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ABSTRACT

Based on molecular dynamics, the effects of void and initial dislocation structure on incipient plasticity are investigated with single crystal
copper samples. By introducing a void of different sizes and shapes and dislocations of different initial structures around the void in copper
single crystals, we explore their effects on yielding as well as the dominated deformation mechanism. The main findings from this study are
as follows: (1) for the samples with a void of the same size, the yield stress approaches to a specific value as the initial dislocation density
increases; (2) for samples with a void of varying size, the yield stress becomes independent of the void size as it reaches a certain level,
due to the saturation of preexisting dislocations around the void; and (3) as the strain rate increases, the effects of voids and preexisting
dislocations on the yield stress become limited due to the response inertia, for which the phase transition from face-centered cubic to an

amorphous phase occurs at an extremely high strain rate.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5125061

I. INTRODUCTION

The initiation of ductile fracture in metallic materials is generally
related to the nucleation, growth, and coalescence of voids. So far,
various analytical models'™* have been proposed to study the
dynamic evolution of the void in the failure process. The emission of
dislocations from the void is generally taken as the onset of plasticity
and used to derive the yield strength. In particular, Lubarda et al.’
established an analytical model to evaluate the critical stress for the
emission of edge dislocation from a cylindrical void and concluded
that the dislocation emission plays a more crucial role than the
diffusion or creep mechanism in the void growth under dynamic
loading conditions. This criterion for dislocation emission is analo-
gous to Rice and Thomson’s criterion,” which estimates the stress
required for a dislocation loop emanating from a half-plane crack tip.
Soon afterward, this model was debated that the emission of the
shear loop has little effect on the resulting void volume.” There are
also some essential factors that are not taken into account in those

analytical models such as the size effect when the void or the sample
size is as small as micro-nano scale, the anisotropic nature in single
crystals due to different crystalline orientation, and the strain rate sen-
sitivity of dislocation nucleation and activity.

In addition to the analytical models, different numerical
approaches have been proposed to gain further details and insight
into the void-induced plasticity and the dominated deformation
mechanism. Dislocation density based procedures™ and crystal
plasticity models'’™'* have been developed to investigate the void
evolution and dislocation kinetics. Discrete dislocation dynam-
ics'™'* has also been used as an effective way to study the plastic
deformation mechanism with the presence of the void. The effects
of different loading situations and crystal orientations were investi-
gated,'” with the main finding that whether the crystal orientation
has an influence on the strain hardening and void growth depends
on the stress states. Although a void is generally considered to be
the activated location for dislocation nucleation that promotes the
incipient plasticity, the obstacle strength of voids was defined by
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evaluating the critical stress for a dislocation to glide past an array
of voids.'® Coincidentally, the depinning stress of an edge disloca-
tion from a void in copper was also evaluated by the molecular
dynamics (MD) simulation,'” which contains less artificial criteria
or parameters in the modeling of dislocation activities. To perform
a multiscale model-based simulation, the atomic-scale study is a
key component for which there is a lack of understanding. With
the aid of the atomistic simulation, Hatano'® studied the disloca-
tion nucleation from a preexisting void and concluded that the
Hugoniot elastic limit becomes insensitive to temperature in the
presence of a void. Traiviratana et al."’ demonstrated the disloca-
tion behaviors at different deformation stages and concluded that a
larger void size would require a smaller critical stress to induce the
dislocation nucleation. Zhao et al.”’ studied the effects of the crys-
talline orientation and the void volume fraction on the incipient
yield strength and macroscopic effective Young’s modulus of single
crystal copper. The initiation of dislocation emission was observed
to account for the incipient yielding. Soon after, Tang et al.’’
revealed the dislocation mechanism during the void growth and
demonstrated the void size effect on the critical stress to initiate
plasticity in both face-centered cubic (FCC) and body-centered
cubic (BCC) metals. Temperature sensitivity,22 different stress states
and strain rates,” void geometry,z1 void in nanowire,”” and array
distribution of void”® were studied to elucidate the void related
plastic deformation or failure mechanism. However, most of the
above studies are based on the assumption that there are no other
defects around the preexisting voids initially. As a result, the emis-
sion of dislocation from the void has been considered to be the
dominated mechanism accounting for the incipient plasticity.
Nevertheless, it has been clarified that the preexisting dislocation
has a significant effect on the onset of plasticity, e.g., the pop-in
phenomenon during nanoindentation®” and the strength and the
tension-compression asymmetry of nanolaminate composites.” It
has also been reported that the preexisting dislocation has a signifi-
cant influence on the formation of new dislocation loops,” which
will further affect the plastic behavior of the materials. For the
metallic materials that have suffered from prestrained deformation
or even subjected to shock loading, voids as well as the surrounding
dislocations have been observed in the metals (see Fig. 1 in Ref. 30
and Fig. 2 in Ref. 19), but they would continue to serve in many
cases. Hence, an important issue arises, namely, how to evaluate
the incipient yielding of the materials with both voids and surrounding
preexisting dislocations?

