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ABSTRACT

Hot spots resulted from shock-induced void collapse could seriously alter the ignition and initial chemical reactions in heterogeneous
explosive crystals. Herein, the influences of hot spot distance on ignition and reaction growth in the crystalline RDX were investigated
through reactive molecular dynamics simulations. As two voids collapsed completely, double hot spots occurred at the internal upstream
and downstream voids in the crystalline RDX, respectively. The farther hot spot distance could be observed in the bulk RDX with the
larger void–void distance. Combined with the resulted chemical fragments analysis, hot spot distance affects the chemical reaction rate
but does not alter the initial decomposition mechanism in RDX. The farther hot spot distance results in a faster decomposition degree of
RDX molecules, a higher concentration of NO2 liberation, and even greater violent growth for explosive reaction. It is evident that RDX
with a longer void–void distance is more sensitive to the present overdriven shock. The farther double hot spots result in more RDX mol-
ecules being heated simultaneously and then reacted quickly under the synergetic growth of double hot spots. In terms of the synergetic
growth of double hot spots, it is demonstrated that reducing hot spot distance could result in decreasing the high-temperature area ratio
in the crystalline RDX exposed to an overdriven insult, avoiding the occurrence of a greater violent scenario. The present study can
provide an efficient route to understand the role of hot spot distance in ignition and reaction growth and further evaluate the shock sen-
sitivity of crystalline explosives.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0051209

I. INTRODUCTION

Driven by the demands of munitions survivability and explo-
sives safety, the comprehensive understanding of ignition and
initial chemical behaviors is always a major concern in the investi-
gation on sensitivity of high energetic crystals under shockwave
insult.1–3 In practice, the high-energy explosive crystals are usually
heterogeneous due to being consisting of various specified
crystal-level defects such as internal voids,4 dislocations,5 cracks,6

and inclusions,7 which result in complex and intense localized
mechanical-thermal responses to external shock stimulation. Those
localized responses in bulk energetic crystals can generate transient
hot spots around microstructures, serving as an initial step of

subsequent deflagration or violent chemical detonation.8 Therefore,
it is believed that the exploration on the effects of heterogeneities
upon ignition and chemical reaction can shed light on evaluating
shock sensitivity and further interpreting the initiation mechanisms
in explosive crystals.

As one of the significant heterogeneous features, internal
voids within conventional explosive charges are thought to play a
key role in controlling the shock ignition process due to the void
collapse mechanism. In particular, it is also demonstrated that the
intrinsic characteristics of voids, involving boundary shape, size,
distribution, and mutual interaction, can affect the shock sensitivity
of energetic crystals.9–11 Currently, aiming to describe the void
collapse phenomenon, a variety of attempts at shocking energetic
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crystals have been finished by employing novel experimental
techniques.

Experimentally, Mang et al.12 found that a decrease in the
mean pore size appeared after external pressing, inferring a poten-
tial behavior about void collapse in the damaged energetic materials
based on the small-angle neutron scattering (SANS) technique.
Milne and Bourne13,14 reported the complete shocking collapse
process of a millimeter-scale cavity in an ammonium nitrate (AN)
matrix by means of high-speed framing photograph and recorded
the luminescence sites where the ignition phenomenon occurred.
Unfortunately, temperature fields cannot be investigated in their
shocking experiments due to the lack of temperature measurement
modules. Austin’s group reported that an asymmetric collapse
and a central internal jet occurred at the upstream void, and the
interactions of multiple voids mainly included collapse shielding
and triggering as a consequence of loading energy localization
affected by the distribution of voids.15 Armstrong et al.16,17 pro-
posed a time-resolved x-ray imaging method for observing the
micrometer-scale void collapse in TNT. But the imaging quality
could be limited by the signal to noise in this method. Recently,
Johnson and co-workers18–20 performed the shock compression
experiments on the HMX single crystal containing an internal void
for directly observing hot spots with nanosecond temporal and
micrometer spatial resolution. And the brief hot spot produced by
gas compression in the collapsing void occurred and subsequently
moved through the entire HMX crystal as the shock propagated.

However, owing to the technical bottleneck of time and space
resolution, various expensive and high-accuracy analytical appara-
tuses are always required for the precise results in the above experi-
ments. Meanwhile, the direct and accurate experimental detection
of shock-induced void collapse is still laborious and challenging
because of a complex mechanical-thermal process comprising hot
spots initiation and evolution in energetic crystalline materials.
Fortunately, the gap of these experimental measurements can be
filled by modern computer simulation methods.

