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Abstract: Molecular dynamics simulations were performed to study the evolution of single crystal
copper with and without a nanovoid (located at the middle of crystal with a diameter of ~2.9 nm)
when loaded with shock waves of different velocities. The simulation results show that the average
particle velocity of single crystal copper linearly relates to the velocity of the loaded shock wave
for both the systems (crystal with and without a nanovoid). When loaded by the shock wave,
the equilibrated temperature and pressure of the system with a nanovoid are found to be slightly
larger than those of the system without the nanovoid, while the volume of the system with the
nanovoid is found to be lower than that of the void-free system. The single crystal copper undergoes
a phase transition from face-centered cubic (FCC) to hexagonal-close packed (HCP) and a dislocation
structure forms around the nanovoid. The existence of a nanovoid can induce the rearrangement and
deformation of the crystalline structure and eventually lead to the plastic deformation of the system.
This work provides molecular-level insight into the effect of nanovoids on the shock plasticity of
metals, which can aid in the ultimate application of the control of material structure damage in
shock-wave propagation.

Keywords: molecular dynamics simulation; shock wave; single crystal copper; nanovoid; deformation

1. Introduction

A material may undergo structural damage when a strong shock wave propagates
through a material because real materials may contain a large number of defects, such as
vacancies [1–3], dislocations [4–9], grain boundaries [10–13], and micropores [14]. Shock-
induced structural damage is a disadvantage in shock compression science and technology.
Therefore, it is essential to understand the main influential factors and the kinetic behavior
of the structural damage, to control and decrease the unexpected damage. Nevertheless,
structural damage in materials is a complex process involving material mechanics [15,16],
kinetics [17], thermodynamics [18], etc. The accumulation of plastic damage induced
by the plastic deformation of materials is one of the primary causes of ductile material
fracture [19–22]. Significant amounts of research have focused on this deformation process.
Studies of the effect of defects on the deformation of face-centered cubic (FCC) metal with
shock loading have become an important subject both in theoretical and experimental
research [13,23,24]. However, the analysis of the plastic deformation of materials is limited
by the low temporal and spatial resolution of the experimental setups.

Molecular dynamics (MD) simulations can show the clear evolution of the system
and the velocity vector inside the material at different times on the femtosecond time scale
and nanometer space scale. Hence, the deformation process inside the material and the
dynamic evolution of microscopic defects under compression and tensile stresses can be
clearly analyzed [25–27]. In recent years, MD simulations combined with other numerical
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computation methods have been used to study the emergence and the development of
single defects under shock-loading conditions [5,28–33]. Bringa et al. [34] carried out
nonequilibrium molecular dynamics method (NEMD) to simulate a nanometer single
crystal copper loaded by a plane shock wave. The results show that the single crystal
copper begins to undergo plastic deformation and melting between 200 and 220 GPa when
the particle velocity is 0.75 km/s. Lin et al. [35] utilized an MD simulation with embedded
atomic potential (EAM) to study the influence of crystal orientation ([100] [110] [111]) on
the dynamic response of single crystal copper. The simulation results characterized the
defective Cu system in terms of Hugoniot behavior, local tissue evolution, and fracture
strength during the shock wave propagation. Neogi and Mitra [36] studied the shock
response of a nanovoid closed/open-cell copper material using NEMD simulations and
found that the Hugoniot elastic limit (HEL) point decreases with increasing porosity. Typi-
cally, the HEL for open-cell pore structures is lower than that for close-cell pore structures,
and the rate of void collapse is faster for the latter. Xiong et al. [37] used MD simulation to
reveal that plastic deformation occurs under shock compression that is lower than the HEL
for copper due to the existence of cylindrical voids. In addition to that, Xiong et al. [38–40]
studied the mechanical behavior of materials under ultrafast nonequilibrium deformation.
Neogi et al. [41] combined MD simulations with ab initio calculations to conduct impact
simulation for single crystal copper with a model of 100 holes and confirmed that the
FCC to body-centered tetragonal phase transition would occur in the orientation of [100].
Cao et al. [42] studied the formation of a single crystal double-wave structure with the
shock wave simulated by MD simulation and analyzed the dislocation structure caused
by shock compression along the orientation of [001] and [221]. Patil et al. [43] investigated
the shockwave response of graphene aerogels of a wide range of densities from 149 to
679 kg/m3 using MD simulations. In addition, he [44] also used MD simulations to study
high-velocity shock compression of a wide range of silica aerogel densities from 209 to
847 kg/m3 according to the reverse ballistic approach. The reverse ballistic approach can
consider a wide range of shock velocities.

