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Abstract: The major combustion products from munitions
containing nitro-based propellants are water, carbon mon-
oxide, carbon dioxide, hydrogen, and nitrogen. In addition,
compounds including hydrogen cyanide, ammonia, meth-
ane, nitrogen oxides, benzene, acrylonitrile, toluene, furan,
aromatic amines, benzopyrene, and various polycyclic aro-
matic hydrocarbons are detected in minor concentrations.
The literature shows that the thermodynamic prediction of
the major decomposition products agrees fairly well with
the measurements. However, poor agreement is found for
the minor species. We have studied the thermal decompo-
sition products of the main gunpowder ingredients. Each
of the components nitrocellulose, nitroglycerine, and the
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nitrate ester stabilizers diphenylamine and ethyl centralite
were thermally decomposed with ReaxFF reactive force
field molecular dynamics and equilibrium thermodynamics.
The molecular dynamics results for the major decomposi-
tion products from nitrocellulose were partly consistent
with measurements. Compared to the thermodynamic cal-
culations, the molecular dynamics simulations agreed con-
siderably better with experimental results for minor species
like hydrogen cyanide. The nitrate ester stabilizers are the
main sources for ammonia and aromatic combustion prod-
ucts, whereas hydrogen cyanide is produced from nitrocel-
lulose as well as from the stabilizers when gunpowder is
combusted.

- Combustion products

1 Introduction

Decomposition products from firing weapons with conven-
tional nitro-based propellants are highly complex mixtures
of gases, vapors, and particles. In addition to the major oxi-
dation products (H,O, CO, CO,, H,, and N,) low levels of nu-
merous compounds including HCN, NH,;, CH, nitrogen
oxides, benzene, acrylonitrile, toluene, furan, aromatic
amines, benzopyrene, and other polycyclic aromatic hydro-
carbons have been identified in emission from M16 rifle
using nitro-based propellant [1]. Indeed, many of the iden-
tified chemical species have. known toxicological issues,
and even mutagenic effects [2,3]. It has been suggested
that aromatic and/or nitroaromatic amines are responsible
for the mutagenic activity [2]. In a similar manner as potent
aromatic hydrocarbons are formed from diesel exhaust, it
has been suggested. that-propellant ingredients like nitro-
cellulose, nitroglycerine, centralite |, diphenylamine, potas-
sium nitrate, phthalates and graphite may produce nitroar-
omatic amines in the open-air burning, whereas aromatic
amines are generated in the reducible atmosphere of the
guns [4]. Volk et al. measured the reaction products from
a double base propellant and found that the formation of
HCN was dependent on the pressure. At high pressure, no
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HCN was measured, while at low pressure a significantly
amount of HCN was detected [5].

Pyrolysis has been used to study the decomposition
products from energetic materials such as nitrocellulose
and nitroglycerine [6,7]. Cropek et al. performed qualitative
pyrolysis experiments of the individual components that
are common in gunpowder [8]. These experiments show
that nearly all the incompletely decomposed products are
remnants of additives and not from the main energetic
components in gunpowder. Benzene, phenol, and nitroaro-
matic compounds are typically the incomplete decomposi-
tion products from the stabilizer 2-nitrodiphenylamine.

The major combustion products of most propellants are
classified as (a) tissue asphyxiants (CO, NO, and HCN), (b) ir-
ritant gases such as NH;, NO,, NO, SO,, HCl, and (c) inhaled
metal particles such as lead, copper, and zinc, which main
source may be the projectile, and to some extent the
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primer and the propellant. The absorption of gases de-
pends mainly on their solubility in the aqueous layer lining
the mucosa in the upper and lower respiratory tracts. HCN
leads to cellular asphyxia by interfering with the cell’s cyto-
chrome oxidase system. Due to its high water solubility,
ammonia is an upper respiratory tract, eye, and skin irritant
[9].

