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In this work, the shock wave response of a pore-embedded CuZr metallic glass (PEMG) under di�erent impact velocities
(0.5–1.5 km/s) and initial temperatures (300–600K) was evaluated through the molecular dynamics (MD) simulation. �e results
indicated that the nucleation and growth of nanoscale shear events around the pore were the dominant mechanisms for plastic
deformation under the shock wave. It was also found that the increase in the impact velocity led to the �lling of pore, which was
due to the structural softening and the local temperature increment in the vicinity of pore. Moreover, the spall event originated
from the formation and coalescence of tension transformation zones, leading to the formation of nanovoids in the system. At
higher velocities, the spallation was accompanied with the formation of more nanovoids with smaller sizes, inducing the brittle
failure in the system.�eMD outcomes also showed that the increase in initial temperature decreased the shock pressure and �ow
shear stress and led to the smoother spallation in the PEMG.

1. Introduction

Owing to the absence of long-range orders in their atomic
structure, metallic glasses (MGs) exhibit fascinating me-
chanical properties such as high elastic limit, superior
strength, and good self-sharpening [1–4]. Recently, MGs
have been also identi�ed as the promising materials for
high-velocity impact applications, in which their shock
responses grew in considerable importance [5–9]. For
instance, Wen et al. [10] reported that the CuZr MGs
demonstrates an overdriven plastic state rather than a
single elastic shock wave with the piston velocity in-
creasing. It was also found that the increase in Cu content
led to the higher resistance to plastic deformation. Li et al.
[11] evaluated the shock response of Zr-based MGs under
the strain rate of 105 s−1 and detected some nanocrystals in

the impacted specimens. It was also revealed that the rise of
impact pressure led to the change of failure mode from
spallation to fragmentation accompanied with the com-
bination of spalling cracks and longitudinal cracks. In
another study, it was unveiled that the high initial tem-
perature decreased the shear resistance of CuZr BMG
under the high-rate loading [12]. Tan et al. [13] carried out
the �yer-plate impact experiment and found that the in-
duced stress decreased available free volume under planar
impact loading. In this state, the decohesion strength was
improved, due to the void coalescence under planar impact
loading. Escobedo et al. [14] compared the shock response
of two di�erent Zr-based MGs and found that the ZrCu-
NiAl alloy experienced a higher Hugoniot elastic limit
(HEL) and a smooth fracture surface morphology, while
the ZrCuAgAl alloy exhibited a rougher fracture surface
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with cup-cone features. Wang et al. [15] conducted plate-
impact test and figured out that the rise of impact velocity
improved the HEL and spall strength. Moreover, they
claimed that the MG samples displayed a brittle behavior at
macroscopic scale while their microscopic behavior was
ductile. In another work, the Hugoniot-compression curve
of ZrAlNiCu was measured and the results indicated that a
kink was created on the curve at 14GPa which was due to
phase transition in the glassy structure [16].

*e effect of embedded pores in the atomic configuration
is also one of the main issues in the shock response of MGs.
Due to the nanoscale size of pores, the molecular dynamics
(MD) simulation has been an efficient method for evaluating
the plastic deformation and mechanical properties of porous
MGs [17–21]. Using MD simulation, Demaske et al. [22]
showed that the mechanism of plastic deformation in the
shocked MG is based on the nucleation and growth of shear
transformation zones (STZs) around the pores, accompa-
nied with the softening event at the vicinity of pores owing to
a regional temperature increment. Song et al. [23] indicated
that the void shapes considerably affected the level of atomic
strain and fraction of atoms participating in the plastic
deformation. *ey also found that there is no meaningful
relation between the void collapse mode and void shape
under the weak shocks. In this work, we tried to evaluate the
effects of initial temperature and impact velocity on the
shock wave response of a pore-embedded MG (PEMG). *e
results shed light on the design and fabrication of porous
MGs for high-strain applications.

