optical fibre with 
1.8 mm jacket = 4 g/m. 
- Small dimensions of optical cable: 
Optical fibre is only 250 �m diameter and 1,8mm with 
its outer jacket.  
� easier routing for Optical cable  
- ESD, EMI and lightning insentivity : 

  
The progressive replacing of  electrical harness by 
optical one, done by major aircraft industries 
(BOEING & AIRBUS), lead to raised optical COTS 
already available for other applications : 
�About four time more optical connectors 

implemented within 5 past years on BOEING and 
AIRBUS aircrafts,  

�optical cable length routed on aircrafts body, 
Increase up to 3 Km/plane with almost 300 links 

The optical harness gathered the several optical cables 
to allow their best protection for routing inside the host 
vehicle, and got optical connectors at each ends to be 
connected to optical equipments.  

  

Figure 16 

COTS selected are already used in Aeronautics 
(AIRBUS, BOEING…) or Telecom data transfers 
(from ground to submarine routing) has been tested in 
labs in order to select best compromise between 
existing heritages (optical standard parts already 
qualified through aeronautic applications …), 
performances, costs, perenity…and space systems 
requirements  

 Several optical cables have been designed in order 
to fulfill all the harness needs for launcher stages. 
These cables have been manufactured with the 
qualified existing process for aeronautic cable: 

24 path optical 
harness 

distribution fixture 
from 24 path to 3 x 8 
paths 

8 path optical harness Simplex harness for 
endings 

Figure 17 

First preliminary environmental lab tests (thermal, 
mechanical …) on cable parts allow selecting the 
best candidates. 

Additional mechanical test have been conducted on 
cable and harness assemblies with the selected 
items, following European norms EN 3745 applied 
for Aircraft cable to check: 

- cold-bend test 
- cut-through test 
- cable tensile strength 
- impact resistance 
- flexure endurance 
- bending test 
- torsion test 
- crush resistance test 
- resistance to fluids 

 Figure 18
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6. OPTICAL TRANSMISSION UNDER OPTICAL 
ENVIRONMENTS: 

Figure 19  
Special conditions are required for transmitting without 
losses an optical signal through optical contacts: 

- optical ends in contact to avoid any major optical 
losses 

- contacts aligned between emitter and receiver, 
without angular of parallel defects 

- clean interface between contacts 

Figure 20
  

-  polished contacts without any cracks or 
defects 

In case of not respect of these conditions the 
system remains safe because of no optical 
transmission possibility. 
Manufacturing process are currently delivering 
high quality optical contacts for low losses. 
Connectors selected have been designed to avoid 
any problem of misalignment: angular or parallel 
defects. 
The locking system of the optical connector shall 
guarantee no gap between contacts, after 
assembly phase and under environments. 

During the final optical transmission checking, 
available inspection tools widely used in AIT 
processes for Industry, Telecom, Aeronautics, 
can detect any bad transmission configuration 
allowing its immediate maintenance. These 
processes allow also end to end tests, checking 
all the devices of the optical trains.
For analyzing the possible influence of optical 
environments, a preliminary list of critical 
environments for pyro equipment on space 
systems is set up in order to focus optical 
environments to be characterized: 

Figure 21



A system analysis allows to set up the maximal optical power available regarding existing optical sources 
meet in a space system environments (Ariane 5 launcher, AIT and operations environment taken as study 
case), to fix the maximal values and the associated wavelength able to be collected by opto-pyro train. By 
comparison of these Optical source emissions to the wavelengths range which could be transmitted through 
the opto-pyro train and finally received by opto-initiator, the safety levels can be calculated: 

Figure 22  
By inputting optical power transmitted by 
environment emitters on the optical train, for 
appropriate distance, and the comparison of the No-
Fire opto-initiator level to the optical power received, 
conclusions about any risks of premature firing under 
environments can be set up.. 

This analyze conclude about safety margins remaining 
between maximal source effects and no fire level of : 

- 20dB for all normal and accidental 
environments 

- A safety factor more than 6 for the worst 
abnormal case considered : Sun focalized 
with a magnification x 20 in the axis of 
optical fibre (very low probability for 
occurrence) 

As a conclusion for optical train: 
� Optical Cables, even disconnected,  cannot 

capture and drive any amount of Spurious 
Light liable to fire the Opto pyro Devices  

� not any safety blocking point for moving the 
ultimate safety Barrier upstream the optical 
harness, as close as the LFU (the Laser Diode 
which could become the source of danger) 

7. OPTICAL SAFETY BARRIER (OSB) 
The Optical interception principle chosen for this 
Optical safety Barrier is based on the same principle 
than current Safe and Arm Device used on space 
system for the safety of electro-pyro trains: a 
physical interception of the signal. 

An optical Safety Barrier technical specification was 
submitted to R&T partners Souriau and Cilas, in 
order to manufacture prototypes and analyses their 
compliances to requirements. 
The Optical Safety Barrier requirements have taken 
into account the AIT lessons learned from safety 
barriers used on electro-pyro trains of current space 
systems. 
Considering that the safety barrier can be located 
upstream from LID and optical harness 
(demonstration of their unsensitivity given here 
under), it will be located as close to the LFU. That 
allow to get a semi centralized architecture, with 
few safety barrier able to cut simultaneously a great 
amount of orders (more than 70 orders) in stages. In 
case of Neutralization train OSB will be 
decentralized in each stage in a dedicated 
configuration with limited amount of optical orders
suited to flight termination devices. 



OSB has been design in a robust way from existing 
cots and process coming from space systems 
(Electrical parts: sensor, actuator; design 
philosophy…) and Aeronautic (optical parts: 
connectors …). The same type of optical fibre than for 
OH has been selected for OSB.  

Test already conducted highlighted compliances to 
requirements: 

- no Cross talks 
- no optical transmission in disarmed position 
- no thermal effects in armed/disarmed position 
- low optical losses in armed position  
- remote system to arm and disarm OSB, in a short 

time 
- existing of a possible manual disarming mode 
- robustness to optical power (twice maximal power 

value tested)   
- … 

The OSB design could be adjusted to the amount of 
optical orders needed.  
The two specimens hereafter have been designed to 
intercept 72 and 48 optical orders simultaneously :

Figure 23 
In addition presentation meetings were organized by 
AIRBUS with safety and safeguard authorities from 
Space activities (Kourou safeguard authorities) and  
Defence activities (French DoD) to describe :  
- Methodology about Safety Barriers, 
- Justifications already acquired, in order to gather 
advices and recommendations concerning 
implementation and operations of opto-pyro on space 
systems.  

No show stoppers were addressed by civilian and 
Defence safety regulations. 

To conclude about the safety barrier (OSB) design 
selected :  
� Optical Safety Barrier allow the interception of 

high power optical orders  
� OSB design can be adjusted to the amount of 

optical path to be intercepted (from 1 to 96) 
� OSB cannot capture and drive any amount of 

Spurious Light liable to fire the Opto pyro 
Devices (same demonstration than for Optical 
Harness) 

8. LASER FIRING UNIT (LFU) 
The Laser Firing Unit is designed to remain in a 
safety position without any optical firing command 
ordered. When command orders are addressed and 
received by LFU, it address specific functions, and 
finally fired, in a time frame, the Laser diode to 
input the right power level into the right optical 
train.  

The LFU will integrate the Electro-Optic converters 
based on High Power Laser diodes and drivers. 
For current LFU designs, optical switches allowing 
several optical addressing from a same laser diode 
have not been selected due to their low maturity 
levels, robustness margins under critical 
environments and limited orders currently 
addressed by theses devices.  
The current LFU design remains simple and robust 
and based on one diode for one pyro initiation. 

First investigation of laser diode allows selecting 
cots already manufactured and testing them under 
environment. 
A second phase of selection, through Destruction 
physical analysis (DPA) leads to select final 
candidate. 

Investigations have now to be achieved concerning 
failure mode for Laser diode and opportunity to 
spontaneously emit a spurious light.
Expert people are quite agreeing to not consider this 
case as a probable one, but for safety reasons this 
topic remain under studies to conclude.  

In case of Laser diodes safety behavior 
demonstrated, it could be analyzed a possible 
translation of the ultimate safety Barrier upstream 
the Laser Diode. In this case the replacement of 
current optical safety Barrier by an Electro-
Mechanical Barrier could be analyzed on a safety 
point of view. 



9. OPTICAL MONITORING AND FAILURE 
DETECTION  
Several methods are daily used for optical train 
health monitoring and checking processes, in the 
fields of Aircraft and industries. These matured 
methods are fully applicable for a Space system 
Opto-pyro train such as described here after:

Figure 24 
During AIT phases, before Optical connections the 
checking process for contact cleanliness detection 
can be automatically  analyzed by the operator, with 
dedicated means: 

Figure 25 
After end of harness installation and optical cable 
connections on the space systems, non-destructive 
end to end tests for harness health monitoring and 
addressing checking can be performed.  
These dedicated tools, emitting a low level optical 
power (Safety signal at mW level) have been set up 
in the same spirit than Safety milli-ohmeter used for 
monitoring resistance and isolation directly on 
Electro-pyro hot wire initiator. 

Figure 26

This AIT sequence can guarantee to not fire any 
optical train connected to optical initiator, thanks to : 

- tests conducted with LFU disconnected and 
protected with optical safety caps 

- A safety dedicated means used for this 
sequence 

- low optical power inputted in the train at 20dB 
below the no fire power of optical initiator  

- a dedicated wavelength generated by safety 
EOGSE during this monitoring sequence, 
different from the one used for firing 
(transmitted by laser diodes). 

- Design of LID optical stage which reflect the 
monitoring optical signal received 

10. CONCLUSION 

Taking advantage of the high Safety level of Opto-
pyrotechnic Devices and possibilities offered by 
Optics, the design of new Opto-pyrotechnic 
architectures that fulfil the Safety « root » 
requirements (and especially FS/FS and FS/FO 
criteria), meeting the spirit of Safety Regulations is 
achievable. 
Thanks to a special R&T effort: Opto-pyro 
technology is now compliant with ambitious 
requirements for next generation systems: 
- Technology Maturity : TRL 5 (TRL6 under 

progress in 2015) 
- Safety improvements 
- Compliant with safety regulations 
- Cost improvements  
- Mass saving  
- Fully interchangeable with existing systems 

(Functional performances demonstrated)  

Opto-pyro is suitable to any systems with high safety 
level (from air to space systems)  
First implementation of Opto-pyro technologies on 
space systems have recently been presented to 
customers. 



  Next steps will be: 

- The short term achievement of the ongoing qualification tests to demonstrate a TRL6 for the full train
- Customization of the opto-pyro architecture regarding its new opportunities offered, to the launcher 

avionic  
- Work closely with main opto-pyro equipment providers and partners to optimize equipments design and 

target new launcher costs requirements 
- Provide share equipment’s vs several Opto-pyro or optic applications in order to sustain production ratio 

and reduce obsolescence risks 
- Capitalize the important Airbus AIT heritage and lessons learned concerning optical harness integrated 

into aircraft 
- Promote all the safety aspects provided by the opto-pyro technology  
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ABSTRACT 
 
Recently, carbon fiber reinforced plastics 
(CFRPs) have attracted attention as structural 
materials for automotive bodies to reduce the 
emission of CO2. However, adhesives are 
required for bonding these materials. Adhesives 
used in automotive applications must have not 
only high strength, but also dismantlability to 
enable the recycling of the CFRP. Such 
adhesives are called dismantlable adhesives, 
because they can be easily broken up by heating 
at the time of recycling. It has been suggested 
that energetic oxidizers might be promising 
additives to enhance the dismantlability of 
adhesives. In this study, as a first step toward 
the development of novel dismantlable 
adhesives, we evaluated the dismantlability of 
an epoxy adhesive containing ammonium 
perchlorate, ammonium nitrate, ammonium 
chloride, or ammonium iodide by measuring the 
adhesion strength before and after heating at 
270 °C. In addition, the mode of action of the 
additives was investigated using thermal 
analysis and IR spectroscopy. 
 
1. INTRODUCTION 
 
Buildings and aircraft are frequently assembled 
using components bonded by high-strength 
adhesives called construction adhesives. In 

addition, carbon fiber reinforced plastics 
(CFRPs) have recently attracted attention as 
constituent materials for automobile bodies in 
order to reduce the automotive weight and CO2 

emissions. In this case, the materials will also be 
joined using construction adhesives because 
welding cannot be employed. However, when 
applied to automobiles, the adhesives should be 
dismantlable for cost-effective recycling after 
use. Such functional adhesives, whose strength 
easily decreases by adding external stimuli such 
as heating, are called dismantlable adhesives. 
While several types of dismantlable adhesives 
have already been developed and are 
commercially available, most of them cannot be 
applied to automotive use because of their low 
initial strength. Therefore, adhesives having 
both conflicting properties, high initial adhesion 
strength and dismantlability, must be developed. 
  Previously proposed dismantlable adhesives 
with high initial strength contained additives 
that were thermally expandable, such as 
thermally expandable graphite or thermally 
expandable microcapsules [1-3]. These 
adhesives were designed to physically lose their 
adhesivity when the additive expanded on 
heating. On the other hand, the authors’ past 
studies [4-6] showed that epoxy adhesives 
containing chemically reactive inorganic salts 
such as ammonium perchlorate were 



substantially weakened by heating at 270 °C 
whereas the additive-free adhesives did not 
change in adhesion strength at this temperature. 
This adhesive is basically different from the 
adhesives containing expandable materials 
because the adhesive is decomposed by the 
chemical reactions with the additive. However, 
we did not investigate the mechanisms of the 
chemical degradation in our previous study. In 
order to find more suitable additives, further 
investigation on the decomposition mechanism 
or reactivity of the adhesive in the presence of 
the additives was needed. 
In the present study, as an initial step toward the 
development of novel dismantlable adhesives, 
we first used tensile testing to measure the 
change in adhesion strength of the epoxy 
adhesive containing selected additives before 
and after heating. Then, the thermal behavior 
and structural change upon heating were 
observed using thermogravimetric analysis 
(TGA) and IR spectroscopy. 
 
2. EXPERIMENTAL 
 
2.1. Materials 
Bisphenol A epoxy resin, Epicoat 828, 
manufactured by Japan Epoxy Resins Corp. Ltd. 
and a modified aliphatic polyamine 
manufactured by Adeka Corp. were employed 
as base resin and cure agent, respectively, for 
the adhesive. As additives, ammonium 
perchlorate, ammonium nitrate, ammonium 
chloride, and ammonium iodide were selected 
on the basis of the results of our previous study 
[4]. The additives were used after having been 
sorted into 100–212 μm particle diameter range 
by sieves. 
 
2.2. Evaluation of dismantlability 

The epoxy resin, curing agent, and additive were 
mixed in mass ratios of 7.7:2.3:1.0 using an 
Awatori Rentaro mixer (THINKY Corp.). The 
edges (width 25, length 12.5 mm) of aluminum 
plates (width 25 mm, length 100 mm, thickness 
3.0 mm) surface-treated by wiping, ozonation, 
and polishing with sand paper were bonded 
together with the prepared adhesive. The bonded 
aluminum plates (Fig. 1) were maintained under 
vacuum at room temperature for 24 h, and then 
heated to 120 °C for 1 h for curing. The curing 
temperature was altered from that in our 
previous study (80 °C) [4] because the adhesive 
was not completely hardened at 80 °C. Next, in 
order to investigate the dismantlability upon 
heating, the specimens were placed in an electric 
furnace (Yamato Scientific Corp.) and 
maintained at 270 °C for approximately 1 h. 
After heating, the adhesion strength was 
measured by the tensile tester (Shimadzu Corp., 
RH10). The same tensile test was conducted for 
the specimens without heating, and the adhesion 
strength was compared with that after heating. 
The specimen preparation and tensile test 
procedures complied with JISK6850 [7]. 
 
2.3. Thermal analysis 
The epoxy resins (or the curing agents) and the 
appropriate additive were mixed at a 10:1.5 
weight ratio using the above-mentioned mixer. 
The samples (approximately 10 mg) were placed 
in open aluminum vessels, and then the thermal 
decomposition behavior was investigated using 
a thermogravimetric analyzer (TGA) (Seiko 
Instruments Inc., TG/DTA220) at a heating rate 
of 10 K min-1 over the temperature range 50–
450 °C. The TGA measurements of the unmixed 
adhesive components (i.e. resin and curing agent 
separately), and the individual inorganic salts as 
reference samples were performed under similar 



conditions. 
 
2.4. IR spectroscopy 
The epoxy resins containing an additive were 
mixed at a 10:1.5 weight ratio using the 
above-mentioned mixer. The samples (100 mg) 
were stored in a constant temperature oven at 
270 °C for 15-60 min. Then the chemical 
structure change of the epoxy resins after 
storage was observed using IR spectroscopy (IR, 
ATR method, Frontier IR, Perkin Elmer Corp., 
Ltd.). 
 
3. RESULTS AND DISCUSSION 
 
3.1. Evaluation of dismantlability 
The changes in the adhesion strength and 
appearance of the adhesion portion before and 
after heating at 270 °C are shown in Tab. 1 and 
Fig. 2 for the adhesives alone and for their 
mixtures with additives.  
In the case of the additive-free adhesive, the 
color of the adhesion portion changed from 
colorless to pale yellow after heating as shown 
in Fig. 2a. However, as shown in Tab. 1, the 
adhesion strength was similar (approximately 
13-14 MPa) with or without heating, which 
means that the adhesive hardly decomposed and 
are not dismantlable after heating at 270 °C, but 
in the case of the additive mixtures, the adhesion 
strengths decreased to 0.1–2.4 MPa after heating. 
In addition, as shown in Fig. 2b, the color of the 
adhesive containing ammonium perchlorate 
changed drastically to black. Similar black 
discoloration was observed in the adhesive 
samples with other additives. Thus, those 
additives reacted with the adhesive and had a 
potent effect on increasing the dismantlability. 
The dismantlability was different for different 
additives. In the case of ammonium perchlorate 

and ammonium iodide, the adhesion strength 
drastically decreased after heating, but 
ammonium nitrate and ammonium chloride had 
a much lower effect on the adhesion strength. 
Therefore, we can conclude that ammonium 
perchlorate and ammonium iodide were more 
suitable for this purpose. This result shows that 
the oxidative ability of the additive does not 
necessarily contribute to dismantlability, as can 
be seen from the fact that ammonium 
nitrate—known to be a strong oxidizing 
agent—was the least effective of all the 
additives. It is more likely that halogen species 
derived from the added salts reacted with the 
adhesive and increased the dismantlability since 
ammonium iodide, which contains no oxygen, 
contributed greatly to decreasing the adhesion 
strength. 
 
3.2. Thermal analysis 
In order to investigate the reactivity of the 
additives with the adhesive, TGA measurements 
were conducted for the epoxy resin, the cure 
agent, and their mixtures with the additives. As 
an example, TGA curves in the case of 
ammonium perchlorate are shown in Fig. 3. As 
shown in this figure, the weight of epoxy resin 
without the additive started decreasing at 250 °C. 
However, the weight of epoxy resin containing 
ammonium perchlorate started to decrease at a 
lower temperature, approximately 220 °C. 
Therefore, it can be concluded that ammonium 
perchlorate exhibits chemical reactivity with the 
epoxy resin. On the other hand, in the case of 
the curing agent and its mixture with ammonium 
perchlorate, the TGA curves were almost same 
regardless of the presence or absence of the 
additive, and their weights gradually decreased 
soon after heating due to vaporization of the 
cure agent. Thus, the reactivity of ammonium 



perchlorate with the cure agent appears to be 
lower than that with the epoxy resin. 
The same measurement was performed for 
samples containing the other additives. In each 
case, the result indicating that the reactivity with 
epoxy resin was higher than that with cure agent 
was obtained. Therefore, it was concluded that 
the dismantlability of adhesives containing the 
additives described in section 3.1 was derived 
from the reaction between the epoxy resin and 
the additive, or chemical species derived from 
the additive.  
 
