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Abstract

Sensitive energetic materials are an issue for military and civilian applications. To prevent
undesired explosions, sensitive energetic materials are embedded in a protective polymer,
resulting in polymer-bonded explosives (PBX). The appropriate polymer will absorb part of the
energy caused by stimuli such as shock, impact, friction and heat, thus decreasing sensitivity. To
investigate how an appropriate polymer absorbs energy, three PBX models were simulated using

molecular dynamics. The COMPASS force field implemented in the Materials Studio software
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was used. Molecular dynamics simulations were performed for three RDX-based formulations in
which a single polymer chain (HTPB, ESTANE or EVA) was placed at the boundary surface of
an RDX crystal. Simulations were carried out at high temperature (700K) and high pressure
(15GPa). Resulting models were analyzed in terms of potential energy increase, energy
distribution and values of the different potential energy contributions for RDX/HTPB,
RDX/Estane and RDX/EVA. The polymer binders HTPB, Estane and EVA in such PBX
formulations absorbed between 24 and 31% of internal energy respectively, thereby making less
sensitive PBXs formulations than pure RDX. This percentage is proposed as an indicator key for
experimentalists to determine the most efficient polymer that can be used, for a given explosive,
to minimize munition sensitivity. A clear correlation is established between the calculated
absorption of internal energy by polymers and experimental sensitivity values for the three
formulations studied under extreme experimental conditions. This approach may be applied to

other new formulations prior to testing them in laboratories.



1. Introduction

Over the last three decades, there has been an increase in undesirable detonations of explosives
across the world (Small Arm Survey, 2012) and these have severe consequences in terms of loss
of lives and equipment. These detonations have been mostly related to the transportation, storage
and handling of excessive quantities of explosives. This has led to significant research effort to
develop explosives that are less sensitive to stimuli. Sensitivity is defined as the ease with which
an explosive can set off (Agrawal, 2010). Many types of stimuli can initiate an explosive
detonation, for instance shock, impact, heat, friction and electrostatic discharges (Field, 1992).
Explosives molecules are often crystalline substances that can be embedded in a protective
polymer coating whose role is to absorb the energy of a shock wave resulting from a stimulus.
Blends of explosives and polymers, designated as polymer-bonded explosives (PBXs), are used
in various applications such as demolition explosives or warhead high explosives (Daniel, 2006).
If the energy or a part of it does not reach the energetic crystals, initiation does not occur,

significantly reducing the sensitivity of the explosive.

Research on reduced sensitivity explosive formulations is a slow and expensive process, due to
explosion hazards. Understanding and predicting explosives sensitivity has therefore drawn the
attention of many research groups (Abou-Rachid et al., 2008; Jaidann et al., 2008; Li et al.,
2011a,b; Politzer and Murray, 2003; Qiu et al., 2007; Xiao et al., 2008; Xu et al., 2006, 2007,
Zhu et al., 2009). Molecular modeling and simulations of explosives provide a useful approach
to understanding the problem (Mathieu, 2013; Mathieu and Alaime, 2014). Although these
methods cannot quantitatively predict the sensitivity of explosives, correlations could be

established between experimental sensitivity measurements and parameters estimated from



simulations. These correlations have already shown to offer some physical insights regarding the
sensitivity of explosive crystals (Belik et al., 1999, Chaoyang et al., 2005, Jun et al., 2006,
Kamlet and Adolph, 1979, Rice and Hare, 2002). In most of the reported work, only the
explosives crystals were studied, whereas most current explosives, such as PBXs, are complex,
multiphase mixtures (Agrawal, 2010). The interface between the energetic crystals and the
protective polymer/plasticizer, to which various additives can also be added, have been the
object of only a few computational studies using the molecular mechanics approach. (Abou-
Rachid et al., 2008; Brochu et al., 2013; Jaidann et al., 2008, 2009; Li et al., 2011, Qiu et al.,
2007; Xiao et al., 2008; Xu et al., 2006, 2007; Zhu et al., 2009) Molecular modeling has not been
used as yet to investigate the sensitivity of PBX. Because of the lack of predictive methods for
sensitivity, most research in polymer-bonded explosives is still mostly based on long, expensive
and hazardous testing methods. Developing a modeling tool to predict sensitivity of complex
formulation such as PBX would limit expensive and dangerous experimental work by pre-
screening possible material candidates thereby limiting the number of test required in the

development of insensitive energetic materials.