There are a few studies on the shock wave loading of single crystal copper using the
multi-scale shock technique (MSST) in MD simulations. However, these studies paid little
attention to the effects of nanovoid on thermodynamic parameters. Instead of simulating
the shock wave in a large computing unit with many atoms, the multi-scale shock wave was
passed through the Lagrangian point of the shock waves, which allowed the shock wave
to be simulated with fewer atoms and lower computational costs [45]. The combination
of MSST and MD simulation is based on the Navier–Stokes equation [46–49]. Compared
with other MD methods, this method not only ensures the accuracy of the results, but also
significantly reduces the required material size and the calculation time [48].

In this paper, MD simulations with the MSST method are performed to study two
different single crystal copper systems loaded by a compressive shock wave with different
velocities. A perfect single crystal copper system (named voids-free system) and a single
crystal copper system with a large nanovoid (located at the center of the copper crystal and
named nanovoid-containing system) are studied here. Their X, Y, and Z axes are along
the [100], [010], and [001] directions, respectively. The schematics of the two systems are
shown in Figure 1. The model dimensions are 6.48 nm × 6.48 nm × 6.48 nm. The MD
model of single-crystal copper with a spherical nanovoid is created as shown in Figure 1b.
The diameter of the spherical nanovoid is about 2.9 nm. Thermodynamic parameters
(such as temperature, pressure, and volume of the two systems) and statistical mechanical
parameters (radial distribution function (RDF) and mean squared displacement (MSD)) are
calculated to characterize the properties of the two systems. Section 1 briefly introduces
the background and significance of the study. Section 2 describes the model and simulation
details. Section 3 describes the results and discussions, followed by the main conclusions
(Section 4).
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Figure 1. Schematic of (a) voids-free system, (b) nanovoid-containing system, and (c) a slice of the nanovoid-containing 
system. 

2. Simulation Methodology 
The MSST method can simulate a shockwave loaded atomic system, in which the 

pressure and energy changes follow the continuum theory which describes the states be-
fore and after the shockwave structure [50]. 
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Equation (4) represents the electron cloud density, where 𝐸௧௢௧ is the total potential en-
ergy, 𝑉൫𝑟௜௝൯ is the pair potential, 𝐹ሺ𝜌௜ሻ is an embedded function that can be a tightly 
bound potential approximation of the sum of the squares of the hopping integral, 𝜑ሺ𝑟௜௝ሻ 
is potential of electron cloud density, and 𝜌௜ is the total density of the electron cloud. 

The unit cell of single crystal copper has FCC structure and the lattice parameter a = 
3.61 Å. The constructed voids-free system consists of 18 × 18 × 18 supercells. Atoms within 
a sphere r = 4a are dug out from the center of the voids-free system to make the nanovoid-
containing system. Both systems adopt the three-dimensional periodic boundary condi-
tion. To obtain reliable and repeatable results from the MD simulations both systems are 

Figure 1. Schematic of (a) voids-free system, (b) nanovoid-containing system, and (c) a slice of the nanovoid-containing system.

2. Simulation Methodology

The MSST method can simulate a shockwave loaded atomic system, in which the
pressure and energy changes follow the continuum theory which describes the states before
and after the shockwave structure [50].

p− p0 = v2ρ0(1− ρ0/ρ) (1)

E− E0 =
1
2
(p + p0)(V0 −V) (2)

where v is the shock wave velocity and ρ is the system density. The parameters with
subscript 0 correspond to the initial state, and the parameters without a subscript indicate
the state loaded by the shock wave. Equation (1) is the Rayleigh relation, which is used
to constrain the system pressure. E and V represent the system energy and volume,
respectively. Equation (2) is the shock Hugoniot relation, which is used to represent the
energy state before and behind the wave array during the shock wave loading. The above
equations describe the thermodynamic pathways of the initial and final states of the shock
wave when the material is loaded by a shock wave at a steady velocity. To ensure the
stability of the system, the wave velocity of the shock wave should be subject to two
limiting conditions when it is propagating in nanocrystal copper [45]. According to these
two limiting conditions, the velocity of the shock wave should be limited to 4–9 km/s.

