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ABSTRACT

It is known that plastic relaxation behind the shock wave front in metals and alloys is achieved through intense dislocation multiplication.
Most of the molecular dynamics simulations usually consider perfect crystals, in which dislocation needs to be nucleated. The present paper
presents the molecular dynamic simulations of shock wave loading in [100], [110], and [111] molybdenum crystals of micrometer length,
both perfect and with dislocations, over a wide range of temperatures from 300 to 2100 K. The evolution of the shock wave structure and
the Hugoniot elastic limit (HEL) is analyzed for the dependence of temperature and the presence of dislocations. It is found that behind the
wave front, preexisting dislocation loops, depending on their orientation, could either multiply on their own or serve as the nucleation
sources of new screw dislocation segments. The formation of twin bands is also found in [110] and [100] Mo crystals with dislocations as
well as in perfect [110] crystals. In Mo crystals with preexisting dislocations, the HEL decays monotonically, and the decay rate weakly
depends between [110] and [111] orientations. The HEL decays much slower at the front of the elastic precursor in the [100] crystal;
however, the post-spike HEL values decay with the same exponent as for [110] and [111] Mo crystals. The decay exponents are found to be
in range between 0.25 and 0.45, which agree with experiments when the shock propagation distance is above 0.2 mm. The HEL decreases
slightly with increasing temperature, which is also in accordance with experiments.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0255365

I. INTRODUCTION

The description of material behavior under high-strain rate
deformation is necessary to solve important applied problems of
solid body collision1,2 and laser processing.3 The shock waves are
generated when the solids collide. In planar impact, the material
experiences longitudinal compression behind the shock wave front.
When the impact intensity exceeds the Hugoniot elastic limit
(HEL), plastic deformation begins to develop behind the front,
leading to the formation of an elastic precursor.4 A set of parame-
ters achievable behind the shock wave is called Hugoniot curve,
which is used to extract the equation of state.4 The evolution of the
shock wave structure allows us to study the incipient plastic flow,
which develops at high stresses and at the same time at relatively
low total longitudinal strains.4 The elastic precursor decay charac-
terizes the intensity of the plastic flow behind its front. A change in

decay exponent over the shock propagation distance may indicate a
transition in the mechanisms of plastic deformation in alloys.5,6

Many experiments study the response of pure bcc metals,
such as Fe,7 Ta,8 V,8 Nb,9 Mo,9,10 W,11 and Cr,11 to impact loading.
A key observation from these studies is that the attenuation of
elastic precursor in bcc metals consists of two branches, in which
the decay exponent of the first branch is much higher than the
decay exponent of the second branch. In the case of Mo, the elastic
precursor decreases rapidly over the propagation distance smaller
than 0.2 mm with the exponent around 0.8–1.0, before transition-
ing to a slower decay with an exponent of 0.2–0.4.9,10 It remains an
open question whether a relationship can be established between
the mechanisms of plastic deformation and the exponent of elastic
precursor decay. Recently, in molecular dynamics simulations, we
discovered that when dislocation motion is altered by the presence
of a solid solution, preventing dislocations from freely overcoming
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obstacles, the elastic precursor in copper crystal attenuates more
slowly, resulting in a decrease in the decay exponent.12

Another result of shock wave experiments is the decrease in
HEL with increasing temperature for bcc metals, which distinguishes
them from fcc metals, where an increase in HEL with temperature is
observed.13,14 The reason is believed to be due to the weak influence
of temperature on the mobility of dislocations in the phonon friction
regime, which is shown in atomistic simulations.15–18 At low stresses,
a screw dislocation moves due to the thermally activated nucleation
and propagation of the kink pairs. However, at high stresses, one
observes transition to the athermal linear regime.16,18,19 Continuum
models using the mobility law of single dislocations show good
agreement with experiments on the temperature-dependent HEL
decay for many bcc metals, confirming their thermal softening.16,20

While there are many results on the shock behavior of bcc
metals and crystals,10,21–26 the most complete information on the
processes occurring behind the shock front can only be obtained
by explicit modeling of plastic deformation processes. Models of
crystal plasticity as well as methods of discrete dislocation dynamics
should assume some laws of dislocation evolution, their reactions
among themselves and interactions. In this respect, the molecular
dynamic simulations, despite their strong limitations on the dimen-
sion of system, are perhaps the only possibility to observe the devel-
opment of plastic deformation processes behind the wave front
naturally from the atomic motion.

The atomic models of perfect crystals, in which there are no
lattice defects, are quite idealistic because in real crystals there is a
certain density of dislocations, even after annealing. In perfect fcc
crystals, there are no dislocations in the elastic precursor region.
Depending on the shock velocity and temperature, the elastic precur-
sor may exhibit both weak oscillations and larger-scale perturbations
caused by dislocation nucleation processes near the plastic wave27 or
the so-called “elastic-plastic collapse.”28–30 The HEL value does not
decay but can fluctuate due to these perturbations. The HEL value
for perfect crystals can, thus, be a parameter dependent on impact
velocity, or particle velocity, and temperature.27,28 The HEL depen-
dencies on temperature and particle velocity in the shock wave for
[110] and [111] copper crystals have been recently obtained.27

The molecular simulation of Ta31–34 and Mo35,36 perfect crys-
tals identifies the structure of the shock wave. In h110i Mo perfect
single crystals, the elastic precursor overshoots the shear stress,
after which dislocations on a specific group of slip planes are nucle-
ated.35 It is shown that the HEL for the [110] and [111] Mo crystals
is close when the shock passes 160 nm at the particle velocity of
1000 ms�1, but the [111] crystal has a much larger plateau of
elastic precursor.36 The simulations also found the {112}h111i
twinning reactions behind the shock front in Mo,36,37 which have
also been observed in earlier experiments38,39 through postmortem
analysis of shocked Mo.

