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Molecular-dynamics �MD� simulations have revealed that under shock loading a nanovoid in copper grows

to be of ellipsoidal shape and different loading directions ��100� and �11̄1�� change the orientation of its major
axis. This anisotropic growth is caused by preferential shear dislocation loop emission from the equator of the
void under �100� loading and preferential shear dislocation loop emission deviating away from the equator

under �11̄1� loading. A two-dimensional stress model has been proposed to explain the anisotropic plasticity. It
is found that the loading direction changes the distribution of the resolved shear stress along the slip plane
around the void and induces different dislocation emission mechanisms.
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Void nucleation, growth, and coalescence have long been
realized to play a critical role in the initiation of dynamic
failure in ductile metals.1,2 The nucleation can initiate from
preexisting defects, such as grain boundaries, vacancies,
voids, inclusions, etc. under shock loading.3 Once voids have
been formed, they will grow in size and interact with each
other, leading to a dynamic fracture. Single void growth
models based on continuum theory are extensively employed
to investigate shock induced spallation phenomena.4–9 Al-
though this continuum damage model �CDM� can reproduce
the free-surface velocity of experiments well, it ignores the
discrete nature of metals and the mechanism of plasticity. It
is also questionable to apply this model to microscopic
length and time scales that belong to the incipient stage of
void growth. In the absence of experimental information, in
recent years, atomistic simulations of nanovoid growth have
been carried out to investigate the incipient stage of the void
growth and the corresponding mechanisms,10–13 even the
coalescence process.14 But their loading conditions have
been either quasistatic or strain-rate controlled, which does
not take into account the inertial effect.15,16 Furthermore, the
lattice orientation with respect to loading direction has not
yet been considered. Recent laser shock experiments illus-
trated that at high strain rate conditions vacancy diffusion
mechanism cannot explain the void fraction in recovered
samples, and both prismatic and shear dislocation loop emis-
sion mechanisms have been proposed to accommodate the
void growth under shock loading.17 But there is still no direct
observation of the dynamic process of void growth under
shock loading. In polycrystalline metals, each grain has a
unique loading direction. How the shock loading direction
affects the void growth remains unresolved so far. The main
purpose of this work is to study the mechanism of the incipi-
ent stage of nanovoid growth under shock loading and how
the lattice orientation influences single void growth in
monocrystal copper by means of molecular dynamics �MD�
simulation.

The interaction between atoms is described by an embed-
ded atom model �EAM� potential parametrized by Mishin,18

and the potential not only reproduces mechanical properties

including elastic constant, cohesive energy, defect formation
energy, etc. at ambient condition, but also predicts the equa-
tion of state �EOS� of copper quite well under pressures up to
250 GPa. Shock loading directions have been chosen to be
the �100� and �11̄1� crystallographic directions. The x ,y ,z
axes of the simulation boxes coincide with the �100�, �010�,
�001� and �11̄1�, �110�, �1̄12� for �100� and �11̄1� crystalline
directions, respectively. Periodical boundary conditions are
applied to the y and z directions to mimic the uniaxial strain
condition of planar shock loading. A nanovoid with a diam-
eter of 1.5 nm is dug out at the center of the crystal. Shock
waves are generated by taking two surface layers at one end
of the sample as a piston and pushing the piston inward at a
certain velocity. The piston velocity refers to the particle
velocity behind the shock wave. The average stress along the
loading direction stays constant behind the shock front and is
usually referred to as the shock strength. Once the shock
wave reaches the opposite free surface, the piston atoms are
released. The rarefaction waves originate from both free sur-
faces and move into the crystal in opposite directions. Be-
cause the particle velocities behind the two rarefaction waves
are different �in the center of mass frame, the velocities are
equal in magnitude but opposite in sign�, when they meet
inside the crystal a tensile state is generated. We do not
consider the temperature effect in this work, and the initial
temperature is set as 0 K. Since the elastic precursor of

shock wave along the �11̄1� loading direction is faster
than that along the �100� loading direction,19 in order to exert
the same tensile duration for the void, the dimensions of
the single crystal for the �100� loading are set up as
17.2 nm�16.3 nm�16.3 nm or 47.5�100��45�010�
�45�001� containing 384 663 atoms and those for the �11̄1�
direction are taken as 20.0 nm�17.9 nm�15.5 nm or