3.3. IR spectroscopy 
In order to investigate the active sites in epoxy 
resin suffering attack from the additive, epoxy 
resins containing ammonium perchlorate or 
ammonium iodide were stored in a constant 
temperature oven at 270 °C for 60 min, and the 
chemical structure change of the epoxy resins 
after storage was observed using IR 
spectroscopy. 
In the epoxy resin without any additive, 
absorption peaks were observed at 805, 915, 
1035 1180, 1247, 1500, and 1605 cm-1. 
According to previous studies [8-12], those 
peaks are believed to be attributable to aromatic 
C-H deformation (805 cm-1), epoxy C-O 
stretching (915 cm-1), aromatic C-O-C stretching 
(1035cm-1), and aromatic C=C stretching (1500 
and 1605 cm-1). No changes in the spectrum of 
the pure epoxy resin were observed even after 
heating. 
In the spectra of epoxy resin mixed with 
ammonium perchlorate (Fig. 4a), the absorbance 
of each peak was drastically decreased after 
heating. On the other hand, in the case of the 
ammonium iodide mixture (Fig. 4b), the peaks 
derived from aromatic C-O-C stretching and 
epoxy C-O stretching disappeared after heating 

whereas the other peaks remained. Therefore, 
while both ammonium perchlorate and 
ammonium iodide were effective at degrading 
the epoxy, the chemical reaction mechanisms in 
the adhesive were quite different in the two 
cases. There is a possibility that ammonium 
iodide decreases the adhesion strength by a 
reaction between halogen products derived from 
the additive and the ether group in the epoxy 
resin. According to previous studies [13, 14] 
investigating the degradation mechanism of a 
polymer-lithium iodide system, halogen radicals 
demonstrated reactivity with the C-O bond. 
Therefore, it may well be that a similar reaction 
would occur in the mixture of the epoxy 
adhesive and ammonium iodide investigated in 
the present study. On the other hand, ammonium 
perchlorate was believed to produce 
dismantlability by causing non-regioselective 
oxidation in addition to the reaction with the 
halogen radical. 
 
4. CONCLUSION 
 
In this study, the adhesion strength before and 
after heating (270 °C) of epoxy adhesives 
containing ammonium perchlorate, ammonium 
nitrate, ammonium chlorate, or ammonium 
iodide was measured. Moreover, the modes of 
action of the additives were investigated using 
thermal analysis and spectroscopy. As a result, 
following conclusions can be made: 
 
(1) The results of tensile testing demonstrated 

that the adhesion strength of the epoxy 
adhesives containing additives decreased 
after heating while no change was observed 
in the additive-free adhesives. In particular, 
ammonium perchlorate and ammonium 
iodide were especially effective for 



lowering the strength, whereas the effects of 
ammonium nitrate and ammonium chlorate 
were comparatively small. This result may 
show that the oxidative ability of the 
additive does not necessarily contribute to 
dismantlability.  

(2) In TGA measurements, the reactivity of the 
additives with the epoxy resin was higher 
than that with the cure agent. The 
dismantlability of adhesives containing the 
additives was derived from the reaction 
between the epoxy resin and the additives, 
or chemical species derived from the 
additives. 

(3) When changes in the IR spectra of epoxy 
resin containing ammonium perchlorate or 
ammonium iodide were observed after 
heating, the decomposition products were 
observed to be different in each case. It was 
concluded that ammonium iodide induced 
dismantlability by the reaction between the 
derived halogen radical and the C-O bond in 
the epoxy resin, but that ammonium 
perchlorate also caused non-regioselective 
oxidation. 
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Table 1. Adhesion strength of epoxy adhesives before and after heating 

Additives 
Adhesion strength [MPa] 

Before heating After heating 

None 12.3 14.0 

NH4ClO4 10.4 0.2 

NH4NO3 6.9 2.4 

NH4I 9.0 0.1 

NH4Cl 3.9 0.8 

 
 

 
Figure 1. Diagram of specimen for tensile test 
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Figure 2. Appearance of adhesion portion, 

(a) No additives (only adhesive), (b) Adhesive with ammonium perchlorate. 
 

 
Figure 3. TGA results of epoxy resin, cure agent, and their mixtures with ammonium perchlorate 

 

 
Figure 4. Changes in IR spectra before and after heating, 

(a) Epoxy resin with ammonium perchlorate, (b) Epoxy resin with ammonium iodide. 
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Introduction 
As part of the Work Safety Studies of the 
CEA/CESTA dealing with the pyrotechnical risks 
involved in the various tests and handling of 
pyrotechnics, it was decided to design a debris 
shield to guard against all the projections emitted 
by any pyrotechnical accident. The first stage 
consisted of determining the size of a piece of 
debris in order to design the geometry of a shield 
capable of stopping the projections from a series 
of objects to be tested. 
The reference debris was a 138 g piece of steel 
travelling at a speed of 1,459 m/second. The size 
could of course be increased but in the absence of 
reliable experimental or digital data and given the 
number of possible cases, depending on the 
conditions of initiation and on the objects 
involved, it was decided to take this sizing debris 
as a reference.  
To study a solution providing a shield against the 
blast containing the reference debris, several 
materials were envisaged, such as armoured steel, 
wood, water, Lexan, aluminium or high density 
polyethylene (HDPE). For reasons of cost, 
weight and/or facility of implementation, two 
configurations were chosen, one combining water 
and HDPE and the other with HDPE alone.    

Reasoning behind the sizing of the debris 
shield 
We have experimental data on HDPE and 
aluminium 6061 T6, equations of state and laws 
of behaviour, but also the results of high velocity 
impacts from steel balls. On the strength of such 
data and the models available in HESIONE, it 
was decided to prefer a simulation type approach 
in order to prepare the experimental campaigns 
and to extrapolate a final solution from an 
intermediate test. The tests on the penetration of 
steel balls in polyethylene undertaken for the 
MJL source term studies evidenced that in that 
area these materials have a ductile type of 
behaviour and that the perforation crater tended 

to shrink behind the passage of the projectile in 
the particular case of a blast of debris. 

Related experimental and digital means 
For the sizing of this debris shield, it was decided 
to use the two-stage SYLEX launcher (figure 1) 
in its single-stage gas version. The levels of 
performance, shown in Table 1, encompass the 
research envelope. Nevertheless, to avoid the 
effect of the flow of combustion gases on the 
structure of the debris shield, it was decided to 
perform the first firings in the gas version. The 
results of these tests should make it possible for 
the HDPE and aluminium based debris shield to 
determine the distance required by digital 
simulation after restitution of the test at 
approximately 1200 m/s. 
 

Configuration Calibre 
(mm) 

Mode of 
propulsion 

Weight 
(kg) 

Velocity 
( m/s) 

Single stage 110 

Gas 
(500 
bar) 

N2 

2.25 

40 - 700 

He 700 - 
1200 

Powder 
(max 5 kg) 

2 – 3.7 1000 - 
2000 

Two  stage  50 

Powder – 
He 

(max 3 kg / 
80 bar) 

0.2 2000 - 
4000 

Table I: characteristics of the SYLEX launcher in 
its three versions: single stage gas and powder 
and two stage powder and helium. The weights 
are given as a guide and can be adjusted as 
required. 

In the case of the HDPE-based debris shield, 
additional tests on the penetration of steel balls 
will be performed using the two-stage MICA 
launcher in order to test the capacity of 
our models to simulate that kind of experiment. 
This stage is essential to enable an extrapolation 
of the results at full size that will be obtained 
using the SYLEX launcher but for a velocity 
below that of the danger (~1200 m/s for 1460 
m/s). 

The typical characteristics of the MICA launcher 
are given in Table II. There are, however, other 
configurations of the launcher that are not 
described here and which make it possible to 
modify the diameter of the launch tube or the 
shape of the projectile as required. 



Configuration Pump 
(mm) 

Launch 
(mm) 

Projectile Propulsion Velocity 
(m/s) 

Two stage 
Powder – gas 5.56  2 Sphere 0.5 

to 1.5 mm 
helium or 
hydrogen 

1500 - 
6500 

Two stage 
Powder – gas 5.56 2 Particles  

few µm 
helium or 
hydrogen 

1500 - 
6500 

Table II: Characteristics of the MICA launcher 
depending on the configurations chosen (ball or 
particles).  

As far as the diagnoses related to this type of test 
are concerned, mention must be made first and 
foremost of the high speed video recordings 
(velocity of the projectile before and even during 
penetration) and of the chronometric 
measurements (velocity of the projectile before 
penetration). Post mortem X-ray analyses were 
also performed to determine the depth of 
penetration of the balls in the HDPE for the 
MICA tests.  

Related digital simulations:  
The following simulations were performed using 
the HESIONE code. This fast dynamic code 
solves the equations of conservation of mass, 
quantity of movement and energy. It includes a 
Lagrangian component and an Eulerian 
component.  It is possible to go from one to the 
other by means of a looper. This code comes in a 
1D, 2D (plane or axisymmetric) and 3D version. 
It comes with a library of physical models 
enabling the characterisation of the different 
materials by their equation of state, their law of 
elastoplastic behaviour and their damage and 
failure criteria. The images in Figure 1 are shown 
as a guide to the results of MICA and SYLEX 
test simulations with the Eulerian version in a 2D 
axisymmetric geometry. 

 

Figure 1: Evolution of the geometry in two 
examples of HESIONE simulations. The 
impactor comes from the left, the axis of the 
abscissa is the axis of symmetry and the 
dimensions are given in metres. On the left: 
simulation of a MICA firing where the impactor 
(in green) is a steel ball 500µm in diameter and 
the target (in red) is a block of high density 
polyethylene (HDPE). On the right: simulation of 
a SYLEX firing where the steel impactor (yellow 
and pink) penetrates an assembly of aluminium 
(in blue), water (in green) and HDPE (in red). 

Behaviour of the HDPE  
This brings us to the case of the HDPE-based 
debris shield. In these preliminary trials, we 
combined it with a layer of water in order to plan 
a lighter shield, the water being added after set-
up. We added a layer of aluminium to simulate 
the overall structure.   

Behaviour of the HDPE as a particle collector 

HDPE was chosen because this material is part of 
our databank of benchmark materials used as 
impactors in plate impact experiments. The same 
goes for aluminium 6061 T6. For these materials, 
we have well-established equations of state and 
behaviour laws. For each batch of rods supplied, 
typically in the diameter of 120 mm and in 
lengths of a few metres, specific firings are 
undertaken to refine as required the parameters of 
the models. Moreover, these materials are 

 



regularly used as debris collectors in laser 
fragmentation experiments to determine the 
debris source term associated with an experiment 
of the MLJ type [1]. The density of this HDPE is: 
��� = 0.950 g/cm3. 

Firings were therefore performed with the two-
stage MICA launcher and with the CANEL 
electric launcher, now dismantled. The purpose 
of those tests was to determine the depths of 
penetration of steel balls depending on the impact 
velocity.  

Experimental data and empirical model 

Reference [2] presents a summary of the 
interpretation of the CANEL tests [3] (impact 
velocities between 320 and 1020 m/s) and of a 
MICA firing at 2500 m/s [4]. As the simulations 
using the HESIONE hydrodynamic code failed to 
produce satisfactory results, the model finally 
proposed consisted of a deceleration of the 
projectile independent of its velocity. This model 
results in a scale model giving the depth of 
penetration, P, as a function of the diameter of 
the impactor, �p, and of its velocity, Vp: 

2
p

p

V.P k�
�

  (1) 

Theoretically, the proportionality constant is 
dependent only upon the nature of the materials 
and on the shape of the impactor. Its 
experimental determination in the configuration 
where the impactor is a steel ball and the target a 
block of HDPE was made on the basis of the 
CANEL and MICA tests. Taking k = 1/Vref² gives 
Vref ~ 550 m/s. 

There are three main reasons justifying the 
expansion of this approach: 

- the reference debris is much larger than the 
MICA-CANEL projectiles, by 2 orders of 
magnitude for the dimension �p which makes 
almost 6 orders of magnitude between the 
weights. That makes any extrapolation of the 
relation (1) to the reference debris debatable; 

- the fact that the only experimental result that 
is representative of the reference debris (in 
terms of dimension or weight) is the SYLEX 
test presented in the following chapter, where 
the projectile used is not a ball. The 
proportionality constant, k, in the relation (1) 
identified in the CANEL-MICA tests is not 
therefore a priori valid. Furthermore, the 
retainer tested in this SYLEX test is made up 

of not only HDPE but also of water and 
aluminium. The very shape of the relation (1) 
is not therefore useable in this case; 

- finally, the velocity range considered is 
narrower that for the collection of laser debris. 
To size a debris shield, a correct (otherwise 
higher) restitution around 1500 m/s is 
sufficient.   

One further reason stems from the fact that the 
HDPE was characterised by new plate impact 
tests and that new models (equation of state, 
behaviour law, damage and failure model) have 
become available in HESIONE since the study 
[2] which will perhaps enable improvement of 
the results. 

Given that the approach was to perform 
hydrodynamic simulations, two MICA firings 
were performed at velocities closer to the 
objective, namely firings 41-10 and 43-10 at 
2120 and 2220 m/s respectively. The HDPE 
samples were cylinders 30mm in diameter and 
60mm long. Analysis of the depths of penetration 
was performed by X-ray. They were 
9.91±0.09 mm and 9.99±0.09 mm respectively. 
Figure 2 compares these recent results (in red) 
with those used in the reference [2] and with the 
model (1) that had then been adjusted. It can be 
seen that the interpolation proposed by this model 
underestimates the new measurements, which 
more than justifies the following simulations.  

Figure 2:  depth of penetration of a steel ball with 
a diameter of 500 µm in the HDPE: the case of 
the MICA and CANEL firings 

Modelling of the HDPE 

Reference [5] recommends the SESAME 7180 
table as the equation of state of the HDPE. This is 
compared below to the impact polar 



measurements at CESTA [6]: D = 3000+1,5*u, 
where D is the impact velocity and u the material 
velocity, measured in m/s. The comparison of 
these two equations of state is shown in Figure 3. 
It can be seen that they differ from the 
experimental results taken from the bibliography 
[7-8] in the domain of the behaviour low due to 
the viscoelastic behaviour of the HDPE. A non-
linear impact polar has been proposed by [9] to 
take account of this effect. It is also plotted in 
Figure 3. It can be seen that it reproduces at 
better than 2% the measurement of the speed of 
sound taken from [7] (2166 m/s), but that its 
domain of validity is limited to material 
velocities of less than 1800 m/s approximately. 
Finally, this figure presents another non-linear 
impact polar that has been adjusted by the least 
squares method on the experimental points within 
the material velocity range running from 0 to 
2500 m/s, without any substantial degradation of 
the standard speed of sound (a difference of 3% 
in relation to the measurement by ultrasound [7]), 
but which is more suitable at high levels. 

 

 

Figure 3: Hugoniot of the HDPE taken from data 
in the literature: [2] and [3]. Depth of penetration 
of a steel ball with a diameter of 500 µm in 
HDPE – case of the MICA and CANEL firings. 

The plasticity of the polyethylene plays an 
important part in its retainer capacity [5]. The 
measurements performed at CEA/CESTA [6] 
suggest a perfectly plastic elastic model in the 
stress domain of 6 – 22 GPa with a shear 

modulus, G, of between 5.3 and 6.8 GPa and a 
yield strength, Y, of 50 MPa. Furthermore, 
ultrasound measurements (Marsh) give a 
transverse wave velocity of 1.01 km/s, which 
gives G ~ 1 GPa. Reference [2] adopts G = 6 GPa 
and uses Y (between 0 and 100 MPa) as the main 
adjustment parameter for the restitution of the 
MICA tests. Reference [5] recommends 
G = 6.1 GPa and Y = 50 MPa.  

Further plate impact tests performed on 
HDPE [10] evidence that the sets of coefficients 
used in the previous references are not valid at 
lower stress levels (0.3 to 0.6 GPa) as they 
predict an elastic precursor that is not observed. 
A new set of elastoplastic coefficients (shown as 
DH in the following figures) has therefore been 
proposed in combination with our non-linear 
impact polar. The shear modulus G = 1 GPa 
results from the ultrasound measurements and the 
yield strength Y = 30 MPa has been adjusted so 
that the simulations predict increased perforations 
for the MICA-CANEL tests (cf. figure below). 
Details of these simulations are given in the 
following paragraph.   

Plate impact simulations on HDPE 

The plate impact simulations performed at 
CEA/CESTA are presented here (Figure 4). The 
calculations (Figures 4 and 5) were made using 
the Lagrangian motor of the HESIONE code in a 
1D plane geometry. The models of all the 
materials were taken from the reference [8], with 
the exception of the Klegecell foam which is not 
shown [11].  

 
Figure 4: configuration of the tests performed 
with the SYLEX launcher on an HDPE target and 
comparison of the SYLEX experiment – digital 
simulations in the case of a copper-HDPE impact 
at a velocity V = 19 m/s: velocities at the HDPE-
PMMA interface. 

In all cases, the model [11] predicts an elastic 
precursor which does not appear in the signals 
measured. Moreover, the excessive value of the 
shear modulus means that the relaxation 
following the impact catches up the modulus and 
shortens the duration of the plateau. The DH 



model improves the restitutions on all these 
points.   

 
Figure 5: comparison of the SYLEX experiment 
– digital simulations in the case of a symmetrical 
impact HDPE-HDPE and copper-HDPE at a 
velocity V = 236 m/s: velocities at the HPDE-
PMMA interface. 

On the firings described in [6] we verified that 
the new model does not degrade the restitution of 
impacts at higher levels. Figure 6 recalls the 
principle of these experiments. 

 
Figure 6: configuration of the tests of projections 
by explosion of an HDPE on an HDPE target and 
velocity at the HDPE-LiF interface.  

In the case of the assembly 1 in Figure 7, where 
the impact velocity was 2200 m/s, the simulation 
of the impact on a 6mm thick sample is 
presented. Both models give a good restitution of 
the level and duration of the impact, with 
however a slight superiority for the model [8]. 
Simulations without elastocplasticity evidence 
that the parameters Y and G have no effect on 
those levels and that the difference comes solely 
from the equation of state. The speed of sound 
under impact is slightly better in the SESAME 
7180 than in our non-linear impact polar.   

That difference is no longer visible, 
however, in the case of the assembly 2 in Figure 
7 where the impact velocity was 1480 m/s. In the 
figure below, corresponding to that firing, the 
black, red and blue colours correspond to the 
different samples, with thicknesses of 4, 6 and 8 
mm respectively. The bold line curves represent 
the experimental signals, the thin line curves the 
simulations performed with the DH model and 
the circles the simulations performed with the 
model [8]. 

 
Figure 7: experiment comparison – digital 
simulations in the case of symmetrical HDPE-
HDPE impacts. Case of the explosive assemblies 
1 and 2 corresponding to the respective impact 
velocities of 2200 m/s and 1480 m/s: velocities at 
the HDPE-LiF interface. 

Simulations of impacts of steel balls in HDPE 

The HESIONE simulations of impacts of steel 
balls perpendicular to the surface of a block of 
HDPE are presented here. The calculations were 
performed with the Eulerian motor of the 
HESIONE code in a 2D axisymmetric geometry. 
The grade of steel used is unknown. The BLF 
tabulated equation of state is used (reference 
density = 7.87 g/cm3) and the shear modulus of 
the steel 304L: G = 77 GPa. The post mortem 
observations of [4] failed to show any 
deformation after an impact at 2500 m/s on 
HDPE. Recent observations presented in the 
following chapter confirm that result. The yield 
strength is therefore selected at a sufficiently high 
level for the impactor to behave as a rigid solid. 
This choice matches that of [2] and makes it 
possible to guarantee that the simulations are 
incremental.  

The following simulations evidenced great 
sensitivity to the meshing. It appeared that 
« convergence » required over 20 meshes on the 
diameter of the impactor. For the MICA test 
simulations, we adopted a regular Eulerian grid 
with a mesh size of 20 µm. Similarly, a rapid 
study of sensitivity suggested that the dimensions 
of the calculation domain should be at least 4 
times those of the crater with conditions at the 
absorbent limits. Comparison (all things being 
equal otherwise) of the different EOS previously 
presented on impacts of balls at 1000, 2120 and 
2500 m/s failed to show any visible effect of this 
choice on the depth of penetration. On the other 
hand, the elasto-plasticity has a very marked 
effect, as shown in Figure 8 where the 2 
coefficients of the “perfectly plastic elastic” 
model have been varied.   



 
Figure 8: penetration of a steel ball in HDPE: 
comparison of the experimental points with 
simulations (blue curves) for the study of the 
sensitivity to the elasto-plastic coefficients Y and 
G. The values, together with the ultimate tensile 
strength, R, are indicated in GPa in the legend. 
On the left: effect of the shear modulus, G. On 
the right: effect of the yield strength, Y. This 
figure also plots a curve in orange corresponding 
to the elasto-plastic model (G=6.1 GPa and 
Y=0.05 GPa) recommended in [8]. The bold 
curve corresponds to the model finally adopted 
for the sizing of the debris shield (the DH 
model).  

The new set of elasto-plastic coefficients 
(designated by DH) is therefore proposed in 
combination with our non-linear impact polar. 
The shear modulus G = 1 GPa is taken from 
ultrasound measurements and the yield strength, 
Y = 30 MPa, has been adjusted so that the 
simulations predict incremental penetrations for 
the MICA-CANEL tests (Figure 9). 

 
Figure 9: depth of penetration of a steel ball with 
a diameter of 500 µm in HDPE and the digital 
simulations associated with the HDPE model 
adopted (DH).  