2. Computational Method

In general, a wide range of CuZr compositions has been
constructed in the MD simulation [24]. In the Cu-rich
MGs, the plastic deformation is based on the propagation
of main shear bands, while the Zr-rich MGs exhibit a
homogenous plasticity with an extensive strain led by the
generation of multiple shear events in the structure [25].
Hence, we selected the Cu60Zr40 composition which shows
a moderate plastic behavior in the CuZr system. In this
study, the atomic-scale shock response of Cu60Zr40 was
characterized through the large-scale atomic/molecular
massively parallel simulator package [26]. Moreover, the
interaction of Cu and Zr atoms in the structure was de-
scribed by the embedded-atom method (EAM) potential
[27]. At the first step, the Cu60Zr40 system with dimensions
of 15 ×15×15 nm3 was heated to 2200 K and kept for 1 ns to
produce a homogenous melt. Afterward, the system was
cooled to the room temperature (300 K) with cooling rate of
1011 K/s.*eMG cell was then replicated to produce a large
specimen with the dimensions of 30×120 ×120 nm3. To
ensure the removal of replicating effect, the large sample
was again heated to 750 K, relaxed for 300 ps, and cooled
back to 300 K. In the end, a spherical pore with a diameter
of 20 nm was embedded in a lateral direction into the
system (see Figure 1). Again, a similar relaxation treatment
was conducted to eliminate the interface effects of em-
bedded pore. It should be noted that the MD simulation
was carried out under the three-dimensional periodic

boundary conditions, the NPT ensemble, and time step of
2 fs [28, 29].

After the sample preparation, the shock simulation was
performed with the time step of 1 fs in the NVE ensemble
under the free boundary conditions in the Z direction and
periodic boundary conditions along the X and Y directions.
For the shock simulation, an infinite-mass piston with a
certain velocity (Up) moved to the MG sample along the Z
direction, generating a sudden motion into the system.
Consequently, one-dimensional strain with a planar shock
wave mode upon a certain velocity (Us) is induced in the
MG structure. *e impact time was 40 ps and the Up level
was set to 0.5–1.5 km/s. Moreover, the initial temperature
was in the range of 300–600 K. In the end of impact loading,
the piston atoms were unleashed, where the shock wave
touched the opposite free surface. At this moment, a
rarefaction wave was generated by removal of piston. *e
total time of shock loading simulation was 100 ps. It is
worth mentioning that shock simulation was adopted by
the momentum mirror technique [23]. Furthermore, to
slice the CuZr MG along the Z direction, 1D binning
analysis method was applied through the postprocessing
software OVITO [30]. *is technique facilitates the ther-
modynamic and kinetic evaluation of MG structure in each
specific bin. To establish a meaningful comparison in the
bins, it is also required to subtract the center-of-mass
velocity for each bin [31]. *e thermodynamic details of
microstructure induced by the shock wave are given in
[22, 32].

3. Results and Discussion

3.1. Role of Impact Velocity. Firstly, it is required to identify
the pore effects on the thermodynamic behavior of PEMGs.
Figure 2 represents the distribution of pressure (Pz), shear
stress (τ), temperature, and density upon the impact velocity
of 1 km/s and initial temperature of 300K. *e results in-
dicated that the elastic wave precursor and the plastic wave
front can be distinguished at 20 ps. It is suggested that the
Hugoniot elastic limit defines the shock pressure at the
point, where the elastic and plastic parts are separated (see
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Figure 1: Schematic of PEMG for shock wave process.
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Figure 2(a)). It should be noted that it is difficult to make a
clear distinction between the elastic precursor and plastic
front in the MGs [33]. *is event becomes highlighted when
the pore comes into play and interacts with the shock wave,
leading to attenuation of plastic wave propagation in the
atomic structure. As can be seen in Figure 2(b), the shear
stress exhibited a significant increment in the pore area at
20 ps, which is consistent with the crossing of shock wave
from the pore. *is outcome means that the atoms are
compressed in the pore site and densify this region, as also
shown in Figure 2(c). At the time of 20 ps, the temperature of
pore site significantly increases to 690K, which can be due to
the sharp movement of atoms at the pore surface (see
Figure 2(d)). Previously, it was unveiled that the sharp
rearrangement of atoms in the shear bands led to sudden
increment of temperature [34]. It seems that the mechanism
of temperature alteration in the shear bands is similar to the
pore surfaces, where a sudden atomic rearrangement occurs
in the system. Passing the time of 20 ps, a shear-stress re-
laxation occurs in the pore site, implying the intensification
of local softening at the vicinity of pores. As also given in
Figure 2(c), there is no difference between the density of pore
site and its surrounding at 40 ps, demonstrating that the pore

is getting filled under the evolution of shock wave through
the MG.