32�11̄1��35�110��17.5�1̄12� containing 470 308 atoms.
The trajectory of each atom is integrated by a predict-correct
scheme at a time step of 1 fs. Dislocation cores and stacking
faults are identified by the pair analysis technique.20

Previous researches21,22 have revealed void collapses in-
duced by shock compression through dislocation emission
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and shown that there exists a critical shock strength for the
collapse of voids with a certain radius. By increasing the
shock strength to exceed 17 GPa for each loading direction,
we also observed that dislocations; are activated as the void
collapses by shock compression. Since the 1/6�211� �111�
partial dislocation is the energetically favorite dislocation in
face-centered cubic �FCC� structure, once the partial disloca-
tion moves forward on a �111� plane it leaves behind a stack-
ing fault.23 For the �100� loading direction, after the shock
front sweeps over the void, shear dislocation loops are emit-
ted from void surface on four different but equivalent �111�
slip planes. The shear dislocation loop expands outward and
interacts with others to form stair-rod dislocations, these
sessile dislocations limit the shape of the dislocation loop.
On the leading side �which shock first hits� and the trailing
side, the shear dislocation loops easily form four sides of a
pentahedron with fourfold symmetry with respect to the
loading direction. This characteristic phenomenon was also
observed by Davila21 and Hatano’s22 simulation. For the

�11̄1� direction, because the resolved shear stress is zero on

the �11̄1� plane, the shear dislocation loops on other three
�111�-type planes can interact and easily form three sides of
a tetrahedron with threefold symmetry to the loading direc-
tion. After the rarefaction waves interact inside crystal and
the tensile state is generated around the void, the leading
partials of shear dislocation loops reverse their movement
causing annihilation of the stacking faults and unzipping of
the stair-rod dislocation as the void expands. Almost all the
trace of plasticity during compression, including stacking
fault and dislocation, disappear when the void bounces back
to its original size and shape �see Fig. 2�. The recovery pro-
cess does not leave any residual dislocations. This is not like
Marian’s11 quasistatic simulation of a nanovoid deformation
subjected to cyclic shear loading in Al. We believe one rea-
son for this is that copper has a low stacking fault energy and
between the trailing and the leading dislocations there is a
large stacking fault area; the compression period is not long
enough for us to observe the trailing dislocation coming out
from the surface. Another reason is that the shock strength is
not strong enough to produce cross slips and jogs, because if

FIG. 1. Snapshots from MD simulations, showing associated plasticity of void growth under different loading direction and shock
strength. The initial void diameter is 1.5 nm. Only atoms with hexagonal close-packed �HCP� structure �light gray� and amorphous structure
�dark gray� are shown. The times for the snapshots are 8 ps after the simulations start. �a� 17.5 GPa shock strength and the �100� loading
direction. �b� 20 GPa shock strength and the �100� loading direction. For �a� and �b�, shear dislocation loops preferentially emit from equator

region. �c� 20 GPa shock strength and the �11̄1� loading direction. �d� 23.5 GPa shock strength and the �11̄1� loading direction. For �c� and
�d�, the tetrahedron configurations formed by shear dislocation loops are predominantly emitted.
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the shock strength exceeds 25 GPa the corresponding tensile
stress will induce more voids, which is beyond the scope of
this paper. Since our attention is focused on a single void
growth, without considering any residual dislocations left
from the compression process we can simplify the analysis
for the following phenomenon. As the void further expands
to exceed its elastic limit, it will emit dislocations. During

this plastic growth, our simulations for the �100� and �11̄1�
loading directions show different dislocation emission
pattern and the spherical void changes into different shapes.