There is consensus in the energetic materials community that detonation of an explosive starts
within an area of high thermal energy called hotspot (Czerski and Proud, 2007). An energy
stimulus must be converted into heat for a hotspot to occur (Bowden and Yoffe, 1952). To start a
detonation, the specific area that will become a hotspot must last between 0.1 to 10 pum and the
energy must be concentrated in an area between 10 ps to 1 ms. The temperature must be
maintained at around 700 K. The hotspot formation probability depends on many factors such as
the type of explosive, the size of the energetic crystals (when the energetic molecule is

crystalline) and the nature of the polymer matrix covering the explosive. Many mechanisms have



been proposed and described in the literature regarding a hotspot formation, and are still the
object of much debated discussions. Proposed mechanisms include adiabatic compression of
gases by rapid collapse of gas bubbles (Chaudhri and Field, 1974; Coley and Field, 1973),
friction between crystals, internal surface or extraneous grit particles (Bowden and Yoffe, 1952;
Rideal and Robertson, 1948), shear band formation (Afanas'ev and Bobolev, 1970), heating of
crack tips or dislocation pileups (Coffey, 1981), along with many others (Field, 1992, Field et al.,

1982).

Most mechanisms explaining hotspot formation involve changes at the microscopic and
molecular scale. Molecular dynamics (MD) simulations can be a useful tool to capture effects at
this scale. In this work, an approach based on analysis of how energy is distributed in the
explosive following specific stimuli is proposed. The goal is to understand how the polymers
affect the energy distribution at the molecular level. Changes are occurring at very short times in
the plastic regime, before the energy reaches the explosive crystal. Understanding how the
energy is distributed in the polymer in the vicinity of an explosive crystal could lead to

determining sensitivity of specific formulations.

The determination of the sensitivity of most common explosive crystals experimentally is very
well documented and could be used to validate the appropriateness of the models. In this work,
model systems were chosen with respect to data availability. Three different models of the
interface between an amorphous polymer, with or without plasticizers depending on available
experimental data, were chosen. In all cases, the explosive crystal was 1,3,5-trinitro-1,3,5-
triazinane (RDX), given that it is the most common energetic molecule used in explosives. The
three models consisted of a different amorphous polymeric phases, hydroxy-terminated
polybutadiene (HTPB) plus dioctyladipate (DOA) plasticizer, Estane® and ethyl vinyl acetate
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(EVA). These were considered based on their military use, their chemical composition, the fact
that they had different chemical structures and the availability of experimental data. Simulations
were carried out on models at temperatures and pressures corresponding to reasonable
experimental hotspot formation conditions. The different potential energy contributions were
analyzed to reveal energetic changes induced by these stimuli at short timescales, leading to a

better understanding of the behavior of PBXs.

2. Methodology

The simulations were performed using the Materials Studio (MS) 4.3 software (2008). The force
field used throughout this work was COMPASS (Condensed-Phase Optimized Molecular
Potentials for Atomistic Simulation Studies) (Sun, 1998). COMPASS is a class II ab initio force
field conceived to represent the interactions in condensed materials. In the optimization of this
force field, specific attention was given to the energetic materials, functional nitro (Yang et al.,
2000) and nitrate esters groups (Bunte and Sun, 2000). The COMPASS force field is therefore

well parameterized and suitable for the formulations studied in this work.

Minimizations were carried out using the Smart Minimizer approach of Materials Studio. This
approach consists of three successive minimization steps that use steepest descent, conjugate
gradients and a Quasi-Newton Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization. Non-
bonded interactions calculations were truncated at 0.95 nm using a spline width of 0.Inm and

buffer width of 0.05 nm. Periodic boundary conditions were imposed.

MD simulations were carried out using two different ensembles depending on the chosen stimuli.
NVT (constant number of atoms, volume and temperature) and NPT (constant number of atoms,

pressure and temperature) ensembles were used. The temperature and pressure were controlled



using the Andersen method (Andersen, 1980). The velocity-Verlet method was used to integrate

the Newton equation with an integration time step of 1 fs.