Due to the conditions of very high temperature and
pressure it is a challenge to understand the decomposition
and subsequent reactions of high-explosive materials in in-
bore propellants decommission. Several computer models
are available to predict the composition of combustion
products at steady state conditions (thermodynamic equi-
librium). The prediction of the major chemical species
agrees fairly well with the measurements. The concept of
frozen equilibrium appears to apply only for N,, H,, CO, and
CO, (at around 1500-1800K) [10,11]. However, there is
a rather poor agreement for the minor species, which are
produced during decomposition, especially the organic
compounds. It has been shown that the experimental re-
sults for NH; and HCN are several orders of magnitude
higher than their thermodynamically calculated concentra-
tions [11]. Overall, the theoretical concentrations of trace
species based on thermodynamic equilibrium in combus-
tion appear to be less important.

Molecular dynamics (MD) can be used to study situations
different from steady-state conditions. The fundamental
input in MD simulations is the atomic interactions, which
are described from first principles by quantum.-mechanics
(QM). One computational approach is to perform a number
of density functional theory (DFT) calculations to compute
interatomic forces quantum mechanically, in. parallel with
a classical calculation of the position. time history of the
atoms. MD is capable of revealing changes in the atomic
and electronic structures that may not be captured by
steady-state calculations [12-15]. Unfortunately, DFT based
MD methods are so far computationally too demanding to
describe most processes, where chemical reactions are in-
volved. Studies have been most useful for understanding
unimolecular and simple bimolecular processes of. small
molecules. It is notable that classical force fields can be
used to describe the energy, structures, and vibrations of
molecular systems. However, classical force fields cannot be
applied to calculate chemical reactions, thus limiting the
method’s range of applicability.

The limitation of DFT based MD and classical force fields
has to some extend been overcome by the development of
reactive force field*molecular dynamics (ReaxFF-MD), which
is able to describe chemical reactions in a computationally
efficient way [16-23]. The ReaxFF-MD concept was intro-
duced by Tersoff in 1988 [24]. Using the concept of partial
bond order as base the ReaxFF-MD enables MD simulations
at computational costs nearly as low as those for classical
force fields. A fundamental difference between the ReaxFF-
MD and unreactive force fields is that ReaxFF-MD does not
assume a fixed connectivity assignment for the chemical
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bonds. Instead, the bond order is calculated from the in-
teratomic distances which are changing continuously
during the dynamics.” ['The energy of the system is de-
scribed as the sum of various energy distributions. It can
be divided into three parts: (a) covalent interactions
(bonds, angles, and torsion) based on the concept of bond
order, (b) coulomb forces between all atom pairs, (c) van
der Waals forces between all pairs of atoms.]. This allows
for the creation and dissociation of bonds during a simula-
tion. The parameters of the inter-atomic potentials are
“trained” to best-fit thousands of DFT calculations on small
clusters of various atomic species combinations.

The parameters of the nitramines are, for instance, based
on a large number of ab.inito QM calculations. More than
40 reactions and. 1600 molecules have been used. The
major problem iis whether the potential energy expression
in ReaxFF-MD/ can produce reasonable dynamics on sys-
tems outside its training set. ReaxFF-MD is now in practical
use for studying high-temperature and high pressure MD
of realistic and chemically reacting systems. It has been ap-
plied to describe the thermal decomposition of RDX
[21,25], TATP [18], PETN [26], TATB, and HMX [22]. ReaxFF-
MD predicts that by 30 ps (pico seconds) TATB decomposi-
tion initiates the formation of large carbon clusters, where-
as HMX decomposition leads almost directly to small-mole-
cule products. This is in full.agreement with experimental
observations and demonstrates that ReaxFF-MD is a viable
method. Diao et al. [27] used the same force field to simu-
late thermal decomposition of epoxy resins, which is a non-
energetic molecular system.