The effect of the ultimate tensile strength of the 
HDPE on its retainer capacity had not been 
addressed in [2], which indicates a range of 
values in static unidirectional stress of 20 to 30 
MPa and in dynamic stress of 40 to 50 MPa. As 

reference [5] does not give any recommendation 
for this parameter, a simple criterion of main 
stress was adopted the threshold of which was set 
arbitrarily at 100 MPa.  It can be seen from 
Figure 9 that the improvements made in the 
modelling of the HDPE did not enable restitution 
of the MICA tests and of the CANEL tests. 
Preference has been given here to the MICA 
firings because, as shown in Figure 10, 
substantial erosion of the ball was observed in the 
CANEL tests above 600 m/s [3]. No erosion or 
deformation was observed in the MICA firings at 
much greater velocities (cf. the following chapter 
and [4]), which would indicate that this process is 
above all related to the acceleration method of 
the projectile. It is possible that friction in the 
CANEL launch tube heats the ball. Part of the 
material can be peeled off during this 
acceleration phase or upon impact on the HDPE. 
It can also be supposed that part of the electric 
current used to drive the ball runs through the 
ball causing heating by a Joule effect. Simulation 
of the impact at 1000 m/s, taking a rigid 0.4 mm 
ball, produces a penetration of 3.8 mm, which is 
closer to the measurement (1.6 mm) but still too 
great. It is also possible that the heating of the 
ball reduces its yield strength and increases its 
deformation upon impact. The simulations in fact 
evidence that if the ball is slightly flattened its 
depth of penetration is drastically reduced. As 
that effect is, however, difficult to quantify, it 
will not be taken any further in this study.   

 
Figure 10: diameter of the steel ball after 
penetration in the HDPE: case of the CANEL 
firings. 

Nevertheless, if the development of a 
better model (i.e. no longer incremental but 
exact) were to be required, that would mean 
additional MICA tests in the range of the 
intermediary velocities (1000 to 2000 m/s) and 
the recovery of the ball for observation. 



Additional results on the MICA steel balls 
after impact 

One strong hypothesis was put forward in the 
simulations of the MICA firings, namely that the 
ball was deformation resistant. To verify that 
hypothesis, the sample of the 41-10 firing (with 
an impact at 2119 m/s) was sent to the 
Tomoadour company for examination under X-
ray microtomography. The results are 
summarised in Figure 11  
The resolution of the tomographs was 
approximately 20 µm/pixel. The images below 
are 3D reconstructions (in the form of STL 
meshing). Two craters can be seen, that of the 
ball and another larger but shallower one, 
probably due to the impact of one of the half 
shoes. 

 
Figure 11: Results of the X-ray tomography: a) 
HDPE target impacted and b) steel ball after 
impact in the case of the 41-10 MICA firing. 
The 3D reconstruction of the ball shows that it 
remained all but spherical and that its diameter 
was unchanged (502 µm after a Gaussian fit). A 
slight flat area is visible in the direction of the 
impact (direction z in the following images), 
which would suggest that the ball has not turned. 
The diameter of the flat area is 190 µm and its 
height approximately 14 µm. As this value is 
lower than the resolution of the tomographs, the 
hypothesis of a deformation resistant ball can be 
considered as acceptable.   

Impact experiment of the sizing debris on 
a debris shield structure and the related 
digital simulation  
A firing was performed with the SYLEX 
launcher in the gas version to test a debris shield 
stacking of aluminium 6061 T6 (structuring), 
water and HDPE. For this firing, four quarter 
shoes contained the sizing debris (Figure 12).  

 
Figure 12: HDPE shoe carrying the reference 
debris in 304L stainless steel. 

SYLEX firing on an aquarium type debris 
shield  

The target shown in Figure 13 consisted of 20 
mm of aluminium 6061 T6 followed by 500 mm 
of water and 200 mm of HDPE. The width of the 
aquarium was over-sized laterally to avoid a 
possible exit of the projectile during its 
propagation in the water. That prospect was 
combined with a possible tilt upon impact 
resulting from the separation of the shoe from the 
projectile which would be amplified during 
propagation. For this test, it was decided to 
record the propagation of the projectile in the 
aquarium by the shadow method using two high 
speed video cameras.     

 
Figure 13: experimental configuration of the 
validation firing of the solution for the HDPE-
based debris shield.  

The firing was performed nominally with a ball 
velocity on leaving the launcher of 1209 
m/s�6 m/s (magnetic loop N°1) and a projectile 
velocity upon impact of approximately 
1181 m/s �6 m/s (1176 m/s with the magnetic 
loop N°2 and1186 m/s with the Phantom V4 
camera). The two high speed video recordings 
worked perfectly, with a first recording of the 
free flight and the perforation of the aluminium, 
followed by the propagation in the water before 
the impact in the HDPE. The second (Figure 14) 
showed the exit from the aluminium, the 
propagation through the water, the penetration 
into the HDPE and a view of the second 
aquarium partition in the case of perforation of 
the first layer of HDPE. These recordings made it 



possible to evidence equivalent velocity 
measurements between the two cameras, 
respectively 914 m/s �5 m/s at the exit from the 
aluminium and 741 m/s �4 m/s at the entrance 
into the HDPE for the Phantom V4 and 
893 m/s �5 m/s at the exit from the aluminium 
and 735 m/s �4 m/s at the entrance into the 
HDPE for the Phantom V7. Figure 14 presents a 
few images taken from the Phantom V7 
recordings.  

 
Figure 14: images taken from the Phantom V7 
recording evidencing the propagation and arrest 
of the steel projectile in the aquarium 

Examination of the joined HDPE plates, 
with respective thicknesses of ~ 50 mm, showed 
penetration of the projectile over 120 mm, and 
examination of the plates upstream evidenced a 
« shrinkage tendency” of the crater downstream 
from the projectile (Figure 15).  This last finding 
is particularly interesting in the case of a multi-
impact situation such as must be considered in 
the case of the fragmentation of metal objects 
containing an explosive in detonation.  

 
Figure 15 : photograph of the entrance face of the 
HDPE between the two water compartments. 

Digital simulation of the SYLEX firing on the 
aquarium type debris shield 

In the HESIONE simulations of this SYLEX test, 
the thicknesses of the various elements 
correspond to the experiment. Calculations being 
in 2D axial geometry, their diameter is 1m. The 
meshing is regular (mesh size = 1 mm) over a 
cylindrical area with a diameter of 0.2 m and then 
the radial dimension of the meshes increased 
according to a geometric progression of 1.01.  
The meshed domain is slightly larger than the 
debris shield to the extent that the limit 
conditions at the frontiers of the Eulerian grid do 
not intervene in the calculation.  

The DH model was used for the HDPE and for 
the steel, the model presented in the simulations 
of impact of steel balls in HDPE. The equation of 
state and the law of behaviour of the aluminium 
6016 T6 were those validated in the hardening 
studies [11]. Nevertheless, an additional criterion 
in plastic deformation with a threshold arbitrarily 
set at 0.5 was added to the usual criterion of main 
tension failure (threshold at 1.5 GPa. The type of 
loading considered here is in fact sufficiently 
different for this form of destruction to be taken 
into account. The equation of state of the water is 
the SESAME 7154 table and its behaviour 
presumed to be purely hydrodynamic. A criterion 
of ultimate tension failure (with a threshold set 
arbitrarily at between 0 and 100 bars) slightly 
modifies the deceleration of the projectile, to the 
extent that its velocity calculated at the exit from 
the aluminium is between 900 and 1000 m/s, 
which matches the measurements made by the 
cameras. However, the simulations result in an 
excessive deceleration because the velocity 
calculated at the exit from the 40 cm of water is 
between 450 and 500 m/s, whereas the images 
captured by the cameras suggest a velocity of 
approximately 740 m/s. This mismatch may be 
due to a deficiency of the model (for example, 
the cavitation effect that was not taken into 
account) but also to the interpretation of the 
images taken by the cameras where the projectile 
itself cannot be seen (but only the opaque zone 
where the optic index of the water is considerably 
modified by its passage) and where a parasite 
lens effect could result in an overestimation of 
the velocity. The depth of penetration calculated 
in these conditions (14 cm) is, however, close 
enough to the value measured in the test (12 cm). 
For the purposes of comparison, we also 
simulated the impact at 740 m/s of this projectile 
on a block of HDPE 40 cm thick (without water). 
In that case, the calculated depth of penetration 
was 23 cm. As both of these calculations are 
incremental, it was considered justified to use 
this model for the sizing of the debris shield. 

Conclusions on a solution for an HDPE-based 
debris shield 

The solution of an HDPE-based debris shield 
offers substantial advantages: 

- Its equation of state and behaviour law are 
well known, making it possible to envisage 
the sizing of an HDPE debris shield by 
calculation (HESIONE), by extrapolation 
from the MICA firings and from the two 



SYLEX firings. The water and the aluminium 
6061 T6 used are also well known, thus 
enabling extrapolation from the SYLEX 
firings. 

- Its resistance to impact and the shrinkage 
capacity of the craters formed (specific to 
multi-impacts). 

- Its low density, which facilitates the 
installation of such a structure. 

- Its reasonable cost. 

We therefore decided to size an all-HDPE debris 
shield, with or without confinement in aluminium 
6061 T6, to protect it from the main climatic 
stresses such as sunshine or rain. The notion of 
an aquarium to be filled with water after 
installation was abandoned given the 
encumbrance involved, even if the cost price was 
more satisfactory.  

Sizing of the thickness of the debris shield  

Simulations using the models described above 
were therefore performed. The debris was 
supposed to be identical to the SYLEX projectile 
as that particular shape is slightly penalizing 
compared to a sphere. The velocity was taken to 
be 1500 m/s which is only 3% above the 
reference velocity.   

The first configuration is that of a 1 m thick 
block of HDPE. The simulated depth of 
penetration is then 58 cm. A few attempts at 
optimization were undertaken to avoid over-
sizing the debris shield. The simulations 
performed with HDPE alone offer no guarantee 
that a 60 cm block would stop the reference 
debris but suggest that such would be the case 
with 70 cm.   

In the 2nd configuration, a sheet of aluminium 
6061-T6 was placed in front of the HDPE 
(thickness 1m). If the aluminium is 2 cm thick, 
the total depth of penetration simulated 
(aluminium + HDPE) is 52 cm. Replacing 2 cm 
of HDPE by 2 cm of aluminium 6061 T6 may 
therefore offer the possibility of reducing the 
thickness of the HDPE, and therefore the total 
thickness of the debris shield by 6 cm. Size-wise, 
it is therefore of interest to add as much 
aluminium as possible. Weight-wise also, since 
the gain of this configuration is approximately 22 
kg/m². All these gains are not, however, strictly 
proportional to the thickness of the aluminium 
because in the case of a 4 cm plate of aluminium 
6061 T6 the total depth of penetration simulated 

(aluminium + HDPE) is 47 cm. In that case, the 
total thickness of the debris shield could be 
reduced by 11 cm with a weight gain of 
34 kg/m².   

Conclusion 
The need for security studies of CEA/CESTA, 
dealing with pyrotechnic risk associated with 
various tests and manipulations of pyrotechnics 
elements, it was decided to size a flak to stop all 
bursts induced by a pyrotechnic accident. The 
reference is an upper bound shine steel burst of 
138 g to about 1500 m/s. Two solutions, 
aluminum stacking with water and high density 
polyethylene (HDPE) on one hand and all the 
other HDPE have proven effective across from 
one hand to the upper bound shine and face a 
shower of splinters. . For these two solutions, 
experiments and associated simulations helped to 
highlight an operational solution. We choose the 
second solutions (all HDPE) with a thickness of 
70 cm. Experiments and numerical simulations 
are in progress to test a solution with only an 
aluminum debris shield. 
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ABSTRACT 
In this fundamental study on ammonium nitrate 
(AN)/ammonium perchlorate (AP)-based 
propellants, we prepared particles comprising AN 
and AP using spray drying method, investigated 
their surface properties by scanning electron 
microscopy (SEM), and probed their thermal 
behavior by differential scanning calorimetry 
(DSC) and thermogravimetry/differential thermal 
analysis (TG/DTA). The SEM analysis 
demonstrated that the shape of the AN/AP particles 
was almost spherical but they partially aggregated 
probably because of moisture absorption by AN. 
The average particle diameter was approximately 
36-38 μm. In the DSC curve of AN/AP, three 
exothermic peaks were observed around 255 °C, 
270 °C and 275-295 °C. In the TG/DTA curve, 
three peaks with mass losses were observed; two 
endothermic peaks were observed around 
130-230 °C and 280-375 °C and one exothermic 
peak was observed around 230-280 °C. We suggest 
that the endothermic peaks are caused by thermal 
decomposition of individual AN and AP whereas 
the exothermic peak may result from the reaction 

between AP and AN because it is only observed in 
the curves of AN/AP and  
 
not of individual AN and AP. In the lower 
temperature region, endothermic peaks derived 
from crystal structure transformation of AN were 
observed around 43 °C, 90 °C and 125 °C by 
thermal analysis of AN and AN/AP. However, the 
peak around 90 °C of AN/AP was significantly 
smaller than that of AN, and in some cases, the 
peak was not observed. 
 

1. INTRODUCTION 
A solid rocket propellant consists chiefly of 
ammonium perchlorate (AP), aluminium and some 
binder such as hydroxyl-terminated polybutadiene 
(HTPB). In the Epsilon rocket developed by JAXA, 
in the auxiliary propellant used for roll control of 
the rocket body, an organic material is additionally 
applied to the AP-based propellant in order to 
decrease the combustion temperature because the 
adiabatic flame temperature is relatively high and 
can lead to damage of the rocket components. On 
one hand, Japan is totally dependent on imports of 
this organic additive, and therefore, there are 



always cost and logistics related problems. On the 
other hand, there are environmental problems 
caused by HCl release from AP during rocket 
launches (1). 
In order to solve these problems, we focused on 
adding ammonium nitrate (AN) into rocket 
propellants and investigating their properties. AN 
is an affordable, domestically available oxidant, 
and is widely used as a fertilizer and an industrial 
explosive. In addition, AN’s oxidation ability is 
lower than that of AP. Hence, AN can decrease the 
combustion temperature when added to an 
AP-based propellant as a substitute for the organic 
additives. Furthermore, it is possible to reduce the 
release of harmful combustion gases when AP is 
diluted with AN containing only oxygen, hydrogen, 
and nitrogen.  
In our previous study on the AN-based gas 
generator for automotive airbag systems (2-4), we 
managed to prepare fine particles containing AN 
and water-soluble polymers using spray drying. 
We successfully prepared spherical particles in 
which the components were uniformly dispersed. 
The same technique could be applied to produce 
the AN/AP-mixed particles for solid propellants. 
In this study, we prepared particles comprising AN 
and AP by spray drying and then investigated their 
surface condition and thermal behavior. 
 

2. EXPERIMENTAL 
2.1 Materials 
2.1.1 The composition of the AN/AP particles 

In an auxiliary rocket propellant, an adiabatic 
flame temperature less than 1400 K is required (5). 
The adiabatic flame temperature of the AN/AP 
mixture was simulated using the NASA computer 
program Chemical Equilibrium with Applications, 
NASA-CEA (6). In this simulation, HTPB was used 

as a fuel, and AN and AP were used as oxidants. 
The amounts of the fuel and oxidant were fixed at 
23, 24, 25 wt% and 77, 76, 75 wt%, respectively, 
and the ratio of AN to AP in the oxidant was varied. 
As a result, the adiabatic flame temperature 
decreased with the increase in the amount of AN 
and amount of HTPB (Fig. 1), which indicates that 
addition of AN could possibly control the adiabatic 
flame temperature. In addition, the adiabatic flame 
temperature was less than 1400 K when more than 
40 % of AN was added with 25 wt% of HTPB. 
Therefore, we decided to prepare four types of 
AN/AP particles with different AN:AP ratios: 
0.4:0.6, 0.45:0.55, 0.5:0.5 and 0.6:0.4. 

 
 Figure 1 The results of the adiabatic flame 
temperature simulation by NASA-CEA 

 

2.2.2 Preparation of the AN/AP particles 
AN/AP-mixed particles and individual AN and AP 
particles as reference samples were prepared using 
spray drying as described in our previous study (2). 
AN and AP purchased from Wako Pure Chemical 
Industries, Ltd were used as spray drying 
feedstocks. AN and/or AP were dissolved in water 
at different ratios (AN:AP = 0.4:0.6, 0.45:0.55, 
0.5:0.5and 0.6:0.4). The amount of water exceeded 
the mass of the solutes by four times. The solution 



was sprayed into the spray dryer (inner diameter of 

the chamber 1.1 m height 0.8 m) manufactured by 
Chubu Netsu Kogyo Corp., Ltd. using a centrifugal 
atomizer. The rotation rate of the atomizer was set 
at 18,000 rpm. The chamber temperature was kept 
at 90 °C by circulation of hot air heated to 170 °C 
with a flow rate of 16 m s-1 (parameters at the 
entrance). 

 

2.2 Methods 
2.2.1 Investigation of the surface by SEM  

The surface condition of the AN/AP and individual 
AN and AP particles prepared by spray drying was 
examined using a scanning electron microscope 
manufactured by Joel Datum Ltd. Accelerating 
voltage was 10 kV. 

 

2.2.2 Thermal analysis 
The thermal behavior of the AN/AP particles was 
investigated using DSC3100 (Mac Science Corp.) 
and TG-DTA 220 (Seiko Instruments Inc.) 
instruments. Commercial AN and AP (Wako Pure 
Chemical Industries, Ltd.) were used as reference 
samples. 
The heating rate used in DSC measurements was 2 
K min-1 and the temperature range was 150-350 °C. 
The samples (approximately 1 mg) were 
encapsulated in 15 μL closed vessels made from 
stainless steel (Seiko Instruments Inc.) under air 
atmosphere.  
The heating rate used for TG-DTA measurements 
was 2 K min-1 and the temperature range was 
20-420°C. The samples (approximately 10 mg) 
were encapsulated in 15 μL open vessels made 
from aluminium (Seiko Instruments Inc.). The 
TG-DTA measurements were conducted under 
nitrogen atmosphere. 

3. RESULTS AND DISCUSSION 

3.1 Surface condition 
The surface condition of the spray-dried AN/AP, 
AN, and AP particles was observed by SEM, 
which demonstrated that spherical particles were 
formed in all samples (Fig. 2). In the case of 
spray-dried AN/AP (AN:AP = 0.6:0.4) (Fig. 2c), 
the surface was very smooth but some particles 
aggregated, which could be caused by 
deliquescence of AN. This surface condition was 
close to that of AN alone (Fig. 2a). On the other 
hand, spray-dried AN/AP (AN:AP = 0.5:0.5, 
0.45:0.55 and 0.4:0.6) (Fig. 2d-f) did not aggregate 
unlike AN/AP (AN:AP = 0.6:0.4) and AN alone. 
The surface was rugged and looked similar to AP 
alone (Fig. 2b). Based on these observations, we 
suggest that the surface condition is affected by the 
AN:AP ratio.  
When the size of 500 arbitrarily chosen particles 
was measured based on the SEM images, the mean 
size of the AN/AP particles was approximately 
36-38 μm regardless of the AN/AP ratio. 

 
 
 Figure 2 SEM images of spray-dried a AN 
particles, b spray-dried AP particles, c spray-dried 



AN/AP particles with AN:AP = 0.6:0.4, d 
spray-dried AN/AP particles with AN:AP = 0.5:0.5, 
e spray-dried AN/AP particles with AN:AP = 
0.45:0.55, f spray-dried AN/AP particles with 
AN:AP = 0.4:0.6. 
 
3.2 Thermal decomposition behavior 

DSC measurements were carried out for AN/AP, 
AN and AP. For the individual AN and AP 
particles, exothermic peaks were observed at 
270 °C and 340 °C, respectively; they are thought 
to result from thermal decomposition. On the other 
hand, in the case of the AN/AP particles, three 
exothermic peaks were observed around 255 °C 
(Fig. 3, a), 270 °C (Fig. 3, b) and 275-295 °C (Fig. 
3, c) regardless of the composition. 

 

Figure 3 The results of DSC measurements: a 
thermal decomposition of AN, b reaction between 
AN and AP, c thermal decomposition of AP 
 
Similar investigations were carried out using 
TG-DTA for AN/AP, AN, and AP. The results are 
shown in Fig. 4. In the case of individual AN and 
AP, the sample mass decreased at 150 °C and 
250 °C, respectively. Each mass loss corresponded 

with endothermic and exothermic peaks in the 
result of DTA measurements. Hence, this mass 
loss was caused by decomposition and sublimation 
of AN and AP.  
In the case of AN/AP, sample mass decreased in 
three steps at 130-230 °C (Fig. 4, a), 230-280 °C 
(Fig. 4, b) and 280-375 °C (Fig. 4, c). 