To build a cell representative of the most common PBX formulations, the technique used was the
same that was defined by our group (Brochu et al., 2013). PBX formulations were built by
superimposing a crystalline RDX layer onto an amorphous cell containing the polymeric chain
and the plasticizer, when used. The resulting cell was then submitted to a series of
compression/minimization steps small enough to keep the crystal cell structure, as verified by
radial distribution function calculations. The compression/minimization simulations were run
until a minimum energy cell was obtained. Two cells of each of the three formulations were built
in order to insure simulation reliability. Results presented throughout this article are the average
of these two cells unless otherwise stated. The resulting cells were used as a starting point to

carry out simulations at high temperature and high pressure.

The crystalline RDX layer was built using atomic positions and cell dimensions of the crystal
structure experimentally determined by Choi and Prince (1972). RDX crystallizes in the
orthorhombic space group Pbca with a=13.182 A, b=11.574 A and ¢ = 10.709 A. The unit cell
contained eight RDX molecules. The crystalline layer was defined as a combination of 18 unit
cells combined in a single 3x2x3 array cleaved at the (2 0 0) plane. The (2 0 0) plane was chosen
because it is most commonly observed at the surface of the solution-crystallized RDX crystals

(van der Heijden and Bouma, 2004).

The amorphous phase was built using a single polymeric chain under periodic boundary
conditions, instead of numerous small molecules, in order to investigate configuration changes of

the chain when submitted to stress. The use of a single chain is proposed to better represent



realistic explosives, as plastic chains are normally cross-linked with PBXs. This chain was
inserted in a large cell under periodic boundary conditions to simulate an infinite layer of
amorphous material. For HTPB, this chain was 80 repeated units long, with a molar mass of
4 354 Da, with proportions of 60% trans, 20% cis and 20 % vinyl butadiene groups with
hydroxyl end-groups. Eight molecules of the DOA plasticizer were added to the HTPB models to
reproduce the experimental formulation of this specific PBX. The Estane chain is composed of
six groups each one composed of five successive ester monomers and one urethane monomer
(5/1 proportion), with one hydrogen and one methyl end-group, for a total molecular weight of
8,056 Da. The EVA chain was composed of 160 ethyl repeat units and 40 vinyl acetate repeat
units (80/20 proportion) with two hydrogen end-groups, for a total molecular weight of 7,920
Daltons. All polymers were generated using the Amorphous Cell code which is part of the
Materials Studio package and are based on the modified self-avoiding walk procedure stemming
from the Theodorou-Suter and Meirovitch methods (Meirovitch, 1983; Theodorou and Suter,
1986). Despite the fact that this procedure does not take into account the entropy effect
(Matheson, 1987), reaching the mechanical equilibrium helps to overcome this issue (Metatla
and Soldera, 2011). The target density was fixed to 0.90 g/cm” at 298K, which is the
experimental density of military-grade HTPB (Sartomer Company, 2011). Cell parameters a and

b were fixed to fit with the size of the crystalline layer.

To build the final PBX models, the amorphous cells selected for each polymer (HTPB-DOA,
Estane or EVA) were superimposed to the previously constructed crystalline layer using the
Materials Studios Layer Building Tool. The unit cell is elongated along the z axis (unit c

parameter) to allow it to house the full polymer chain (this corresponded to approximately



doubling the ¢ parameter). The crystalline cell is then placed on top of the amorphous cell, and

the ¢ parameter of the resulting supercell is taken as the sum of the two superimposed unit cells.

Segmental loops extend away from the polymer layer when the chain is isolated, as is shown in
Fig. 2. This operation results in the inclusion of empty spaces. When the crystalline and
amorphous layers are joined, the resulting supercell is not at the correct experimental density and
a series of compression/minimization steps was performed, as shown in Fig. 3, to provide a more
realistic formulation with a density that corresponds to the mechanical equilibrium (Zhu et al.,
2009). Figure 3 shows the potential energy of each PBX supercell simulated at each step of the
minimization/compression protocol. With this procedure, a density equalled to the experimental
density was reached without affecting the crystalline phase. The compression/minimization
procedure was carried out until an increase in the potential energy of the whole formulation was
observed. A refinement step with changes of 0.01 A was then carried out to reach a minimum in
energy with respect to cell volume. The mechanical equilibrium is therefore reached at the

bottom of each energy well (Zhu et al., 2009).

