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ABSTRACT

Microscopic defects affect shock sensitivity remarkably. We exhibit a molecular dynamics study of defective β-cyclotetramethylene tetranitramine
(HMX) crystals with void (VH), entrained oxygen (OH), and entrained amorphous carbon (CH), as well as a perfect HMX crystal (PH) for con-
trast. The crystals were shocked with 9 km/s shock velocity perpendicular to the (010) plane for 50 ps using a ReaxFF-lg force field. The results
demonstrate that the shock sensitivity of HMX crystals with different defects is enhanced to different degrees. OH has the highest shock sensitiv-
ity, which is slightly higher than that in VH; both OH and VH crystals have much higher shock sensitivity than that in CH. Obvious local high
temperature areas are found in defective systems, which are not found in PH. The initial reaction is N–NO2 bond cleavage in PH and is N–NO2

and N–O bond cleavages in defective systems. More products are found in defective HMX crystals during shock simulations, while fewer imme-
diate products and no final product are found in PH. The average temperature, pressure, and decrement of potential energy during simulation
are much higher in defective systems compared to the perfect ones.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086916

I. INTRODUCTION

The shock sensitivity, which refers to the probability of
shock initiation of explosives, is extremely important for its safe
application. A number of explosive accidents happen every day
all around the world, resulting in extremely heavy loss of life and
property. It is often due to the high shock sensitivity of explo-
sives. The sensitivity of energetic materials to shockwaves can be
dramatically affected by microscopic defects, which has been
widely investigated.1–7 In general, microscopic defects in ener-
getic materials form in two ways, during crystallization (including
void, grain boundary, and entrained solvent defects) or under
external stimulation. For example, crystal slip and deformation
occur when compression is exerted. Current thinking suggests
that the shockwave energy can be concentrated in defect regions,

resulting in the formation of hot spots, leading to localized igni-
tion and a subsequent exothermic chemical reaction.

Cyclotetramethylene tetranitramine (HMX) crystals are widely
used in explosives and propellants due to their high detonation
energy and thermal stability.8 Experimental research has focused
on studying the chemical processes during the initiation and detona-
tion of HMX crystals.9–13 However, determining the reaction mecha-
nism of mechanical response under shock and the subsequent
complex exothermic reaction is still challenging, since it is difficult to
measure transient chemical events at the molecular scale experimen-
tally. Several continuum models were used to explore the initiation
reaction of HMX,5,13 but the accuracy of the results depends on
materials properties and computational mesh. Fortunately, atomis-
tic molecular dynamics (MD) simulations can provide reaction
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information with high resolution in space and time. Quantum
mechanics (QM) can be used to calculate the electronic and struc-
tural properties of HMX. Hemolytic cleavage of N–N bond,
HONO elimination, C–N bond ring scission, and CH2O and N2O
formation are observed during HMX ignition.14,15 Although the
results are highly accurate, QM calculations are computationally
expensive and can only handle systems with hundreds of atoms
and simulation times of several picoseconds. Therefore, it is
impractical to simulate shocked HMX crystals using QM which
contain thousands of atoms.

Another MD method uses force fields to describe atomic interac-
tions making large-scale MD simulations tractable. A newly developed
ReaxFF force field can be used to describe the cleavage and the for-
mation of covalent bonds. The parameters of the ReaxFF are derived
from QM calculations and experiments; thus, it nearly maintains the
accuracy of QM.16 ReaxFF has been successfully used to describe the
decomposition of HMX, cyclotrimethylene trinitramine (RDX), and
tetraphenylarsonium tetraphenylborate (TATB) crystals.17–19 Besides,
several ReaxFF force fields are available for high energy materials.
Islam and Strachan20 used four different parameterizations of ReaxFF
to simulate the shock response of liquid nitromethane to study the
results’ sensitivity of force field. As an extension, ReaxFF-lg corrects
the London dispersion and successfully expounds the reaction pro-
cesses of RDX, TATB, pentaerythritol tetranitrate (PETN), and
HMX.21–24 In these works, enhanced sensitivity was found during
thermal decomposition induced by molecular vacancies,21 as well as
in shock decomposition induced by twin24 or void defects.22