 

Figure 4 The results of TG-DTA measurements: a 
thermal decomposition of AN, b reaction between 
AN and AP, c thermal decomposition of AP 

 
Each temperature of mass loss corresponded with 
endothermic and exothermic peaks in the result of 
DTA measurements. These results are similar to 
the results of DSC measurements in terms of the 
three-step reaction, whereas the decomposition 
temperatures observed by DSC and TG-DTA do 



not completely coincide due to differences between 
an open (TG-DTA) and a closed system (DSC).  
The first reaction (e.g. Fig. 4, a) is possibly caused 
by sublimation decomposition of AN because the 
temperature region where the reaction occurs is 
close to that of individual AN. On the other hand, 
the second reaction (e.g. Fig. 4, b) is considered to 
be a characteristic reaction caused by mixing AN 
and AP because it is not observed in individual AN  
and AP. In addition, the reaction takes place in the 
condensed phase because it is an exothermic 
reaction both in DSC, which is performed in closed 
vessels, and in TG-DTA, where open vessels are 
used. Therefore, we conclude that the second 
reaction occurs between the decomposition 
products of AN and AP. In the third reaction (e.g. 
Fig. 4, c), AP that was not used in the second 
reaction is decomposed and causes gasification. 
 

3.3 Phase transition behavior 
AN exhibits crystal structure transformations 
around 30 °C (phase IV�III), 80 °C (phase 
III�II), and 125 °C (phase II�I), which are 
accompanied by a change in volume (7, 8). In this 
study, endothermic peaks corresponding to crystal 
structure transformations were observed at 43 °C, 
90 °C, and 125 °C (Fig. 4). When the integral 
value for each endothermic peak per unit mass of 
AN was calculated, the integral value of the peak 
at 90 °C for the spray dried AN/AP particles was 
significantly lower than that for AN alone (Fig.5). 
Previous studies have shown that the addition of 
potassium nitrate or copper (II) oxide suppresses 
phase transitions of AN (9-13) due to the formation 
of eutectic solutions. A similar process could take 
place in the case of AN/AP when AP is added to 
AN.  

To test whether AP may stabilize the crystal 
structure of AN without the use of spray drying, 
we prepared mixed solids of AN/AP by simply 
evaporating the solution containing AN and AP in 
a constant temperature bath. The integral values of 
the endothermic peaks are shown in Table 1. The 
integral value of the peak at 90 °C is higher than 
that for spray-dried samples. Therefore, the 
phase-stabilizing effect of AP is low unless AN 
and AP are well mixed by means of spray drying. 

 

 
Figure 5 The heat amount on phase transition of 

AN/AP particle. 
4. CONCLUSION 
In this study, we prepared AN/AP particles by 
spray drying and investigated their properties using 
SEM, DSC, and TG-DTA. The following 
conclusions were drawn from experimental results: 
 
(1) In all cases, the particles were almost 
spherical and their surface conditions were 
determined by the AP:AN ratio. The mean particle 
size was approximately 36-38 μm. 
(2) In the DSC and TG-DTA curves of 
AP/AN, exothermic peaks were detected, which 
were not observed in individual AN and AP. This 



was possibly caused by the reaction between 
decomposition products derived from AN and AP. 
(3) In the spray-dried AN/AP, the integral 
value of the endothermic peaks corresponding to 
the phase III�II transition was low in comparison 
with individual AN and AN/AP prepared by drying 
in a constant temperature bath. These results 
suggest that AP has a phase stabilizing effect when 
AN and AP are well mixed by spray drying. 

. 
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Abstract.  
 
The dynamic behaviour of an epoxy resin (Araldur) and a silicon resin (RTV141) at 
strain rates from 105 to 106 s-1 were investigated. Plate impact experiments were 
performed and simulated using a 1D shock wave propagation code. We proposed to 
model dynamic behaviour of these resins respectively with a nonlinear viscoelastic 
model and an equation of state. Damage phenomenon was also considered. 
Computations with a cut-off damage criterion and an active one were performed. 
Comparisons of computations results with experimental measures revealed that 
tensile behaviour of both resins is different. 
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Abstract.  
The dynamic behaviour of an epoxy resin 
(Araldur) and a silicon resin (RTV141) at 
strain rates from 105 to 106 s-1 was 
investigated. Plate impact experiments were 
performed and simulated using a 1D shock 
wave propagation code. We proposed to 
model dynamic behaviour of these resins 
respectively with a nonlinear viscoelastic 
model and an equation of state. Damage 
phenomenon was also considered. 
Computations with a cut-off damage criterion 
and an active one were performed. 
Comparisons of computations results with 
experimental measures revealed that tensile 
behaviour of both resins is different. 
 
INTRODUCTION 
 
Adhesive materials have replaced welds, bolts 
or rivets in many structures of aerospace, 
defense and automotive industries, because of 
many weight and mechanical performance 
advantages. For these applications, the 
understanding of debonding phenomena under 
shock loading has become essential. Several 
adhesion tests have been developed by using 
classical mechanical devices [1-2], impact 
separation technique [3] or laser spallation 
technique [4]. Laser and impact techniques 
involved dynamic loadings: compressive 
longitudinal stress waves, emitted from the 
substrate by pulsed laser ablation or by impact 
event, propagate thought the assembly. The 
interaction between two or more rarefaction 
waves could generate tensile stresses and lead 
to the cohesive or the adhesive mode of 
failure. 
 

Previous studies on epoxy-aluminium 
assemblies [5] showed that numerical 
calculations are useful to determine the time 
sequence of debonding phenomena. So, the 
development of appropriate constitutive 
model for the adhesive polymers under shock 
wave loadings is fundamental. Reference 
results obtained on polymethylmetacrylate 
(PMMA) [6] indicated that the behaviour of 
such materials is non linear with significant 
rate-dependence. The Mie-Gruneisen equation 
of state [7] and the non linear viscoelastic 
model [8] were found to provide good 
numerical correlations with experimental data 
under compressive stresses.  
 
In this paper, we have selected two adhesive 
polymers. The epoxy resin ARALDUR is a 
thermoset polymer with high elastic modulus, 
and the silicon resin RTV141 is an elastomer 
with low modulus. We have investigated the 
dynamic behaviour of the latter materials by 
performing plate impact experiments with gas 
guns. The behaviour has been characterized at 
high strain rates (105-106 s-1) and at pressure 
up to 1.5 GPa. The experimental data have 
been compared to some available shock data 
[9-11].  
 
The non linear behaviours of respectively 
ARALDUR and RTV141 have been 
represented under compressive and tensile 
stresses. The damage initiation and growth 
were described by using a damage criterion 
and evolution laws initially developed by 
Kanel [12-13].  
 
MATERIALS  
 
The ARALDUR epoxy resin was obtained by 
polyaddition reaction between Araldite GY 
784 BD resin and Aradur 125 hardener. Table 
1 gives the relevant properties of this 
thermoset polymer (density, longitudinal and 
shear wave velocities, glass transition 
temperature). The glass transition temperature 
characterizes the transition from the glassy to 
the rubber response of polymers. In most of 
the experiments performed, the rise of 
temperature was weak, so the response of 
polymer remains glassy. 
 



 
Table 1. Properties of Araldur 

 
Initial 
density  
(kg/m3) 

Longitudinal 
wave velocity 

(m/s) 

   Shear 
wave 

velocity  
(m/s) 

Sound 
speed  
(m/s) 

Glass 
transition 

temperature 
(K) 

1100 � 20 2350 1000 2050 333  
 
The RTV141 silicon resin is also a bi-
component polymer provided by Rhodia [14]. 
The polymerization or vulcanization occurs at 
room temperature (Room Temperature 
Vulcanization). The main properties of this 
elastomer are given in table 2. The shear wave 
velocity has not been measured by ultrasonic 
method. It was deduced from longitudinal 
wave velocity and hypothesis on Poisson 
factor. The glass transition temperature is 
below room temperature, so the Young and 
shear modulus of RTV 141 deduced from 
ultrasonic measurement are very low in 
comparison with ARALDUR ones. 
 

Table 2. Properties of RTV141 
 

Initial 
density  
(kg/m3) 

Longitudinal 
wave velocity 

(m/s) 

Shear wave 
velocity  

(m/s) 

Glass 
transition 

temperature 
1000 � 50 1033 34 220 K 

 
PLATE IMPACT EXPERIMENTS 
 
Plate impact experiments were performed on 
several single stage gas gun based at CEA-
CESTA (France) and CEA-CEG (France). 
The scheme of the experiments is represented 
in figure 1.  
 
The impactor was usually made of a well-
known material such as Aluminium6061T6 or 
PMMA (shots S904, G906-2). But we could 
also use ARALDUR or RTV141 impactor to 
obtain Hugoniot states (shot D1798). The 
behaviour of the polymer during the 
compressive and unloading phases was 
studied by mounting a PMMA behind the 
target. In this case, the velocity is measured at 
the target/window interface (shot G906-2b).  
 
The behaviour of the polymer under tensile 
stresses was studied by analyzing the velocity 
profiles measured with VISAR (Velocity 
Interferometer System at Any Reflector) 

technology at free surface. The tensile stress 
condition was generated by the interaction of 
two rarefaction waves generated by the 
reflection at both impactor and target free 
surface (shots S904, D1798 and G906-2). The 
free surface behind the impactor is made of a 
gap or a low density foam (polyurethane or 
polyvinyl foams).The tilt at impact is 
measured by short circuit pins. The 
experiment is assumed good if the tilt is below 
1 mrad. The impact velocity is determined 
from magnetic field loops placed at the end of 
the bore. 
 

 
Figure 1. Flyer plate-impact scheme 

 
Detailed description of the target and the 
projectile is given in table 3. 

 
Table 3. Experimental configurations 

 
Shot Projectile Impact 

velocity 
Target Measure 

location 
S904 Al 6061 

T6 
2mm 

442m/s Araldur 
4mm 

Araldur free 
surface 

D1798 Araldur 
2mm 

200m/s Araldur 
3mm 

Araldur free 
surface 

G906-
2a 

PMMA 
2mm 

150m/s PMMA/RTV141 
1mm/2mm 

RTV free 
surface 

G906-
2b 

PMMA 
2mm 

150m/s PMMA/RTV141/PMMA 
1mm/2mm/15mm 

RTV/PMMA 
interface 

 
Plots of shock velocity versus particle velocity 
for both epoxy resin and silicon resin are 
shown in figures 2 and 3. The results are 
compared to literature data. It can be seen that 
the dependence of shock velocity upon 
particle velocity is not linear for both studied 
resins. This is in contradiction with main other 
studies, which have mainly characterized the 
dynamic behaviour of the polymers at high 
stress levels [9,15]. We confirm that several 
epoxy resins present similar response under 
high strain rates [16]. The variation in cross 
linking due to different components has little 
effect on the dynamic behaviour.  
 
The shock velocity-particle velocity curve of 
RTV141 is significantly lower than the shock 



Hugoniot of epoxy resin. We conclude that 
the behaviours of ARALDUR and RTV141 at 
high strain rates are different. 
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Figure 2. Shock velocity versus particle 

velocity of ARALDUR 
 

 
Figure 3. Shock velocity versus particle 

velocity of RTV141 
RESULTS 
 
Silicon resin 
Because of weak shear modulus [17], the 
behaviour of the silicon resin is almost like a 
compressible liquid. The Mie-Gruneisen 
equation of state is usually used to represent 
the material behaviour under impact 
conditions. It defined the pressure for 
compressed state (� > 0): 
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and for expanded state (� < 0) : 
ECP 00

2
00 ��� ���  (2) 

C0 is the sound velocity or the intercept of the 
shock velocity vs. particle velocity curve, S1, 
S2, S3 coefficients defining the shock velocity 
vs. particle velocity curve, �0 the initial 
density, �0 the Grüneisen ratio, b is a 
parameter and 1

0
� �

�� .  

 

Optimization method has been run to 
determine the coefficients S1, S2, S3 which 
provide the best fit of experimental data. The 
parameters for RTV141 are given in table 4. 
 

Table 4. RTV 141 Mie Grüneisen EOS 
 
C0 (m/s) S1 S2 S3 B Γ0 

1033 3.618 -6.187 4.646 0. 0.8 
 
Numerical calculations were performed by 
using a one-dimensional dynamic explicit 
code developed at CEA-CESTA. It was 
shown in figure 4 that the numerical 
calculations of wave profiles (the front of 
shock wave, the plateau, and the release 
phase) are in good accordance with those 
measured. The pressure applied into RTV 
sample is approximately 115 MPa. There is no 
evidence of viscoelasticity. The peak observed 
on the plateau may be due to an experimental 
artefact, because it didn’t occur on new plate 
experiments lately performed on RTV141. 
 

 
 G906-2b  G906-2a 
Figure 4. Comparison between numerical and 
experimental particle velocity time histories 

for G906-2a and G906-2b experiments. 
 

In shot G906-2a, the sum of two rarefaction 
waves is above the tensile stress threshold. 
Then a spall plane is supposed to form and the 
waves are partly reflected off this new free 
surface as compressive waves. When they 
reach the target free surface, they initiate a 
second peak or pull-back on the velocity 
signal. It is obvious that the equation of state 
doesn’t accurately represent these phenomena.  
 
A pressure cut-off model and a damage 
evolution model were incorporated in the 
constitutive model. The cut-off model 
compares the pressure applied to the material 
to its spall stress threshold (30 MPa). In the 
code, new nodes are created at spall plane 
with free surface conditions. The calculated 



profile presents a pull-back signal like 
experimental one. However, the numerical 
calculations don’t agree with the progressive 
decrease of the velocity. 
 
In most materials, the microdamage consists 
in the growth of microvoids which are 
nucleated [18-19]. Kanel developed a damage 
model which describes the nucleation and 
growth of microvoids [12-13]: 
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(3) 

where Vt is the volume of void, k, Vt1 and 
σ0

seuil are material parameters, k determines 
the damage evolution velocity, σ0

seuil is the 
initial stress threshold. If Vt becomes 
significant in comparison with Vt1, voids 
quickly increase until fracture. The damage 
model affects the calculation of the solid 
material volume in the equation of state.  
 
Numerical calculations using Kanel damage 
model are in better accordance with the 
release phase of the wave profiles. 
Nevertheless, some discrepancies remain. We 
believe that the spall is partial because of 
partial failure of polymer chains. Perhaps, we 
plan to perform mesomechanical simulations 
and recovery experiments to verify this 
hypothesis. 
 
Epoxy resin 
The behaviour of PMMA has been greatly 
studied because of its use as laser window in 
plate impact experiments [6]. A non linear 
viscoelastic model has been developed by 
Schuler and Nunziato to describe the 
compressive response of PMMA under impact 
conditions [8]. The dynamic behaviour of 
epoxy resin is assumed to be similar to 
PMMA one [15-16].  The non linear 
viscoelastic model is a Maxwellian model:  

),()( ����� GE ��
��

 (4) 

where σ is the stress, ε is the strain, E(ε)>0 the 
instantaneous tangent modulus and G(ε, σ) the 
stress relaxation function.  

 
The instantaneous response was defined by 
introducing an instantaneous tangent modulus 
which depends on strain with the following 
formulation: 
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kI, lI, mI and nI are parameters.  
 
The function σI(ε) represents the response of 
the material to a sudden jump in strain from 
an initial state. Another function σE(ε) defines 
the equilibrium response of the material. 
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kE, lE, mE and nE are parameters. 
This function has been included in the stress 
relaxation function: 
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where τ is the relaxation time and depends on 
the stress state. 
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where τ0 and k are parameters. 
For tensile strain condition, σI(ε) and σE(ε) are 
defined by linear functions. 
The equilibrium response function is 
calibrated by support of shock velocity-
particle velocity curve. The other parameters 
have been fitted by an optimization procedure 
to best fit the experiment velocity profiles 
(table 5). 
 
Table 5. Parameters of non linear viscoelastic 

model  
kE 

(GPa) 
lE 

(GPa) 
mE 

(GPa) 
nE 

(GPa) 
kI 

(GPa) 
6 40 200 3000 6 
lI 

(GPa) 
mI 

(GPa) 
nI 

(GPa) 
k 

(GPa) 
τ0 

(μs) 
100 1500 6000 1 0,05 

 
The numerical correlation with experimental 
velocity profile is presented in figure 4. The 
progressive increase of velocity at the end of 
the shock front is in good agreement with 



experimental data. Nonlinear viscoelastic 
model accurately predicts both the 
compressive and the first part of release 
phase. 
 
The discrepancies observed at the end of the 
release phase are due to spalling. A pressure 
cut-off has been activated at 290 MPa tensile 
stress threshold. It improves the numerical 
correlations with experimental data (figure 5). 
Nevertheless, the intensity of the pull-back 
signal seems too high and the time sequence 
of events is different from the experimental 
one. 
 
The previous active damage model, developed 
for RTV141, has been incorporated into the 
viscoelastic constitutive laws. The volume of 
voids affects the E(ε) modulus of the 
viscoelastic model. Calculations using Kanel 
damage model provide better accordance with 
experiment. The benefits of damage 
modelling have been shown by the numerical 
correlations with D1798 shot results (damage 
but no spall failure).  
 

 
S904 

Figure 4. Comparison between numerical and 
experimental particle velocity time histories 

from S904 shot : Nonlinear viscoelastic 
modelling 

 
 
 
 

    
   S904   D1798 

Figure 5. Comparison between numerical and 
experimental particle velocity time histories 

for S904 and D1798 plate impact test: 
Damage modelling 

 
CONCLUSIONS 
 
The dynamic behaviour of soft (RTV141) and 
rigid (ARALDUR) adhesive materials have 
been investigated between 100 MPa and 1.5 
GPa by performing plate impact experiments. 
The use of a Mie-Gruneisen equation of state 
seems sufficient to model hydrodynamic 
behaviour of RTV 141 under compressive 
strains. The representation of non linear 
viscolelastic is required for the epoxy resin. A 
pressure cut-off model and a progressive 
damage model have also been successfully 
tested.  
 
The ability of the models has been illustrated 
by performing simulations of the plate impact 
experiments. The numerical results are mainly 
in good agreement with the experimental data.  
 
In future work, both epoxy resin and silicone 
resin models will be used to model and 
analyse laser and plate impact experiments 
conducted on bonded aluminium assemblies. 
The aim of these studies will be the 
determination of the adhesive stress threshold. 
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Abstract. With the development of high energy laser facilities dedicated to inertial confinement fusion, 
the question of debris ejection from metallic shells subjected to intense laser irradiation has become a 
key issue. We have used two diagnostics to investigate this phenomenon. Transverse shadowgraphy 
is an optical time-resolved diagnostic. It provides successive images that allow characterizing the 
motion of fragments generated by processes such as microjetting and spallation. Quasi-instantaneous 
pictures of the debris clouds are obtained and mean ejection velocities can be derived. 
Complementary data are provided by post-shock analysis of recovered fragments. Such recovery can 
be achieved in aerogels, but their brittleness and low transparency make the analysis difficult. Instead, 
we have used a new technique, based on a highly transparent gel of density 0.9 g/cm3, which allows 
soft recovery and easy observation of the fragments sizes, shapes and penetration depths, with a 
spatial resolution of μm-order. 
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Abstract. With the development of high energy 

laser facilities dedicated to inertial confinement 

fusion, the question of debris ejection from 

metallic shells subjected to intense laser 

irradiation has become a key issue. We have used 

two diagnostics to investigate this phenomenon. 

Transverse shadowgraphy is an optical time-

resolved diagnostic. It provides successive 

images that allow characterizing the motion of 

fragments generated by processes such as 

microjetting and spallation. Quasi-instantaneous 

pictures of the debris clouds are obtained and 

mean ejection velocities can be derived. 

Complementary data are provided by post-shock 

analysis of recovered fragments. Such recovery 

can be achieved in aerogels, but their brittleness 

and low transparency make the analysis difficult. 

Instead, we have used a new technique, based on 

a highly transparent gel of density 0.9 g/cm3, 

which allows soft recovery and easy observation 

of the fragments sizes, shapes and penetration 

depths, with a spatial resolution of μm-order. 

Keywords: laser shock, fragmentation, 

spallation, shadowgraphy, fragments recovery, 

gold, tomography 

INTRODUCTION 

In the ongoing development of large scale laser 

facilities designed to achieve inertial confinement 

fusion, such as the Laser MégaJoule or the 

National Ignition Facility, the ability to predict 

debris ejection from metallic shells subjected to 

intense laser irradiation has become a crucial 

issue to anticipate and to reduce the damage of 

the equipments impacted by such debris. A 

promising configuration known as indirect drive 

will involve intense irradiation of a gold 

hohlraum which makes this material particularly 

interesting in this context. Currently, the most 

common diagnostic to study dynamic 

fragmentation is probably the VISAR [1], which 

allows time-resolved measurements of the free 

surface velocity. However, it is based on the 

probe light reflected from that surface, which can 

be lost if fragmentation processes like 

microjetting [2, 3] or microspalling [4], generate 

micrometric debris. In this paper, we use two 

alternative, complementary techniques to 

investigate fragmentation processes occurring in 

laser shock-loaded gold samples. Transverse 

shadowgraphy gives quasiinstantaneous pictures 

of ejected fragments at controlled delay times 

after the laser shot. Mean ejection velocities can 

be estimated from such pictures, but low spatial 

resolution and integration across the transverse 

direction strongly limit the characterization of the 

fragments population. Thus, soft recovery of the 

ejecta is performed within a low density gel 

where fragments can be observed by post-shot 

optical microscopy with a resolution of μm-order. 