The interaction potential between atoms is described by the potential function, which
is of vital importance for handling motion equations in MD simulations. In this paper,
we selected the EAM potential function [51,52], which is defined as

Etot =
1
2 ∑

i 6=j
V(rij) + ∑

i
F(ρi) (3)

ρi = ∑
j

ϕ(rij) (4)

where Equation (3) represents the total energy of an atom i in a single atomic system.
Equation (4) represents the electron cloud density, where Etot is the total potential energy,
V
(
rij
)

is the pair potential, F(ρi) is an embedded function that can be a tightly bound
potential approximation of the sum of the squares of the hopping integral, ϕ

(
rij
)

is potential
of electron cloud density, and ρi is the total density of the electron cloud.

The unit cell of single crystal copper has FCC structure and the lattice parameter
a = 3.61 Å. The constructed voids-free system consists of 18 × 18 × 18 supercells. Atoms
within a sphere r = 4a are dug out from the center of the voids-free system to make the
nanovoid-containing system. Both systems adopt the three-dimensional periodic boundary
condition. To obtain reliable and repeatable results from the MD simulations both sys-
tems are well equilibrated by a 20 ps NVT simulation under 300 K temperature condition.
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The integral step is 1 fs. Combined with MSST, the shock compression is carried out along
the [001] crystal orientation (z direction). The shock compression process lasts for a total
of 20 ps with the shock wave velocities ranging from 4–9 km/s. Both systems reach an
equilibrium state after the shock wave is loaded. All simulations were performed using
the large-scale atomic/molecular massively parallel simulator (LAMMPS) [53], which was
developed by Sandia National Laboratory in the United States for computational and simu-
lation work related to MD. In general, LAMMPS can be coded to solve the MD simulation
of metals [54,55]. To identify the structural defect and local structure types during the
deformation process, all MD snapshots are visualized using the open visualization tool
(OVITO) [56].

3. Results and Discussion
3.1. Particle Velocities of Copper Loaded by Shock Waves

In material systems, the shock wave velocity (Vs) and the particle velocity (Vp) are
linearly related. Here, both the shock-wave-loaded single crystal copper systems (voids-
free system and nanovoid-containing system) satisfy the linear relation, Vs = C + SVp,
where C is a constant and represents the sound velocity of the system without loading,
and S is the slope factor [29]. Figure 2 presents both the corresponding velocities (Vs and
Vp) of the two systems and has been fitted by linear functions. The results show that
the two velocities depend linearly on each other and are similar to previously reported
experimental results [34]. Therefore, MD simulations with MSST can reliably reproduce
the response processes of single crystal copper loaded by shock wave. According to the
fitting lines, the sound velocity of a perfect copper crystal is about 0.35 km/s faster than
that of the copper system with a nanovoid. It should be noticed that the Vp for the two
systems is almost the same when the system is loaded by a 4 km/s shock wave. This is
because 4 km/s just meets the minimum shock wave speed required by the MSST method.
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Figure 2. Relationship between the shock wave velocity Vs and the particle velocity Vp for the
void-free system and the nanovoid-containing system. There will be slight differences in the speed of
transmission between the two systems.