Solid explosives always contain defects and inhomogeneities,
which facilitate initiation due to shock or high temperature.
Although some information has been tracked in the decomposition
of perfect (PH) or defective HMX crystals with MD, the reaction
information of shocked HMX crystals with entrained impurities are
insufficient. Among the four crystalline phases of HMX (α, β, γ,
and, δ), β-HMX has the best thermal stability and lowest sensitivity.
To further explore the influence of defects, a set of simulations on
shocked β-HMX crystals was implemented using ReaxFF-lg com-
bined with the multiscale shock technique25 (MSST), which is
based on the Navier–Stokes equations for compressible flow and
has been successfully used to mimic the shock-induced chemistry
by several researchers.26–29 In addition to a perfect HMX crystal
(PH), the defective HMX crystals with void (VH), entrained oxygen
(OH), and entrained amorphous carbon (CH) were simulated. A
comparative analysis was conducted for the four systems. The simula-
tion methods are described in Sec. II. Temperature evolution, details
on fragments, system responses, and discussion on the mechanism of
reactions under shock are demonstrated in Sec. III. Conclusions are
presented in Sec. IV. The results of this work provide useful insights
into the influence of defects in HMX crystal under shock, specifically
regarding explosive initiation, as well as insights in methods for
improving the safety of HMX crystals.

II. APPROACHES AND COMPUTATIONAL DETAILS

All the simulations are implemented on the large-scale
atomic/molecular massively parallel simulator30 (LAMMPS). The
MSST method is included within the shock package in LAMMPS.
We used ReaxFF-lg combined with MSST to simulate perfect and

defective HMX crystals. β-HMX with a space group of P21/c (Z = 2)
was obtained from the Cambridge Crystallographic Structural
Database, and unit cell parameters are a = 6.54 Å, b = 11.05 Å,
c = 8.70 Å, α = 90.0°, β = 124.3°, and γ = 90.0°. An 11 × 6 × 8 HMX
packing structure was used to build a simulated PH sample con-
taining 29 568 atoms with dimensions of 71.94 × 66.30 × 69.60 Å3.
The system size was selected through referring to other literature
studies of HMX or RDX decomposition using the ReaxFF force
field. Simulations of heat decomposition with 896 atoms17 and
1344 atoms21 were conducted for 30 ps and 25 ps, respectively;
simulations of shock decomposition were conducted for 50 ps of
the system with 8960 atoms,24 and only several picoseconds of the
systems with 43 008 atoms31 and 3 499 748 atoms22 due to large
computing resources consumption. Lager system size was selected
within our computing capacity to get close to reality, compared
to the systems simulated for tens of picoseconds mentioned
above. The VH crystal containing 25 396 atoms was modeled by
removing basically an atom sphere with a center coordinate of
(14.5, 33, 28) Å and a diameter of 36 Å. More specifically, the
atoms in the sphere mentioned above were selected first, then all
the HMX molecules related to the selected atoms were selected.
At last, all the selected HMX molecules were removed, in order
to avoid the occurrence of defective molecules. Furthermore, 20
oxygen molecules and an amorphous carbon sphere with 30 Å
diameter were packed into the void to model OH and CH,
resulting in structures with 25 432 and 27 893 atoms,
respectively.