To simulate conditions prior to detonation, PBX cells were submitted to two different stimuli: A
high temperature of 700 K, and a high pressure of 15 GPa. The selected temperature of 700K
corresponds to the typical temperature of hotspots (Bowden and Yoffe, 1952). The chosen high
pressure of 15 GPa is arbitrary since no specific pressure related to hotspots formation for PBXs
was found in the literature. However, during detonation, an increase in pressure leads to an
increase in thermal energy. This conversion is influenced by large number of factors such as
density, void, explosive crystal size and crystalline plane surfaces. The value of 15 GPa was

chosen as it is sufficiently high to take into account these effects.



The supercells thus built and minimized were used to carry out the MD simulations. A first
simulation in the NVT ensemble was performed at room temperature for 250 ps to obtain a cell
without any induced stress. Simulations were then carried out in the NVT ensemble at room
temperature (RT) or 298K and at the higher temperature of 700K. In parallel, simulations in the
NPT ensemble were carried out at 0 GPa, to simulate ambient condition, and at 15 GPa to
simulate high pressure stimuli. The series of MD simulations under NPT conditions at 0 GPa
were used to estimate mechanical properties. For this specific pressure, the Parrinello barostat
(Parrinello and Rahman, 1982) was more appropriate. In all cases, simulations were carried out

for 250 ps and a frame was saved at each picosecond.

3. Results and discussion

As a first analysis, total potential energy of formulations were compared before and after the
stimulus were applied, to identify the formulation with the highest energy under the given
temperature or pressure conditions. Therefore, the high temperature dynamics simulations
carried out in the NVT ensemble were compared to the room temperature NVT MD simulations.
Likewise, the high pressure dynamics simulations performed in the NPT ensemble were
compared to the 0 GPa NPT MD. The observed increase in the energy and the percentage the
energy change are shown in Table 1. Each value reported in Table 1 corresponds to an average
over the last ten frames of each MD trajectory. This was further averaged over the two different,

low-energy supercells used. Errors were estimated as standard deviations.

Table 1 — Energy increase (kcal/mol and %) for the PBX models simulated at 700K and 15GPa

Energy Energy difference
Method

Einitial Efmal (kcaLmOl-l) (%)
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(kcal.mol-1) (kcal.mol™)
RDX/HTPB -26198+7 -20229+7 5970£5 30
RDX/ESTANE NVT, 700K | -27020£10 -21350+20 5670+£30 27
RDX/EVA -27450+30 -21420+10 6030+10 28
RDX/HTPB -26025+7 -18710+40 7320£50 39
NPT, 15GPa,
RDX/ESTANE -26910+20 -19628+8 7280+7 37
298K
RDX/EVA -27340+20 -19700+70 7640+50 39

As shown in Table 1, the increase in potential energy is systematically higher for NPT than for
NVT conditions. The 15 GPa pressure increase cannot be explicitly correlated to the 700 K
temperature increase. There are unfortunately no data available in the literature for which the
relative contributions of temperature and pressure to hotspot formation can be compared
(Bowden and Yoffe, 1952; Field et al., 1982). The 15 GPa value was selected by trial and error
to give final energy values in the same range as that of the 700K dynamic simulations, but the fit
between the two was not totally optimized and the two condition sets are not necessarily
energetically or phenomenologically equivalent. For example, for RDX/EVA formulations
submitted to a temperature stimulus, the energy increases to 5,670 kcal/mol for RDX/ESTANE
and to 6,030 kcal/mol for RDX/EVA, which represents an energy increase of 27 and 30%,
respectively. These values are slightly higher in the case of a high pressure stimulus, with an
energy increase of 7,280 kcal/mol for RDX/ESTANE and 7,640 kcal/mol for RDX/EVA (37 and

39 %, respectively).
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The formulation with the highest increase in energy at 700K is RDX/EVA, followed by
RDX/HTPB and RDX/Estane. Similar trends are found for simulations under 15 GPa pressure.
These results reveal that each formulation behaves differently when submitted to the same

stimulus.