EXPERIMENTAL SETUP 

Experiments have been conducted in the Centre 

d’Etudes Scientifiques et Techniques d’Aquitaine 

(CEA/CESTA) on the Alisé facility. Samples are 

gold foils of thickness 20 or 300 μm. A high 

power pulsed laser beam of 1.053 μm wavelength 

and 3 ns of duration is focused onto a spot of 1.7 

mm to 2.1 mm-diameter. The laser pulse energy 

is 150 J and the corresponding peak laser 

intensity is 2.2x10
12

 W/cm
2
. The target is placed 

in a vacuum chamber to avoid laser breakdown in 

air before reaching the sample surface. The laser 

irradiation produces the vaporization of a thin 

layer of material, transformed into a plasma 

cloud, whose expansion toward the laser source 

induces by reaction a compressive pulse (peak 

pressure 50 GPa and duration 3 ns) into the solid 

target. Complementary diagnostics are used to 

observe and analyze dynamic fragmentation and 



debris ejection. Optical transverse shadowgraphy 

consists in acquiring successive pictures of 

fragments ejected from the sample at different 

delay times. After injection in a 1mm-core 

diameter optical fiber, a continuous laser probe 

beam is collimated with a short focus lens, and 

lights up the gap behind the target (Figure 1). 

Imaging is done by an a focal system. The beam 

is divided with pelicular beamsplitters and sent to 

several cameras with different delay times and an 

acquisition duration of 50 ns, which ensures 

minimum motion blur (typically 50 μm for a 

particle ejected at 1 km/s) and provides quasi-

instantaneous pictures. Complementary 

information is provided by the recovery of 

ejected fragments. Aerogels are commonly used 

to achieve this recovery, but their brittleness and 

low transparency have encouraged us to test a 

new gel composed of hydrocarbon and polymer. 

It has a high transparency and a density of 0.9 

g/cm
3
. It was set one centimeter behind the 

sample free surface. After the laser shot, 

recovered fragments can be easily observed by 

optical microcopy through the gel, with a 

resolution of micrometer-order. 

 

FIGURE 1. Scheme of the experimental setup 

used. Ejecta generated from laser shock-loaded 

targets are observed by optical shadowgraphy 

then collected in the gel. 

EXPERIMENTAL RESULTS 

Here, we focus on two fragmentation processes 

in laser shock-loaded gold targets: spall fracture 

and thin-foil fragmentation. In the experimental 

conditions described above, the duration of the 

laser driven pressure pulse is about 3 ns. Upon 

shock breakout after propagation through the 

sample, a release wave is reflected from the free 

surface. In a thick target, the interaction of this 

reflected wave with the incident unloading wave 

will occur at about 40 μm deep beneath the free 

surface, where it will induce tensile stresses 

leading to the well-known spallation process [5]. 

This will result in the ejection of one or several 

spalled layers of finite thickness and relatively 

low velocity. On the other hand, if the sample is 

thinner than 40 μm, compression and release 

waves interactions throughout the target 

thickness will be more complex, and one can 

expect substantially different fragmentation 

processes, with important two dimensional 

effects (2D) related to late spherical expansion of 

the foil. Lasers shots of 1.5 TW/cm
2
 intensity 

have been performed on 300 μm-thick gold 

target. Optical shadowgraphs (Figure 2) show the 

ejection of a planar spalled layer from the free 

surface. Its diameter is about 1.65 mm, less than 

that of the laser spot (2.1 mm). This difference 

can be explained by the pressure decay due to the 

lateral release waves coming from the periphery 

of the loaded zone. The difference of spall 

position in the two pictures gives a mean ejection 

velocity of 170 m/s, in good agreement with the 

final velocity measured by VISAR in the same 

experimental conditions [3]. The spall thickness 

cannot be inferred from shadowgraphs because of 

its curvature, and because of the presence of 

multiple fragments flying behind the spall, 

probably coming mainly from the periphery of 

the crater. Figure 3 shows side views through the 

gel set 1 cm behind the free surface of the 300 

μm-thick gold target corresponding to Figure 2, 

subjected to a 50 GPa laser shock. Solid 

fragments have been recovered. Their average 

size is about 80 μm, and the maximum 

penetration depth from the impacted surface is 

1.3 cm. The presence of many distinct debris 

indicates that the spalled layer observed in the 

optical shadowgraph (Figure 2) probably splits 



into several fragments during its flight. This late, 

secondary fragmentation is probably due to shear 

and tensile loading induced by 2D effects. Still, 

the main part of the spall can be distinguished. It 

presents a smooth external surface and a rough 

one on the fracture (internal) side. Its apparent 

size is 820 μm.  

 

 

FIGURE 2. Visualization of the fragments 

ejection from a 300 μm-thick gold target 

subjected to a 47 GPa laser shock. The delay time 

between two successive pictures is 1.425 μs and 

the exposure time for each frame is 10 ns. The 

shock was applied from left to right. The ejection 

velocity of the first spalled layer is 310±8 m/s. 

Scanning electron micrograph of the sample free 

surface after the laser shot. 

 

Penetration in the gel is expected to be mainly 

governed by the momentum of the impacting 

debris. It seems to be also dependent on their 

shape and aerodynamics. Automatic counting of 

fragments has been performed from optical 

micrographs, leading to a total of 136 fragments 

detected in Figure 3(a) with the spatial resolution 

of 5 μm. Similar laser shots of 1.5 TW/cm
2
 

intensity have been performed on a 20 μm-thick 

gold target.  

 

 

 

FIGURE 3. Microscopic views of the fragments 

recovered in the gel after ejection from a 300 μm-

thick sample subjected to a 1.5 TW/cm
2
 laser 

shot. Fragments penetrate from left to right. 

 

The optical shadowgraphs (Figure 4) show the 

early rupture of the target followed by the 

ejection of a spherical cloud of small debris with 

a maximum velocity of 1250 m/s. 

 

FIGURE 4. (a), (b) and (c) Optical 

shadowgraphs at increasing delay times, showing 

fragmentation after a 3 ns laser shot on a 20 μm-

thick gold target set behind a thick holder. The 

shock propagates from left to right. The laser 

intensity is 1.5 TW/cm
2
, the peak ejection 

velocity is about 1250 m/s. (d) Partial optical 

micrograph of the recovered sample. 

 

Fragments have been recovered in a gel set 1 cm 

behind the free surface of the target (Figure 5). 

Their average size is about 100 μm, and the 

maximum penetration depth is 1.2 cm. Several 

types of fragments, due to different processes, 

can be distinguished. The fastest fragments 

ejected from the target free surface have 

penetrated deep into the gel. Their pathway 

through the gel is indicated by the presence of 

micrometric particles probably due to their 

erosion during penetration. Some of these deep 

fragments are perfectly spherical which indicates 

that they have been generated from a liquid state 

and then probably resolidified during their 

ejection. Hydrodynamic computations described 

elsewhere [3] predict that in our conditions, gold 

cannot be melted in compression nor in release. 

We assume that these liquid fragments come 

from the laser-heated part of the target, and, 

because of the opening of the foil, have been 

ejected toward the gel. 



 

FIGURE 5. Microscopic views of the fragments 

recovered in the gel after ejection from a 20μm-

thick sample subejected to 1.5 TW/cm
2
 laser 

pulse. Fragments penetrate from left to right. 

 

Then, ejected fragments have been recovered in a 

collector: aerogel in the first shot, and varagel in 

the second shot. Because of very similar 

experimental conditions, it can be assumed that 

both collectors have been impacted by identical 

debris populations with the same characteristics 

(size, velocity, direction). Both collectors have 

been analysed by X-ray tomography in the 

European Synchrotron Radiation Faciliy (ESRF). 

The scanned cylindric volume has a diameter of 

10.3mm. The analysis has been performed with a 

resolution of 5 μm, and an energy of 15 keV. A 

fortran program has been written to analyse the 

raw data. Voxels containing metal are identified 

and combined to reproduce debris population, 

and to obtain finally three-dimensional 

reconstruction and size distribution of fragments. 

The figure 6 shows such reconstructions of 

fragments recovered in a gel (on the left) and in 

an aerogel (on the right) after the two similar 

shots described above. These two reconstructions 

show that recovered fragments mainly consist in 

two different populations. The first population 

with high penetration depth has been ejected 

along the shock propagation axis, and 

corresponds to the higher velocity ejecta. The 

second population lays close to the impact 

surface of the collector over a large area. It 

corresponds to slower fragments ejected with 

centrifugal velocities due to the opening of the 

target.  

 
 

FIGURE 6. Three-dimensional reconstructions 

of fragments recovered in an aerogel (on the left) 

and in varagel (on the right), analysed by X-ray 

tomography in the ESRF with a resolution of 5 

μm. Aerogel and varagel have been set 12 cm 

behind 20 μm-thick samples subjected to 

respectively 0.57 and 0.59 TW/cm2 laser pulses. 

Fragments come from left to right. 

 

In the figure 7, the size distributions of recovered 

fragments in both collectors have been plotted (in 

the gel on the left and in the aerogel on the right). 

The characteristic size of each fragment is 

calculated as the diameter of the equal volume 

sphere (given by the tomography). Both 

distributions are bound to 5 μm which 

corresponds to the resolution limit of the 

tomograph. They indicate a maximum for a 

characteristic size of 5-10 μm and then present a 

decreasing profile. However, two main 

differences can be highlighted (Tab. 1): (i) the 

average characteristic size of fragments is 12 μm 

in the gel and 9 μm in the aerogel, and (ii) the 

global recovered mass is 2.71mg in the gel, and 

almost half (1.37mg) in the aerogel. 

 
Collector material Aerogel Varagel 

Recovered and detected 

mass 

1.37 mg 2.71 mg 

Average size of 

fragments 

9 µm 12 µm 

Table 1. Summary of the main experimental 

results 

 

 
FIGURE 7. Size distribution of fragments 

recovered in an aerogel (on the left) and in a gel 

(on the right), analysed by X-ray tomography in 

the ESRF with a resolution of 5 μm. 

 

Two assumptions can explain this latter 

difference. First, the structure of the aerogel 

which consists of gaps and walls can be 

aggressive for the debris, unlike the continuous 

structure of the gel. As a result, ejecta can 

undergo a secondary fragmentation, which can 

lead to the generation of particles with 



dimensions lower than the resolution of the 

tomograph. A second explanation can be based 

on the sectional view of the aerogel recovered 

after the experiment (Fig. 8), showing that the 

aerogel has fragmented near the impact zone, 

because of the shocks generated by ejectas 

impacts. This probably involve a loss of debris 

recovered during the experiment. Indeed, the 

tomography of the varagel (Fig. 6 (on the left)) 

shows that the impact zone contains an important 

part of the recovered debris. 

 

FIGURE 8. Three-dimensional recontruction (on 

the left) and sectional view (on the right) of the 

aerogel collector after the experiment. 

SUMMARY AND FUTURE WORK 

The results presented above illustrate the 

coupling of two diagnostics to investigate shock-

induced fragmentation processes: transverse 

shadowgraphy and ejecta recovery in a gel. They 

may be used to complement time-resolved 

measurements of free surface velocity. 

Fragmentation is mainly conditioned by shock 

pressure and target thickness. Two distinct 

processes have been observed for 300 μm and 20 

μm-thick gold samples. In the first case, a solid 

spalled layer is ejected from the thick sample, 

then it undergoes a secondary fragmentation 

leading to multiple fragments with a wide range 

of ejection velocities which penetrate at different 

depths. In the second case, fragmentation of thin 

foils leads to the generation of both liquid and 

solid fragments, and is strongly affected by two-

dimensional effects in the target. Because of a 

very low density (few times the air density), the 

silica aerogel has been intensively used for 

spatial experiments [6], like the Stardust mission 

in 1999. However, in laboratory experiments, the 

weight is not a determinant criterion for the 

choice of the collector, and we show in this work 

that, because of its brittleness, the aerogel is not 

well adapted to recovery of high velocity ejecta. 

In contrast, the continuous structure of a classical 

gel, allows to perform a "soft" recovery of high 

velocity ejecta with an optimal recovery 

efficiency. Moreover, because of the high 

transparency of this gel, a simple optical 

microscopic observation allows to observe and 

analyse recovered ejecta [7-8]. The same 

experiment as described in this paper has been 

performed with gold targets, and consequently 

higher density ejecta. It has led to the total 

destruction of the aerogel, while recovery whithin 

the gel was successful. 

ACKNOWLEDGMENTS 

We thank all the staff of Alisé for technical 

support, Mariette Nivard and Alain Claverie for 

their precious help on experiments. Special 

thanks to Yann Grégoire, Michel Strutzer and 

Bernard Veyssière for providing the gel material. 

REFERENCES 

1. L. M. Barker and R. E. Hollenbach R. E., 

Journal of Applied Physics, 43, 4669 (1972). 

2. J. R. Asay and L. D. Bertholf A model for 

estimating the effects of surface roughness on 

mass ejection from shocked materials, Report 

sand, Sandia Laboratories(1978). 

3. E. Lescoute, T. De Rességuier, J-M. Chevalier, 

M. Boustie, L. Berthe and J-P. Cuq-Lelandais, 

9
th
 International Conference on the Mechanical 

and Physical Behaviour of materials under 

Dynamic Loading, DYMAT 2009 EDP Sciences 

(2009) in J. Phys. IV (2009). 

4. T. De Rességuier, L. Signor, A. Dragon, 

M. Boustie and L. Berthe, Applied Physics 

Letters, 92, 131910 (2008). 

5. T. Antoun, L. Seaman, D. R. Curran, 

I. G.  Kanel, S. V. Razorenov and V. A. Utkin, 

Spall Fracture, Springer, 2002. 

6. W. W. Anderson, and T. J. Ahrens, J. 

Geophys. Res., 99, 2063–2071 (1994). 

3. E. Lescoute, T. De Rességuier, J-M. Chevalier, 

M. Boustie, J.-P. Cuq-Lelandais, and L. Berthe, 

Shock compression of condensed matter, pp. 

1043–1046 (2009). 



4. E. Lescoute, T. De Rességuier, J-M. Chevalier, 

M. Boustie, J.-P. Cuq-Lelandais, and L. Berthe, 

Applied Physics Letters, 95, 211905 (2009). 

 



Home     Comittees     Sponsors
GTPS Companies   Communications

POSTER No6

A. MARAVAL - Etienne Lacroix
Advanced on new pyrotechnic compositions free chlorine for multispectral 

masking



 

Avancée sur de nouvelles compositions pyrotechniques à but d’obscurcissement et de masquage 
Auteurs :  A. MARAVAL(*), D. MEDUS(*), F. FOUCOIN (*), F. GLACIAL (*) 

(*) : Etienne LACROIX, Route de Gaudies, 09270 Mazères (France) 

L’évolution des réglementations sur les produits chimiques (REACH, EU,…) et des besoins de 
protection IR des plateformes terrestres (telles que des véhicules ou blindés), en particulier contre 
les menaces à guidée infrarouge nécessitent une recherche de nouvelles compositions fumigènes de 
masquage.  

Ces compositions doivent permettre de produire un nuage de camouflage efficace dans le domaine 
visible et infra-rouge. 

Les compositions de masquage actuellement utilisées comprennent en général un couple 
oxydant/réducteur, et un composé servant de combustible (fuel). Lors de la combustion, le 
combustible permet de générer des particules de forme et de taille adaptée pour assurer un 
masquage efficace dans le visible et l’infra-rouge. Les compositions comprennent des composés 
chlorés. Ceux-ci jouent le rôle soit d’oxydant, soit de produit générateur de particules. Cependant, 
ces composés fortement chlorés, lors de leur dégradation, forment des produits toxiques, en 
particulier du HCl (acide chlorhydrique gazeux) en grande quantité. Ils sont, de plus en plus, interdit 
suivant les réglementations EU. 

Il est présenté un état de l’art, les principes d’un masquage efficace et une étude sur des 
compositions pyrotechniques sans produits chlorés et présentant de bonnes performances de 
masquage multi-spectrales. 

 

Advanced on new pyrotechnic compositions free chlorine for multispectral masking  

Authors :  A. MARAVAL(*), D. MEDUS(*), F. FOUCOIN (*),F. GLACIAL (*) 

(*) : Etienne LACROIX, Route de Gaudies, 09270 Mazères (France) 

The evolution of regulations on chemicals (REACH, EU,...) and IR protection needs of ground 
platforms (such as vehicles or armored), particularly against infrared guided threats require a search 
for new Obscurant-smoke compositions. 

These preparations should allow producing an effective masking in the visible and infrared domains. 

Currently used masking compositions generally comprise an oxidizer / fuel couple, and a compound 
for fuel (fuel). During combustion, the fuel used to generate particle form and size suitable for 
effective masking in the visible and infrared. The compositions include chlorinated compounds. 
These compounds play the role of either oxidizer or product particle generator. However, these 
highly chlorinated compounds at their degradation, generate toxic products, especially HCl 
(hydrogen chloride) in a large amount. They are increasingly banned following the EU regulations. 

It is presented a state of the art, the principles of effective masking and a study on pyrotechnic 
compositions without chlorinated products and with good multi-spectral masking performance. 
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Abstract

The goal of this work is to study the effect of nanoparticles (clays) on thermokinetic 

parameters of combustion reaction of composites rocket propellants based on epoxy binder, with 

using Thermogravimetry analysis (TGA). From TGA thermograms of propellants, and the 

mathematical models (Kissinger, Ozawa), the reaction kinetic data (activation energy and pre-

exponential factor) are given.

The first step consists to prepare the composites rocket propellants, at various contents of 

nanoparticles based on nanoclays of the montmorillonite type. The second step consists on 

analysing thermally the prepared samples by TGA analysis, in order to determine thermal 

parameters (temperature at the top of the peak of decomposition of propellant). 

The results make it possible to highlight the role of clay on the kinetics of combustion of this 

type of propellant. The thermokinetic properties are appreciably influenced by the addition of clay 

to composite propellant based on an epoxy binder and ammonium perchlorate as oxidizer. A high 

content of clay decreases the temperature of spontaneous combustion of propellant; the kinetics of 

combustion becomes faster. The activation energy and the pre-exponential factor decrease with the 

increase of the content of clay, making accelerate the reaction of decomposition of propellant. The 

use of Kissinger and Ozawa models allowed the determination of the kinetic parameters of this type 

of propellant. The two methods give similar close values, which confirm the obtained results.

Keywords: Epoxy rocket propellant; nanoclay; kinetic parameters; Kissinger and Ozawa models; TGA 

analysis 
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ABSTRACT

The goal of this work is to study the effect of
nanoparticles (clays) on thermokinetic
parameters of combustion reaction of
composites rocket propellants based on epoxy
binder, with using Thermogravimetry analysis
(TGA). From TGA thermograms of
propellants, and the mathematical models
(Kissinger, Ozawa), the reaction kinetic data
(activation energy and pre-exponential factor)
are given.

The results make it possible to highlight the
role of clay on the kinetics of combustion of this
type of propellant. The thermokinetic
properties are appreciably influenced by the
addition of clay to composite propellant based
on an epoxy binder and ammonium perchlorate
as oxidizer. A high content of clay decreases the
temperature of spontaneous combustion of
propellant; the kinetics of combustion becomes
faster. The activation energy and the pre-
exponential factor decrease with the increase of
the content of clay, making accelerate the
reaction of decomposition of propellant.

Keywords: Epoxy rocket propellant; nanoclay; kinetic
parameters; Kissinger and Ozawa models; TGA analysis

1. INTRODUCTION

The composite rocket propellants are constituted
by polymeric matrix being able as combustible,
loaded  with a solid oxidiser and possibly with a
pulverulent metal, aluminium in general, playing
the role of auxiliary reducer [1,2].

These last years, there was a spectacular passion
for the use of nanometric particles in order to
obtain nano-structured materials.
The challenge of the use of these new materials is
to obtain the dispersion the finest possible load,
i.e. to develop sufficient interaction and surface
between the matrix and the nanofillers, in order to
disperse them in random directions. Among these
new materials known as "nanocomposites", those
based on clays experienced a rather interesting
development [3].
In the field of energetic materials, in fact the
aluminium particles with nanometric scale were
the most largely used to dope the explosive
substances (high explosives, solid rocket
propellants) [4-9].
Within the framework of this work in accordance
with several studies led to the level of the
Chemical Applied Unit, we propose this time the
study of the influence of the introduction of
nanoclays on reaction kinetic data parameters of a
composite rocket propellant based on epoxy
binder.
This present study has several goals summarized
as follows:

- To analyze thermal decomposition of
composite propellant based on epoxy binder by
using TGA analysis,

- To study the influence of the incorporation of
the nanoclays in propellant on thermokinetic
parameters,

- Determination of the thermokinetic
parameters of the combustion of propellant
according to the content of the nanofillers by use
of numerical kinetic models.