Computationally, mesoscopic and continuum-level numeri-
cal models could bring some interesting findings in shock-
induced void collapse of energetic materials.21–23 However, in
those models, accurately obtaining the physics of void collapse
at the given spatiotemporal scale is heavily dependent on the
assumptions of material constitutive models, the modifications of
modeling physical frameworks, and the calibrations of strain-
related parameters, which demand adequate perceptions stemmed
from the molecular dynamics (MD) simulations.24–26 After all,
mesoscopic methods and continuum-level modeling theories take
no account of atomic/molecular dimensions where discrete physi-
cal and chemical processes occur.27

In contrast, based on empirical interatomic interaction poten-
tials and classical Newtonian dynamics, MD simulations provide a
promising and reliable path to reveal the abundant details of hot
spots and even chemical reaction at atomic/molecular scale with
low computational cost28,29 during the shocking impact of explosive
crystals containing voids. Shan et al.30 found an asymmetrical hot
region generated and then extended because of the shockwave-
driven convergence of the primary hot spot and the secondary tri-
angular hot zone. They also reported that the chemical reactivity of
a pentaerythritol tetranitrate (PETN) crystal was increased due to

the existence of the spherical void.31 Eason et al.32 showed that
pore collapse was dependent on the strength of the shock wave in
the crystalline α-1,3,5-trinitroperhydro-1,3,5-triazine (RDX), and
the hydrodynamic-like collapse caused a jet of upstream molecules
into the pore under strong shock. Under the high-velocity impact
of the RDX crystal, Warrier et al.33 proposed that the presence of
voids could result in the efficient randomization of directed veloc-
ities, leading to the excitation of vibrational modes through boosted
intermolecular collisions. Zhou et al.34 found that larger voids or
stronger shocks would bring more reaction in a shorter duration,
which indicated that impact strength and void size had noticeable
effects on the shock dynamical process. Combined with the sym-
metric plate-impact technique, Furman et al.35 observed supersonic
molecular nanojets in the nanovoid of an erythritol tetranitrate
(ETN) crystal, which could generate local high temperature region
and enhance the chemical decomposition of ETN. Long and
Chen36 found that the inelastic collision between the upstream and
downstream faces of the pore had a dominant role in the heat dissi-
pation of forming hot spots, but the hot-spot temperature was not
influenced by the pore type approximately. Huang et al.37 demon-
strated that the adjunction of carbon materials promoted the chem-
ical reaction and the edge of defects in the HMX crystal could be
the localized ignition sites. Wang et al.38 reported that increased
void size and impact velocity resulted in higher temperature hot
spots and more violent chemical reactions but rarely disturbed the
rupture sequence of chemical bonds in the hexanitrohexaazaiso-
wurtzitane (CL-20) molecules. Zhang et al.39 explicated that the
spallation phenomena resulted from the tensile wave in α-RDX
containing a cube void were dependent on initial shock velocity.
Li et al.40 found that elongated cracks in which jetting and vapor-
ization occurred could lead to larger hot spots than cylindrical
voids under the same shocking velocity. They concluded that the
temperature fields resulted from shock-induced collapse in the
bulk material were affected by pore geometry. By considering
shock and dynamic shear simultaneously, Islam and Strachan41

proposed that the hot spots dominated by uniaxial shock loading
showed faster chemical reaction kinetics than those under a stron-
ger shear loading.