3.2. Time Evolution of Thermodynamic Parameters

Generally, thermodynamic parameters (such as temperature, pressure, and volume)
are utilized to describe the shock compression process of material systems before and
after the shock wave array in MSST, and this method restricts the atomic system to the
thermodynamic state behind the macroscopic shock wave. The time variations of the
temperature, pressure, and volume profiles of the voids-free system and the nanovoid-
containing system loaded by shock waves with different velocities (4–9 km/s) are shown
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in Figure 3. Under the same conditions, the induction time of the nanovoid-containing
system from the elastic to the plastic stage is shorter than that of the voids-free system.
With the increase in shock wave velocity, the induction time from the elastic to the plastic
stage is shortened for both the voids-free system and the nanovoid-containing system.
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The change in the temperature of the voids-free system and the nanovoid-containing
system over time are shown in Figure 3a,b, respectively. The equilibrium temperature
increases sharply as the wave velocity increases in both the voids-free system and the
nanovoid-containing system. However, the equilibrium temperature in the nanovoid-
containing system is slightly higher than in the voids-free system at the same shock wave
velocity because of the nanovoid. Similarly, the change in the pressure of the voids-free
system and the nanovoid-containing system over time is shown in Figure 3c,d, respectively.
The equilibrium pressure of the nanovoid-containing system is slightly higher than that
of the voids-free system. We find that the inflection point of pressure occurs at the same
time as the inflection point of temperature. The change in the volume of the voids-free
system and the nanovoid-containing system over time is shown in Figure 3e,f, respectively.
Figure 3e,f shows that the volume of the two systems are rapidly compressed, and the
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volume inflection point also occurs at almost the same time as the temperature and pressure
inflection points. In addition, we can see from these six figures that 5 km/s is a special
velocity. When the velocity of the shock wave is 5 km/s, the two systems have obvious
differences, and the volume of the nanovoid-containing system is more significantly com-
pressed. Therefore, in this paper the structural change of the nanovoid-containing system
at 5 km/s will be discussed in detail in Section 3.3.

When the loaded shock wave velocity is 4 km/s, the three thermodynamic parameters
of the two systems are basically unchanged. This is because the system is basically in
the state of elastic deformation during the shock wave loading. Hence, the effect of
the loading is less. In contrast, when the loaded shock wave velocity is greater than
5 km/s, the temperature profiles of the two systems rise sharply and reach the peak
rapidly. The higher the shock wave velocity, the faster the temperature rising rate, and the
shorter the time to reach the peak value. The rapid temperature rise of the systems causes
the internal transformation from elasticity to plasticity within the materials. When the
shock wave velocity is 9 km/s, the temperature of the voids-free system reaches the peak
value (T = 7665 K) at 2.64 ps, and then the temperature drops slowly to an equilibrium
state (T~6500 K at 12 ps). The temperature of the nanovoid-containing system reaches
the peak value (T = 8421 K at 2.6 ps), and the temperature remains mostly constant
with little fluctuation. Under this condition, the shock wave velocity is so large that the
lattices of the voids-free system directly translate to a disordered state without the elastic
deformation process.

For a shock compression system with higher shock wave velocity, the equilibrium
temperature and pressure are both higher than that with a lower shock wave velocity.
With the increase in shock wave velocity, the transition induction time of the system from
the elastic to the plastic stage becomes significantly shorter, and the transition induction
time is shown in Table 1. For the nanovoid-containing system, the induction time from the
elastic stage to the plastic stage is shorter than that of the voids-free system (as shown in
Table 1). The final temperature and pressure of the nanovoid-containing system are slightly
higher than that of the voids-free system, and the volume is slightly smaller than that of
the voids-free system. Hence, the deformation of single crystal copper is influenced by
the nanovoid within the system. This finding may be attributed to the early formation of
dislocations around the nanovoid, which induce the shock wave to compress the system
more rapidly, leading to a large difference in thermodynamic properties.

Table 1. The transition induction time of the two systems from the elastic to the plastic stage.

Velocity (km/s) 6 7 8 9

Voids-free system (ps) 8.08 5.27 3.54 2.8
Nanovoid-containing system (ps) 7.5 5.17 3.21 2.5