The objective of this study was to quantitatively deter-
mine the thermal decomposition products of the compo-
nents in gunpowder. Nitrocellulose, nitroglycerin, diphenyl-
amine, and ethyl centralite were separately thermally de-
composed in.molecular dynamics simulations. The results
are compared with thermodynamic calculations and pyroly-
sis experiments. Particular emphasis is placed on toxic spe-
cies like HCN, NH; and aromatic hydrocarbons, but other
common decomposition products are also studied. Section
two presents the basis for the theoretical calculations and
the pyrolysis experiments. The results from the calculations
and experiments are discussed in Section three and Section
four concludes.

2 Computational Details

Molecular dynamics simulations were performed with the
ADF ReaxFF version 2010.02 software [17]. The two main
ingredients in double base gunpowder, nitroglycerine (NG)
and nitrocellulose (NC), and two common nitrate ester sta-
bilizers, diphenylamine (DPA) and ethyl centralite (EC), were
thermally decomposed using the ReaxFF-MD. We created
a model molecule of NC (14.0% N) consisting of five re-
peating units (Figure 1). The molecule chain is terminated
with an OH group at each end. Model molecules of NC
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Figure 1. The NC model molecule (14.0% N).

with 12.9% N and 11.6% N are also used in the simulations.
These molecules have two and four ONO, groups, respec-
tively, substituted with OH. The NG, NC, DPA, and EC mole-
cule structures were optimized by using the Gaussian09
software with the semi-empirical method PM6 [28].

The simulations were performed at three temperatures
(2000 K, 3000 K, and 4000 K) and four states (1-4) with the
densities of 1140kgm™3, 292kgm™, 59kgm~3 and
2.6 kgm™ in order to study how temperature and density
influence the formation of decomposition products. These
densities correspond to the density in the solid phase, the
peak gas density in the gun barrel (chamber pressure), the
density when the bullet leaves the barrel and finally, the
density at atmospheric pressure.

The optimized structure of 43 DPA molecules was placed
in a 3.5 nmx3.5 nmXx3.5 nm box in ReaxFF-MD. This corre-
sponds to a density of 292 kgm™, equivalent to the cham-
ber pressure in the gun. In order to simulate the thermal
decomposition, we performed an energy minimizing of the
system at 0 K. The temperature of the system is increased
from 0K to the target temperature. The heating rate was
2 K per fs and the system was simulated for 250 ps. The
ReaxFF-MD NVT simulations applied . the Velocity Verlet
method with the Berendsen thermostat and a damping
constant of 100 fs for temperature control. The same pro-
cedure and simulations were performed for NG, NC and EC.
For NG and EC, there were 33“and 28 molecules in the box,
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respectively, whereas 25 units (i.e. five model molecules)
were used for NC. The numbers of molecules in the boxes
were kept constant, while the volumes of the boxes were
changed according to the different densities. For the ther-
modynamic calculations, we used the CEA code [29].

Pyrolysis experiments were carried out by heating 0.2 g
sample with two gas burners in an argon-filled reaction
bottle. A condenser was connected to the bottle. The de-
composition products were transferred by an argon gas
flow of 100 mLmin~" from the reaction bottle and into
a 55-liter container to dilute the sample. A Gasmet DX4000
FTIR was used for quantitative analyses of the decomposi-
tion products (CO, N,O, NO, NO,, NH;, CH,, HCN, H,0) in
the gas tank. In the pyrolysis experiments, DPA and EC
were used as received from Sigma-Aldrich.

3 Results and Discussion
3.1 Steady State Results (Thermodynamic Equilibrium)

Table 1 shows the gunpowder composition. Moxnes et al.
[11] show that measured values are 1-2 orders of magni-
tude larger than the equilibrium concentrations for HCN
and NH; in state 3, and many orders of magnitude higher if
we compare with the theoretical results in open space
(state 4).

Without the two stabilizers'the amount of HCN is signifi-
cantly lower, see Figure 2. In state 4, the thermodynamic

Table 1. Gunpowder composition.