It is important to note that, during the timeframe in which the simulations are conducted, the
energy increase is reversible: if the formulation is returned to ambient conditions, the energy is
restored to its original value, prior to applying a high temperature or a high pressure stimulus.
This has been verified using calculations on RDX/HTPB. For this formulation, using the model
obtained after a 700K NVT molecular dynamics simulation, a second simulation was carried out
at 298K NVT for 250 ps, and the resulting energy returned, within experimental error, to its
original value, a decrease in energy of 0.6% being obtained as compared to the original energy
of -26,191 kcal/mol. The same calculation was performed for the high pressure stimulus and the
result is a 0.4% decrease in energy which is well within expected statistical fluctuations for this
method. Not only does the formulation return to being energetically equivalent to its original
conformation after relaxation but the crystalline part of the supercell is not significantly altered
by the stimulus. These observations are related to the limited simulation time used, which does
not allow for long-range rearrangements and conformation changes and cause deformations to

remain in the elastic regime.

Knowing that the increase in the potential energy of each formulation is different, even under the
same conditions, as shown in Table 1, it is worthwhile to understand how this energy increase
distributes within the formulation. The potential energy increase was thus calculated separately
for each of the two formulation phases: the amorphous polymeric chain phase (including the
plasticizer) and the crystalline explosive phase as shown in Fig. 4. The potential energies are
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shown in Fig. 5. The values shown correspond to the average increase in energy of the polymer

and the explosive for the two supercells of each PBX formulation.

In Table 2, for each formulation, the crystalline phase always exhibits the highest energy
increase. This is not surprising given the explosive/polymer ratio of each formulation. More
interesting is that in all cases, increases in the energy of the explosive sub-cell of each
formulation are very similar from one formulation to another for a given stimulus. The standard
deviation for the energy increase of the explosive is only 1% for the high temperature stimuli,
and 2% for the high pressure stimuli. This indicates that, for a given stimulus, the explosive

crystal reacts independently from the polymeric chain surrounding it.

The polymeric sub-cell reacts differently. The polymer increase in energy is different for each
formulation, for a given stimulus, with standard deviations ranging from 8§ to 11 %. This clearly
indicates that energy changes are mostly concentrated in the polymer and vary from one polymer
to another. The choice of the polymer will therefore have the largest effect on the sensitivity as

expected.

It has been known that the polymer is not only the first protection barrier, but that it has also the
potential to absorb and store energy. To estimate the energy storage, energy increase percentage
was calculated for each of the two phases, crystalline and amorphous. The energy increase
percentage was calculated for each component by dividing the energy of a specific phase (or sub-
cell) by that of the whole formulation (or supercell). The values correspond to those of the

polymer sub-cell and are shown in Table 2.

Table 2 - Percentage of energy stored by the polymer of the PBX formulation during 700K and

15GPa simulations
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RDX/HTPB RDX/ESTANE RDX/EVA

NVT, 700K 30% 26% 31%

NPT, 15GPa, 298K 26% 24% 28%

As already shown, the crystalline explosive phase absorbs more energy than the polymer phase
given that the explosive accounts for 80 weight % of the formulation. However, the energy
increase observed for the polymer phase alone, varying from 24 to 31%, is higher than the 20
weight percent difference. This is in agreement with the intrinsic nature of the polymer, which is
more flexible and is capable to absorb more energy by adopting high-energy conformations. This

energy is trapped, and is not available to form hotspots thus decreasing the risk of detonation.

When each formulation is analyzed individually, RDX/EVA exhibits the highest energy storage
of both stimuli conditions simulated and this account for 28 and 31 % of the energy provided to
the formulation. RDX/HTPB energy storage is similar with values ranging from 26 to 30%.
RDX/Estane shows the worst storage performance with only 24 to 26% energy absorbed. Thus, it

is predicted on this basis that RDX/EVA should show the lowest sensitivity.