3.3. Phase Transition and Dislocation Pathway

The common neighbor analysis (CNA) described by Faken and Jónsson are em-
ployed to identify the structural defect and local structure types during the deformation
process [57]. In this study, we found that both the voids-free system and the nanovoid-
containing system undergo FCC-HCP phase transition, and the phase transition rate of the
voids-free system is approximately half that of the nanovoid-containing system. Figure 4
shows the phase transition process of the nanovoid-containing system when the shock
wave velocity is 5 km/s in the xy plane. It clearly shows that atoms in the FCC structure
(green atom) translate to the HCP structure (red atom) with time, and the number of
disordered atoms (white atom) increases. Additionally, the disordered atoms first appear
around the nanovoid. The disordered atoms are surrounded by copper atoms with the
HCP structure, and the outer layer is occupied by copper atoms with the FCC structure.
This phase transition happens because the Schmid factor changes when a shock wave is
reflected from the free surface of the void [37]. With the shock wave loading, disordered
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atoms appear in the nanovoid space and their presence begins to increase from the center to
the edge in the nanovoid-containing system. When the shock wave velocity is larger than
7 km/s, we do not observe this gradual phenomenon, and with the increase of the shock
wave velocity, the ratio of copper atoms with HCP structure becomes smaller. When the
shock wave velocity is 9 km/s, the system particles will change from the FCC structure to
a disorderly state in a very short amount of time, skipping the intermediate transition from
the elastic stage to the plastic stage.

Metals 2021, 11, 446 7 of 15 
 

 

disordered atoms (white atom) increases. Additionally, the disordered atoms first appear 
around the nanovoid. The disordered atoms are surrounded by copper atoms with the 
HCP structure, and the outer layer is occupied by copper atoms with the FCC structure. 
This phase transition happens because the Schmid factor changes when a shock wave is 
reflected from the free surface of the void [37]. With the shock wave loading, disordered 
atoms appear in the nanovoid space and their presence begins to increase from the center 
to the edge in the nanovoid-containing system. When the shock wave velocity is larger 
than 7 km/s, we do not observe this gradual phenomenon, and with the increase of the 
shock wave velocity, the ratio of copper atoms with HCP structure becomes smaller. 
When the shock wave velocity is 9 km/s, the system particles will change from the FCC 
structure to a disorderly state in a very short amount of time, skipping the intermediate 
transition from the elastic stage to the plastic stage.  

 
Figure 4. Two-dimensional diagrams of the phase transition of the nanovoid-containing system at 
6 ps (a), 7.5 ps (b) and 11ps (c) when the shock wave velocity is 5 km/s, respectively. Among them, 
the green color represents the copper atoms in the face-centered cubic (FCC) structure, the red color 
represents copper atoms in the hexagonal-close packed (HCP) structure, and the white color repre-
sents copper atoms in a disordered state.  

The FCC to HCP phase transition takes place around the nanovoid, and eventually 
the disordered atoms occupy the nanovoid. The phase transition from the FCC to the HCP 
structure occurs as the shock waves can induce the nanovoid-containing system produc-
ing a dislocation structure. In a single crystal copper system, the shortest perfect disloca-
tion slip vector is (a/2)[110]. However, the slip barrier of (a/2)[110] is much higher than 
that of (a/6)[112]. Therefore, in the FCC structure, perfect dislocations will generally be 
decomposed into partial dislocations and a layer of stacking fault will occur between the 
partial dislocations. The HCP structure will appear around the partial dislocation region. 
Figure 5 shows that different dislocations are formed around the nanovoid when the 
shock wave velocity is 5 km/s. The dislocation theory provides the basic framework for 
the plastic deformation of materials. Thus, in order to understand the plastic deformation 
around the nanovoid, it is necessary to know the formation and growth of the dislocation 
structure in this area. The observed movements of different types of dislocations from 7.5 
ps to 9 ps are shown in Figure 5a,b. The green color represents the Shockley partial dislo-
cation in the 1/6[112] orientation, the purple color represents the stair-rod dislocation in 
the 1/6[110] orientation, the yellow color represents the Hirth dislocation in the 1/3[110] 
orientation, and the gray arrows on the dislocation represent the Burgers vector. Moreo-
ver, the white areas represent the defect mesh. The location where the dislocation occurs 
corresponds to the peak force exerted on the atom at that location and the dislocation 
grows from the center to the edge. It is shown that most of the dislocations are Shockley 
partial dislocations in the (a/6)[112] orientation, and the direction of the Burgers vector is 
from the center to the edge. This indicates that the dislocation structure emerges from 
around the nanovoid and grows toward the edge of the simulation system. Dislocation 
theory considers that the driving force of dislocation motion is the decomposed shear 
stress on the slip system. To further understand the dislocation motion process, the atomic 

Figure 4. Two-dimensional diagrams of the phase transition of the nanovoid-containing system at 6 ps (a), 7.5 ps (b) and
11 ps (c) when the shock wave velocity is 5 km/s, respectively. Among them, the green color represents the copper atoms
in the face-centered cubic (FCC) structure, the red color represents copper atoms in the hexagonal-close packed (HCP)
structure, and the white color represents copper atoms in a disordered state.