Ingredients Powder 1/mass %
Nitrocellulose 74-77
Nitroglycerine 13-16
Diphenylamine 1.2

Ethyl centralite 5.5

N Powder 1

m Powder 1 (Without
DPA and EC)

7% Experiment

| -

5 1000 %

e W -

¥4 8 -

51004\ \\\ %

2 10 %
1 L

2 3 4
Thermodynamic state

Experiment FFI

Experiment

[11] Ase et al. [1]

Figure 2. Calculated equlibrium concentration of HCN during a gunshot in state 2, 3, and 4, compared with experimental results. The tem-
perature and density in state 2 are 3000 K and 292 kgm 3, in state 3, 1830 K and 59 kgm 3, and in state 4, 298 K and 2.6 kgm 3, respective-

ly.
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Figure 3. Mass of HCN per gunshot in state 2. Thermodynamic calculation, ReaxFF-MD simulation, and experimental results are compared.

The temperature and density in state 2 are 3000 K and 292 kg m~>.

analysis gives insignificant amounts of HCN. In the gun
barrel, the temperature varies from 1800 K to 3000 K. The
concept of frozen equilibrium appears to apply only for N,,
H,, CO, and CO, (freezing temperature 1500-1800 K)
[10,11]. For HCN, however, the experimental measured con-
centration is higher than any calculated equilibrium con-
centration in the gun barrel. The concept of frozen equilib-
rium does not apply at any temperature (below 3000 K). To
study this difference, we applied the ReaxFF-MD.

3.2 ReaxFF-MD and Thermodynamic Results

By using ReaxFF-MD we separately decomposed NC, NG,
DPA, and EC thermally. It is seen from Figure 3 that NC,
DPA and EC generate HCN during the decomposition pro-
cess. The weight proportions of NC, DPA and EC are equiva-
lent to the proportions in the gunpowder. Due to NG mo-
lecular structure and oxygen balance, insignificant amounts
of HCN were formed in the thermal decomposition simula-
tion of NG (data not shown). This result is in agreement
with pyrolysis experiments [7].

If we add the amount of HCN.generated from the sepa-
rate decompositions by using ReaxFF-MD, we end up with
around twice as much HCN as measured in experiments.
The thermodynamic analysis. gives a value seven times
lower than measured, even if we use a freezing tempera-
ture of 3000 K. Thus, the ReaxFF-MD results do not match
the thermodynamic 'results. Naturally, the comparisons
have some limited validity since the gun powder ingredi-
ents are decomposed. separately. We could not use ReaxFF-
MD to simulate the thermal decomposition of the gunpow-
der with all four ingredients simultaneously because of
computational capacity. However, separate ReaxFF-MD cal-
culations give information about which substances may be
the main sources of HCN and other toxic compounds in
gunpowder.

We have studied how the number of molecules, simula-
tion time, temperature, and density will affect the amount
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of HCN and of the other main decomposition products.
The number of HCN molecules generated during the de-
composition depends somewhat on the number of NC
molecules in the starting configuration (Figure 4). It is
formed between 0.06 and 0.12 HCN molecules per unit NC.
Changing the initial number of molecule for NG, DPA, and
EC has only minor influence on the simulation results.

The degree of nitration of NC may vary. The amount of
HCN formed when NC decomposes will depend upon the
degree of nitration (Figure 5).

Figure 6 shows the major decomposition products from
NC. After about 100 ps, the number of the decomposition
products is relatively stable, showing that a simulation time
of 250 ps will be sufficient.

In Figure 7 the thermal decomposition products from NC
are compared with experimental data. The experimental
data were obtained from pyrolysis carried out at atmos-
pheric pressure [6]. At a density of 292 kgm™, the simulat-
ed amounts of CO and CO, are fairly in agreement with ex-
perimental data. There is also partial agreement with NO,
while the agreement is relatively poor for CH,O, H,O, and
HCN. Thermodynamic equilibrium calculation agrees well
for CO and CO, when compared against experimental data.
However, these calculations predict negligible concentra-
tions of HCN, CH,0O, NO, and NO, at 3000 K.