*e 2D atomic shear strain snapshots of PEMG under
different impact velocities are presented in Figure 3. *e
results indicated that the atomic strain is negligible far from
the pore, when the impact velocity is 0.5 km/s. However,
some atomic motion in the plastic mode is detected at the
vicinity of embedded pore under the evolution shock wave
in the bulk of material. It should be noted that the plastic
atomic motion mainly occurs perpendicular to the shock
wave; however, the pore remains stable without losing its
spherical geometry. Hence, it is totally concluded that the
atomic response of PEMG can be mainly in an elastic mode
at low velocities (0.5 km/s). With the increase of impact
velocity to 1 km/s, the pore is nearly filled by the extreme
rearrangement of surrounding atoms (40 ps). It is sug-
gested that the filling of pore is accompanied with the
generation of shear transformation zones (STZs) in the
pore site [23], leading to stress relaxation in this region at
30–40 ps, as also shown in Figure 2(b). Moreover, the
results showed that the pore is compressed in the x-axis so
that the spherical shape changes to an ellipse configuration.
*is event proves that a large strain is introduced into the
sample perpendicular to the generation of shock wave. At
higher impact velocity (1.5 km/s), the glassy structure is
exposed to a sharp void collapse owing to the strong shock
pressure. In this state, the pore shrinks immediately and an
interior jetting event is created along the pressure direction.
*e interior jetting event induces a hydrodynamic process,
leading to sharp atomic compression along the shock di-
rection and significant transfer of kinetic energy from the
left side to the right side of the pore [22]. In crystalline
materials, the collapse event under the shock wave is based
on the dislocation emission from the free surface of pores
[35], whereas the mechanism of plastic deformation in
porous MGs originated from the formation of STZs around
the pore and their generation into the empty space, as
shown in Figure 3.

As indicated in Figure 2, the collapse event leads to
temperature increment in the material. *is primary result
suggests that the porous structure may change the tem-
perature behavior of MGs under the shock loading. Figure 4
illustrates the average peak temperature as a function of
loading time in the regions with 5 nm thickness around the
surface of the pore embedded in the glassy structure. Before
the shock wave arrives at the pore site (see stage A in
Figure 4), the impact loading itself increases the temperature
in the MG structure. When the shock wave reaches the pore
site (stage B), the plastic deformation begins in the system
and the atoms fill the porous space, leading to significant
temperature increment in the structure. At stage C, where
the shock wave passes the pore site, the peak temperature
declines, which may be due to the relaxation in the system.
When the loading time reaches around 60–70 ps, a shoulder
in the temperature profile is created (stage D). *is shoulder
resulted from the arrival of rarefaction waves to the pore site
[22]. Finally, the spallation is completed in the system,
leading to sharp temperature increment in the structure
(stage E). One should note that the rise of impact velocity
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Figure 2: *e trend of (a) pressure (Pz), (b) shear stress (τ), (c)
density, and (d) temperature during the impact time upon the
impact velocity of 1 km/s and initial temperature of 300K.
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from 1 km/s to 1.5 km/s speeds up the spallation in the
system and leads to the intensification of temperature peaks
in the pore vicinity. On the other hand, at low velocities

(0.5 km/s), the temperature change is negligible, which may
be due to the stability of pore geometry under the impact
loading.

*e plastic deformation of glassy structure under the
spallation evolution was studied for the samples exposed to
the impact velocities of 1 km/s and 1.5 km/s, in which the
pores were filled under the shock wave evolution. Figure 5
indicates the atomic strain snapshots in a thick chunk of
sample shocked by a velocity of 1 km/s. At the beginning of
spall event, the tension transformation zones (TTZs) nu-
cleate in the structure. It is suggested that the TTZs
originated from the rearrangement and annihilation of
atomic clusters exposed to the tensile stresses and subse-
quent sharp dilatation of shear transformation zones
(STZs) [36, 37]. Other works also determined that the high-
strain state in the shock loading prevents the plastic flow
under the generation of STZs and subsequently it induces
the fracture of MG through the evolution of TTZs [38]. *e
TTZs merge into each other and form voids in the system.
Finally, the enlargement and coalescence of these voids lead
to spall event in the material. Figure 6 illustrates the
spallation in the MG structure under impact velocity of
1.5 km/s. As observed, with the increase in impact velocities
(Up � 1.5 km/s), the number of TTZs rises and conse-
quently the void growth is restricted to the small sizes. *e
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Figure 3: *e 2D atomic shear strain snapshots of PEMG under impact velocity of (a) 0.5 km/s, (b) 1 km/s, and (c) 1.5 km/s.