The above MD simulations uncovered the nature of hot spot
resulted from single void collapse in nanoscale explosive crystals by
investigating void size, geometry, mechanical insult strength, and
pattern. However, the multi-voids or porous properties should be
considered for real explosive crystals. In recognition of hot spot ini-
tiated by void collapse, it is believed that multi-hot spots at differ-
ent distances could occur in the real porous energetic materials
during the shocking process. It still remains mystical that how hot
spot distance in explosive crystals affects the thermal and chemical
responses to shock insults. And it is significant for addressing and
understanding the effects of such inhomogeneous multi-voids fea-
tures in the real explosive crystals on shock-induced thermal and
chemical processes. Therefore, in this work, reactive molecular
dynamic simulations based on ReaxFF-lg force field were per-
formed to explore the ignition and initial chemical reactions in the
RDX crystal with quantitative hot spot distances. The simulation
methods of this work are demonstrated in Sec. II. In the shock sim-
ulations of RDX containing two spherical voids, the evolution and
distribution of temperature at various times were investigated, and
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the formation of double hot spots was observed. The initial chemical
reactions and related molecular species were quantitatively analyzed
based on the fragments’ recognition. Combined with the shock wave
equation and the detonation theory, the overdriven shocking state
was confirmed. The synergism of double hot spots and the effects of
hot spot distances on explosive sensitivity were discussed under the
present shocking condition. The above temperature responses, chem-
ical reactions, and discussion on hot spot distances are described in
Sec. III. Conclusions are presented in Sec. IV.

II. APPROACHES AND SIMULATION DETAILS

In the present work, ReaxFF-lg force field implemented in
Large-Scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) code was employed to conduct the simulations.42,43

First, an α-RDX unit cell with an orthorhombic structure44 and the
lattice parameters of a = 13.182 Å, b = 11.574 Å, and c = 10.709 Å
was duplicated in all three directions by 19 × 8 × 9 to form a super-
cell whose three dimensions are 250.458 × 92.592 × 96.381 Å3.
Then, the first spherical void with the diameter (D) of 30 Å and the
center located in the midpoint of the y–z plane and 45 Å (1.5D)
away from the origin of the x axis was built through removing the
RDX molecules whose mass centers are within the spherical void.
Two voids with the same diameter at different distances were con-
sidered to examine the effect of void distance on shock responses.
Thus, four models were built by introducing the second spherical
void whose center was 1.5D, 2D, 3D, and 5D away from the first
one in the x axis (seen in Fig. 1). For simplification, the four
models are denoted by S1.5D, S2D, S3D, and S5D, respectively.

Thereafter, the models were minimized by the conjugate gra-
dient algorithm and then equilibrated in the isothermal-isochoric
ensemble (NVT) (300 K) and isothermal-isobaric ensemble (NPT)
(300 K, 1 atm.) over 5.00 ps in turn. Then, a vacuum layer was
introduced to the upper part of each model by changing the length
along the x axis to 500 Å to study the responses after rarefaction
wave occurred. Periodic boundary conditions (PBCs) were used
during optimization simulations. After completing optimization,
non-PBCs was used along the x axis and fixed reflective walls were
set at the bottom and top boundaries along the x direction. In the
end, the shock was introduced by driving all atoms at a velocity of

4 km s−1 (Up) against the bottom reflective wall [seen in Fig. 1(e)],
which will flip the outside atoms into the simulation box with the
same velocity values in the x axis but in the opposite direction.
The shock simulations were conducted in the microcanonical
ensemble (NVE) for 10.00 ps. The time step in all simulations was
set to 0.1 fs.

III. RESULTS AND DISCUSSION

A. Temperature evolution and hot spot formation

By meshing the RDX model into bins (10 × 10 × 10 Å3) based
on Cartesian geometry, the temporal and spatial distributions of
temperature were obtained, and then the average temperature of
atoms in each bin was calculated after deducting the center-of-mass
velocity. The evolution of average temperature in the bulk RDX are
shown in Fig. 2. It is noted that the history curves consist of three
regions: (i) the content temperature increasing rate region, (ii) the
maximum average temperature region, and (iii) the temperature
decay region. In the initial shocking process, all the average temper-
atures in S1.5D, S2D, S3D, and S5D systems rise rapidly at a line-
arly increasing rate of nearly 775.22 K ps−1. When the shock wave
arrives on the free surface of bulk RDX, rarefaction wave occurs
resulting in the stretching material instead of compressing.38

According to the time evolution of shock front (shown in Fig. S1
in the supplementary material), rarefaction wave appears at the
inflection point for S1.5D (2.50 ps), S2D (2.50 ps), S3D (∼2.60 ps),
and S5D (2.60 ps). Thus, the increasing rates of average tempera-
tures start to change obviously at approximately 2.50 ps for four
systems. With the shock continuing to occur, the average tempera-
ture in S5D increases higher than those in S1.5D, S2D, and S3D.
At about 3.00 ps, the maximum average temperatures in S1.5D, S2D,
S3D, and S5D reach 2284, 2277, 2313, and 2368 K, respectively.