Recently, molecular dynamics simulations are applied to study
the behavior of single crystals in which there is already some density
of preexisting dislocations.27,40–45 In these models, the multiplication
of preexisting dislocations occurs at much lower stresses than homo-
geneous dislocation nucleation. Although these stresses are still
higher than those observed in the experiment, these models seem to
be more realistic providing some qualitative agreement with experi-
ments.27,41 Such simulations with preexisting dislocations, coupled

with the mobility of individual dislocations, allow us to improve and
develop models of crystal plasticity.45–47

Unlike perfect crystals, the dynamics of preexisting dislocations
behind the wave front and the associated shock wave structure in bcc
crystals is scarcely studied at the atomistic level. Although the effect
of temperature on HEL has been investigated experimentally and
theoretically for various bcc metals,16,20 it is not shown from the
direct simulation of dislocation dynamics behind the shock front.
The most obvious problem is related to finding the temperature
dependence of HEL in crystals with some density of preexisting
dislocations. It is interesting to establish whether in atomic models
anomalous hardening can be observed, which took place in fcc
copper,27 because the mobility of edge dislocations in bcc metals still
tends to decrease with temperature.16,17 The decay exponent, derived
from dislocation dynamics behind the shock wave front, is another
feature that can be directly extracted from molecular dynamics and
compared with experiments to provide insights into the mechanisms
of plastic deformation behind the shock wave front.27

In this paper, we aim to study shock compression of Mo
single crystals with and without preexisting dislocations in a wide
range of temperatures. To analyze the evolution of the shock struc-
ture in more detail, we consider crystals with a size on the order of
1 μm along the shock axis. We intend to find the mechanisms of
plastic deformation in both ideal crystals and when crystals already
have dislocations. We analyze the temperature dependence of the
HEL stress and the role of preexisting dislocations on the HEL
value and decay. We relate the HEL decay exponent to the identi-
fied mechanisms of plastic deformation behind its front and inter-
pret experimental results.

II. METHODS

The Mo single crystals of three different orientations [100],
[110], and [111] are created with a close dimensions around
850� 28� 28 nm3 (Fig. 1). The dislocations are introduced to
the crystals by cutting an equal number of vacancy dislocations
loops on four different {111} planes. The dislocations have a
hexagonal form, which is the most stable on (111) planes,48,49

and have been used in many previous works.40,47,50 The disloca-
tion loops of approximately 6 nm diameter are uniformly dis-
tributed along the crystals and in the same way for crystals of
different orientations (Fig. 1).

In order to transform the initial cuts into dislocations, we
slightly shift the atomic layers perpendicular to the cut toward the
cut. This is similar to uniaxial compression and release procedure
that has been used for vacancy dislocation loop relaxation in
tungsten.50

First, the fully periodic crystals with dislocations are relaxed at
300 K in an NPT ensemble with zero pressure. To obtain crystal
models with similar dislocation spatial arrangement at higher tem-
peratures, we heat the obtained models from 300 K to the desired
temperatures of 700, 1100, 1600, and 2100 K. The dislocations are
extracted from atomic models using a dislocation extraction algo-
rithm (DXA).51,52 The obtained dislocation loops in the Mo crystals
are mostly h100i and 1/2h111i loops that are composed of edge dis-
location segments (Fig. 1). Though most of the cuts are transformed
into dislocation segments, some of them are not transformed, and
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they are not detected by the dislocation extraction algorithm and are
represented as a defect mesh in OVITO software.53

The dislocation density in [100], [110], and [111] crystals is
around 1:2� 1015 m�1, respectively, at 300 K and does not change
during heating. After relaxation, we remove the periodicity along
the shock direction and relax them in the NPT ensemble with zero
lateral normal stresses at desired temperature.

The shock compression is applied by assigning constant veloc-
ity to the atoms in a 0.8 nm slab from the one end of a crystal with
a velocity of 500 and 900 ms�1. For perfect crystals, the velocity is
considered in the range between 1000 and 1300 ms�1, for which
the previous study36 with Zhou’s potential54 showed the nucleation
of dislocations behind the shock wave. Integration of atomic
motion is done in the NVE ensemble with a time step of 1 fs.27

The simulation time is usually around 120–150 ps. The molecular
dynamics calculations are performed using the LAMMPS soft-
ware55 with Kokkos GPU acceleration (double precision).56

The values of the stress tensor components, temperature, and
particle velocity are averaged in bins of 1 nm along the shock direc-
tion. The resolved shear stress acting at the primary glide system
h111i{110} is calculated for [100] and [111] Mo crystals using the
following expressions:

τ[100] ¼ 1ffiffiffi
6

p (σxx � σyy), (1)

τ[111] ¼ 1
3

ffiffiffi
2
3

r
(σxx � σyy), (2)

which are derived using the transformation of the stress tensor to a
coordinate system associated with the slip system h111i{110}, con-
sidering the symmetry of the stress tensor σyy ¼ σzz .