Time (ps)

0 25 50 75 100

Pe
ak

 T
em

pe
ra

tu
re

 (K
)

300

800

600

400

700

500
Spall

Tmax

1.5 km/s
1.0 km/s
0.5 km/s

A

B

C

D

E

Figure 4: *e temperature profile of PEMG under impact velocity
of 0.5 km/s, 1 km/s, and 1.5 km/s.

4 Advances in Materials Science and Engineering



voids also become smaller and are uniformly distributed in
the glassy structure at the impact velocity of 1.5 km/s. *is
outcome determines that there is competition between the
void growth and TTZ nucleation with the increase of
impact velocity. At lower Up values, the temperature and
strain rate of loading are relatively low, facilitating the
stress relaxation and prohibiting the formation of TTZs in
the system. On the other hand, the increase of Up shortens
the time of structural relaxation, leading to nucleation of
multiple TTZs in the material. *e experimental works
indicated that creation of numerous small voids under the
high impact velocity leads to smoothening of fractured
surface in the MGs [39].

3.2. Role of Shock Temperature. Figure 7(a) represents the
shear stress and Pz values as a function loading time for the
sample shocked by the impact velocity of 1 km/s at room
temperature (300 K). *e results indicate that the shear
stress shows a rapid peak at initial stage of loading and then
it drops to a constant value, which is indicative of shear
stress flow in the system. Moreover, the critical value of
shear stress (τHEL) is the separator of elastic and plastic
regimes under the shock loading. On the other hand, the Pz
curve exhibits a two-step trend, in which the first step is
associated to the elastic wave and the second step is cor-
related to the plastic deformation under the shock loading.
In general, the pressure in the plastic deformation stage is
identified as Pshock in the shock loading. Figure 7(b) shows

τflow and Pshock as a function of initial temperature. It
should be noted that τflow and Pshock values were obtained
from the samples shocked through the impact velocities of
0.5–1.5 km/s. *e results indicated that the increase in the
initial temperature leads to the decline of τflow and Pshock
values, meaning that the temperature alteration plays a
significant role in the stress distribution. However, one can
see that the rate of Pshock decrement is sharper than τflow.
*is outcome suggests that the shear stress is more
dominant at higher temperatures, leading to nucleation
and propagation of STZs in the structure, while the TTZ
formation is restricted to a few number of sites. Hence, one
can conclude that the higher initial temperature facilitates
the STZ formation and plastic flow in the system, which
causes a smooth spallation with a ductile failure. Figure 8
illustrates the trend of Cu-centered clusters in the samples
exposed to the different initial temperatures under the
impact velocity of 1 km/s. In general, the Cu-centered
clusters are identified as the backbone structure of CuZr
MGs and include main polyhedrons in the atomic system
[40]. As observed in the figure, the increase in the initial
temperature led to the sharp decrement of Cu-centered
clusters in the MG structure. *is means that higher
temperature facilitates the plastic flow and generates the
loosely packed regions, i.e., nanoscale free volumes, in the
system. Hence, it is found that the plastic deformation is
intensified at higher temperatures; however, it originated
from the nucleation and propagation of STZ in the
structure, as concluded from Figure 7.
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4. Conclusions

In this paper, MD simulation was conducted to study the shock
wave response of CuZr PEMG under different initial temper-
atures and impact velocities. Based on the MD results, the
embedded pore was filled under the impact velocities of 1 and
1.5 km/s through the growth of shear events and local softening
at the pore boundary. *e results also demonstrated that the
nucleation and coalescence of TTZs led to the formation of
nanovoids under the spall event. *e higher velocities induced
smaller nanovoids with more population in the strained zones.
*e initial temperature also played a crucial role in the spall
event so that the rise of temperature declined the induced
pressure and shear stress in the system, which led to the re-
striction of TTZ formation and the smoother spallation.

Data Availability

*e data used to support the findings of this study are in-
cluded within the article.
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