FIG. 1. The models before relaxation of S1.5D (a), S2D (b), S3D (c), and S5D
(d) shown by a slice of 15 Å across the middle of the crystal cell and perpendic-
ular to the z axis, and the illustration of shock simulation of the model before
shock (e).

FIG. 2. Evolution history of average temperature during shock loading of S1.5D,
S2D, S3D, and S5D. For clarity, the inset map displays an enlargement of
region (ii).
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Thereafter, average temperatures in four systems decay gradually but
remain at different temperature values.

Figure 3 shows two-dimensional temperature fields (0–3.00 ps)
of the cross section parallel to the x–y plane through the spherical
void centers in the shocked RDX crystals at the case of Up = 4 km s−1

and reveals the quantitative comparisons of maximum temperatures
in four systems. Figure 4 plots the evolution history of maximum
temperature in four systems during the shock simulation. In this
figure, the distinct stages are well reflected in the time evolution of
the maximum temperature around the defective regions. The shock
wave reflected from the bottom wall begins to impact the bulk RDX,
resulting in temperature increasing at the bottom region [seen in
Figs. 3(a)–3(d)]. It can be seen that a local high temperature zone
emerges at 0.10 ps because of initial shocking compression. Thus,
stage 1 (0–0.10 ps) presents a rapidly increasing trend in bulk tem-
perature owing to high-velocity shock compression, and maximum
temperatures increase from ambient temperature (∼300 K) to
3268.89, 2970.21, 3062.42, and 3283.20 K (seen in Table I) for S1.5D,
S2D, S3D, and S5D, respectively. During stage 2 (ending at 0.50 ps
for all systems), temperature rises modestly due to the plastic work,22

and resulted temperatures increase to 3723.81, 3534.89, 3657.67, and
3673.71 K for S1.5D, S2D, S3D, and S5D, respectively.

When the compressing shock wave propagates to the upstream
surface of the first void (upstream void), the localization of plastic
deformation occurs as a result of RDX molecules on the upstream
surface being driven and pulled into the void. That also means

there would be a hydrodynamic impact produced by the impinge-
ment of the top surface on the bottom surface of void. During the
subsequent shocking period, void gradually collapses because
upstream RDX molecules are strongly collided with the down-
stream surface of void. Thus, translational kinetic energy is trans-
ferred to molecular thermal energy34 and the temperature of the
localized region continues to increase sharply which introduces
the formation of hot spots at upstream void in the bulk RDX with
defects. As shown in Figs. 3(a)–3(d), when the shock wave sweeps
across the first void completely, a local highest temperature area
can be seen and located in the first void after 0.70 ps. Therefore,
stage 3 (ending at ∼0.70 ps for all systems) shows a dramatic
increase in local temperature during the upstream void collapse
process. And the peak temperatures of the local collapsed area
reach 9810.59, 7100.19, 7671.70, and 8217.33 K (seen in Table I)
for S1.5D, S2D, S3D, and S5D, respectively. After void collapse,
the maximum temperature takes on the characteristics of fast
dropping in stage 4 due to RDX molecular relaxation, whereas the
next temperature shows a mild decrease in stage 5 as a result of
thermal transfer and diffusion in local high-temperature area.

Herein, it is believed that the void-collapse ignition mecha-
nism plays a significant role in shocking and initiating heteroge-
neous energetic materials, and this phenomenon is also reported
by Zhou et al.34 and Zhang et al.39 Similarly, as the shock wave
moves to the downstream void, the second hot spot would be
generated by void collapse. So another significant temperature increase,

FIG. 3. The temporal and spatial distributions of temperature (0–3.00 ps) in shocked RDX crystals: (a) S1.5D, (b) S2D, (c) S3D, and (d) S5D, and the quantitative compar-
isons of maximum temperatures in four systems (e). The temperature scale bars are same for each system.
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analogous to stage 3, is investigated in stage 6 [1.00–1.13 ps for S1.5D,
1.10–1.33 ps for S2D, 1.50–1.61 ps for S3D, and 2.00–2.21 ps for S5D,
shown in the blue dotted frame of Figs. 3(a)–3(d)] where down-
stream void collapses and huge chemical energy is liberated by exo-
thermic reactions, and the peak temperatures reach 10220.86,
6468.32, 7485.25, and 7405.99 K (seen in Table I) for S1.5D, S2D,
S3D, and S5D, respectively. Notice that the peak of maximum tem-
perature in S1.5D at ∼1.10 ps is the highest and sharpest in four
systems [seen in Fig. 3(e)], while the remaining systems show a
series of irregular and low peak shapes. Thus, it implies that the
upstream hot spot might have a positive impact on the formation