Figure 1 shows snapshots of the plasticity associated with

the void growth under both �100� and �11̄1� loading condi-
tions. For the �100� loading condition, first we observe the
dislocation nucleate from the equator of the void perpendicu-
lar to the loading direction. As the void grows, the nucleated
dislocations expand outward to form shear dislocation loops.
Driven by stronger shock strength, the void grows faster and
more shear dislocation loops emit from the surface. Some of
the loops meet and interact with each other to form sessile
stair rod dislocations, blocking further movement, and a pen-
tahedron configuration with fourfold symmetry with respect
to the loading direction is also observed. However the shear
dislocation loops emitting from the equator are dominant and
move faster than those in other regions. This mechanism
makes the void grow preferentially along the direction per-

pendicular to the loading direction. The shape of the void can
be represented by the axes of the void. Figure 2 shows the
time history of the axes of the void. During the elastic
expansion, the void becomes ellipsoidal and its major axis
is parallel to the loading direction. After the void grows

FIG. 2. The evolution of the axes of the void. The solid line
represents the evolution of the axis paralleling to the loading direc-
tion and the dash-dotted line is for the axis perpendicular to the
loading direction. The initial length of both axes is 15 Å. �a�
17.5 GPa shock strength and the �100� loading direction. �b�
20 GPa shock strength and the �11̄1� loading direction.

FIG. 3. A three-dimensional illustration of the mechanisms of

the void growth for the �11̄1� loading direction. �a� When the shock
strength is below 22 GPa, the sectors of surface enclosed by each
three shear dislocation loops forming three sides of a tetrahedron
configuration are pulled out as the loops expand outward. �b� When
the shock strength exceeds 22 GPa, besides the tetrahedron configu-
ration there are more shear dislocation loops emitting from the
equator region �only one shear dislocation loop cross the equator is
illustrated�.

FIG. 4. A two dimensional representation of a stress-free hole in
infinite medium under uniform biaxial far-field tension. Tx and Ty

are biaxial far field tension. Under uniaxial strain condition,
Tx�Ty. Only one of the slip family planes is shown. When the
�100� and �011� coincide with x and y axes, respectively, the con-

dition corresponds to the �100� loading condition. When �11̄1� and
�211� coincide with x and y axes, respectively, the condition corre-

sponds to the �11̄1� loading condition. The slip plane has an angle
of � with loading direction. R is the radius of the cylinder void.
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plastically, the major axis changes the orientation to being
perpendicular to the loading direction.

As for the �11̄1� loading direction, the resolved shear

stress on �11̄1� plane is zero and there is no slip being acti-
vated on this family of planes. It is very interesting to ob-
serve two stages of void growth. When the shock strength is
below 22 GPa, the dislocations nucleate from edges of two
triangle sites away from the equator �each triangle is located
on opposite surfaces of the void along the loading direction�.
Then the three dislocations initiating from each triangle
move outward on �111� planes, interacting with each other
and forming sessile stair-rod dislocation. In this way these
dislocation loops form two tetrahedron configurations with
threefold symmetry to the loading direction gliding away

from the void on opposite directions along �11̄1� �see Fig.
1�c��. As the dislocation loops move away, the sector of the
void’s surface surrounded by the dislocation loops is
punched out along the loading direction. If the shock
strength is increased to more than 22 GPa, besides the tetra-
hedrons formed by shear dislocation loops, shear dislocation
loops are also observed to originate from the equator of the
void. Because the dislocation loops on sides of the tetrahe-
drons move faster than the dislocation loops generated from
the equator, the major axis of the ellipsoidal void remains
paralleling to the loading direction. Figure 3 illustrates
this two stage void growth mechanisms. In order to check
the size effect, we increase the length of the y and z dimen-
sions by 50%. For the �100� direction, the dimensions of
crystal are set as 47.5�100��55�010��55�001� containing

574 663 atoms and for the �11̄1� direction are set as

32�11̄1��42�110��21.5�1̄12� containing 693 508 atoms,
and the dislocation emission pattern and shape evolution of
the void are similar to those of the smaller size simulation.