Motivated by the above issue, the incipient yielding in copper
single crystals in the presence of both void and dislocations is investi-
gated based on molecular dynamics (MD). The remaining of the
paper is organized as follows. The MD methodology and model
description are presented in Sec. II. The numerical results including
the effects of the void size and shape, preexisting dislocation, and
loading rate on the incipient yielding stress are demonstrated and
analyzed in Sec. IIL. Finally, concluding remarks are summarized in
Sec. IV.

Il. METHODOLOGY AND MODEL DESCRIPTION

The large-scale atomic/molecular massively parallel simulator”’
is employed in our MD simulations. The geometry of copper single
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crystals containing void is illustrated in Fig. 1(a), which only shows
half of the atoms to illustrate the void in the center. A cubic box cell
full of copper atoms with the FCC structure is established first; then
a void of different size and shape is generated in the center of the
box cell, which is also the origin of the coordinate axis. In the
atomic model, the x, y, and z-axes are oriented in the [100], [010],
and [001] lattice directions, respectively. The size of box cell is
60a x 60a x 150a with a being the lattice constant of 3.615 A. The
diameter of the spherical void at the center of box cell ranges from
6a to 40a, while the void is also set to cubes with side lengths from
6a to 40a to study the shape effect (Fig. 1 only shows the spherical
void). Periodic boundary conditions are employed along all the three
sides to mimic the bulk behavior. The interaction among copper
atoms is described by the embedded atom method (EAM) poten-
tial,”” which has been demonstrated accurately in the description of
both the unstable and stable stacking fault energies.”’ The Mishin
potential has been widely used in the simulation of copper including
the shock compression,”° the hydrostatic pressure effects,”” the
homogeneous dislocation nucleation,”*”* and hydrostatic and shock-
induced melting,*’

Starting from the initial atomic configuration, the atomic model
was firstly equilibrated in the isobaric-isothermal (NPT) ensemble at
a pressure of 0 GPa and temperature of 300 K for 10 ps. Then as
shown in Fig. 1(b), with the same temperature 300K, the atomic
configuration was loaded with an NPT ensemble under a hydrostatic
pressure state, which linearly increases from 0 GPa to a specific pres-
sure Py and further linearly releases to 0 GPa with a constant rate of
0.5 GPa/ps. Subsequently, an initial minimization of the sample was
performed for 10 ps with an NPT ensemble at 0 GPa and 300 K
before proceeding uniaxial tension. Through this preloading and
unloading process, as shown in Fig. 1(c), different dislocation struc-
tures are generated around the void, depending on the preloaded
hydrostatic pressure, void size, and shape. Based on the above atomic
configurations, uniaxial tension loading at a constant strain rate of
1x 10 s™" was applied on the z-direction and the global pressure of
the sample at the other two lateral directions (i.e., x and y directions)
was kept at 0 GPa. This process was accomplished by decoupling
the strained dimension for NPT in the two lateral directions,*""* and
the temperature was kept at 300 K. To reveal the strain rate effect,

€ (b)