An assessment was also performed to determine which potential energy term was the most
affected under each stimuli condition. Potential energy can be divided into two main
contributions, non-bond energy (van der Waals, Coulombic or electrostatic and H-bond energy)
and the internal energy (bond and angle deformation, torsion and cross-terms) (Soldera, 2002). In
the COMPASS forcefield, the H-bond energy cannot be separated from the van der Waals (vdW)
term and will therefore not be discussed here. Internal energy is further separated into the

valence energy and energy cross-terms and the valence energy being of the energy related to
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bond distance deformation, bond angle deformation, torsions, changes in out-of-plane

contributions and 1-3 Urey-Bradley energy, which is negligible in this case.

Epotential = Elnternal + Enon—bond (1)

Enon—bond = Evaw + Ecoutomp + En-bona (2)

Elnternal = Evalence + Ecrossterm (3)

EValence = Ebond + Eangle + Etorsion + Eoop + EUB (4)

Percentage increase for given components as compared to that of the whole polymer sub-cell are
given in Table 3 for the three polymers. The values correspond to the average of the two

supercells simulated in each case.

Table 3 — Energy increase (kcal/mol) and percentage of energy absorbed by the complete

formulation, explosive and polymer, per component, at 700K and 15GPa

AEcomp AEexp AEpoly
AEpoly
Method Energy (kcal.mol” | (kcal.mol | (kcal.mol
1 1 1 (%)
) ) )
Total 5970 4196 1771 30
RDX/HTPB

NVT 700K -Internal 4733 3167 1546 33

-Non- 1236 1028 224 18
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bond
Total 7320 4942 1867 26
NPT 15GPa -Internal 1559 1150 409 26
-Non-bond 5761 3792 1458 25
Total 5665 4171 1476 26
-Internal 4502 3207 1295 29

NVT 700K
-Non-

1164 964 181 16

RDX/ESTANE bond
Total 7282 5135 1724 24
NPT 15GPa -Internal 1527 1173 353 23
-Non-bond 5756 3962 1371 24
Total 6028 4146 1887 31
-Internal 4816 3169 1647 34

NVT 700K
-Non-

1211 977 239 20

RDX/EVA bond
Total 7637 5057 2157 28
NPT 15GPa -Internal 1799 1139 661 36
-Non-bond 5838 3918 1497 26

The first observation that stands out from Table 3 is the difference between internal energy and
non-bond energy changes when compared to the 700K NVT and the 15 GPa NPT simulations.

Internal energy increases are higher for the NVT simulations, whereas, in the NPT simulations,
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the van der Waals energy increase is higher. Both internal and non-bond energies increase during
simulations, but to different extents. As the temperature increase, Brownian motions in the
polymeric chain and in the plasticizer molecules are increased. Part of the thermal energy is
stored through increases in bond lengths and angles. This contributes to increasing the internal
energy of the polymeric phase in the NVT simulations. The difference observed in the increase
in energy of the NPT ensemble, which is the heat capacity at constant pressure, stems from the
fact that additional PV work is added to the formulation. In this case, this higher amount of

energy is reflected mainly in the non-bond energy terms.

As the pressure increases, repulsive Coulombic interactions increase and dispersive Coulombic
interactions decrease, resulting in a net increase in the non-bond energy and this leads to
destabilization of the formulation. This can be related to the observed decrease in unit cell
dimensions, which forces the atoms closer to one another, contrary to what occurs in NVT
dynamics. NPT simulations allow cell parameters to change, and under a 15 GPa pressure value,
an average density compression of 0.5 g/cm’ is observed which corresponds to a 33% increase.
Under these conditions, as shown in the simulations, cell parameters return to their original
values when the pressure stimulus is removed as deformation remains in the elastic regime.
From a qualitative standpoint, as shown in Table 3, the most important changes in energy are
observed for the internal energy. This is in agreement with the assumption that the polymer chain

mainly absorbs energy by changing its internal conformation under these conditions.
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Figure 6 shows the contributions of each internal energy parameters in the polymer. As discussed
earlier, RDX/EVA exhibits the highest increase in energy. For the three most prominent internal
energy terms in the NVT simulations, bond deformation, angle deformation and torsion,
RDX/EVA exhibits the most significant increase, followed by RDX/HTPB and RDX/Estane.
The highest increase observed is in the angle deformation energy, with RDX/EVA showing the
highest increase percentages. Bond deformation follows. The fact that the torsional energy is the
least important term indicates that there is no significant rearrangement of the chain in the

timeframe studied.