2. EXPERIMENTAL
2.1. Introduction



The experimental study includes two principal
parts: first it consists to the development of
composite rocket propellant containing
ammonium perchlorate as oxidiser and a system of
binder with DGEBA epoxy resin and amine
hardener.
Different amounts of organo-modified clay
(Cloisite 30B) are added to the mixture, in order to
increase mechanical properties in general
particularly the brittleness of the final material;
this is the final objective of this work.
The second part consists to study the thermal
behaviour using TGA technique, by determining
the thermo-kinetic parameters (activation energy
and pre-exponential factor) of the combustion of
composite propellant. The chemical reaction of
interest is measured with several heating rates .
The sample temperature at the peak tip is
determined for every curve. The activation energy
can be obtained from the slope of the graph of log

 versus 1/Tpeak (Ozawa) or ln /(Tpeak)² versus
1/Tpeak (Kissinger).
These methods are based on the exploitation of the
top of the decomposition peaks, corresponding to
the plot of the different DSC traces, studied at a
variety of heating rates, from 2.5 to 10 °C/mn.

2.2. Materials

The proportion of oxidiser and binder of the basic
composition of the rocket propellant is 65/35
respectively, Cloisite 30B is added between 2 and
8 party per hundred (phr) of DGEBA epoxy resin.
The Cloisite 30B is a commercially modified
nanoclay (Southern Clay Products Corporation);
its characteristics are shown in table 1.

Table 1: Characteristics of the Cloisite 30 B
Cation Exchange Capacity (Meq/100 mg) 90

Interlaminar distance (Å) 18.5

Shape factor 600-1000

Powder density 1.98

Moisture (weight %) < 2%

Specific area (m2/g) 750

2.3. Apparatus and procedure

The Thermo-Gravimetric Analysis apparatus used
in this study is an NETZSCH STA 449 C TGA
operating in a non-isothermal mode, with mass
sensitivity of 0.1 g. The temperature precision is

0.1 °C.

The TGA experimental conditions are:
i) Variety of heating rates: from 2.5 to 10°C/mn
ii) Temperature range: 20 – 500 °C
iii) Sample mass: 2.6 – 3 mg
iv) Sampling cell: in alumina
v) Atmosphere: nitrogen, flow rate of 25cc/mn

3. RESULTS AND DISCUSSION
The methods for determining the Arrhenius kinetic
constants for the screening of potentially hazardous
materials are based on that of Ozawa and
Kissinger.
The approximate activation energy can be obtained
as proportional to the slope of a plot of log heating
rate ( ) versus 1/Tm (Ozawa method), and a plot
of Ln ( /T 2

m ) versus 1/Tm (Kissinger method),
where Tm is the temperature of maximum reaction
rate [10].
The two methods assume that the maximum of the
reaction rate corresponds to the top of the peaks.

- Determination of Arrhenius kinetic constants:
Kissinger method
Figure 1 superimposes the DTG traces of TGA
analyses of the different rocket composite
propellants at heating rates from 2.5 to 10 °C/mn.
The main results obtained from figure 2 are
reported in table 2:

Table 2: Obtained results from Kissinger Method

C30B β
(°C/min)

Tm
(°C)

ln
(β/Tm)

1000/Tm
(K-1)

Ea
(KJ/mol)

Ln k0
(s-1)

0 phr

 (*)

2.5
5

7.5
10

377
386
391
400

-12.04
-11.37
-10.98
-10.72

1.54
1.52
1.51
1.49

212.27 30.60

2 phr

2.5
5

7.5
10

363
379
382
389

-12.00
-11.35
-10.95
-10.68

1.57
1.53
1.52
1.51

177.28 24.53

4 phr

2.5
5

7.5
10

349
364
369
380

-11.94
-11.30
-10.91
-10.66

1.61
1.57
1.56
1.53

145.17 18.90

6 phr

2.5
5

7.5
10

341
357
360
375

-11.92
-11.28
-10.88
-10.65

1.63
1.59
1.58
1.54

127.77 15.73

8 phr

2.5
5

7.5
10

338
351
365
370

-11.91
-11.26
-10.90
-10.63

1.64
1.60
1.57
1.56

124.57 15.17

(*)  0 phr means the rocket propellant without clay



- Determination of Arrhenius kinetic constants:
Ozawa method

The main results, obtained from experimental data
of figure 3, are given in table 3:

Table 3: Obtained results from Ozawa Method

Cloisite 30B β (°C/min) Tm
(°C)

ln
(β)

1000/Tm
(K-1)

Ea
(KJ/mol)

0 phr

2.5
5

7.5
10

377
386
391
400

0.4
0.7
0.9
1.0

1.54
1.52
1.51
1.49

212. 32

2 phr

2.5
5

7.5
10

363
379
382
389

0.4
0.7
0.9
10

1.57
1.53
1.52
1.51

178.84

4 phr

2.5
5

7.5
10

349
364
369
380

0.4
0.7
0.9
1.0

1.61
1.57
1.56
1.53

148.12

6 phr

2.5
5

7.5
10

341
357
360
375

0.4
0.7
0.9
1.0

1.63
1.59
1.58
1.54

131.48

8 phr

2.5
5

7.5
10

338
351
365
370

0.4
0.7
0.9
1.0

1.64
1.60
1.57
1.56

128.38

It comes out from all thermograms that there are
two stages of decomposition:

- The decomposition of the rocket propellants
start as from the temperatures higher than 350
°C (good thermal behaviour).

- The decomposition temperature varies
according to the rate of the nanoclay (change
in nano-composite propellant properties)

According to the results obtained by the two
methods, it arises that when increasing the heating
rate, this induces positive displacement of the
temperature at the top of the peak of
decomposition, which correspond to the
temperature of maximum reaction rate.
Conversely, at low speed of heating, the
temperature at the top of the peak tends to
decrease; this involves a low reaction rate.

In addition, it can be seen that the more the rate of
clay increases, the more displacement of
decomposition becomes negative (lower
temperature).

It is noted that the addition of clay supports the
decomposition of the rocket propellant; TGA
obtained results show this fall in temperature of
the nano-composite material filled with clay
compared to the unfilled.
Globally, the activation energy decreases when
adding clay, therefore the reaction of
decomposition becomes faster for a propellant
containing a high content of clay; the clay acts by
supporting a reaction pathway which has a weaker
activation energy.
In other words, it lowers the energy barrier; this
may be explained by the fact that the clay acts as a
combustion catalyst; it facilitates the
decomposition of the rocket propellant [11-12].
The activation energies found by the two methods
are close and vary between 212 and 124KJ/mol,
when the Cloisite rate vary from 0 to 8 phr, with a
decrease rate equal to 40 % according to Ozawa
and 41.3 % according to Kissinger method.
It can be seen an abrupt reduction of activation
energy when adding 4 phr of clay with a variation
of 212 to 145 KJ/mol for Kissinger method and
from 212 to 148 KJ/mol for Ozawa.
A decreasing rate of 30 % is reached according to
Ozawa and 31 % to Kissinger. From 4phr, the
waning of activation through the various rates less
strongly decreases.
The pre-exponential factor LnK0 varies between
30.60 and 15.17 s-1, with a decreasing rate equal to
50 % with the increase of the clay content from 0
to 8 phr; this reduction has a proportional
tendency with the activation energy.
The introduction of clay into a composite
propellant makes it possible to catalyse the
combustion process.
Clay seems to play the same role as that of
metallic oxides such as the copper chromite, the
iron oxide, which them, are used as catalysts of the
combustion of the composite propellants.
These catalysts constitute a kind of "hangs flame"
through the formation of aggregates of residues on
the combustion surface.

4. CONCLUSION

The objective of this work was to study of the
effect of adding of nanoclays on the reaction
kinetic data of composite rocket propellant based
on epoxy binder.
The dispersion of the nanoclays (platelets
nanoparticles of montmorillonite type) at
nanometric scale into the composite propellant is



achieved in order to the reinforcement of the total
mechanical performances.
TGA analysis was used for the thermal
investigation of the propellant samples.
Being based on the obtained results, it can be
conclude the principal following conclusions:

- Thermokinetic properties are appreciably
influenced by the addition of clay to composite
propellant based on an epoxy binder and
ammonium perchlorate as oxidizer. A high content
of clay decreases the temperature of spontaneous
decomposition of propellant; the kinetic of
combustion becomes faster.

- Activation energy and pre-exponential factor
decrease with the increase in the content of the
clay, the reaction of decomposition of the
propellant becomes faster.

- The two methods give very close similar
values, which confirms the obtained results.
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a) 0 phr b): 2 phr

c) 4 phr d) 6 phr
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Figure 1: Superimposition of DTG traces of the different composite rocket propellants
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Figure 2: Determination of activation energy of thermal decomposition (Kissinger method)
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         e) 8 phr

Figure 3: Determination of activation energy of thermal decomposition (Ozawa method)
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ABSTRACT 

 
 

 We present impact experiments of a 500 µm diameter steel sphere into a commercial 

grade of porous graphite at velocities between 1200 and 4500 m/s. Post mortem observations of 

the sample have shown that the projectile remains buried below the surface of the crater and that 

the projectile penetration depth follows a non-monotonic evolution. Using numerical simulations 

and simple constitutive relations, we show how our experimental results can be related to both 

materials mechanical properties.  We take advantage of the succession of physical mechanisms to 

build a step by step procedure and identify yield and spall strength that allow a first restitution of 

the experimental results. In the first regime (below 2000 m/s), the projectile remains roughly 

spherical, and can thus be considered as purely elastic. This led us to modify the graphite yield 

strength to fit the experimental results. Above 2000 m/s, plastic deformation and fragmentation 

affect the steel projectile, so that its shape flattens and its penetration depth decreases while im-

pact velocity increases. Using these plasticity and damage thresholds in the steel projectile mod-

el, we have been able to obtain qualitative, as well as quantitative agreement with the experi-

mental results. The identified parameters were found to be consistent with the literature. 
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ABSTRACT

Composite propellants are highly particle loaded elastomers used in solid rocket motor

technology. These energetic materials are made by the incorporation of the oxidizing load and

fuel in an organic matrix. During the past 60 years, the thermal decomposition of ammonium

perchlorate has been the subject of various research works. Among these research activities,

partial decomposition of ammonium perchlorate at low temperature has been observed. This

property enables us to produce porous ammonium perchlorate and to use it as an ingredient in

composite propellant charge. The aim of this work is to study the effect of porous ammonium

perchlorate on thermal proprieties of rocket composite propellant.

The first part of this study consisted for preparing porous ammonium perchlorate (oxidizer)

through normal ammonium perchlorate by using a Pyrex cell. The samples used were

prepared from one oxidizer: porous ammonium perchlorate and a polyvinylchloride/

polyurethane binder without additives.

The second part consists on the characterization of propellant systems by ATG and DSC for

Thermal kinetics evaluation.
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Low velocity impact simulations on HMX-based PBXs using adaptive remeshing 
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For the past thirty years, the Commission for Atomic Energy and Alternative Energies 
(CEA) has been involved in the development of plastic bonded explosives (PBXs). 
HMX-based PBXs are of particular interest because they afford both safety and 
reactive results. Our work is devoted to low velocity impact from both experimental 
and numerical points of view. Although their energy is well below the shock-to-
detonation threshold, low-velocity impacts may exhibit violent reactions such as 
combustion, deflagration, depending on the explosive confinement. Studies are 
currently carried out to investigate the physical mechanisms that lead to such 
reactions. Although, predicting the whole reactions is out of the scope of current 
investigations, computational models and numerical tools have been developed to 
predict the ignition of HMX-based pressed explosives submitted to such loadings.  In 
the present work, finite element numerical simulations of low velocity impacts have 
been carried out using ABAQUS Explicit. When simulating the behavior of the PBX 
submitted to various mechanical stresses, large plastic deformations occur in the 
material and, consequently, some regions of the mesh are distorted. Computation of 
the interpolation error estimation shows that the numerical results accuracy has to be 
improved in these regions. An adaptive remeshing tool has been combined to 
ABAQUS Explicit to simulate low velocity impacts on HMX-based PBXs. It is shown 
that such approach allows to reduce the interpolation error estimation.  
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ABSTRACT 

Computational models and numerical tools 
have been developed to predict the non-shock 
ignition of HMX-based pressed explosives 
submitted to low energy impacts. Finite element 
numerical simulations have been carried out 
using ABAQUS Explicit, showing the 
development of finite strains and, consequently, 
some regions with distorted mesh. An adaptive 
remeshing tool, based on an interpolation error 
estimator, has been combined to ABAQUS 
Explicit. The consequence on the adiabatic 
temperature deduced from the mechanical 
dissipation is analysed.  

1. INTRODUCTION 

For the past thirty years, the Commission for 
Atomic Energy and Alternative Energies (CEA) 
has been involved in the development of plastic 
bonded explosives (PBXs). HMX-based PBXs are 
of particular interest because they afford both 
safety and reactive results. Our work is devoted to 
low velocity impacts from both experimental and 
numerical points of view. Although their energy is 
well below the shock-to-detonation threshold, low 
velocity impacts may exhibit violent reactions such 
as combustion, deflagration, depending on the 
explosive confinement. Thus, they are widely 
studied for security reasons. 
In the present work, our interest has been focused 
on the Susan test [1-2]. The Susan test was 
designed in 1960-1970 at the Lawrence Livermore 
National Laboratory to characterize the safety of 
US plastic-bonded explosives. A cylindrical 
sample embedded into an aluminium thin cap is 
put in front of a heavy steel projectile (Fig. 1). The 
whole assembly is fired from a gun at a wall. 
During the impact, the axis of the projectile is 
perpendicular to the target. Cameras were used to 
observe the displacement of the projectile, its outer 

deformation and the violence of the reaction. 
Lagrangian numerical finite element simulations 
were previously published for this test. These 
results were based on (1) the constitutive 
mechanical law of the PBX, (2) a rough 
localization rule relating the microscopic 
dissipated energy to the macroscopic one and (3) 
an approximated method to solve the heat equation 
[2]. The model parameters were calibrated on some 
impact experiments, made on a HMX-based PBX, 
enabling to cover the largest range of strain rate. 
The whole computational model and the numerical 
tool were then applied to the Susan test. Results 
showed the influence of the aluminium cap on the 
time to initiation and that initiation is not due to the 
flow of the material into the gap formed by the 
failed cap and the wall.  
In order to study the initiation of less sensitive 
materials, we have now turned our attention to 
PBXs made of HMX and TATB crystals. When 
submitted to the Susan test, such explosives exhibit 
an increase of the reaction threshold (from 50-
70m/s for pure HMX PBXs to more than 150-
200m/s for the TATB/HMX mixtures) and delayed 
reactions. These observations point the need of a 
robust numerical method such as an Eulerian 
approach. However, the poor description of the 
boundary conditions of this method is questionable 
where friction must be transmitted by the relative 
sliding of adjacent surfaces. Thus, the present 
simulations are still made in a Lagrangian 
framework and consequently exhibit distorted 
meshes. Note that erosion cannot be used as 
ignition usually occurs in those elements. 
Computation of the interpolation error estimation 
shows that the numerical results accuracy has to be 
improved in these regions. An adaptive remeshing 
tool has been combined to ABAQUS Explicit to 
simulate low velocity impacts on a TATB/HMX-
based PBX.  



Figure 1. Susan test (from [1]). The diameter of 
the explosive part is equal to 54 mm. 

2. FINITE ELEMENT SIMULATIONS 
WITHOUT REMESHING  

The finite element code Abaqus/explicit-13.4 is 
used to simulate the Susan test impact. The Susan 
test projectile is composed of PBX, steel and an 
aluminium cap. Elastic perfectly plastic 
constitutive laws have been used for the two last 
materials (see Tab. 1). For the aluminium cap, a 
fictitious crack has been introduced in the mesh to 
avoid the definition of an erosion threshold. 
The constitutive law proposed in [3] has been 
determined for a TATB/HMX-based explosive 
composition using triaxial experiments made with 
a confinement up to 800MPa. The mechanism of 
hot-spot formation being still under study, we 
discuss below the influence of the mesh on the 
adiabatic temperature (the sum of the macroscopic 
mechanical dissipation). The constitutive law has 
been implemented in Abaqus/explicit through a 
user material subroutine VUMAT. 

Table 1: Mechanical parameters for the materials 
of the projectile and of the wall 

 steel aluminium concrete 
Density (kg/m3) 7850 2740 2300 

Young’s modulus 
(GPa) 

210 70 30 

Poisson ratio 0.3 0.33 0.2 
Yield stress (MPa) 400 200  

Two dimensional axisymmetric simulations have 
been made with Abaqus/explicit. The projectile 
hits an elastic concrete wall (Tab. 1). Three node 
linear axisymmetric triangles finite elements have 
been used (CAX3 of Abaqus element library).  
Frictionless contact is assumed at the cap/steel 
interface (“hard contact” method in Abaqus). The 
friction between the sample and the cap is 
modelled using Coulomb model with a friction 
parameter of 0.2. The initial velocity of the 
projectile is 150m/s and the total time of the 
impact is 400µs. 

Fig. 2 shows the finite element mesh of the

explosive part and a zoom of the initial bottom 
region. In order to eliminate preliminary questions 
relating to the mesh density, a fine mesh is used to 
describe the initial geometry of the sample 
(minimum size is equal to hmin=100µm and the 
maximum one is equal to hmax=1mm). The mesh 
generator BL2D has been used to create this first 
mesh composed of 81 514 finite elements (42119 
nodes) and 84 238 variables. 

Figure 2. Finite element mesh of the explosive part 
(left) and a zoom of the bottom. The central axis is 

in the left side of the figures. 

The deformed sample is shown in Fig. 3 at 400µs 
after the impact. The vertical part of the cap has 
been deformed and pushed by the flow of the PBX. 
The sample deforms and flows between the wall 
and the projectile. The amplitude of the adiabatic 
temperature is shown in Fig. 3. The higher 
temperature, in red, develops into a cone starting in 
the centre of the sample and following the outward 
direction of the material flow. Fig. 4 shows the 
high distortion of the finite element at the bottom 
of the sample, along the axis. One can notice the 
robustness of this code which can handle much 
distorted finite elements. 
The simulation has been run till 3ms, well after the 
rebound of the projectile. However, as shown 
hereafter, the poor quality of the space 
discretization yields large errors in the estimation 
of the numerical solution. 



Figure 3. Adiabatic temperature at 400µs after the 
impact into the explosive sample. For the sake of 

simplicity, the same scale is used in the paper 
when referring to this data. The higher value is in 

red. 

Figure 4. Zoom of the mesh at the bottom of the 
sample, along the axis, 400 µs after the impact. 

Distorted finite elements can be observed.  

3. ADAPTIVE REMESHING  

3.1.Mesh generation with BL2D 

We consider N computational domains of R2, each 
domain �i being defined from its boundary �i
which is expressed analytically by G0(�i). Let us 
denote by {�j,k} the subset of domains {�i} 
which are in contact with a given domain �j. To 
construct an initial mesh of each �i, at first each 

boundary �i is discretized and then the mesh of 
domain �i is generated based on this boundary 
discretization. In order to respect the geometry, it 
can be shown that at each vertex of the 
discretization, the size must be proportional to the 
radius of curvature. The method proposed in [4] is 
used to construct the initial “geometric” 
discretization T0(�i) of the boundary �i using the 
combined advancing-Delaunay approach described 
in [5] (the ideal element being a right-angled 
triangle). 

The initial meshes T0(�i) of deformable domains 
can become invalid after a mechanical computation 
involving large deformations. In this section we 
introduce a remeshing methodology which avoids 
element distortions during the computations.  

The final deformation after the whole simulation is 
assumed to be obtained iteratively by “small” 
deformations (which is the case in the framework 
of an explicit integration scheme to solve the 
problem). The following remeshing scheme is 
applied to each deformable domain �i after each 
deformation increment j: 

1. definition of the new geometry Gj(�i) after 
deformation, 

2. geometric error estimation (gap between 
the new geometry Gj(�i) and the current 
boundary discretization Tj-1(�i)); definition 
of a geometric size map Hg,j(�i) necessary 
to rediscretize the boundary �i, 

3. physical error estimation (gap between the 
physical solution Sj-1(�i) obtained in � and 
an ideal “smooth” solution considered as 
the reference solution); definition of a 
physical size map H�,j(�i) necessary to 
govern the remeshing of domain �i, 

4. intersection of the size maps Hg,j(�i) and 
H�,j(�i); definition of a unique size map 
with size gradation control resulting in a 
modified size map Hj(�j), 

5. adaptive rediscretization Tj(�i) of the 
domain boundary with respect to Hj(�j|�i), 

6. adaptive remeshing Tj(�i) of the domain 
with respect to Hj(�i), 

7. interpolation of mechanical fields Fj-1(�i) 
on the new mesh Tj(�i). 