12 In the case
of a [110] crystal, where σyy = σzz , there are two different expres-
sions for the resolved shear stress at the primary glide systems,
namely, in-plane and out-of-plane,35

τout[110] ¼
1ffiffiffi
6

p (σxx � σzz), (3)

τ in[110] ¼
1ffiffiffi
6

p jσzz � σyyj: (4)

The embedded-atom method (EAM) interatomic potential
with a parameterization proposed by Zhou et al. is used to describe
the interaction between Mo atoms.54 The potential is chosen because
of its simplicity, which allows a larger number of atoms to be consid-
ered in the simulation of shock compression. The potential54 cor-
rectly predicts the thermal softening of the elastic constants c11, c12,
and c44 compared to experiments59,60 (Fig. 2), which is important for
the present study. Another well-known EAM potential proposed
by Ackland57 predicts much stronger thermal softening (Fig. 2),
though it is utilized in many studies such as the edge dislocation

FIG. 1. Molybdenum single crystals oriented along (a) [100], (b) [110], and (c) [111] direction with a preexisting dislocation network. Blue and red lines represent edge and
screw dislocation segments. Gray color shows the initial cuts that did not transform into dislocations.

FIG. 2. Temperature dependence of elastic constants c11 (blue), c12 (red), and
c44 (green) calculated using Ackland’s EAM57 (line), Zhou’s EAM54 (dashed),
and ADP58 (long dashed) interatomic potentials for Mo. Points refer to experi-
mental data.59
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mobility18 and the shear stress relaxation in the [110] Mo crystal.35

Zhou’s potential54 also shows a good correspondence for the
Hugoniot curve with experiments below 200 GPa and has been
used recently in the study of shock compression of Mo perfect
crystals.36 The recently proposed ADP potential58 provides a
better description of the dislocation core compared to EAM
potentials54,57 but at the same time predicts much higher value of
c12 elastic constant than in the experiment (red long dashed line
in Fig. 2). Additional simulations are performed using Ackland’s
potential57 to verify results obtained (SEM; Figs. S1, S2 in the
supplementary material).

III. RESULTS

A. Shock wave structure in perfect crystals

In perfect crystals, after the nucleation of dislocations,
which occurs at an initial moment of time at some particle veloc-
ity, an elastic precursor is formed and begins to move away from
the plastic wave. The plastic deformation picture differs from
crystals with dislocations in that there are no dislocations in the
elastic precursor and the onset of plasticity occurs only at
the front of the plastic wave. Since there are no dislocations in
the elastic precursor, it almost does not decay. In the vicinity of
the plastic wave near the existing dislocations nucleated, the
perfect crystal is compressed above a certain critical value, result-
ing in the nucleation of new dislocations in this region and their
subsequent multiplication and merging with the main front of
the plastic wave. This process generates stress relaxation near the
plastic wave and produces two rarefaction waves traveling along
the elastic precursor front in one direction and in the opposite
direction of the plastic wave.27,29 At moderate impact velocities
and temperatures, this nucleation process is localized near the
plastic wave and the amplitude of stress relaxation is small, so the
elastic precursor is a plateau with small oscillations. However, at
higher temperatures, stronger stress relaxation and elastic wave
dynamics in the elastic precursor can be observed. Below, we
show in more detail these features of the evolution of the shock
wave structure in crystals of different orientations. The mecha-
nisms of plastic deformation in perfect crystals differ depending
on the crystal orientation.

1. [110] crystal

The characteristic pattern of plastic deformation is illustrated
using the example of a particle velocity of 1000 ms�1, which is
close to the velocity at which the nucleation of dislocations in a
[110] crystal is observed.36 Figure 3 shows that in the [110] crystal
the plastic deformation behind the wave front is attained mainly
due to nucleation and multiplication of screw dislocations and the
formation of {112} twin bands. At first 60 ps, the elastic precursor
front does not contain dislocations [Fig. 3(b)]. The out-of-plane
shear stress τout[110] [orange curve in Fig. 3(a)] increases during the
elastic precursor and then quickly relaxes. The in-plane shear stress
τ in[110] [purple curve in Fig. 3(a)] increases only when the elastic pre-
cursor begins its transition to the plastic wave. The τ in[110] decreases
at the top of the plastic wave, when the stress remains constant.
Behind the plastic wave front, one can see the formation of twin

bands, which become less pronounced as one moves away from the
front. It is noteworthy that inside the twin bands the material has a
bcc structure.