Shock simulations with 9 km/s shock velocity loaded perpen-
dicular to the (010) plane (along the y direction) were conducted to
analyze the influence of different defects on the shock response.
The four structures were simulated with the same processes. First,
the energy of the atoms was minimized at 0 K. A Nose–Hoover
thermostat was used in the NPT (isothermal–isobaric) ensemble to
relax the four systems at 300 K and 1 atm, during which the
damping parameter was set to 20 fs for temperature and 1000 fs for
pressure with the iso keyword being used. After 0.2 ps of NPT
relaxation, the relative volume changes of PH, VH, OH, and CH
are 1.2%, 1.2%, 1.5%, and 1.1%, respectively. Thereafter, shock was
induced along the y direction in the HMX crystals using MSST for
50 ps. During shock, the cell mass-like parameter and reduction in
initial temperature were set to 200 g2/(mol2Å4) and 0.01, respec-
tively. A structural comparison of these four systems and the shock
directions are shown in Fig. 1, in which there are slices through the
center of the void with a thickness of 10 Å. The boundary condi-
tions in all three directions were periodic in all simulations. The
time step was set to 0.1 fs during simulations of PH and CH, and
0.05 ps during simulations of VH and OH. Several simulations
were conducted to test energy conservation and verify the suitabil-
ity of selected integration time steps mentioned above, and the
details are displayed in the supplementary material.

III. RESULTS AND DISCUSSION

A. Local high temperature area formation and local
temperature evolution

Snapshots and temperature distributions along the cross
section of the four systems (perpendicular to the x axis and
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passing through the void center) at different times are shown in
Figs. 2 and 3, respectively. Every atom in Fig. 2 is colored by its
kinetic energy, which is in direct proportion to temperature. Several
researchers simulated the phenomenon of shocked explosives with
voids and found the formation of hot spots.4,13,32 In this work, a

local high temperature area was investigated too. To better under-
stand the formation process of local high temperature areas, the
temperature distribution was obtained through meshing the system
into bins (in a rectilinear Cartesian frame) and then the average
temperature of atoms in each bin was calculated. Figure 3 shows

FIG. 1. Structural comparison of four structures and shock direction: (a) PH, (b) VH, (c) OH, and (d) CH.

FIG. 2. Snapshots of the cross section with a thickness of 10 Å at different times in the four systems colored by its kinetic energy with the same color scale for each
system: (a) PH, (b) VH, (c) OH, and (d) CH.
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the 2D temperature map of a slice parallel to the yz plane through
the void center. Only 50 Å along the z axis of 69.60 Å was mapped
to avoid irregular temperature distribution of edges in the z axis
due to the monoclinic structure of beta-HMX and cuboid bins.
The maximum temperature (maximum of the bins temperatures)
evolutions with time during the simulation are demonstrated in
Fig. 4, and several stages are divided based on the variation trends
of the maximum temperature.

During shock, the PH crystal is always at a lower temperature
and has a uniform temperature distribution. Meanwhile, local high
temperature areas form in defective systems. During stage 1 (0 to
0.6 ps), the block temperature rises due to shock compression
for all systems. As shown in Fig. 4, the maximum temperatures
increase by 279.7 K, 206.7 K, and 192.2 K in the PH, VH, and OH
crystals, respectively, while it increases by 830.5 K in CH, much
higher than those in defective systems, due to the existing amor-
phous carbon. During stage 2 (ending at 0.9 ps for CH, and 0.8 ps
for VH and OH), the temperature gradually increases in all systems.
PH is always in stage 2 until the end of the simulation. The tempera-
ture around the interface between the defective area and HMX mole-
cules is higher than that at other locations at 0.8 ps, as shown in
Figs. 2 and 3. The maximum temperatures reach 1225.4 K, 2662.8 K,
and 3450.2 K at 0.8 ps in the PH, VH, and OH crystals, respectively.
The temperature reaches 3235.0 K at 0.9 ps in the CH crystal. All

defects can greatly enhance the local temperature of defects interface,
but each to a different extent. It is inferred that an adiabatic com-
pression of O2 leads to a slightly higher temperature in OH com-
pared with that in VH. A relatively higher temperature was found in

FIG. 3. Temperature distributions at different times in the four systems with different color scale for each system: (a) PH, (b) VH, (c) OH, and (d) CH.

FIG. 4. Maximum temperature evolution in 3.0 ps of each system.
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CH at 0.7 ps, and in VH and OH at 0.8 ps, which are located at the
defect interface, as shown in Fig. 3.