The new geometry Gj(�i) (after deformation) of 
boundary �i can be defined in two ways, either by 
preserving a geometry close to the one before 
deformation, or by defining a new “smoother” 
geometry. In the first case, the new geometry is 



simply defined by the current discretization Tj-1(�i) 
of the boundary, and the new mesh nodes of Tj(�i) 
are placed on the elements of this discretization. In 
the second case, the new geometry is defined in 
two dimensions by a smooth curve interpolating 
the nodes and/or other geometric features of the 
current boundary discretization Tj-1(�i). The new 
nodes are then placed on this curve. The advantage 
of this second approach (which seems more 
complicated) is that the geometry of domain �i
remains smooth during its deformation. In this 
second approach, an interpolating scheme with 
cubic splines, globally of C2 continuity, is used.  

The new geometry Gj(�i) of the domain includes 
two types of deformations: 

• Free deformations: this type concerns the 
deformations due to mechanical 
constraints (for instance equilibrium 
conditions), freely in the plane. In this 
case, the new geometry of the domain after 
deformation is only defined by the new 
position of the boundary nodes as well as 
their connections. 

• Bounded deformations: these are the 
deformations limited by a contact with 
another domain. In this case, domain �i
locally takes the geometric shape of 
domains {�i,k}. 

Based on the above classification of deformations, 
the free and bounded boundary nodes can be 
identified using the Hausdorff distance. It consists 
in associating with each edge of Tj-1(�i) a region 
centred at this edge and in examining the possible 
intersection between the regions of the considered 
domain and those of the other domains. A node of 
the considered domain is classified as bounded if it 
belongs to one of the regions associated with the 
other domains or vice versa.  

The above node identification allows us to define 
the new mesh size of boundary nodes. If the node 
is free, the size is proportional to the curvature 
radius of the new domain boundary or the new 
geometry Gj(�i). If it is bounded, the size is 
proportional to the curvature radius of the 
neighboring part of the related domain �i,k in 
contact. These size specifications define the size 
map Hg,j(�i) associated with boundary nodes of Tj-

1(�i). One can extend this size map to the whole 
domain �i by considering the maximal size hmax for 
all internal nodes of Tj-1(�i). The resulting size 
map is denoted by Hg,j(�i). 

The physical solution Sj-1(�i) is here the adiabatic 
temperature for which a given accuracy is 
specified. Let us denote by Se,j-1(�i) the exact 
solution. The solution Sj-1(�i) obtained by finite 
element computation is not interpolating, i.e., the 
solution obtained at the nodes of Tj-1(�i) does not 
coincide with the exact value of Se,j-1(�i) at these 
nodes. Moreover, for each mesh element, it cannot 
be guaranteed that the solution Sj-1(�i) coincides 
with the exact value of Se,j-1(�i) at one point of the 
element at least. So, it seems difficult to explicitly 
quantify the deviation ||Se,j-1(�i)-Sj-1(�i)||. However, 
various works have been related to the direct study 
of this deviation (see for example [6]). But, in the 
general case, its quantification remains an open 
problem. Consequently, other indirect approaches 
have been proposed to quantify or rather bound 
this deviation. Let us denote by Sei,j-1(�i) an 
interpolation of Se,j-1(�i) on mesh Tj-1(�i). The 
deviation ||Se,j-1(�i)-Sei,j-1(�i)|| is called the 
interpolation error. To be able to quantify the 
deviation ||Se,j-1(�i)-Sj-1(�i)||, let us assume that the 
following relation holds (referred to as CEA’s 
lemma): 

||Se,j-1(�i)-Sj-1(�i)||� C ||Se,j-1(�i)-Sei,j-1(�i)|| 

where C is a constant independent from �i. In 
other words, the finite element error is assumed to 
be bounded by the interpolation error. Thus, to 
bound the gap between the physical solution 
obtained by computation and the exact solution, it 
will suffice to bound the interpolation error. In 
particular, the interpolation error gives a way to 
quantify the degree of “regularity” of the physical 
solution. The computation of the interpolation 
error has been addressed by several studies [7] and, 
in most of them, the examination of a “measure” of 
the interpolation error provides constraints on the 
mesh element size. In this study, the method 
proposed in [8] is used and a size map H�,j(�i) 
associated with the nodes of Tj-1(�i) is defined. 

By considering the minimum size in Hg,j(�i) and 
H�,j(�i), we obtain a size map Hj(�i) associated 
with the nodes of Tj-1(�i). In order to smooth the 
size variation, the size map is modified thanks to a 
procedure described in [9] which allows us to 
bound the mesh gradation. This final map is used 
to govern the adaptive remeshing process which 
includes two phases, the boundary rediscretization 
and the remeshing of the domain based on this 
discretization. The boundary rediscretization 



consists in generating a new discretization Tj(�i) of 
boundary �i conforming to the size map Hj(�j|�i). 
The domain is then entirely remeshed from the 
boundary discretization Tj(�i) in order to conform 
with map Hj(�j). 

3.2.Susan test : interpolation error 

Even for the finest mesh, it is found that the 
interpolation error is far from being negligible. 
Fig. 5 shows the interpolation error into the PBX 
sample, 400µs after the impact. Relatively low 
errors have been observed in the area where the 
adiabatic temperature is located. This is the 
consequence of both the fine mesh that has been 
used and the relatively smooth numerical solution 
of this problem. As an example, Fig. 6 gives the 
same map for a coarser mesh (the size of the 
element is 3mm).  
Really high errors are reached along the bottom 
boundary between the sample and the cap, even 
with the fine mesh. It points the influence of the 
boundary conditions on the numerical solution and 
the need of finer mesh at the interfaces between 
parts. 

Figure 5. 3D map of the interpolation error (fine 
mesh) into the explosive sample at 400 µs after the 

impact 

Figure 6. 3D map of the interpolation error 
(coarse mesh) into the explosive sample at 400 µs 

after the impact. 

3.3.Remeshing procedure 

The coupling between the BL2D remeshing code 
[10] and Abaqus/Explicit is illustrated in Fig. 7. 
The initial geometry, the minimum and the 
maximum mesh sizes and the mesh gradation are 
defined as input data for BL2D. A first mesh 
(mesh_0) is constructed by the software using the 
rules described above. The coordinates of the 
nodes, the definition of each element and the sets 
of nodes and elements defining the boundaries are 
written into the first job_0.inp file. The constitutive 
laws, the initial conditions and the contact 
definitions (surface-to-surface interfaces and the 
contact interactions) are added to the latter. 
The Abaqus calculation being run, the result file 
job_0.odb is analyzed by BL2D. The interpolation 
error is determined and a new mesh (mesh_1) is 
proposed. The fields are interpolated on mesh_1
and a new input file job_1.inp is built. The latter is 
proposed to Abaqus/explicit for the simulation of 
the next step, and so on.  



Figure 7. Flowchart of mesh generation algorithm. 

4. APPLICATION TO THE SUSAN TEST  

The simulations with remeshing have been made 
with the following set of parameters. The 
minimum and maximum mesh sizes are equal to 
100 µm and 1 mm respectively with a gradation of 
1.2 (rate of change of the size between two 
connected edges). The adaptation is made on (1) 
the interpolation error on the adiabatic temperature 
on the sample (a state variable determined by the 
user subroutine) and (2) the physical error 
(equivalent plastic strain field) for the projectile 
and the cap. The latter is still made of two parts 
avoiding the definition of a failure threshold. The 
parts are remeshed if the geometries evolve and if 
the plastic strain exceeds 0.1. The time step of each 
simulation is 50 µs, height remeshing being made 
to achieve a simulation of 400 µs. 

The adiabatic temperature field is shown in Fig. 8. 
One can observe the large deformation of the 
sample. It enables to close the gap at the right side 
of the cap, along the concrete wall and under the 
sample which is observed in Fig. 3. Remeshing 
enables to have a better description of the strain 
field and yields a more realistic deformation of the 
parts. The adiabatic temperature field is smoother 
and more homogeneous in Fig. 8 than in Fig. 3. 
Fig. 9 shows that the interpolation has been 

controlled using the remeshing method. Except for 
the two nodes located at the edges, the error is less 
than 0.05 (the goal value was set to 0.02). Fig. 10 
shows the mesh obtained 400 µs after the impact.  

Figure 8. Adiabatic temperature in the explosive 
sample 400 µs after the impact. For the sake of 
simplicity, the same scale is used in the paper 

when referring to this data. The higher value is in 
red. 

Figure 9. Interpolation error in the sample, 400 µs 
after the impact, for the finer mesh. The maximum 

error is less than 0.05 except for 2 nodes located at 
the edges. 

One can expect a decrease of the duration of the 
simulation runs when using remeshing methods. 
However, among the axisymmetric cases of low 
velocity impacts which have been simulated, we 
have not taken advantage (and there is not 
disadvantage) of the BL2D-Abaqus coupling to 
decrease the CPU time. The mean duration of these 
simulations is about one hour using an 8 Intel 
Xeon E3 1240 cores @ 3.4Ghz workstation with 
15Go memory. 

input data: geometry
behaviours

contact conditions
mesh: hmin, hmax, gradation

remeshing: interpolation errors,
fields for adaptation,

fields for physical error

BL2D software

mesh i (0=i=N)
input file for Abaqus: job_i .inp

Abaqus/explicit

simulation job_i.odb (0=i=N)



Figure 10. Mesh obtained 400µs after the impact

5. CONCLUSION 

The prediction of the ignition of a non-sensitive 
plastic-bonded explosive when submitted to a low 
energy impact requires achieving finite strains 
during the simulation, and thus to face the 
distorsion of finite elements. 
A meshing (and remeshing) tool has been added to 
Abaqus/explicit. It enables the analysis of the 
deformed geometry and of the physical fields to 
deduce the better element size map. After 
remeshing, fields are interpolated in the new mesh 
and the simulation can continue to the following 
step. 
The remeshing method has been applied to 
simulate the Susan test respecting the experimental 
condition. The deformation of the explosive 
sample is improved closing some unrealistic gaps. 
The adiabatic temperature field shows a smoother 
evolution into the mesh. 
Future works are devoted to non-axisymmetric or 
plane strain cases. 3D simulations must also handle 
remeshing methods to (1) decrease the 
interpolation error and (2) decrease the duration of 
the simulation runs. 
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elastomers (ETPE) and different polymers made thereof are presented. An optimized synthesis procedure 
yielded pure, crystalline product that was extensively characterized. It could be shown that DAP is a 
promising building block for the synthesis of ETPEs with tailored properties for specific applications. 
Different polymers from DAP, glycidyl azide polymer (GAP) and two different isocyanates were prepared 
and characterized and their properties compared. Depending on proportioning and choice of isocyanates, a 
broad variety in consistency from rubbery flakes to sticky paste can be achieved. One specific ETPE was 
chosen for scale-up synthesis and its ability as binder for pressed polymer bonded explosives (PBX) was 
investigated. Based on HMX and TEX, a PBX formulation was developed and two formulations with said 
energetic binder and another one with paraffin wax as inert binder for comparison were manufactured. 
Pressing of cylindrical compacts yielded explosive charges with > 97 % TMD. Comparing explosive 
properties, the PBX with ETPE binder shows comparable detonation velocity but significantly increased 
detonation pressure. Shock wave sensitivity determined by GAP-test showed equal sensitivity values for 
both PBX at 20.4 kbar GO / 17.2 kbar No-GO. 

 

INTRODUCTION 

In almost all applications of energetic materials, 
from gun and rocket propellants to explosives and 
pyrotechnics, the reactive ingredients are not used 
in their pure form. The crystalline particles often 
do not provide the required adhesion to form 
stable, uniform charges, additionally friction and 
shear forces amongst between the particles can 
generate accidental hot spots and thus lead to 
serious safety problems. To overcome these 
problems, the concept of plastic-bonded 
explosives (PBX) was introduced. The idea is to 
encapsulate each crystal of reactive material in a 
layer of binder, so that the binder acts as adhesive 
while at the same time separates particles from 

each other. This way, accidental hot spot 
generation is considerably reduced. Using an 
elastomeric system, the binder can act as cushion 
for shock or impact compression as well as 
attenuate huge forces acting on charges in 
ammunition while being shot out of a gun. By 
adjusting the composition and choice of binder 
and plasticizer, explosive charges of arbitrary 
dimensions and desired mechanical strength can 
be formed, from rigid pressings to thick pastes. 
To this day, a variety of binders based on HTPB, 
Estane®, HyTemp® or Viton® A were developed to 
be used in explosive formulations. All these 
polymers have in common that they consist of 
completely non-energetic materials that dilute 



explosive energy and lower the overall 
performance of an energetic formulation. This 
way, high levels of explosives loading are needed 
to fulfill given performance requirements. Since 
the 1950s, research and development of energetic 
binders derived from energetic polymers was 
intensified. Contrary to inert binders, they liberate 
energy upon decomposition and contribute to the 
performance of an energetic formulation. This 
way, lower fractions of explosive solid filler are 
needed to give the same performance, which 
lowers sensitivity and allows softer formulations. 
Starting from well-known nitrocellulose, 
polymers with nitrato groups were investigated. 
To this day, a variety of energetic polymers is 
available, based on hydrocarbon backbones with 
well-known energetic moieties such as nitro-
groups, nitramines or azides. A series of 
polyether-based energetic polymers were 
developed and one type based on epichlorohydrin 
emerged over time. Incorporation of an azide 
group ionto the former led to poly-(glycidyl 
azide), commonly known as glycidyl azide 
polymer (GAP). Its functionalities at the end of 
the GAP chains can be adjusted by different 
initiators and additives in the polymerization, 
yielding one or more hydroxyl groups on each end 
which can further react with isocyanate curing 
agents in curing.[1],[2] This way, GAP is an 
outstanding candidate for the synthesis of 
energetic thermoplastic elastomers (ETPEs) in 
cast cured formulations but also for the processing 
of ETPE-based propellants, explosives or 
pyrotechnics.  
Thermoplastic elastomers are a special class of 
polymers and consist of hard (crystalline) and soft 
(amorphous) segments. In the former, reversible 
interactions like hydrogen-bonding or dipole-
dipole interactions lead to the formation of rigid 
domains and chain association. The latter 
segments exhibit considerably less interaction 
among each other and re immiscible with hard 
domains, so that microphase separation occurs. 
While the hard segments show thermoplastic 
behavior, the soft domains provide a certain 
amount of elasticity to the overall system.[3] 

 

 
Figure 1: Schematic representation of the two-
phase system in thermoplastic elastomers[1] 

 
The soft domains in thermoplastic elastomers 
based on polyurethane usually consist of 
hydroxyl-terminated polyethers. Cross-linking 
with isocyanates builds urethane groups that form 
rigid segments, interacting via hydrogen bonding 
and  VAN-DER-WAAL’s forces.  
Short polyvalent alcohols, e.g. butanediole or 
pentaerythritol, are typically used as chain 
extenders. They increase the size of rigid domains 
and are capable of building a 3-dimensional 
lattice. The physical properties of the final ETPE 
depend on the chain length of prepolymers, the 
choice of appropriate isocyanate curing agents and 
chain extenders as well as the ratio of isocyanate 
to hydroxyl groups.  Using energetic polyethers as 
soft block prepolymers, energetic thermoplastic 
elastomers (ETPEs) can be synthesized which are 
particularly suitable as binders in explosives.   
The synthesis of polyurethanes is typically 
catalyzed by organotin(IV) compounds, the most 
prominent being dibutyltin dilaurate (DBTL).[4] 
The reaction can be carried out in various solvents 
or in bulk. Since isocyanates are quite reactive 
towards water and other hydroxides, reactants as 
well as reaction atmosphere must be thoroughly 
freed from residual water and alcoholic solvents. 
The variety of energetic prepolymers, cross-
linking agents and chain extenders offers building 



blocks with manifold possibilities to design 
ETPEs for different purposes.[5] DIAZ et al. 
investigated the mechanical and thermal 
properties of ETPEs based on GAP as a function 
of polyol chain extender and diisocyanate.[6] In 
their work, inert straight chain diols with four, 
five and six carbon atoms were used as chain 
extenders.  
The motivation of this work was to optimize the 
synthesis of ETPE suitable as binder for high 
performance pressed explosive charges should be 
synthesized and fully characterized.  
A new PBX formulation based on this ETPE was 
to be processed and characterized, and its 
processing should be optimized to yield high 
quality pressed charges. Ideally, the resulting 
explosive charges should exhibit sensitivity 
characteristics that allow their use in Insensitive 
Munitions (IM) applications. 
 
 
SYNTHESIS AND CHARACTERIZATION OF DAP 
 
2,2-bis(azidomethyl)propane-1,3-diol (2), 
hereafter called DAP, is a promoising candidate as 
energetic chain extender. Its structure with five 
carbon atoms and two symmetrically arranged 
azidomethyl moieties resembles the repeating unit 
of the energetic polymer poly-BAMO. A nitrogen 
content of 45.1 % ensures energetic properties, 
while two chemically equal primary hydroxy 
functions provide nucleophile sites that can react 
with polyisocyanates to built up macromolceular 
structures. Since the mid-1980s, a couple of 
publications described the molecule as it is a 
versatile building block not only in energetic 
materials research, but also in the area of 
medicinical, macromolecular and nanoscale 
chemistry.[7] The synthesis of DAP (scheme 1) is 
usually carried out by nucleophilic substitution of 
2 bromine atoms in 2,2-bis(bromo-
methyl)propane-1,3-diol (1) with sodium azide in 
the polar, aprotic solvents DMF or DMSO. 
Reaction times of 24 hours and heating to reflux is 
required for maximum yield. A sophisticated 
work-up process is needed to obtain pure DAP 
without significant traces of the used solvent. In 

the mentioned literature, reported data on 
spectroscopic and physical properties differ 
widely. 
 

 
Scheme 1: Standard synthesis of DAP (2) 

 
To obtain 2 as pure as possible, the reaction was 
carried out in DMF and solvent was removed at 
elevated temperatures. Using a vacuum of 10-6 
mbar, DMF and desired product were separated 
by distillation. DAP was obtained as colorless 
crystals, which were characterized by NMR- and 
vibrational spectroscopy.  
The sensitivity of DAP against shock and friction 
was examined BAM drophammer and friction 
apparatus according to NATO standard 
procedures.[8] Despite being a small molecule with 
two azide gropus, DAP is quite safe to handle 
with a friction sensitivity of 324 N and an impact 
sensitivity of 25 J. The onset temperature of 
thermal decomposition was determined by DSC at 
198.2 °C. The melting point of DAP was 
determined at 32.0 °C.  
The crystals of DAP were additionally 
investigated by X-Ray single diffraction 
measurements. It crystallizes in form of colorless, 
clear, rod-shaped crystals in the monoclinic space 
group P21/c with a cell volume of 861.93 Å³ and a 
density of 1.435 g/cm³. Figure 2 shows on 
asymmetric unit of DAP, four of which build the 
unit cell. All C-C and C-O bond lengths are well 
within the values expected. Bond angles found for 
the C-C bonds surrounding C1 are slightly 
distorted as two values are found: C2-C1-C5 and 
C3-C1-C4 show angles of 105.4° and 106.4°, 
whereas all other Cx-C1-Cy bond angles have 
values between 111.2°–111.6°. The azide moieties 
are slightly bent with an angle of 172.0° (N1-N2-
N3) and 173.3° (N4-N5-N6) and show different 
torsion angles: The group of N1-N2-N3 is nearly 
in the plane defined by C1-C4-N1. 



 
Figure 2: Molecular structure of DAP; thermal 
ellipsoids are set to 50 % probability. Symmetric 
operators: (i) x, y, z; (ii) -x, 1/2+y, 1/2-z; (iii) –x, -
y, -z; (iv) x, 1/2-y, 1/2+z.  
 

In contrast, the other azide functionality N4-N5-
N6 is twisted out of the C1-C5-N4-plane by 27°. 
The reason for these different torsions lies in the 
different environment of the nitrogen atoms: N5 
has two neighboring nitrogen (N1 and N4) atoms 
from further units at a distance smaller than the 
combined VAN DER WAALS radii. Additionally, 
N6 interacts with two hydrogen atoms of further 
units and N4 with N5 of another molecule. In the 
group N1-N2-N3 only N1 interacts with N5 atoms 
of neighboring units.   

 
Figure 3: Expanded unit cell and formation of 
planes in the crystal structure of DAP; thermal 
ellipsoids are set to 50 % probability. Symmetric 
operators: (i) x, y, z; (ii) -x, 1/2+y, 1/2-z; (iii) –x, -
y, -z; (iv) x, 1/2-y, 1/2+z. 