As the wave propagates, the elastic precursor moves away from
the plastic wave. The transition zone between the elastic precursor
and the plastic wave [“transition” in Fig. 3(c)] contains the twin
bands and almost free of dislocations. The front part of the elastic
precursor is free of lattice defects. The presence of a defect-free
elastic precursor, followed by a region that begins with a jump
from the elastic precursor and then transitions into a plastic wave,
is associated with the in-plane and out-of-plane shear stresses,
which become nonzero in these regions, respectively. The resolved
shear stress values τout[110] and τ in[110] that reach their maximum in the
shock wave are close to each other and about 7 GPa. This value is
lower than the critical shear stress for dislocation nucleation at
h111i{110} slip systems, which is around 17 GPa.61,62 The reason is
the high resolved shear stress in the twin system h111i {112}, which
has a higher factor of

ffiffiffi
2

p
/3 compared to 1/

ffiffiffi
6

p
the h111i {110} slip

systems [Eqs. (3) and (4)]. The shear stresses in the elastic precur-
sor at the h111i {112} system should promote the propagation of
existing {112} twin bands, and their values should be smaller than
the twin nucleation stress. In the [110] crystal, the shear stress of
8 GPa is sufficient to sustain the motion of the twin band.

When the particle velocity increases to 1200 ms�1, the plastic
deformation mechanisms remain similar. The number of activated
slip planes may increase to two when the particle velocity increases.
The formation of slip bands has also been observed in previous
simulations.36

FIG. 3. (a) Shock wave profile in the [110] Mo perfect single crystal at 700 K
and particle velocity of 1000 ms�1. The longitudinal stress σxx and the shear
stresses τout[110] and τ

in
[110] at glide systems h111i{110} are shown. Dislocation sub-

structure in the system at (b) 60 and (c) 100 ps. Red lines show the screw dislo-
cation segments, and gray color shows the regions with defective mesh.
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2. [111] crystal

Figure 4(a) shows that at impact velocity of 1300 ms�1 and
300 K, a plateau of elastic precursor is observed, where the disloca-
tion are only present in the plastic shock wave [Fig. 4(b)]. The
shear stress τ111 in the elastic precursor is around 18 GPa, which is
close to the ideal shear stress in the h111i {110} slip system.

When the initial temperature increases to 1100 K, the pertur-
bation of the elastic precursor structure is observed in Fig. 4(c).
The dislocations still remains only in the plastic wave [Fig. 4(d)],
and their substructure is close to the one at 300 K [Fig. 4(b)].
The processes of stress relaxation just near the plastic wave lead to
the formation of wave-like structure with rarefaction wave fronts
traveling to the front of the elastic precursor. The rarefaction
waves are catching up with the compression wave ahead, and the
compression waves, on the other hand, overtake the rarefaction
waves ahead. Therefore, the observed wave structure evolves with
time, according to the laws of propagation of elastic waves. With
further increase in temperature, the wave structure in [111]
perfect crystals is observed to be similar to that shown in Fig. 4(c)
for temperature of 1100 K.

The prerequisites for the appearance of such a structure with
increasing temperature are the possibility of easier formation of dis-
locations at some distance from the plastic wave as a result of the
transition of the material from the subcritical state of compres-
sion.29 In this case, the nucleation of dislocations occurs at a more
distant distance than at lower temperatures; as a result, they have

time to travel some distance, significantly relaxing the stress in this
region. Such perturbation was recently observed in molecular
dynamics simulation of shock compression of the [111] copper
crystal with increased initial temperatures.27

B. Hugoniot elastic limit in perfect crystals

The magnitude of the elastic precursor can be calculated by
averaging its values between compression-induced oscillations near
the plastic wave. Figure 5 shows the HEL dependencies for the Mo
perfect crystals. It can be seen that in all crystals the HEL reaches an
approximately constant value when the wave passes 200–300 nm.

The HEL becomes almost independent of temperature in the
[110] crystal, when the shock wave passes sufficient distance
[Fig. 5(a)]. The HEL value decreases with temperature for [111]
crystals [Fig. 5(b)]. The higher sensitivity of HEL to temperature
is observed for [111] crystals compared to [110] crystals. The
HEL value is a characteristic of stress relaxation from the overcrit-
ical elastic state near the plastic wave. The decrease in HEL with
temperature means that the plasticity mechanisms are thermally
activated and are associated with the nucleation of dislocations or
the phase transition. Instead, the stress required for the propaga-
tion of an existing twin band in the elastic precursor may not sig-
nificantly depend on temperature (Fig. 3).

The HEL values for the [110] crystal are much lower than
for the [111] crystals and close particle velocities of 1000 and
1300ms�1. This result is qualitatively supported by the experimental

FIG. 4. Shock wave profile in the [111] Mo perfect single crystal particle velocity of 1300 ms�1 and temperatures of (a) 300 and (c) 1100 K. Dislocation lines are shown in
the plastic waves for (b) 300 and (d) 1100 K.
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data, in which the highest HEL is achieved for [111] crystals, and the
HELs for [100] and [110] crystals are close.23,24 The obtained HEL
values for perfect crystals are order of magnitude higher than experi-
mental ones, which are in the range of 4–10 GPa at 2mm distance.24

This is typical for molecular dynamic simulation of shock compres-
sion and means that the nucleation of dislocations near the plastic
wave alone is not the only mechanism of plastic deformation in Mo
crystals behind the wave front.