of local high temperature area at downstream void if two inline
voids were kept in a relatively short distance resulting in inferior
energy dissipation. After downstream void closure, a subsequent
rapid fall in stage 7 and a gradual decline in stage 8 are very similar
to the temperature recession process (stages 5 and 6) behind the
previous peak of maximum temperature. With the extending
growth of downstream hot spot, it is interesting that the shape of
the hot spot region becomes a triangular pyramid in S3D at 2.20 ps
and in S5D at 2.50 ps. This result indicates that the generation of
energy from chemical reaction exceeds the consumption of energy
in heat diffusion with shock wave propagation.34

FIG. 4. Maximum temperature evolu-
tion in the early 3 ps for the shock sim-
ulation of S1.5D (a), S2D (b), S3D (c),
and S5D (d). Various marks only indi-
cate the historical stages of maximum
temperature evolution.
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The distribution and formation time of two hot spots show
different conditions in four systems because of the different dis-
tances between two voids. For S1.5D at 1.50 ps, two hot spots coa-
lesce in mutual along x direction and then extend to form a
long-belt local high-temperature region. Downstream hot spot actu-
ally intrudes into the upstream hot spot at 2.50 ps with heat diffu-
sion and shock compression in S1.5D and S2D systems [seen in
Figs. 3(a) and 3(b)], where hot-spot shape indicates an intercon-
nection relationship of two local high temperature regions. On the
other hand, owing to this kind of interaction, it is presented that
the evolution of average temperature is also kept at a similar rate
for both S1.5D and S2D systems. However, although two hot spots
show different temporal and spatial distributions in four defective
RDX systems, they almost have made the same contributions to
enhance the average temperature before 1.50 ps according to the
phenomenon of region (i) (Fig. 2). In addition, the comparison of
S1.5D and S5D at 3.00 ps indicates that the RDX crystal with the
farther hot spot distance exhibits a higher average temperature but
a lower peak of maximum temperature [Fig. 3(e)].

Therefore, the above results summarize that two local high-
temperature regions (hot spots) are observed at the internal
upstream and downstream voids for the nanoscale defected RDX
crystals under shockwave loading, respectively. And the farther hot
spot distance can be observed in the bulk RDX with the greater
void–void distance. This hot spot phenomenon is often the prelude
to the occurring ignition event and subsequent violent scenario
such as deflagration to detonation transition (DDT) in explosives.45

Remarkably, it is also uncovered that the distance between two hot
spots has a significant influence upon the dynamic temperature
responses during the high-velocity mechanical impact stimulation.
That is, the dependence of hot spot distance on shock-induced
ignition behavior.

B. Initial chemical reaction and fragments’ analysis

In the non-perfect explosive crystals, shock-induced local high
temperature around defects can facilitate molecular reactivity and
engender chemical decomposition.35 Herein, the fragments’ analy-
sis was performed for the quantitative characterization of reactant
RDX and relevant vital reaction products. In the analysis algorithm,
the connection table and bond orders (seen in Table S1 in the

supplementary material) were served as a criterion for molecular
identification. Namely, any two atoms were deemed to be con-
nected in one molecule when the bond orders between them were
larger than the corresponding cutoff values.