The FCC to HCP phase transition takes place around the nanovoid, and eventually
the disordered atoms occupy the nanovoid. The phase transition from the FCC to the
HCP structure occurs as the shock waves can induce the nanovoid-containing system
producing a dislocation structure. In a single crystal copper system, the shortest perfect
dislocation slip vector is (a/2)[110]. However, the slip barrier of (a/2)[110] is much higher
than that of (a/6)[112]. Therefore, in the FCC structure, perfect dislocations will generally
be decomposed into partial dislocations and a layer of stacking fault will occur between the
partial dislocations. The HCP structure will appear around the partial dislocation region.
Figure 5 shows that different dislocations are formed around the nanovoid when the shock
wave velocity is 5 km/s. The dislocation theory provides the basic framework for the
plastic deformation of materials. Thus, in order to understand the plastic deformation
around the nanovoid, it is necessary to know the formation and growth of the dislocation
structure in this area. The observed movements of different types of dislocations from
7.5 ps to 9 ps are shown in Figure 5a,b. The green color represents the Shockley partial
dislocation in the 1/6[112] orientation, the purple color represents the stair-rod dislocation
in the 1/6[110] orientation, the yellow color represents the Hirth dislocation in the 1/3[110]
orientation, and the gray arrows on the dislocation represent the Burgers vector. Moreover,
the white areas represent the defect mesh. The location where the dislocation occurs
corresponds to the peak force exerted on the atom at that location and the dislocation
grows from the center to the edge. It is shown that most of the dislocations are Shockley
partial dislocations in the (a/6)[112] orientation, and the direction of the Burgers vector
is from the center to the edge. This indicates that the dislocation structure emerges from
around the nanovoid and grows toward the edge of the simulation system. Dislocation
theory considers that the driving force of dislocation motion is the decomposed shear stress
on the slip system. To further understand the dislocation motion process, the atomic force
along the [001] crystal orientation is calculated in this paper and we find that the peak force
in Figure 5c corresponds to the dislocation structure in Figure 5a. It is worth mentioning
that FCC copper may undergo deformation twinning along the {111} planes. Twinning
means that one part of the crystal slides relative to the other, and the energy required is
generally higher than that of dislocation propagation. The deformation twins of single
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crystal materials have strong orientation dependence. Due to the orientation dependence
of plastic deformation, the active slip systems in different grains are obviously different,
which will lead to grain boundary migration. When a series of adjacent {111} planes slip
continuously with 1/6[112] partial dislocations, twins begin to form and expand.
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3.4. RDF and MSD

In MD simulations, the RDF is often used to analyze the crystal structure. It describes
the probability of finding another particle within a radius of r~(r + dr) with one particle
in the system as the center. The ratio of the atomic number density of each shell to the
average density is the RDF, which is defined as

g(r) =
n(r)
ρV
≈ n(r)

4πr2ρδr
(5)

where r is the radius from the central atom, δr is the thickness of the shell, n(r) is the number
of particles in the shell, and ρ is the density in the ideal crystal.