Why is the plastic mechanism of the void growth different

for the �100� and �11̄1� loading directions? Since the dislo-
cation generation and movement depend on shear stress, the
distribution of the resolved shear stress along the slip planes
around the void surface is critical to understand the above
plastic phenomena. At the atomistic scale, the local stress
should be obtained by spatially averaging the virial stress24

over a characteristic volume,25,26 which is usually more
than a 4 unit cell. Therefore, the stress distribution calculated
by the above method is rough for the nanovoid. Alterna-
tively, we observed that when the void expands to its elastic
limit, the tensile wave fronts already have a distance of
more than 5 times the void radius away from the void
surface. In spite of the inertial effect near the void surface,
we propose the void is subjected to a static biaxial far-field
tension. Because the two-dimensional problem can be solved
analytically, we simplify the three-dimensional problem to a
two-dimensional problem as a stress-free hole in an infinite
medium under biaxial tension as illustrated in Fig. 4.
The analytical stress distribution on the surface of the
stress-free hole under uniform tension along one direction
can be represented as �R=�R�=0 and ��=Tx�1−2 cos 2��,
where Tx is the far-field tension.27 Considering uniaxial
strain condition of shock loading, the tensile strength perpen-
dicular to the loading direction satisfies Ty =kTx, where k is a

biaxial loading ratio, then on the surface of the void
��=Tx�2�k−1�cos 2�+ �1+k��. The stress �� is maximum at
�= ±� /2 regardless of what the loading direction is, corre-
sponding to the equator of the void. However, only the re-
solved shear stress along the slip direction contributes to the
nucleation and emission of dislocations. If we define � as the
angle between the slip plane and the loading direction, the
distribution of resolved shear stress along this slip direction
around the cylinder surface is

�� =
1

2
Tx�2�k − 1�cos 2� + �1 + k��sin 2�� − �� . �1�

Figure 5 shows the variation of �� with �. For the �100�
loading direction, the angle between �111� family planes �ex-

cept �11̄1� plane� and the loading direction is �=35.2°. Ac-
cording to the elastic constants of single crystal copper on
ambient condition, c11=168.0 GPa, c12=122.6 GPa,
c44=75.3 GPa,28 the biaxial loading ratio for uniaxial strain
condition is estimated to be k=

c12

c11
	0.71. So the maximum

value of �� is at �	85°, which corresponds to the location of

the void surface very close to the equator. As for the �11̄1�
loading direction, � is 19.5° and k= �c11+2c12−2c44/c11

+2c12+2c44�	0.47, the maximum value of �� is at �	74°,
which is further away from the equator compared with the
�100� loading condition. That is why we observe the dislo-
cations nucleate favorably at the equator for �100� loading.

Furthermore, both � and � are smaller for �11̄1� loading
conditions, the emitted dislocations are closer to each other
and easier to form tetrahedron configuration. By increasing
tensile strength, dislocations can emit from everywhere from
the void surface. But the concentration of resolved shear
stress �� favor the shear dislocation loop emission from the
equator for the �100� loading condition and shear dislocation

loop emission away from the equator for the �11̄1� loading

FIG. 5. The distribution of the resolved shear stress along the
slip plane on the surface of cylinder void in infinite medium under
biaxial far field tension. Tx and Ty are the far field tensions along
and perpendicular to the loading direction, respectively. The biaxial
loading ratio is k=Ty /Tx. The solid line represents the condition that
the slip plane has an angle of 35.2° with respect to the loading
direction and k is 0.71. The dash-dotted line represents the condi-
tion that the slip plane has an angle of 19.5° with respect to the
loading direction and k is 0.47.
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condition, which leads to preferential growth toward the di-
rection perpendicular and parallel to the loading direction,
respectively.

In summary, we have performed MD simulations to reveal
the anisotropic incipient plastic phenomenon of single nano-
void growth in single copper crystal under different shock
loading direction. A two-dimensional resolved shear stress
model has been derived to reveal that the angle between
slip planes and loading direction and anisotropic elastic re-
sponse of single crystal copper change the concentration of
resolved shear stress around the void, which contributes to
the anisotropic nanovoid growth and its associated plasticity.

Although these simulation and analyses are carried out for an
FCC metal �Cu�, it has implications for other crystalline ma-
terials. The lattice orientation effects have been found to in-
fluence the single void growth, and is believed to have an
affect on void coalescence as well.
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