During stage 3 (ending at 0.9 ps for VH and OH), the temper-
ature around the void area in VH and OH increases sharply.
Obvious local high temperature areas form, inferred by synchron-
ism, due to collisions between the two sidewalls of the void along
the shock direction, as shown in Figs. 3 and 4. The temperature in
OH is still higher than that in VH due to adiabatic compression of
O2. In CH, the maximum temperature gradually decreases, and
local high temperature areas gradually disappear during stage 3.
Stage 4 ends at 1.1 ps for VH and OH, during which the maximum
temperature decreases rapidly. The high temperature area located at
the center of the collapsed region decreases in size after the void
vanishes at 1 ps due to molecular relaxation in the VH and OH
crystals. During stage 5, the maximum temperature increases
slower than that in stage 4. Perhaps, it is due to complete decompo-
sition of HMX and secondary reactions in the CH crystal. The
maximum temperature gradually decreases in VH and OH; it is
due to heat dissipation in the local high temperature areas, and
heat diffuses to the surrounding areas. The temperature is nearly
uniform, and no obvious local high temperature areas are observed
at 3 ps, as shown in Fig. 3.

The sensitivities of the three defective systems are all greatly
enhanced compared to PH, where the OH sensitivity is slightly
higher than that of VH and much higher than that of CH. Local
high temperature areas resulting from nanoscale defects can evolve
into hot spots in bulk material, which can serve as a nucleation
site, causing HMX ignition and further deflagration.

B. Chemical reaction and detailed fragments

The number of remaining HMX molecules and the primary
reaction products was counted and scale normalized to evaluate
the four systems. The remaining HMX molecules that evolve over
time in the four systems are shown in Fig. 5. NHMX stands for the
number of HMX molecules in the system before shock. The VH

and OH crystals exhibit the fastest decomposition rate. PH has
the lowest decomposition rate due to its lowest temperature. Full
decomposition of HMX in VH, OH, and CH takes place at 5.8,
7.2, and 17.2 ps, respectively. HMX in PH decomposes at nearly a
constant rate, and 70% of the HMX molecules remain at 50 ps.
The decomposition rates in the VH, OH, and CH crystals are
very large at the initial stage due to the formation of obvious
local high temperature area at approximately 0.9 ps. The trends
in VH and OH are very similar because they exhibit similar tem-
perature evolution as shown in Fig. 4. Then, the decomposition
rates in the defective systems gradually decrease, and there is a
higher decomposition rate in VH and OH due to their higher
temperature compared to that in CH. A higher initial decomposi-
tion rate usually denotes higher sensitivity. Thus, defects can
greatly increase shock sensitivity, especially void defects with or
without entrained O2.

Scale normalized evolutions of the main reaction products in
four systems are shown in Figs. 6 and 7. Intermediate products
such as O2, NO2, NO3, HONO, HNO3, N2H, and NH3 and final
products such as H2O, CO2, and N2 are found in defective systems,
while there are few intermediate products and no final products in
PH, due to its low temperature and corresponding low reaction
rate. The local high temperature triggers a violent reaction, and
most reaction products occur in VH and OH. The reaction rates in
VH and OH are faster than that in CH due to their higher temper-
atures, resulting in reaction products emerging later in CH.

As shown in Figs. 7(a), 7(c), and 7(e), the concentration of
NO2, NO3, HNO3, and HONO in VH and OH increases rapidly
and then vanishes quickly, due to consumption in secondary reac-
tions. The same phenomenon is found in CH, except that the
immediate products (NO2, NO3, HNO3, and HONO) remain for a
longer time period. The concentration of NO2 in VH and OH is
maximized at 3.4 ps and then reduces to 0 at 8 ps. Approximately
half of the maximum NO2 in VH and OH persists for 20 ps in CH,
during which time there is a balance between production and con-
sumption of NO2. The phenomenon is due to the lower