Figure 5 describes the scale normalized evolution of remaining
RDX molecules and total chemical species in four models. And the
NRDX represents the number of raw RDX molecules before shock-
ing insult. It is thus evident that RDX decomposition consists of
fast reaction (0–2.50 ps) and subsequent slow reaction process
(2.50–10.00 ps) for the present evolution of remaining RDX. In pre-
vious 2.50 ps, the fragments analysis shows that more than 70% of
RDX molecules are consumed quickly by the chemical decomposi-
tion reaction for four models (also seen in Table II), indicating a
very high level of preliminary decomposition. At 2.50 ps, the rank
of RDX decomposition rate is S5D > S3D > S2D > S1.5D. In con-
trast, as rarefaction wave and volume extension occurring in RDX
crystals, all the decomposition rates of RDX in four models
decrease gradually after 2.50 ps. It is worth noting that S5D exhibits
the lowest number of remaining RDX molecules at every MD time
step. As chemical decomposition occurring, eventually, the remain-
ing RDX ratios reach 15.4480%, 13.8732%, 11.9530%, and 7.8105%
at 10.0 ps for S1.5D, S2D, S3D, and S5D, respectively. In terms of
all chemical species in reactive systems, the number of total chemi-
cal species in four models seems to be only slight declines before
2.50 ps, while it starts to be the phenomenal growth after 2.50 ps
and then increases gently with the material stretched and released
to a vacuum layer. A significant distinction of the number of total
species can be investigated until 5.50 ps. Specifically, they are the
highest concentration of total chemical species but the lowest
remaining RDX ratio at 10.00 ps in S5D compared with others.

Figure 6 demonstrates the evolution details of some principal
chemical reaction fragments involving reaction final products and
key intermediates under shocking RDX crystals. And the remaining
intermediate products are shown in Fig. S2 in the supplementary
material. A series of typical chemical species including N2, H2O,
CO2, NO2, NO3, NO, HONO, HNO3, HO, and O2 are recognized in
shock simulation, which is reasonable and consistent with the previ-
ous study.46 The results show that reaction products are the same in
chemical forms but different in evolution concentration for all
models. For final chemical products, as shown in Figs. 6(a)–6(d), it
can be figured out that the producing speeds of N2 and H2O are

TABLE I. The comparison of extremum temperatures during various stages. t is the time for extremum temperature occurring in the current stage.

S1.5D S2D S3D S5D

t (ps) T (K) t (ps) T (K) t (ps) T (K) t (ps) T (K)

Stage 1 ∼0.10 3 268.89 ∼0.10 2970.21 ∼0.10 3062.42 ∼0.10 3283.20
Stage 2 0.50 3 723.81 0.50 3534.89 0.50 3657.67 0.50 3673.71
Stage 3 0.66 9 810.59 0.71 7100.19 0.69 7671.70 0.68 8217.33
Stage 4 0.80 6 307.20 0.80 5332.57 0.80 5179.75 0.80 5248.27
Stage 5 1.00 5 798.15 1.10 4603.86 1.48 4306.24 2.00 4671.11
Stage 6 1.13 10 220.86 1.33 6468.32 1.61 7485.25 2.21 7405.99
Stage 7 1.28 6 133.23 1.46 5427.38 1.75 5301.70 2.32 5714.43
Stage 8 3.00 4 971.32 3.00 4503.25 3.00 4785.46 3.00 4845.23
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almost the same, but larger than that of CO2 for four systems. And
the quantity of N2, H2O, and CO2 increases markedly after 3.00 ps
with volume expansion induced by the rarefaction wave. As shown
in Figs. 6(e)–6(h), a similar increase in the population of some

intermediate products containing NO2, HONO, HNO3, and NO can
also be found under rarefaction wave stimulation. And a dominant
intermediate reaction process is the formation of NO2 rather than
the remaining intermediate products such as HONO, HNO3,
and NO.

Figure 7 indicates the formation and breakage of chemical
bonds in shocking RDX and the statistical results of various bonds-
related intermediates from 3.00 to 10.00 ps. The types of bonds
formed mainly include H–O bond, C–O bond, H–N bond, O–O
bond, C–C bond, and H–H bond, suggesting the migration of
hydrogen and oxygen atoms in the reactive process for forming the
products such as CO2, H2O, HONO, O2, etc. Furthermore, it is
certain that the N–N bond breaks first, followed by C–H bond, and
then N–N bond and N–O bond in each reactive system. This phe-
nomenon suggests that the dissociation of N–NO2 bond is a key
initial reaction mechanism for shocking RDX. Hence, it is reason-
able that the evolution of NO2 could be utilized for evaluating the
impact of hot spot distance on reaction growth. In the evolution
history of NO2, it is obvious that there is the steepest plateau region
ended at 3.00 ps in S5D. Compared with plateau regions in four
models during this period, it is concluded that the farther distance
between two hot spots can lead to a steeper trend of evolution in
NO2, which suggests that there is a higher concentration of NO2

releasing in the bulk RDX with the longer void–void distance
[also seen in Fig. 6(e)]. As shown in Figs. 7(e)–7(h), as the
number of NO2 increases from 3.00 to 10.00 ps, the number of
other important intermediates with nitrogen element raises. The
higher content of the nitrogen-containing intermediates including
NO2, HONO, NO3, NO, and HNO3 is found at 10.00 ps in the
defective RDX system with the farther hot spot distance.