In a crystal, atoms are arranged periodically. According to the physical meaning of the
RDF, each layer of atoms has a peak value, while between the atom shells, the probability
of atomic occurrence is 0, and the RDF gradually approaches 1 at infinity. In Figure 6a,b,
when the shock wave velocity is 4 km/s, the peak value of RDF drops to 0 rapidly after
reaching its maximum value, followed by regular peaks and troughs, indicating that copper
is still in the crystal state at this time. When the shock wave velocity increases to 6 km/s,
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the RDF also exhibits a first sharp peak and then drops to the first trough. However, in this
case the trough value is not equal to 0, which indicates that copper has begun to transform
from crystalline to amorphous form. The higher the shock wave velocity, the closer the
value of the first trough is to 1, indicating that the atom movement is intensified and
affected by the shock wave. The RDF of ordered crystals has long range peaks. The RDF of
amorphous crystals only has short range peaks. Figure 6a shows the RDF of the voids-free
system loaded by shock waves of different velocities. The first peak of RDF moves to the left
and decreases as the shock wave velocity increases for both the voids-free system and the
nanovoid-containing system. The peak value of RDF for the nanovoid-containing system
is slightly smaller than that for the voids-free system at the same shock wave velocities.
As the wave velocity of the shock wave increases, the peak value decreases gradually
and the peak width increases, indicating the transition of the single crystal copper system
into the amorphous form. When the shock wave velocity is greater than 5 km/s, the first
peak value of RDF for the nanovoid-containing system is obviously lower than that of the
voids-free crystal, which indicates that the existence of the nanovoid will accelerate the
system’s transition to the amorphous form. This influence is most obvious when the shock
wave velocity is approximately 5 km/s.
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Further, we used MSD to describe the diffusion behavior of particles in the system
under the action of the shock wave. In the single crystal copper system, the mean value of
the square of atomic displacement is the MSD, which is defined as [58]

MSD =< r2(t) >=<
1
N

N

∑
i=0

(ri(t)− ri(0))
2 > (6)

where r(t) represents the position of the particles at time t, and N represents the number of
particles. According to Einstein’s law of diffusion,

lim
t→∞

< |r(t)− r(0)|2 >= 6Dt (7)

where D is the diffusion coefficient, the MSD is proportional to time, and the ratio is 6D.
Figure 7a,b shows the MSD for the copper atom of the voids-free system and nanovoid-

containing system loaded with shock waves of different velocities. When the wave velocity
of the shock wave is less than 5 km/s, the MSD is close to 0. This means that the system is
still in a crystal state and the particles in the system have almost no free diffusion.

When the shock wave velocity is greater than 5 km/s, the MSD grows approximately
linearly at first, according to Einstein’s diffusion law. The diffusion coefficient of the voids-
free system can be calculated and is shown in Table 2. It shows that the diffusion coefficient
increases with the increase in the shock wave velocity. At this stage, the system rapidly
diffuses within 0–5 ps, and the system changes dramatically from the crystal state to the
amorphous state (5 km/s velocity loading simulation as an example). After 5 ps, the MSD
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remains almost constant, at which point the free diffusion of particles in the system ends.
This is because most of the atoms in the system are still constrained in the crystal lattice,
although the crystal structure has been partially deformed.
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Table 2. Diffusion coefficients of the voids-free system for different shock wave velocities.

Shock Wave
Velocities (km/s) 5 6 7 8 9

diffusion coefficient
(m2/s) 3.2 × 10−10 6.4 × 10−9 1.9 × 10−8 4.0 × 10−8 6.5 × 10−8

It should be noted that the MSD (a) reveals four distinct regions when the loaded
shock wave velocity is 9 km/s for the voids-free system: a slow rise from 0–1 ps, a region
with a nearly constant slope (1–3 ps), the MSD gradually reaches a plateau, and then finally
continues to spread. In the first stage, the system shrinks rapidly by a compressive shock
wave passing over. The copper atoms are compressed and a phase transition is performed
under the large loading in the second stage. In the third stage, few copper atoms in the
system remain in the crystal structure. In the final stage, the lattice structure is destroyed
and all the atoms move freely. There will be a region of further diffusion when the shock
wave velocity is 9 km/s. The diffusion coefficient is about 3.2 × 10−10 m2/s for solids and
1.9 × 10−8 m2/s for melts which is 2 orders of magnitude higher. This result is consistent
with the results of He [24] and An [59]. An et al. [59] roughly identified partial melting
regimes as Vp = 3.3–3.5 km/s, and this paper identifies partial melting at 3.7 km/s in terms
of Vp. In contrast, the MSD (b) for the nanovoid-containing system has no plateau stages
after 2.5 ps. This is because the presence of the nanovoid could accelerate the speed of
phase transition. Therefore, the MSD does not exhibit the plateau stage in this case.