FIG. 5. Scale normalized evolution of remaining HMX in PH, VH, OH, and CH. FIG. 6. Scale normalized evolution of the main reaction products in PH.
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decomposition rate of HMX in CH compared to those of VH and
OH. Among the main immediate products, NO2 concentration is
largest in VH and OH, while HNO3 reaches the maximum concen-
tration in CH. As shown in Figs. 7(b), 7(d), and 7(f ), the

concentration of the main products like N2, H2O, and HO in VH
and OH reaches a stable state at an earlier time than that in CH
due to the faster reaction rate. More NH3 is present in CH com-
pared with VH and OH due to the lower reactivity and lower

FIG. 7. Scale normalized evolution of the main reaction products. (a), (c), and (e): main intermediate products of VH, OH, and CH; (b), (d), and (f ): secondary and final
products of VH, OH, and CH.
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temperature. More CO2 is found, which is speculated to be pro-
duced from amorphous carbon. The maximum values of various
products in CH is nearly the same as those in VH and OH, indicat-
ing that the simulation time is too short to allow amorphous
carbon to fully participate in the reaction.

Figure 8 represents the evolution of several reaction products
in 10 ps of four systems. In the initial stage, the main reaction

mechanism is inferred to be N–NO2 bond cleavage in PH, yielding
NO2 and C4H8N7O6 as main products. The concentration of the
two products is relatively close. In defective systems, fragment
numbers of C4H8N7O6 and C4H8N8O7 are quite close. It is inferred
that N–NO2 and N–O bond cleavage initiates a reaction in VH,
OH, and CH, yielding C4H8N8O7, NO, and O2. The concentration
of NO2 is much larger than C4H8N7O6, as more than one N–NO2

bond break in one HMX molecule. The difference in the initial
reaction mechanisms between defective systems and PH indicates
that the higher temperature facilitates further cleavage of N–NO2

bonds and N–O bond cleavage in HMX. The former is less likely
to occur than the first N–NO2 bond cleavage in an HMX mole-
cule,15 and the latter is found to be among the initial chemical
events in shocked HMX.27 The phenomenon of increasing N–O
bond cleavage in defective systems is corresponding to increasing
C4H8N8O7 in PH as time goes on, shown in Fig. 6, as a result of
the enhanced temperature. Fewer O2 molecules are produced in
CH due to its much lower temperature compared to those of VH
and OH. O2 is consumed after it is produced as it participates in
secondary reactions. The reaction between O2 and carbon is
inferred to occur. In contrast, more O2 accumulates in VH and OH
in 10 ps.

The spatial-temporal distribution of NO2 can provide addi-
tional clues, since NO2 is always produced early in the four
systems, as shown in Fig. 8. Spatial distribution of NO2 was ana-
lyzed and displayed in Fig. 9. Few NO2 appears in PH during the
first 3 ps shock simulation, while much more NO2 occurs in defec-
tive systems, especially in OH and VH. Although the temperature
around defective areas increases due to compression at 0.8 ps as
shown in Fig. 3, few chemical reactions occur in defective systems,
which is similar to that in PH. At 0.9 ps, NO2 first appears in the
collision region between the two sidewalls of the void in VH and
OH due to the high temperature; meanwhile, it appears in the
defective region between amorphous carbon and HMX molecules
in CH. Then, NO2 increases with time due to the enhancing tem-
perature in defective systems. Chemical reactions firstly occur
around defective regions due to shock energy localization, which is
consistent with the temperature distribution shown in Fig. 3.

From the above results, it is obvious that defects can greatly
enhance the shock sensitivity of HMX crystals. The decomposition
rate of OH is slightly higher than that in VH, which is higher than
that in CH and much higher than that in PH. The defects change
the initial reaction mechanism of N–NO2 bond cleavage in PH into
N–NO2 and N–O bond cleavage in defective systems. Products evo-
lution in VH and OH are basically the same, while it has a lot of
differences when compared to that in CH, which is mainly affected
by temperature evolution.

C. System responses during shock

The evolutions of the average temperature, stress, and shift
normalized potential energy during shock of PH, VH, OH, and CH
are plotted in Figs. 10–12. The responses in OH are practically
identical to VH, which illustrates that the presence of O2 has little
effect on the system response throughout the 50 ps simulation time,
although it increases the temperature in the local high temperature

FIG. 8. Evolution of several reaction products in 10 ps of PH, VH, OH, and CH.
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areas. Meanwhile, the existence of amorphous carbon retards reac-
tion rates compared to that in VH.