C. Plastic deformation behind shock front in Mo
crystals with dislocations

Figures 6 and 7 show the dislocation evolution behind the
shock wave in [110] and [111] Mo crystals at 500 ms�1. At this
impact velocity behind the wave front, dislocation multiplication is
observed, but not so intense as to fill the entire volume of the
crystal. The main mechanisms of the plastic deformation in the Mo
crystals are associated with the multiplication of screw dislocation
segments (red lines in Fig. 6). The directions of the normal to dis-
location loops may be calculated as the cross product ~v �~b
between the direction of the edge segment in the loop ~v and the
Burgers vector~b. Under the action of the stress, the preexisting dis-
location loops become a source of active dislocations. The analysis
of the normal direction shows that the dislocation loops are mostly
on the (110) and (112) planes with elongated screw dislocation seg-
ments along the corresponding <111> directions. The proportion
of normal directions is almost equal between (110) and (112) direc-
tions. As the stress behind the wave front relaxes, the dislocation

loops elongate due to the motion of screw dislocation segments, both
toward and against the shock wave direction. Dislocation loops also
cross the periodic boundary of the computational domain and con-
tinue their propagation further.

The screw dislocations propagate over larger distances in the
[110] crystal than in the [111] crystal, filling more space along the
shock axis (Fig. 6). This is because the inclination angle of the screw
dislocation lines <111> in the [111] crystal is 70:5� to the direction
of the shock axis, which is much closer to the perpendicular direc-
tion compared to the inclination angle of screw dislocations 35:3� in
the [110] crystal. Therefore, dislocation propagates a further distance
in the [110] crystal, and therefore, a smoother shear stress relaxation
profile is expected behind the shock wave.

Figure 8 shows that with an increase in temperature and the
particle velocity, the similar twin bands can form behind the shock
front as in the case of the [110] perfect crystal. The density of twins
is higher at the early stages of shock wave propagation due to the
higher stress behind. As the shock propagates, the density of twin
bands decreases as can be observed in the elastic precursor region
and at the top of the plastic wave in Fig. 8.

D. Details of dislocation evolution

As noted earlier, the preexisting dislocation loops have either
h100i or 1/2h111i Burgers vector. The mechanism of the loops evo-
lution for particle velocities of 500ms�1 depends on their Burgers
vector. Figures 9(a) and 9(b) show that when the shock front passes
through the 1/2h111i loops, the loops rotate to the Burgers vector.

FIG. 5. The dependence of longitudinal stress σxx at HEL on shock wave propagation distance in (a) [110] and (b) [111] Mo crystals at particle velocities of 1000 and
1300 ms�1, respectively.
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Thus, the edge segments of the dislocation loop perpendicular to the
Burgers vector become screw after rotation. Then, the dislocation
loops begin to expand along the Burgers vector. The rotation time is
approximately 1–2 ps from 46 to 48 ps in Fig. 9. The shape of the
dislocation loop during motion is in many cases not completely
elliptical, elongated by screw segments. Some irregularities of the
loop shape is observed, in which the screw segments are separated by
regions of edge segments [green loops on the left in Fig. 9(c)].

Unlike the 1/2h111i loops, the h100i dislocation loops do not
rotate as the shock wave passes through them but serve themselves
as the sources of new screw dislocation segments [Figs. 9(c)–9(e)].
The evolution of the h100i loops may differ from their orientation
to the shock direction as well as from the stress at the elastic pre-
cursor wave front. The nucleation of four dislocation screw seg-
ments can be observed for the loop at the top of Figs. 9(d)–9(e).
The two segments with Burgers vector of 1/2h1�1�1i and 1/2h1�11i

FIG. 6. Shock wave propagation in the [110] Mo single crystal with a preexisting dislocation network at (a) 40, (b) 50, (c) 60, and (d) 70 ps at 500 ms�1. Red and blue
lines correspond to screw and edge dislocation segments, respectively. Only the part of the crystal in which there is a shock front is shown.

FIG. 7. Shock wave propagation in the [111] Mo single crystal with a preexisting dislocation network at (a) 40, (b) 50, (c) 60, and (d) 70 ps at 500 ms�1. Red and blue
lines correspond to screw and edge dislocation segments, respectively. Only the part of the crystal in which there is a shock front is shown.
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propagate along the shock wave direction and the other two
(1/2h�111i and 1/2h�11�1i) propagate in the opposite direction.
Also, one can see the nucleation of only two screw dislocation
segments, propagating in the opposite directions for the loop
in the middle of Fig. 9(e). In the latter case, the h100i loop
transforms to a 1/2h111i dislocation loop but with the second
1/2h111i loop inside.

Figure 10 shows that after the nucleated screw segments prop-
agate some distance from the h100i loop in the [111] Mo crystal,
the h100i loop may transform into a 1/2h111i loop. A similar tran-
sition from immobile h100i loops to mobile 1/2h111i loops is
observed in [100] Mo crystals.