The ReaxFF-MD simulation of decomposition of NG is
not as good as for NC, except for the amount of NO
(Figure 8).

Decomposition of the nitrate esters starts in the solid or
liquid phase and continues further in the gas phase. In
these simulations, the initial configurations are chosen so
that the entire decomposition process occurs in the gas
phase. It was also attempted to calculate the NC and NG
thermal decomposition in the solid phase. However, it was
not possible to find a stable initial configuration. The
system reacted even at the temperature 0 K. We used Pack-
mol, which is an application in the ReaxFF software to find
a starting position for the molecules [30]. In reference [26]

Propellants Explos. Pyrotech. 2014, 39, 1-12

Dette er en postprint-versjon / This is a postprint version.
DOl til publisert versjon / DOI to published version: 10.1002/prep.201300198


www.pep.wiley-vch.de

Calculation of Decomposition Products from Components of Gunpowder

0,14

0,12

0,1

0,08 |

0,06

0,04

Number of HCN molecules/unit NC

0,02

Propellants,
Explosives,
Pyrotechnics

25 units
=100 units
200 units

0 50 100 150

Time (ps)

200 250 300

Figure 4. The number of HCN molecules per NC unit for different number of NC units in the starting configuration. The density

(292 kg m~3) and temperature (3000 K) correspond to state 2.
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Figure 5. The number of HCN per NC unit for various nitration levels of NC. The temperature and density in state 2 are 3000 K and

292 kgm~3, respectively. 100-NC units were used in the simulation.

the crystal structure for PETN was used as the starting con-
figuration for ReaxFF simulations. Therefore, we may need
to apply the exact crystal structure of NC and NG in order
to find a stable initial configuration in the solid phase.
Figure 9 shows the formation of HCN from the decompo-
sition of DPA for different temperatures. At 2000 K, 250 ps
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is a too short simulation time since the level of HCN is
rising and not being at steady state. The dotted lines in
Figure 9 are thermodynamic equilibrium calculations at
3000 K and 4000 K. These results are consistent with
ReaxFF-MD results at the same temperatures.
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Figure 6. The number of decomposition molecules per NC unit. The density (292 kgm3) and temperature (3000 K) correspond to state 2.

25 NC units were used in the starting configuration of the simulation.
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Figure 7. The molar fraction of decomposition products from NC.
The density (292 kgm=?) and temperature (3000 K) correspond to
state 2. The same density and temperature are used in the thermo-
dynamic equilibrium-calculation. The experimental results are from
Hiyoshi et al. [6].

The formation of HCN by thermal decomposition of DPA
is clearly dependent on the density in the first part of the
decomposition process as shown in Figure 10. However,
after 250 ps the number of HCN molecules is approximately
at the same level for the different densities. Thermal de-
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Figure 8. The molar fraction of decomposition products from NG.
The density and temperature are 292 kgm~ and 3000 K, respec-
tively. The same density and temperature are used in the thermo-
dynamic equilibrium calculation. The experimental results are from
Roos et al. [7].

composition of EC shows dependency on temperature and
density (Figure 11 and Figure 12). DPA generates around
0.3 molecules HCN per molecule DPA, and EC decomposi-
tion gives about 0.8 molecules HCN per molecule EC. Thus,
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Figure 10. The number of HCN molecule per molecule DPA at various densities. The temperature is 3000 K.
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Figure 13. The molar fraction of decomposition products at various densities (2.6, 292 and 1140 kg/m?). The temperature was 3000 K.

these stabilizers can be a source for HCN in the combustion
gas from gunpowder.

Moxnes et al. measured the amount of NH; from a rifle
shot to be 11 mg per gram propellant [11]. Neither NC nor
NG forms any NH; during the decomposition simulation in
ReaxFF. On the other hand, NH; is formed as an intermedi-
ate during the decomposition simulation of EC. The maxi-
mum value of NH; in the simulation was one NH; molecule
per five molecules EC. After 250 ps no NH; was present. De-

0,8
0,7
0,6
0,5
0,4
0,3

0,2 !