Therefore, it can be believed that a higher violent level of
chemical decomposition reaction can be triggered in the defective
RDX crystal with farther hot spot distance when subjected to a
shock insult. Namely, under present simulations, the RDX crystal
with farther hot spot distance shows better growth for explosive
chemical reaction, indicating that it is more sensitive to shock.

C. Synergism of double hot spots under the overdriven
shocking

In the case of Up = 4 km s−1, the real shock velocities (Us) can
be calculated by the shock wave equation Us =Vsf – (–Up), where
Vsf is the moving velocity of the shock front obtained from the
shock front data (shown in Fig. S1 in the supplementary material).
The results are shown in Table III, and the calculated average Us is
10.22 km s−1. Hence, combined with a series of shock Hugoniot
data reported in literature,47–53 the molecular dynamic and
experimental shock Hugoniot relationships could be compared
and described in Fig. 8 for the RDX crystal. It is interesting that
the resulted relationship between Up and Us is in good agreement
with the reported shock Hugoniot relation Us = 2.78 + 1.9Up

(ρ = 1.799 g cm−3) computed from the unreacted isothermal volume
compression data.47,51 Clearly, the calculated Us (≥10 km s−1) in the
present study is larger than an experimental detonation velocity (D)
of 8.639 km s−1 (the crystal density ρ0 = 1.767 g cm−3).54 Meanwhile,
the detonation pressure can be obtained via the Rankine–Hugoniot
relation P = ρ0UsUp,

39,55 so the calculated average Pave is 72.22 GPa,

FIG. 5. Scale normalized evolution of remaining RDX (a) and total chemical
species (b) in four models over shock loading.

TABLE II. Scale normalized remaining RDX and total chemical species.

Time (ps)

Remaining RDX (%)
Number of total species/

NRDX (%)

1.50 2.50 10.00 2.50 5.50 10.00

S1.5D 60.7182 28.9152 15.4480 96.7419 196.1126 240.4110
S2D 60.2314 27.3577 13.8732 98.8059 195.5105 241.4977
S3D 59.7187 26.3392 11.9530 96.6879 194.8099 246.7018
S4D 59.1153 24.4864 7.8105 96.4558 197.9826 252.3228
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FIG. 6. Scale normalized evolution of chemical reaction fragments: RDX and reaction final products (H2O, CO2, and N2) (dashed line) in S1.5D (a), S2D (b), S3D (c), and
S5D (d); key intermediate products (solid line) including NO2 (e), HONO (f ), HNO3 (g), and NO (h) in four systems.
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FIG. 7. Time evolution of chemical
bonds number in shock loading of
S1.5D (a), S2D (b), S3D (c), and S5D
(d); stack columns of vital counted
intermediates associated with the
breakage of chemical bonds (C–H
bond, N–N bond, and N–O bond in
RDX) in S1.5D (e), S2D (f ), S3D (g),
and S5D (h) from 3.00 to 10.00 ps for
four systems.
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greatly exceeding the Chapman–Jouguet pressure (PCJ) of 33.79 GP.
In the detonation theory of heterogeneous energetic materials, PCJ
belongs to one of the most important detonation parameters, which
represents the final status of steady detonation wave propagation.
Therefore, the above results indicate that there might be an over-
driven detonation,56–58 but not a steady detonation state in the
present shock simulation.

Under the imposed overdriven shocking (Us≥ 10 km s−1), the
RDX crystals show local high temperature at once (Fig. 3) and give
a fast response of initial chemical events such as NO2 releasing at
∼0.10 ps (Fig. 6). In order to comprehend the growth of double hot
spots under such an intense shock, the information of high-
temperature area ratio at various times was counted and plotted in
Fig. 9. At ∼3.00 ps, the high-temperature area ratios are 0.4003,
0.4277, 0.4564, and 0.4667 for S1.5D, S2D, S3D, and S5D, respec-
tively. It suggests that the distance of double hot spots might have a
positive effect on the proportion of the high-temperature zone at
this moment. In the S3D and S5D models, the fluctuation of high-
temperature area ratio curves shows a competitive behavior of