E. Shock wave structure in crystals with dislocations

The shock wave profiles corresponding to the dislocation evo-
lution figures are shown in Fig. 11. From the very beginning of the
shock wave propagation, an elastic precursor is formed, and the
shear stress τ behind the wave front relaxes. The appearance and

multiplication of screw dislocations at the front of an elastic precur-
sor lead to a decrease in the longitudinal and shear stress at its
front. The amplitude of shear stress τ is close between [110] and
[111] Mo crystals at submicrometer shock propagation distances,
with values between 5 and 6 GPa (Fig. 11). It can also be seen that
the plastic wave rise time is higher in the [111] crystal than in the
[110] crystal, which is in qualitative agreement with the shock
experiment at shock pressure of 12.5 GPa.23

The shear stress decreases much smoother behind the shock
wave in the [110] crystals than in the [111] one due to a large dis-
tance traveled by screw dislocations (Sec. III C). The region of
elastic precursor generally contains much less dislocations than in the
plastic wave (Fig. 8). It can be seen from Figs. 11(b) and 11(d) that the
shear stress in the region of elastic precursor fluctuates near some
value, reminiscent of the case of a perfect crystal (Fig. 4). The higher
amplitude of fluctuations for the [111] crystal is a consequence of a
more localized motion of dislocations. The presence of such region
means that the processes of dislocation multiplication are not so
intensive that they have time to reduce the shear stress at a shear

FIG. 8. Twin bands formation during the shock wave propagation in the [110] Mo single crystal with a preexisting dislocation network at 1600 K and 900 ms�1. Red and
blue lines correspond to screw and edge dislocation segments, respectively.

FIG. 9. The evolution of vacancy dislo-
cation loops during the shock wave
compression in the [110] Mo crystal at
500 ms�1 and 300 K at (a) 46, (b) 48,
(c) 49, (d) 50, (e) 51, and (f ) 52 ps.
Purple and green lines represent h100i
and 1/2h111i dislocation segments,
respectively. Arrows show the direction
of the Burgers vector.
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stress τ of about 10–20GPa. Therefore, when the main mechanism
of plastic deformation is the activation of the screw dislocations from
the dislocation loops, the shear stress relaxation is expected to
decrease over some distance traveled by the shock wave. This can
lead to a slowing of the elastic precursor decay.

F. [100] Mo crystal with dislocations

In the [100] molybdenum crystal with dislocations, the multi-
plication of screw dislocations behind the wave front is also
observed as in the case of other Mo crystals [Figs. 12(c)–12(d)].
The formation of an elastic precursor is observed at 500 ms�1

already in Fig. 12(a); however, it is much slower than for other
crystal orientations. It can be seen that the stress at precursor
almost does not change at 500 ms�1 throughout the shock wave
propagation. The shear stress τ100 at the top of elastic precursor is
also close to that in the [110] and [111] Mo crystals.

Behind the shock wave front, the formation of twin bands is
observed at 900 ms�1 in Fig. 12(d). The direction of these bands
coincides with dislocation loops that propagate from the existing
edge dislocation segments. The shear stress decays monotonically
behind the wave front in this case [Fig. 12(b)], which means that
the growth of twin bands activated at some temperature is a more
intense plastic deformation process through which an elastic pre-
cursor may be formed.

The presence of a single wave configuration without the for-
mation of an elastic precursor in [100] crystals is known for fcc
metals, such as copper.64,65 However, in the fcc crystals, it is due to
the low value of the shear modulus along the axis [100] because of
which the longitudinal and bulk wave velocities are close to each
other. In the [100] Mo crystal, the shear stresses τ of around
10–25 GPa are found behind the shock front at 500–900 ms�1

[Figs. 12(a) and 12(b)], which are sufficient to activate the dislocation
multiplication, resulting in the formation of elastic precursor.

G. Elastic precursor decay

The elastic precursor decay in [110], [111] Mo crystals at 500
and 900 ms�1 is shown in Fig. 13. The HEL stress, σxx , decreases

initially due to thermal softening and, in most cases, subsequently
decays with nearly identical slopes across all temperatures. This
leads to a lower HEL value with increasing temperature throughout
the shock wave propagation. Figure 13 shows a decrease in HEL
values with temperature for the Mo crystal orientations and particle
velocities considered in the study. It can be observed that the tem-
perature dependence of HEL shows little variation with crystal ori-
entation when the shock wave propagates a distance of 600 to
850 nm.

The HEL initially decays differently in the region where it
forms, but after approximately 100–300 nm shock propagation, the
decay transitions to a consistent slope. This behavior was observed
earlier for the copper crystals.27 In this region, the HEL decay is
well approximated by the power law function,

σHEL ¼ σ0(x=x0)
�α , (5)

where α is a HEL decay exponent and x0 is equal to 1 nm.
The approximation is only valid in the region of consistent slope.
The σ0 parameter does not represent the maximum HEL stress and
may exceed the initial stress in the shock wave.

The decay exponent α clearly depends on crystal orientation,
but it is almost independent of temperature. The decay exponent
falls within the range of 0.25–0.45. For example, at 500 ms�1, the
decay exponent is approximately 0.45 and 0.30 for [110] and [111]
Mo crystals. The HEL decay for the [110] crystal becomes lower
than that for the [111] crystal at 900 ms�1, which is probably due
to the faster formation of the elastic precursor at the early stage of
shock propagation. The obtained range of decay exponents due to
multiplication of preexisting dislocation in Mo crystal is confirmed
by a series of atomistic simulations using Ackland’s potential
(Figs. S1, S2 in the supplementary material).