In the NPT simulations, RDX/EVA also shows the highest increase in energy, but 75.4% of this
increase is due to torsion angle deformation. A correlation shows that the most prominent energy
terms (bond deformation energy for NVT simulations and torsional energy for NPT simulations)
will point to the formulation that would be the least sensitive. For this simulation, bond and angle
deformation terms are higher in RDX/HTPB and RDX/EV A, showing that chain flexibility plays

a role in the observed energy distribution.

Knowing that deformation and torsion of the chain account for a large proportion of the energy
increase, it becomes worthwhile to predict and compared mechanical properties of these systems.
These were estimated from separate simulations using the Theodorou approach (Theodorou and
Suter, 1986) using the NPT simulations at 298K and 0 GPa. Table 4 reports the resulting

estimated mechanical properties of the formulations for the most stable cell of each PBX.
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Table 4 — Estimated mechanical properties of the formulations (in GPa) at 298K and 0GPa

RDX/HTPB RDX/ESTANE RDX/EVA
Tensile Modulus (E) 2.696 2.716 1.940
Poisson's Ratio (v) 0.3791 0.3991 0.4322
Bulk Modulus (K) 3.716 4.486 4.766
Shear Modulus (G) 0.9776 0.9706 0.6772

As shown in Table 4, RDX/EV A which is the formulation showing the highest energy absorption
or storage, is also the one with the lowest tensile and shear moduli. This indicates that
RDX/EVA is more ductile, and can be correlated to the ease of storing energy. RDX/EVA also
displays the highest Poisson’s Ratio, with an average value of 0.43, a value closer to the value
expected for a rubber with a ratio of 0.5 rather that of a rigid polymer with a ratio of 0.3. These
observations are also consistent with the initial assumption that changes in the chain
conformation and polymer interactions are the main mechanisms for energy absorption in these
formulations. RDX/HTPB and RDX/Estane are very similar, although RDX/Estane has a higher
bulk modulus. Estane is known to be the toughest and most rigid polymer of the three, which
agrees well with the previous energy absorption analysis. This may be related to the fact that
simulations were performed on a unit cell comprising of an amorphous cell, a crystalline layer
and includes an interface. The size of the unit cell is appropriate for mechanical property
calculations, as shown by Soldera et al. (Soldera, 2012). In this specific case, it is suspected that
the interface plays a major role, and as the size of the interface is very limited in these
calculations, this could have led to large fluctuations observed. Further work is definitely needed

to optimize such formulations for mechanical property calculations.
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Estimations of PBX mechanical properties are subject to larger variations, and could not be
correlated significantly to sensitivity theory and analysis. Mechanical property simulations are
faster than the energy simulations done here, but the energy results may be more reliable. They
show a good convergence, with each cell resulting in similar energies, and may provide better
parameters to predict sensitivity of PBXs.

Validation is an extremely important step in simulation but for PBXs, very few experimental
data has been published regarding sensitivity. As a result for this study, data for a common
explosive formulation with equal explosive concentration were chosen with respect to existing
data. Experimental data published by T. Nath and S.N Asthana (Joseph et al., 2009, Nath et al.,
1997) of the High Energy Materials Research Laboratory in two different studies on RDX-based
sheet explosive were therefore used. In their work, explosives were made using 5-6 um particle
size RDX with partially gelatinized polymers at 40-50 °C. RDX/HTPB contained an unspecified
amount of DOA (Joseph et al., 2009), but it is assumed that it is between 30 to 50%, similar to
the other RDX/HTPB formulations reported. RDX/EVA and RDX/Estane contained 1 to 2 %
DOA, which was not included in the model used in this study based on the small amount of each
(Nath et al., 1997).