 

The crystal structure of DAP can be described by 
alternating planes of asymmetric units built up by 
the central quaternary carbon atoms C1, where 
only one sort of functional groups is located on 
each side of the plane (fig. 3).  
 These planes are piled up so that sides with the 
same functional groups face each other. One of 
each azide groups (represented by N1-N2-N3) is 
arranged almost parallel to the described planes, 
whereas the other (N4-N5-N6) protrude in the 
space between both planes. These nitrogen chains 
are oriented in a parallel way among each other, 
which explains the interactions between N4 and 
N5 as well as the different torsion angles 
described above. The distance between planes 
separated by bulky azide groups is 5.626 Å. They 
are connected by two short contacts N4-N5 with a 
distance of d(N···N) = 3.096 Å. In contrast, 
planes facing each other via hydroxyl groups are 
closer together with a distance of 3.937 Å. Strong 
intermolecular hydrogen bonding occurs amongst 
adjacent molecules via both hydroxyl groups 
where oxygen atoms O1 and O2 act as donor and 
acceptor. All donor-acceptor distances lie well 
within the sum of their VAN-DER-WAALS-radii, 
and hydrogen bonds are nearly linear with angles 
of 179.7° and 173.7°.  
Extensive work was put in finding a reliable and 
green alternative synthetic route to DAP. The 
main focus of this research was to explore an 
environmentally friendly solvent system, which 
ensures successful azidation, easy workup and at 
the same time lets the chemist get rid of 
problematic solvents DMF and DMSO. This work 
is currently in progress. Additionally, we could 
optimize the work-up process firstly described by 
Siebert et al. [9] This way, DAP crystals with a 
remaining DMF content of 0.3 mass-% could be 
obtained, with an overall yield of 72 %.  
 
 
SYNTHESIS OF ETPES 
To evaluate the suitability of DAP as energetic 
chain extender, a series of energetic thermoplastic 
elastomers was synthesized by DBTL-catalyzed 
solution polymerization with GAP-diol as 
energetic prepolymer. GAP-diol was purchased 



from SME France with MW = 3946 g/mol, 
polydispersity of 1.61 and an equivalent weight 
per mole OH-groups of 1180 g/mol. 
TDI and paraphenylene diisocyanate (PDI) were 
chosen as diisocyanate curing agents because their 
molecular structure allows them to interact 
intermolecularly in the finished polymer via π-
stacking interactions, building rigid hard 
segments. PDI is solid at room temperature and 
has a much lower vapor pressure than TDI, 
making it safer to handle. Dry THF was chosen as 
solvent since it does not react with any of the 
molecules used, and is easy to remove by 
evaporation. The composition and ratio of 
building blocks is shown in table 1; 10 g of each 
ETPE were synthesized.   
 

Table 1: Composition of DAP-based ETPEs 

(mass-%). 

 ETPE 
4 

ETPE 
5 

ETPE 
6 

ETPE 
7 

DAP 7.50 10.01 6.50 10.20 

GAP 79.47 76.63 82.43 75.89 

TDI 13.03 13.36 - - 

PDI - - 11.07 13.91 

 
 
Progress of polymerization was monitored by IR 
spectroscopy of the reaction mixture. Decay of the 
asymmetric NCO stretching vibration at 2270 cm-

1 and growth of the carbonyl C=O stretching band 
at 1279 cm-1 indicate the process of the reaction. 
Complete conversion of isocyanates to urethanes 
was observed after 48 hours. Figure 4 shows the 
resulting polymers. The resulting polymers offer a 
broad range of viscosities and elastic behavior. 
ETPE 4 is a paste whereas ETPE 5 is a firm, 
kneadable, clear rubber. Only ETPE 4 and ETPE 
5 are totally clear, indicating a lack of large 
crystalline areas in the polymers. As expected, the 
polymers synthesized with PDI are turbid and 
more viscous compared to their TDI-analoga. 
ETPE 6 is a sticky paste with higher viscosity 

than ETPE 4. ETPE 7 was obtained as rubbery 
flakes that are not sticky. 
The different physical properties can be explained 
by the formation of more rigid hard-block 
domains in the elastomer: PDI molecules are 
symmetrical and rod-like structures that can form 
strong interactions among each other. This way, 
hard block segments with increased crystallinity 
are formed.[10] TDI in contrast is more bulky due 
to the meta-oriented second isocyanate-group and 
an additional methyl group. Analyzing the ETPEs 
by means of gel permeation chromatography, we 
can state that an increased content of DAP 
significantly reduces molecular weight and 
polydispersity, which leads to polymers with more 
rigidity/viscosity.  

 
ETPE 4 ETPE 5 

 

ETPE 6 ETPE 7 

Figure 4: Images of DAP-based ETPEs. 

Due to the different reactivity of isocyanate 
groups in TDI and PDI, the latter gave 
macromolecules with lower polydispersity and an 
overall higher molecular weight. 
No specific trend is observable in thermal 
behavior as glass transition points are in the close 
range of -34.9 to -35.4 °C. All DAP-based 
polymers are not sensitive towards friction as they 



do not show any reaction up to 360 N. Both PDI-
cross linked ETPEs have a shock sensitivity of 15 
J, whereas TPE 1 is slightly more (12.5 J) and 
ETPE 5 less (25 J) sensitive: Thermal 
decomposition of all polymers begins in a close 
range of 214 - 215 °C.  
To prove the qualification of DAP-based ETPEs 
in energetic formulations, a high explosive 
formulation was to be designed, manufactured and 
processed. Of the ETPEs described above, ETPE 
5 was chosen for scale-up and further processing. 
A batch of 100 g was synthesized and analyzed. 
Interestingly, the scaled-up polymer had almost 
twice the weight-average molecular mass and 
polydispersity compared to the small-scale 
synthesis. Accordingly, it forms a slightly more 
rigid rubber. These differences can be explained 
by an inadvertently incorporation of a slight 
excess of TDI, thus increasing the ratio of 
isocyanate to alcohol groups which leads to more 
cross-links in the final polymer.  
The polymer was characterized in terms of 
dynamic mechanical analysis employing an 
oscillating rheometer with a frequency of 1 Hz 
over a temperature range from - 40 to +90 °C. 
Storage and loss modulus are shown in figure 5. 
The moduli drop a factor of 1000 in the glass 
transition region between -30 °C and -10 °C and 
merge to a linear rubbery region up to 90 °C. The 
absence of rubbery flow and liquid flow regions is 
a sign of the semi crystallinity of the ETPE, and 

the slope indicates that only a moderate degree of 
cross-linking is present. No melting point can be 
seen. Heat of combustion of scaled-up ETPE 5 
was determined by bomb calorimetric 
measurements to be -20.68 kJ/g. Elemental 
analysis gives an empirical formula for 100 g 
ETPE 5 of C3.30H4.69N2.69O1.19. 
 

   
Figure 5: Temperature dependent storage- (blue) 

and loss modulus (red) of ETPE 5.  

 

 

 
 

Table 2: PBX formulation 

Component 
 
Mean particle size 
[µm] 

Coarse HMX 
 

340  

Fine HMX 
 

18  

TEX 
 

5  

Graphite 
 
- 

Binder 
 
- 

Content [m-%] 68.6 22.1 4.8 0.5 4 
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PREPARATION AND PROCESSING OF PBX WITH 
DAP  

 

The design of following PBX is inspired by the 
work of AUER et. al, who describe a molding 
powder based on a bimodal system of HMX 
particles that are mixed with a fine, insensitive 
explosive, e.g. TATB[11]. The authors describe that 
coating sensitive HMX with an insensitive 
additive leads to pressed charges with high 
explosive power and low sensitivity against shock 
waves. For this work, TEX (4,10-dinitro,2,6,8,12-
tetraoxa-4,10-diazatetracyclo-dodecane) was used 
as insensitive component besides HMX as main 
explosive. To obtain pressed charges with 
maximum density, particle size distribution was 
optimized by maximizing the tap density of 
mixtures with varying ratio of coarse and fine 
particles. TEX-content was selected to be in a 
range of between 4 and 5 mass-%. After 
optimizing the ratio of coarse and fine HMX 
reactions, fine tuning of the formulation with the 
appropriate amount of TEX was done to 
maximize density. 0.5 % graphite was added to 
the formulation to act as lubricant and reduce 
sensitivity against electrostatic discharge. Two 
PBXs were manufactured and tested, one with 
energetic binder (PBX 2) and one with paraffin 
wax with a melting range of 57 – 60 °C (PBX 1) 
as inert binder to compare explosive and 
sensitivity characteristics. ETPE 5 was chosen as 
energetic binder since its elasticity andphysical 
properties seemed to make it the most suitable of 
all synthesized ETPEs for pressed charges. Binder 
content in each PBX was 4 %. Table 2 shows the 
overall formulation of the manufactured PBXs. 
Each PBX was manufactured using a horizontal 
kneader. The binders were dissolved in 
appropriate solvents and added to the solid 
contents. After intensive kneading and removal of 
the solvent, grey molding powders were obtained. 
SEM micrographs were made to examine coating 
and agglomeration of particles. In the micrograph 
of PBX 1 (fig. 6), a substantial amount of free 
surfaces of HMX crystals is visible which shows 

that paraffin wax does not coat the surface of 
HMX properly. The adhesiveness is not 
satisfactory so that agglomeration hardly occurs 
and isolated small particles, probably TEX and 
paraffin wax, can be seen between coarse HMX 
particles. Crystals exhibit sharp corners and edges. 
In contrast, the micrograph of PBX 2 shows a 
number of large agglomerates with hardly any 
bare fine particles in between. All particles have 
rough surfaces and smooth, rounded corners and 
edges. 
The superior adhesiveness of ETPE 5 leads to 
completely coated particles that stick together in 
clusters up to 4 times larger than those in PBX 1. 
Smoothing of corners and edges results from 
binder coating, and to certain extend from the fact 
that the solvent used is capable of dissolving 
minimal amounts of HMX and thus rounds the 
particles, which favors processing. With a value 
of 6 J, PBX 2 exhibits moderate sensitivity against 
shock whereas PBX 1 does not show reaction at 
impact energies below 15 J. Both are almost 
equally sensitive towards friction with 240 N 
(PBX 1) and 288 N (PBX 2). Stability at elevated 
temperatures and in vacuo were determined 
according to STANAG 4491.Auto ignition, 
measured with heating rate of 5 °C/min, occurred 
in both samples at a temperature of 254 °C. Dutch 
weight-loss tests as well as vacuum stability tests 
show that both PBXs are chemically stable and 
that no unwanted, dangerous reactions between 
the ingredients occur, making them safe for long-
time storage. The theoretical maximum density of 
PBX 1 and 2 was calculated from the particle size 
ratios according to methods described by 
GERBER[12]. PBX 1 has a TMD of 1.803 g/cm³ 
compared to 1.872 g/cm³ of PBX 2 due to the 
higher density of ETPE 5. The plastic-bonded 
explosives described above were processed to 
cylindrical charges of 21 mm diameter using a 
two-sided, remote operated hydraulic press. For 
both molding powders, a press capacity of 87 kN 
(2.5 kbar) was chosen after preliminary tests. The 
compacts of both PBXs have a high density 
compared to their TMD with 99.2 % (PBX 1) and 
97.4 % (PBX 2). 



Figure 6a: SEM micrograph of PBX 2. 
 

Figure 6b: SEM micrograph of PBX 1. 
 

The strength of the cylinders was compared by the 
amount of force needed to manually break them in 
half with a tool. PBX 1 cylinders are relatively 
brittle and break by application of moderate force 
whereas intense effort is needed to break PBX 2 
charges, which have also a slightly higher Shore-
hardness value. 
 
 
EVALUATION OF EXPLOSIVE PROPERTIES 
 
To investigate explosive performance of pressed 
charges, combined VOD- and plate dent tests 
were conducted with two samples for each PBX. 
The charges were constructed of 19 compacts 
enclosed in cardboard tube, yielding an overall 
length of 40 cm. 12 coaxial sensors were placed in 
the central part of the charge, and ignition was 
ensured by a standardized 21 mm HWC booster. 
A massive ST37 steel witness plate was used to 
determine plate-dent test values. Sensitivity 
towards shock waves was determined by a 
modified small-scale test according to STANAG 
4488. Detonation pressures were obtained from 
gap height with a calibration curve. Test results 
are summarized in table 3.  
It can be seen that both formulations have almost 
equal VODs. The formulation with inert binder is 
slightly faster than the one with energetic binder, 
probably resulting from the lower density 
obtained in pressing. 
 
 

Table 3: test results of explosive characterization 

 PBX 1 PBX 2 

VOD [m/s] 8704 8695 

Plate-dent [mm] 4.67 5.25 

GAP-test GO 18 mm (20.4 kbar) 

19 mm (17.2 kbar) GAP-test No-GO  

 
As indicated by the dent depth produced in the 
steel witness plate, PBX 2 develops a significantly 
higher brisance and detonation pressure, but in 
lieu of a calibration curve no absolute values in 
kbar can be given. Both formulations exhibit the 
same sensitivity towards shock waves. PBX 2 was 
expected to be less sensitive because of its elastic 
binder, which should cushion incoming shock 
waves to a certain extent. Increased binder content 
is probably needed for this effect to fully set in.  
 
SUMMARY 
 
In search of new energetic chain extenders for 
energetic thermoplastic elastomers, 
2,2-bis(azidomethyl)propane-1,3-diol (DAP) as 
promising candidate was synthesized in pure form 
for the first time. In contrast to descriptions in 
literature, it is not a liquid at room temperature but 
yields crystals that allowed single crystal X-ray 
measurements. Further characterization has been 
done by vibrational and NMR spectroscopy where 
literature data also was inconsistent. In search for 
an optimized synthetic process, an improved 



work-up process was developed, making it 
possible to obtain pure crystalline DAP without 
the need for special high-power vacuum 
equipment used before. Four different GAP-based 
ETPEs with DAP as chain extender were 
synthesized, and it could be shown that DAP is a 
promising chain extender. It allows tuning of 
mechanical properties of ETPEs depending on the 
desired application, from sticky pastes to rubbery 
flakes. One ETPE was chosen for scale-up and 
processing of pressed explosive charges. REM 
micrography showed that ETPE 5 has superior 
characteristics in coating and agglutinating solid 
particles in the molding powder. Pressing of 
cylindrical compacts yielded explosive charges 
with > 97 % TMD. Characterization of explosive 
properties shows that PBX with ETPE binder has 
comparable detonation velocity but significantly 
increased detonation pressure compared to PBX 
with inert binder. Additional work is currently in 
progress to explore multiple binder systems with 
varying content of DAP and different 
diisocyanates for different applications. 
Additional optimization of binder content and 
pressing parameters is in progress to yield ETPE-
bound pressed charges with higher density, VOD 
and to improve elasticity, resulting in significantly 
lowered shock-sensitivity. 
 
 
 
EXPERIMENTAL PART  
 
All reagents were purchased from commercial 
sources and were, if not otherwise stated, used as 
is. HMX was purchased from Dyno Nobel. TEX 
was purchased from Synthesia. GAP-Diol was 
purchased from SNPE. Infrared spectra were 
measured on a Thermo Scientific Nicolet 6700 
FT-IR using a Durascope Diamond ATR unit. 
Raman spectra were obtained with a Bruker RFS 
100/S with germanium detector. A DSC Q1000 by 
TA instruments was used for DSC measurements. 
TGA was done on a TGA Q 5000 by TA 
Instruments. Elementary analysis was performed 
on an Elementar varioEL cube. Melting points 
were determined on a Büchi Melting Point B-540. 

Particle Size analysis was done on a Malvern 
Mastersizer 2000. 1H and 13C-NMR spectra were 
obtained on a Bruker Advance 400 spectrometer at 
ambient temperature calibrated on residual solvent 
signals. The spectra were recorded at 400 MHz 
for 1H respectively 100 MHz for 13C resonance. 
Single crystal X-ray diffraction data were 
collected using an Oxford Xcalibur3 
diffractometer equipped with a Spellmam 
generator (voltage 50 kV, current 40 mA) and a 
Kappa CCD detector. Data collection was 
undertaken using the Crysalis CCD software 
while structure solving was performed with 
SHELXS-97 and refined with SHELLXL-97. 
Rheology data were determined with an Anton 
Paar MCR 501 rheometer. Calorimetric 
measurements were performed with an IKA C 
2000 combustion calorimeter. A Zeiss Supra 55 
VP was used to obtain SEM micrographs. Gel 
permeation chromatography was performed on a 
Agilent Series 1100 with diode array detector. 
THF was used as eluent on PSS SDV Columns 
and polystyrene standards. Densities were 
measured on a Quantachrome Ultrapycnometer 
1000T.  Shock sensitivity was measured on a 
BAM Fallhammer according to NATO STANAG 
4489[8a], friction sensitivity was determined via a 
BAM friction apparatus according to NATO 
STANAG 4487[8b]. Vacuum thermal stability 
(VTS), automatic explosion temperature (AET) 
and dutch weight loss test were performed 
according to NATO STANAG 4491[13]. 
Sensitivity against shock waves was measured 
with a modified GAP-test according to NATO 
STANAG 4488.[14] Detonation velocity was 
measured with an array of 12 coaxial sensors and 
recorded by an oscilloscope. Tap densities were 
characterized via an Engelsmann STAV II 
volumeter. Explosive formulations were mixed 
and kneaded in a remote-operated IKA Duplex 
HKD 2,5 horizontal kneader. Pressing was 
performed with a remote-operated Hydrap HS 125 
two-sided hydraulic press.  
 
 
Synthesis of 2,2-bis(azidomethyl)propane-1,3-
diol 



 
2,2-bis(bromomethyl)propane-1,3-diol (50.00 g, 
191 mmol) were dissolved in 200 ml DMF. Under 
continuous stirring, sodium azide (49.61 g, 763 
mmol) were added gradually. The reaction 
mixture was heated to 120 °C and refluxed for 24 
h. After cooling to room temperature, the formed 
precipitate was filtered off and washed with 30 ml 
DMF. 100 ml ethyl acetate were added to the 
filtrate and water was added until phase separation 
occured. The mixture was extracted with ethyl 
acetate (5 x 100 ml) and the combined organic 
phases were washed once with 20 ml water. The 
organic phase was dried over MgSO4 and 
evaporated. Solvent residues were removed by 
drying over 24 h with an oil vacuum pump at 
elevated temperatures. After standing at room 
temperature for one day, the resulting oil 
solidified to yield 1 as off-white, oily crystals 
(25.53 g, 130.3 mmol, 72 %).  
1H NMR (CDCl3): δ (ppm) = 3.62 (d, J = 4.3 Hz, 
4 H), 3.42 (s, 4H), 2.82 (s, 2 H). 13C NMR 
(CDCl3): δ (ppm) = 63.4, 51.6, 44.8. IR: ν (cm−1) 
(rel. int.) = 3219 (m), 2943 (w), 2925 (w), 2101 
(vs), 1461 (w), 1441 (m), 1382 (w), 1361 (m), 
1273 (m), 1219 (w), 1145 (w), 1047 (m), 1030 (s), 
1007 (m), 944 (m), 889 (m), 667 (m).  
Elementary analysis (C5H10N6O2):  
calc:  C, 32.26; H, 5.41; N, 45.14; O, 17.19. 
Found: C, 31.98; H, 5.46; N, 43.96.  Mass 
spectrometry: m/z (DEI+): 187.2 [M+H]; 159.2 
[M+H-2N]; 129.2 [M-4N]; 98.2 [M-4N-2OH]. 
Melting point: 32.0 °C. Sensitivities: Friction: 
324 N, Impact: 25 J. DSC (onset, 5 °C min-1): 
TDec: 198.2 °C.  
 
 
Scaled-up Synthesis of ETPE 5 
 
GAP diol (74.993 g, 31.78 mmol) was diluted in 
300 ml dry THF. A solution of 1 (10.064 mg, 
54.06 mmol) in 50 ml THF was added. 
Toluenediisocyanate (14.944, 85.89 mmol) and 
0.4 ml of DBTL were added. The reaction mixture 
was stirred under nitrogen atmosphere for 48 h, 
the solvent evaporated and the resulting gel dried 

in a vacuum oven for 2 days. ETPE 5 was 
obtained as clear yellowish, highly viscous gel.  
1H NMR (CDCl3): δ (ppm) = 7.78 (br. s.), 4.99 (br. 
s.), 4.06 (br. s.), 3.17 - 3.81 (m), 2.86 (s), 2.55 (s), 
2.12 (br. s.), 1.73 - 1.81 (m), 1.64 (s), 1.18 (s). 13C 
NMR (CDCl3):  δ (ppm) = 78.7, 69.6, 51.7, 41.0. 
IR: ν (cm−1) (rel. int.) = 3324 (w), 2922 (w), 2875 
(w), 2091 (vs), 1732 (m), 1600 (w), 1532 (m), 
1445 (w), 1277 (m), 1221 (m), 1113 (m), 1065 
(m), 1000 (w), 936 (w), 900 (w), 818 (w), 764 
(w), 668 (w). DSC (onset, 5 °C min-1): TDec: 214.5 
°C; Tg: -31.5 °C. Elementary analysis: calc: C, 
41.36; H, 4.78, N, 37.06. Found: C, 39.61; H, 
4.73; N, 37.72. Sensitivities: Friction: >360 N, 
Impact: 17.5 J. 
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