At 500 ms�1, the HEL values at the end of shock propagation
are higher for the [111] orientation, ranging from 24 to 27 GPa,
compared to the [110] orientation, which ranges from 19 to 22 GPa,
depending on temperature [Figs. 13(a) and 13(b)]. When the particle
velocity increases to 900 ms�1, the HEL values for [111] and

FIG. 10. The transformation of h100i dislocation loops into 1/2h111i loops during the shock wave compression in the [111] Mo crystal at 500 ms�1 and 300 K at (a) 58,
(b) 66, and (c) 70 ps. Purple and green lines represent h100i and 1/2h111i dislocation segments, respectively. Arrows show the direction of Burgers vector.
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[110] crystals become close, ranging from 25 to 30 GPa [Figs. 13(c)
and 13(d)].

The elastic precursor decay in the [100] Mo crystal is shown
in Fig. 14. The case of the [100] crystal is specific, as the elastic
precursor forms very slowly and decays only slightly. Due to its
slower decay, the HEL for the [100] Mo crystal exhibits higher
values than for [110] and [111] crystals at certain shock propaga-
tion distances (Fig. 13). The decay exponent in [100] Mo crystal
is close to 0.10 at 500 ms�1 [Fig. 14(a)]. The decay exponent
starts to increase to 0.3–0.4 only at 900 ms�1 when temperature is

above 1600 K [Fig. 14(c)]. In that range, the twinning is activated
behind the shock wave front (Fig. 12). The post-spike minimum
decreases with propagation distance, while the spike values
remain relatively unchanged [Figs. 14(a) and 14(b)]. The decay
exponent of the post-spike minimum is in the range of 0.2–0.3,
which is close to the values observed for [110] and [111] crystals
in Fig. 5.

These observations are quite similar to those reported in
experiments on pristine [100] Mo crystals.10,23 The HEL at spike
varies slowly with decay exponent less than 0.1 when the shock

FIG. 11. Longitudinal σxx and resolved shear stress τ at h111i {110} slip systems in (a,c) [110] and (b,d) [111] Mo crystals with preexisting dislocations at (a,b) 300 K and
500 ms�1 and (c,d) 700 K and 900 ms�1. The dislocation evolution in (a) and (b) is shown in Figs. 6 and 7, respectively.
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propagates the distance between 0.2 and 8 mm. Plastic relaxation,
driven by the multiplication of dislocations, takes place behind the
spike, resulting in a decrease in the post-spike minimum with
increasing propagation distance10 with a decay exponent of 0.36.
The decay exponent for 0.6% and 5.4% pre-strained [100] Mo crys-
tals is between 0.15 and 0.36, respectively.

The spiked shape of the elastic precursor actually is observed
for all crystal orientation at 500 ms�1 (Figs. 11 and 12). The spike
usually forms when plastic deformation processes are intense,
leading to local stress relaxation behind the shock wave front.
The front part of the wave is initially unaware of this relaxation,
and it takes time for the rarefaction wave to propagate and reduce
the stress at the shock front.27 Sometimes, when plastic deforma-
tion occurs very rapidly, as in the case of dislocation nucleation,
the spike shape is maintained because the rarefaction wave cannot
reach the peak of the shock wave.66 In our simulations, the dislo-
cations activity begins only some distance away from the front
part of the elastic precursor, and the dislocation density does not
increase at the top [Figs. 6, 7, 12(c), 12(d), and S4]. Thus, the
slower HEL decay at the spike in the [100] crystal, compared to
other crystals, may be related to the slower speed of sound along
the [100] direction, which is known for cubic crystals. The slower

the rarefaction wave propagates from the relaxed region to the
peak, the slower the HEL will decay.

In shock compression experiments for annealed Mo,9,10 the
elastic precursor decay has two stages. In the first stage, up to
0.2 mm, the HEL decay exponent is around 0.6–0.7 and is indepen-
dent of temperature.9,10 The shear stress corresponding to the pre-
cursor spike decreases very fast during this stage, from 3.4 GPa to
approximately 1.2 GPa in the [100] Mo crystal shocked at compres-
sive stress of 12.5 GPa.10,23 The HEL values weakly decrease with
temperature.9 Only in the next stage, after 0.2 mm of shock propa-
gation, the HEL decay begins to depend on temperature more
strongly, with the HEL value decreasing markedly with temperature
for polycrystalline Mo.9

Our results in Figs. 13 and 14 show that at a distance of about
1 μm, the HEL values weakly decreases with temperature when the
main mechanism of plastic deformation is multiplication of dislo-
cation loops. It is noteworthy that in other bcc metals, such as Nb,
Cr, and W, the HEL decreases significantly with temperature even
in the first stage of HEL decay.9,11

The elastic precursor decay exponents for Mo crystals obtained
in the range of 0.25–0.45 in our simulations are lower than the
values of 0.8–1.0 at the first stage of elastic decay.9,10 This means that

FIG. 12. Longitudinal σxx and resolved shear stress τ [100] at h111i {110} slip systems in [100] Mo crystals with preexisting dislocations at (a) 300 and (b) 1100 K at 500
and 900 ms�1, respectively. Dislocation substructure at (c) 300 and (d) 1100 K at 85 ps, corresponding to the shock profiles in (a) and (b), respectively. Red and blue lines
correspond to screw and edge dislocation segments. Gray region represents the defective region produced by the dislocation extraction algorithm.63
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the mechanism of multiplication of screw dislocation from preexist-
ing dislocation loops is rather slow, and there should be a faster
mechanism of plastic deformation when the shock propagation
distance is below 0.2 mm. However, the obtained range of decay
exponents agrees well with the experimental values of 0.2–0.4 for
polycrystalline Mo and pre-strained [100] Mo crystals in the
second stage.9,11 Such an agreement indicates that at this stage
plastic deformation behind the shock wave front is provided by
dislocation multiplication. Moreover, same mechanisms also occur in
[100] crystals, where a clear spike and post-spike minimum in the
shock wave structure are observed.