Figure 10 shows that the average temperatures in the four
systems rise rapidly during the initial stage. They rise at three
nearly constant rates in VH, OH, and CH crystals. The change in
the rising rates is caused by the initial reactions and complex sec-
ondary reactions. The average temperature of VH and OH crystals
increase faster, corresponding to the higher HMX decay rates

compared to those of CH and PH. There is a rapid temperature
increase after 0.5 ps. The average temperature reaches 875.8 K at
0.7 ps in PH, and the average temperature reaches 2291.7 K and
1325.8 K at 0.9 ps for VH (OH) and CH, respectively. By that time,
local high temperature areas have formed in VH, OH, and CH, as
shown in Fig. 3. Void defects with or without O2 can produce the
highest average system temperature, followed by the system with
entrained amorphous carbon.

FIG. 9. NO2 spatial-temporal distributions in the four systems: (a) PH, (b) VH, (c) OH, and (d) CH.
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As shown in Fig. 5, HMX decays completely by 5.8 ps, 7.2 ps,
and 17.2 ps in VH, OH, and CH crystals, respectively, and the tem-
perature accelerates remarkably. In contrast, there is only one cons-
tant rate of average temperature increase after the initial stage in
PH, which is the lowest among the four systems, indicating that its
reaction rate is the lowest. The average temperature of PH always
stays below 1360 K under shock, while the average temperatures of
VH, OH, and CH reach 4533.6 K, 4571.8 K, and 3930.7 K at 50 ps.
The average temperatures of the four systems correspond with the
time evolution of the reaction products shown in Figs. 6 and 7,
where a higher temperature results in more reaction products, both
in terms of species and concentration. This occurs because

chemical bond activation and molecular thermal vibration acceler-
ate at a higher temperature.

Figure 11 shows that the pressure of the four systems fluctu-
ates with high frequency within 4 ps of shock beginning. At the
same time, the length of lattice vector b decreases rapidly first and
then fluctuates, which reaches the lowest value in VH and OH and
reaches the highest value in PH after fluctuation. The pressure of
PH is maintained at around 40 GPa. The pressures of VH and OH
reach a maximum of 57 GPa at 10 ps, which is higher than that in
CH before 27 ps. CH reaches a maximum pressure of 55 GPa at
30 ps. The pressure of the three systems remains stable at around
54 GPa which is always greater than that in PH throughout the
entire shockwave loading simulation. This occurs because defects
can produce local high temperature areas and facilitate HMX
decomposition. Higher temperature and decomposition rate lead to
higher pressure in VH and OH before 27 ps, because more second-
ary reaction products (CO2, NH3, N2H2, and N2H) are produced
than those in CH, as shown in Figs. 6 and 7. The lower pressure in
PH results from fewer reaction products, as shown in Figs. 6 and 11.
Therefore, defects can greatly enhance the system pressure when an
HMX crystal is shocked because more reaction products are
produced.

The initial potential energy of each system was shifted to 0 for
better comparative analysis. Figure 12 shows the shift normalized
potential energy in the four systems. The shift normalized potential
energy in PH, VH (OH), and CH drops sharply by 4.8 × 104,
1.47 × 105, and 8.5 × 104 Kcal/mol after 0.7 ps, 0.9 ps, and 0.9 ps,
respectively, corresponding to the high decomposition rate. During
3.5–50 ps, the shift normalized potential energy increases slightly
in PH, while it first decreases and subsequently increases in defec-
tive systems. However, there is a retardation time in the potential
energy evolution in CH. The system potential energy decreases
with HMX decomposition and increases with shockwave loading.

FIG. 10. Evolution of the average temperature during shock of PH, VH, OH,
and CH.

FIG. 11. Evolution of normal stress and the length of lattice vector b (inset)
during shock of PH, VH, OH, and CH.