temperature response in the downstream hot spot growth process.
Specifically, from 1.50 to 2.50 ps, the largest high-temperature area
ratio can be investigated in S3D owing to its downstream hot spot
growing maturely [Fig. 3(c)]. On the other hand, the downstream
hot spot in S5D is initiated and begins to grow at ∼2.00 ps
[Fig. 3(d)], which causes an increase in high-temperature area ratio.
After 2.50 ps, the curve in S5D is just higher than that in S3D,
showing the greatest high-temperature area ratio. At the early stage
of rarefaction wave occurring, hot spots continue to grow further
instead of reducing immediately. However, because of heat dissipa-
tion with subsequent volume expansion, hot spots begin to decay
after ∼3.00 ps, which results in a gradual decrease in average tem-
perature (also seen in Fig. 2). As a whole, the larger amplitude of
high-temperature areas can be found in the bulk RDX with the
farther hot spot distance after the occurrence of the rarefaction wave.
That because the farther double hot spots would result in more RDX
molecules being heated simultaneously (shown in Fig. S3 in the
supplementary material) and then reacted quickly if double hot
spots were initiated completely. Note that this is a kind of synergistic
effect of double hot spots on subsequent violent reaction for
explosives, because of ignition being assisted by the cooperation
of double hot spots in one system. Therefore, under the synergetic
growth of double hot spots, it can be implied that the enlarge-
ment of hot spot distance is beneficial to raise the high-
temperature area ratio in the crystalline explosives exposed to an
overdriven shock insult (Us > 10 km s−1), leading to a greater
violent degree of chemical reaction.

IV. CONCLUSIONS

Based on the ReaxFF-lg force field, reactive molecular dynamics
simulations were performed to elucidate the influences of hot spot
distance on ignition and reaction growth in the crystalline RDX with
double nanoscale spherical voids under the intense shocking impact.

TABLE III. The calculated results of shock velocity in four systems.

Us

(km s−1)
Average Us

(km s−1)

Precision

Accuracy
Relative error

Mean
deviation

Relative
mean

deviation

S1.5D 10.23 10.22 −0.10% 6.75% 0.66%
S2D 10.34 −1.16%
S3D 10.22 0
S5D 10.08 1.39%

FIG. 8. Molecular dynamic (triangles and diamonds with dotted lines) and
experimental (solid line and spheres) shock Hugoniot relationship: Particle
velocity (Up) vs shock velocity (Us) for the crystalline RDX.

FIG. 9. Time evolution of high-temperature area ratio in four systems during
shock loading.
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By investigating temperature evolution, hot spot, and shock-induced
decomposition reaction, the results indicate the dependence of hot
spot distance on thermal and chemical responses to shock. Due to
the void collapse mechanism initiated by the shock wave, two inline
hot spots occurred at the internal upstream and downstream voids in
the crystalline RDX, respectively. And the farther hot spot distance
can be observed in the bulk RDX with the greater void–void distance,
leading to the wider distribution of the local temperature zone after
double hot spots initiated completely. With the emergence of the
rarefaction wave, in particular, S5D shows the highest level of bulk
temperature when compared to the remaining systems with the
shorter hot spot distance. According to the fragments analysis, hot
spot distance alters the chemical reaction rate but does not affect the
intrinsic nature of the decomposition mechanism in explosives. The
farther hot spot distance brings a faster decomposition degree of
RDX molecules, a higher concentration of intermediate products
such as NO2, and greater violent growth for explosive reaction,
which suggests RDX with a longer void–void distance is more sensi-
tive to the present shock. That is because the farther double hot
spots result in more RDX molecules being heated simultaneously
and then reacted quickly under the synergetic growth of double hot
spots. The current work sheds light on an interesting view of com-
prehending the nanoscale voids interaction, shock-induced ignition,
and chemical decomposition in crystalline explosives. Future efforts
in this area will focus on the effects of different ignition mechanisms,
defect morphology, and crystal orientation on material responses to
shock insult.

SUPPLEMENTARY MATERIAL

See the supplementary material for temporal and spatial distri-
butions of temperature after 3.00 ps in shocked RDX crystals, scale
normalized evolution of the total intermediate products, time
evolution of shock front, and bond-order cutoff data.
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