A possible reason why we do not observe a faster mechanism
of plastic deformation, possibly twinning with an exponent of
0.8–1.0, is likely related to the high dislocation density in our
models, which hinders the formation of twins. It is worth noting
that, apparently, in molybdenum samples that have not been
annealed or have been pre-deformed, twinning also does not
occur, as indicated by the exponent of 0.2–0.4. Therefore, it is
likely that the particle velocities at which twinning can be
observed in our models must exceed 900 ms�1, although this is
still higher than the particle velocities observed in experiments
during the first stage.

FIG. 13. Temperature dependence of longitudinal stress σxx at elastic precursor (GPa) in (a) and (c) [110] and (b) and (d) [111] Mo crystals with dislocation at a particle
velocity of (a) and (b) 500 and (c) and (d) 900 ms�1. The figures are shown in logarithmic scale. The numbers show the decay exponent [Eq. (5)], and the color indicates
the temperature to which it applies.
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IV. SUMMARY

The response of bcc Mo crystals of different orientation with
and without preexisting dislocation substructure to shock compres-
sion is studied using molecular dynamic simulations. An attempt
has been made to analyze the evolution of dislocations from the
preexisting dislocations behind the shock wave in bcc crystals. With
this aim, the atomic models of [100], [110], and [111] Mo crystals
with the density of 1/2h111i and h100i preexisting dislocations
loops are constructed having the length of almost 1 μm along the
shock direction.

The simulations indicate that the primary mechanism of plastic
deformation behind the shock wave is the multiplication of disloca-
tion loops originating from preexisting dislocations. Before expan-
sion, the 1/2h111i loops undergo a rotation, aligning to the plane
orthogonal to their Burgers vector. In contrast, the h100i loops act as
sources for screw dislocation segments. These segments propagate
both forward and backward relative to the shock wave direction,
leading to the formation of dislocation loops. The growth of disloca-
tion loops occurs primarily through the motion of screw dislocation
segments. With increasing temperature and particle velocity in the
shock wave, the formation of twin bands is observed in the [110]
and [100] crystals but not in [111] Mo crystals.

The elastic precursor forms in the shock wave structure in
[100], [110], and [111] Mo crystals with dislocations at 500 ms�1

and then decays. In [100] Mo crystals, the elastic precursor forms
and decays much more slowly than in other crystals. However, the
post-spike HEL values decay with the same exponents as in other
crystals.

The decay of elastic precursor is found almost independent of
temperature at 500 and 900 ms�1. The HEL values decrease with
increasing temperature in Mo crystals during shock wave propaga-
tion. However, in most cases, the HEL decreases by less than 20%
with an increase in temperature from 300 to 2100 K. These results
are in qualitative agreement with experiments.9 The HEL decay

exponent of the elastic precursor in the calculations is in the range
of 0.25–0.45, which is in agreement with the HEL decay when the
shock travels no less than 0.2 mm. The higher HEL decay exponent
of 0.6–0.7 at shock propagation distance beyond 0.2 mm suggests
that there exists a faster plastic deformation process behind the
wave front than the multiplication of preexisting dislocation loops
at early stages.

In perfect Mo crystals, the shock wave structure consists of
defect-free elastic precursor and plastic shock wave in which the
plastic deformation occurs. The plastic deformation is attained by
the nucleation of dislocation in front of plastic wave and their sub-
sequent multiplication. The elastic precursor has the plateau shape
at moderate particle velocities, but some perturbations of its struc-
ture are found when the particle velocity increases. After formation,
the HEL attenuates to some value and then almost does not change
and decay. The HEL values are found to be higher in [111] crystals
compared to [110] Mo perfect crystals. While the HEL decreases with
temperature for the [111] crystal, it remains almost temperature-
independent for the [110] crystal.

The simulation results agree with experimental observations
regarding the temperature dependence of the HEL. They also
reproduce higher HEL values for [111] Mo crystals compared to
[110] crystals,23 both in the presence of dislocation loops and
without them. The present paper is perhaps the one of the first
attempts to study the shock structure for bcc crystals with the dislo-
cations at a distances close to 1 μm over a wide temperature range.
It would be interesting to study in future the plastic deformation
mechanisms of HEL decay during the initial stages of shock wave
propagation in Mo crystals.

SUPPLEMENTARY MATERIAL

See the supplementary material for the decay of the stress at
elastic precursor obtained using Ackland’s potential57 for Mo,

FIG. 14. Temperature dependence of HEL stress σxx (GPa) as a function of shock propagation distance in [100] Mo crystals with dislocations. The (a) spike and (b) post-
spike values for particle velocity of 500 ms�1 and (c) HEL at spike at 900 ms�1. The figures are shown in the logarithmic scale. The numbers show the decay exponent
[Eq. (5)], and the color indicates the temperature to which it applies.
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along with the evolution of unidentified loops and the dislocation
density behind the shock wave.
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