FIG. 12. Evolution of shift normalized potential energy during shock of PH, VH,
OH, and CH.
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Thus, the trend in the shift normalized potential energy is
influenced by the combined effects of HMX decomposition and
shockwaves loading, which causes the slightly increasing trend in
PH due to its low decomposition rate, the decreasing trend in VH
and OH due to their high decomposition rates, and slower decreas-
ing rate in CH due to the lower decomposition rate of HMX com-
pared to those of VH and OH. One can conclude that defects can
accelerate the energy release and greatly enhance the sensitivity of
HMX crystals.

D. Discussion on the mechanism of defects influence
on shock sensitivity

It is generally accepted that energy localized in defective areas
can form hot spots as shock waves pass defects, resulting from
instabilities development. In VH, void collapse is the mechanism of
local high temperature areas formation. The collapse is in the
viscous regime when the characteristic shock passage time is far
less than the characteristic void collapse time, conversely, in the
hydrodynamic regime.33 In our work, the characteristic shock
passage time is 0.4 ps, which is defined as the void diameter
divided by shock velocity.33 Meanwhile, Fig. 2 shows that the void
collapse time in our shock simulation is close to 1.0 ps, which has
the same order of magnitude with the characteristic shock passage
time. Thus, it is inferred that void collapse in our shock simulation
is in the transitional stage from the viscous regime to the hydro-
dynamic regime. Heating is inferred to mainly come from visco-
hydrodynamic behavior of void collapse, since the maximum
temperature increases with the progress of void collapse, as
shown in Figs. 2 and 4.

Shock responses of OH are similar to those of VH, except for
the slightly higher local temperature at the initial stage, as shown in
Fig. 4. In other words, voids matter, oxygen in the voids at a rea-
sonable concentration, matters less than the void itself in the nano-
scale. At a much larger scale, the mechanism can be different, since
gas compression plays a leading role in temperature rise when large
voids with diameter of millimeter or larger are collapsed with a rel-
atively low compression rate.33,34 Replacing the crystalline material
with another carbon material still enhances the reaction rates.
When shock waves pass, local high temperature areas form around
the interface as shown in Figs. 3 and 4. Shock sensitivity is
enhanced by the entrained amorphous carbon. The reason is
assumed to be the impact and shear deformation at the interfaces
between amorphous carbon and HMX molecules, dominating in
local high temperature areas with formation of CH at the initial
stage, which is similar with the mechanism of hot spot formation
in a heterogeneous polymer-bonded explosive.35

IV. CONCLUSIONS

The influence of defects in shock initiated HMX crystals was
studied through molecular dynamics simulations using the
ReaxFF-lg force field and the MSST method. The results indicate
that defects can greatly enhance the shock sensitivity of HMX crys-
tals. Void matter, oxygen in the voids at a reasonable concentration,
matters less than the void itself in the nanoscale. Replacing the
crystalline material with another carbon material still enhances the
reaction rates. Local high temperature areas form at the edge of

defects in HMX crystals, which can cause localized ignition. It is
referred that the initial reaction in PH results from N–NO2 bond
cleavage, while N–NO2 and N–O bond cleavage initiates the reaction
in defective crystals. During the simulation, more products are found
in defective HMX crystals, especially in the OH and VH crystals.
Many reaction products emerge later in CH; less NO2 and O2 and
more NH3 and CO2 are found in CH compared with those of VH
and OH due to the lower chemical reaction rate and the presence of
amorphous carbon. Fewer immediate products and no final product
are found in PH. CH exhibits a lower average temperature and stress
compared to VH and OH, but these values are still far greater than
those in PH. Coupling between the chemical reaction and shock
loading causes different potential energy evolution in various defec-
tive HMX crystals. This paper compares the difference in responses
of HMX crystals, with different types of defects on the same scale,
under the same shock velocity. The specific causes of response
difference are analyzed. The results derived in this study can help
enrich our understanding of the ignition mechanism of explosive
crystals.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed simulations of
energy conservation test and time step verification.
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