3.5. Time Evolution of System Stress

The comprehensive stress of materials is the reflection of internal “tractions” and can
describe the structure strength and the failure of them under external loading. Therefore,
the investigation of the comprehensive stress of copper (with and without a void (defect)) is
one of the effective approaches in understanding the deformation and damage mechanism
of copper under shock wave loading. Here, we calculated the time variation of the principal
stress (σzz) along the shock wave direction), hydrostatic pressure (σm), shear stress (σshear),
and the Von-Mises stress (σeq) for the both copper systems, and all the definition are shown
in the following equations.

σzz = σz (8)

σm =
1
3
(σx + σy + σz) (9)

σshear =
1
2

[
σxx −

σyy + σzz

2

]
(10)
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σeq =

√
1
2

[
(σx − σy)

2 + (σy − σz)
2 + (σz − σx)

2
]

(11)

where the σx, σy, and σz correspond to the principal stresses in the x, y, and z direction,
respectively.

The stress curves for the two systems under two different shock waves velocities
(4 km/s and 5 km/s) are shown in Figure 8. As discussed above, the states of the copper
loaded by the shock waves with two different velocities are corresponding to the elastic and
plastic deformation respectively. Based on the Figure 8, the time variation trend of the σm
and the σzz is almost the same, and the former is slightly less than the later under the same
conditions and simulation time, that means the stress value in the shock direction is greater
than that in the other two directions. In contrast, the value of shear stress and the Von-Mises
stress for the two systems are much less than that of the above two stresses. Results also
show obviously that the variation of σzz is quite different loaded by shock waves with
different velocities. When the velocity of shock wave is equal to 4 km/s, the σzz of the voids-
free system first increases linearly up to the maximum value (4.2 GPa) at 0.6 ps, and then
begins to decrease and finally reaches to the equilibrium value (2.5 GPa) at 6.5 ps (Figure 8a).
For the void-containing system, the σzz fluctuates and decreases slowly, that means this
system is still in yield phase until the MD simulation is completed (Figure 8b). When the
velocity of shock wave is up to 5 km/s, the σzz for the both systems increases rapidly to
several tens of GPa first, the difference is that the σzz strength of the void-containing system
is much larger than that of voids-free system, meanwhile, the stress for the void-containing
system can reach to an equilibrium value (42 GPa) during the MD simulations, while the
stress for the other system is not, which also indicates that the void within the material
system can accelerate the deformation and damage process of material. This result is
similar to the experimental result of Patil et al. [60]. The results of their study show that
the shock wave-forming process is a feasible technique for mass production of stacked
metallic sheets as well as fabricating a hierarchical composite structure, which provides
higher formability and smooth thickness distribution compared to a single material.
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Figure 9 illustrates how the number of atoms in the fixed-volume bin varies through-
out the shock wave simulations. The number of copper atoms in a fixed-volume bin is
referred to as the bin-density. The temporal-spatial distribution plots show that the bin-
density was constant throughout the shock direction of the simulation systems before the
shock compression.
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4. Conclusions

In summary, we have studied the dynamic evolution of a single crystal copper system
and a nanovoid-containing system under shock wave loading along [001] crystal orientation
by employing MD simulations in conjunction with MSST. The results show that there is a
linear relationship between the velocity of the shock wave and the particle velocity, which
is consistent with the experimental results. The phase transitions and dislocations around
the nanovoid evolving with time are studied in detail. Under the influence of shock wave
loading, the existence of the nanovoid induces a dislocation structure. The dislocation
structure grows from the center to the edge of the system. A phase transition from FCC to
HCP structure could occur in the dislocation region. As a result, the atomic motion of the
system increases, which is manifested in the rise of temperature and pressure in the system
at the macro level. Similarly, MSD and RDF have been used to prove that the existence of
the nanovoid will increase the temperature and pressure of the system, and an increase in
shock wave speed has the same effect. These results can provide a reference for the influence
of the changes in metal microstructures on the macroscopic thermodynamic state. This work
provides molecular-level insight into the effect of nanovoids on the shock plasticity of metals,
which can aid in the ultimate application of the control of material structure damage in shock
wave propagation. The reverse-ballistic approach will be used in future studies. In addition,
the combination with experiments should be considered in future work.
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