0,1

o

Number of decomposition molecules/molecule DPA

composition of DPA with ReaxFF-MD generated one NH;
molecule per 50 molecules DPA after 250 ps.

We have performed pyrolysis experiments, where DPA
and EC were thermally decomposed. DPA evaporated with-
out any decomposition because no HCN or any other de-
composition product was measured by FTIR. HCN and NH,
are generated in the pyrolysis of EC. In Figure 13 the results
for EC are compared with ReaxFF-MD simulations. We ob-
served significant discrepancies between measurements

C6H5
= C6H6
e C6H5N
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Figure 14. The number of aromatic decompositions molecules per molecule DPA. The temperature is 3000 K and the density is 292 kgm .
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Figure 15. The number of aromatic decomposition molecules per molecule EC. The temperature is 3000 K and the density is 292 kgm .

and simulations. This may be partly explained by vaporizing
of EC. Furthermore, we measured more CH, than what si-
mulated values predicted. The reason for this may be that
aromatic decomposition products flowed down from the
condenser and into the reagent bottle, which was heated
by gas burners. This continued until the aromatic com-
pounds were decomposed.

By simulating the thermal DPA decomposition, the main
products are phenyl radical (C¢Hs), benzene (CHe), and aza-
nylbenzene (C¢H;N),.as shown in Figure 14. We also found
a variety of aromatic species, but in minor amounts only.
However, the simulations show that most of the aromatics
degrade to hydrocarbon clusters, H,, HCN, amines, and
small hydrocarbon species.

Ase et al. [1] measured the amount of benzene generat-
ed from a shot from an 'M16 rifle to be 0.17 mg per gram
propellant. The propellant contained 0.75-1.5% DPA (and
3-6% dibutylphtalate), and the corresponding molar ratio
benzene/DPA is therefore typically 1:25. This value is signif-
icantly lower than what is displayed in Figure 14. However,
in order to compare the data from Ase etal. [1] with
ReaxFF-MD results all the gunpowder ingredients have to
be decomposed simultaneously.

EC decomposes thermally to phenyl radical (CH;), ben-
zene (CgHg), and isocyanatobenzene (C,HsNCO) and these
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products are further broken down to hydrocarbon clusters,
CH,, CO, HCN, H, and other small hydrocarbon molecules.
Benzene is stable throughout the simulation time as seen
in Figure 15.

4 Conclusions

Substance emissions produced by firing weapons with
nitro-based propellants are in general highly complex mix-
tures of gases, vapors, and particulate substances. The mea-
sured HCN concentration from a gunshot is several orders
of magnitude larger than any of their thermodynamically
calculated concentrations anywhere in the gun barrel. By
applying ReaxFF-MD calculations on nitrocellulose and the
stabilizers in the gunpowder, we have found concentration
levels in fair agreement with experimental results and to
some extend consistent with thermodynamic calculations.
We conclude that the concentrations of HCN are frozen in
at high temperatures and not from the thermodynamic
equilibrium conditions in the gunpowder gases. Thus, the
concept of frozen non-equilibrium can be constructed. The
stabilizers diphenylamine (DPA) and ethyl centralite (EC)
seem to be essential for emission of HCN, NH;, and ben-
zene.
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Abbreviations

DPA - Diphenylamine (C;,H;;N)

EC -

Ethyl centralite (C,,H,oN,O

HMX - Cyclotetramethylene tetranitramine (C,HgNgOg)
NC - Nitrocellulose (C4H,N50;;)

NG

- Nitroglycerine (C;HsN;0,)

PETN - Pentaerythritol tetranitrate (CsHgN,0O;,)

RDX - Cyclotrimethylene trinitramine (C;HgNOg)
TATB - 1,3,5-Triamino-2,4,6-trinitrobenzene (CgHgNOg)
TATP - Triacetone triperoxide (CgH;505)
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