In these two articles, sensitivity has been estimated by two tests, which are the drop weight
impact sensitivity test (Hsg) and the gap test. The drop weight impact test was done using the fall
hammer method with a 2 kg weight as per the Bruceton staircase approach (Dixon and Mood,
1948). The shock sensitivity was measured using the gap test. For RDX/Estane and RDX/EVA
explosives, the aluminum block gap test was used, using 63 mm of diameter aluminum block
(Yadav et al., 1994). RDX/HTPB tests were done using the more conventional small scale N.O.L

card gap test using cellulose acetate sheets (Price and Liddiard, 1966). Pressure values are
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calculated using the sheet thickness. The pressures reported in the literature are summarized in

Table 5.

Table 5 — Sensitivity data for the three RDX-based PBX formulations as reported in the

literature (Joseph et al., 2009, Nath et al., 1997).

Formulation RDX/HTPB RDX/ESTANE RDX/EVA
Composition 85/15 80/20 85/15 80/20 85/15 80/20
Drop Weight
Impact Sensitivity
75 NA 73 82 80 85
Test (Hso) Height
(cm)
GAP Test 18.0 NA 7.34 7.88 6.83 7.6

Pressure - GPa

NA: not available

Experimental values are available for two RDX/Estane and RDX/EVA composition ratios, 80/20
and 85/15. Unfortunately, for RDX/HTPB, values have been published only for the 85/15
proportion (Nath et al., 1997). All these explosives were made with RDX particles or crystals of
5-6 um size. A plasticizer, dioctyl phthalate (DOP), was included in a concentration of 1 to 2 %

for these explosives.
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As shown in Table 5, the two tests yield different results. RDX/EVA compositions exhibit the
best performance for the drop weight impact test, followed by RDX/HTPB and RDX/Estane,
whereas RDX/HTPB yields the best results in the GAP test. It must however be noted that, in the
case of the RDX/HTPB study, RDX particles were coated with DOP, which further lowers the

sensitivity.

However, not withstanding for the drop weight impact test, the reported experimental sensitivity
results show the similar trends as those stemming from molecular simulation, which is,
RDX/EVA, a more ductile polymer, is the least sensitive, followed by RDX/HTPB and
RDX/Estane. The same conclusion can be made that sensitivity is lowered by the polymer which

absorbs part of the energy, thus decreasing or delaying hotspot formation in PBXs.

4. Conclusion

Molecular simulations of three PBX formulations provide useful information based on the
energy partition on how the explosives respond to the stress and how the polymer coating could
provide additional protection to the crystalline structure RDX. When a stress is applied, all
explosives examined show similar increases in energy. Differences are mainly observed in the
polymer phase. RDX/EVA shows the greatest energy absorption, followed by RDX/HTPB and
RDX/Estane. Scaled to the weight fraction of each phase, the increase was higher for the
polymer than for the explosive, which is in agreement with the known effects of the polymer on
sensitivity of PBXs. The increase in energy was mainly concentrated in the bond deformation,
angle deformation and angle torsion terms. Mechanical properties were estimated by MD
simulations and showed that EVA is the most ductile polymer which is in agreement with the

conclusions that deformation of this polymer leads to the highest energy absorption in MD
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simulations. These results are also in agreement with the relative sensitivity order of these
formulations, as estimated from experimental drop weight impact test results reported in the
literature. These results highlight the predictive capabilities of all-atom molecular simulation,
within their intrinsic limits, as these methods do not allow exploring deformations induced in the
plastic regime. It is proposed that molecular modeling simulations could be a useful tool to
screen possible candidates and select the less sensitive formulations. This pre-screening
decreases the number of systems to be experimentally prepared and tested, and thus decreases

time and cost of energetic materials development.
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Figure 1 — Energetic molecule (RDX), polymers (HTPB, Estane and EVA) and plasticizer

(DOA) simulated in this work
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Figure 2 — Construction of a PBX supercell
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Figure 3 — Density adjustment of the supercell by compression/minimization steps
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Figure 4 — Typical examples of a polymer cell (right), a crystalline explosive cell (middle) and a

cell of the complete formulation (left)

34



Figure 5 - Energy increases (kcal/mol) of the explosive and polymer for the various PBX models
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Figure 6 — Detailed contributions to internal energy of the polymer
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