—

FIG. 1. The schematic diagram of copper single crystals containing void and
dislocations. (a) Void in copper single crystals, (b) hydrostatic loading and
unloading processes, and (c) initial dislocations generated around the void.
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different strain rates that varied from 5x 10”s™" to 1 x 10" s™! were
also carried out. The time step is set to 1 fs, except for the strain rate
of 1x10'"s7%, a shorter time step of 0.1fs is used. The tension
loading continues until the maximal strain reaches about 15% when
the strain rate is below 5 x 10°s™"; otherwise, the maximal strain is
~30%. The overall system stress is calculated as the volumetric
average of the local stress on each atom derived from the virial
theorem,” as used in previous MD simulations.***” In the analysis,
tracking of dislocations is achieved by the dislocation extraction algo-
rithm (DXA),"® and Ovito" is utilized to visualize the defect struc-
tures. The yield stress in the analysis is defined as stress value
corresponding to the incipient stress drop as the uniaxial tension
continues. The dislocation density is calculated by dividing the total
length of the dislocation line by the volume of the box cell.

lll. RESULTS AND ANALYSIS
A. Samples with void and initial dislocation

In this subsection, the effect of the void size as well as preex-
isting dislocations on the mechanical behavior of copper single
crystals is studied. First, the preexisting dislocations under different
hydrostatic pressure P are studied in samples with void of two dis-
tinct sizes as shown in Fig. 2(a), two features can be obtained that
the dislocation density p, becomes saturated and stable in both
cases as the hydrostatic pressure exceeds a critical value; there is a
dramatic increase in the saturated dislocation density (from
~0.02nm™> to 0.18 nm™>) when the void diameter changes from
12a to 30a. The dislocation structures under some specific pressure
values are illustrated as shown in Fig. 2(b). The type of dislocation
is distinguished by different colors, the Shockley partial dislocations
and stair-rod dislocations are particularly indicated since they are
far more numerous than other types. Since the preexisting disloca-
tions have an effect on the mechanical behavior of the subsequent
uniaxial tensile loading, the atomic deformation map is presented
to interpret the evolution of dislocation under hydrostatic loading
as shown in Fig. 3, the atoms are colored by the level of their

(@) 020 (b)

—&— D=12a
—@— D=30a

0 4 8 12 16 20

P, (GPa)

L,
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centrosymmetry parameters (CSP). It can be seen clearly the void
has collapsed under the high hydrostatic pressure that sustains the
final saturated dislocation density. The dislocations nucleate from
the surface of the voids with the aid of an external load. The emis-
sion and motion of dislocations rearrange the atoms around the
void. With the increase of hydrostatic pressure, these dislocation
activities result in the shrinkage and collapse of the void, and then
the dislocations reach saturated. The large void can provide more
space to generate dislocations such that the dislocations would
spread widely, while the surrounding dislocations are trapped in a
limited space around the small void.

Next, based on these samples with a void of different size and
initial dislocation structures, uniaxial tension at a constant strain
rate of 1x10°s™" was performed. The strain-stress curves as well
as the evolution of dislocation densities are presented in Fig. 4. It
can be seen from Fig. 4(a) that for samples with a relatively small
void size (i.e., D =12a), the stress first increases linearly, then fol-
lowed a sharp decrease in the stress level with the increase of strain.
Corresponding to the evolution of stress, the dislocation density is
stable at first and then increases drastically as shown in Fig. 4(b).
The dislocation density keeps almost constant at the initial defor-
mation stage because the dislocations are jammed in a limited
space around the void and the stress is not high enough to motivate
these dislocations. It has been analyzed above that the generated
initial dislocation density would increase to a convergent value
with the increase of P,. As a result, there is almost no difference in
the corresponding stress-strain curves when P, exceeds 16 GPa and
the yield stress also becomes stable (approximately 3.5 GPa).
Similarly, for samples with the larger void of diameter 30a as
shown in Figs. 4(c) and 4(d), the effect of P, on the initial disloca-
tion density is similar to that in samples with small voids despite
that the initial dislocation density exhibits some differences when
Py is larger than 11 GPa. The peak stresses in the stress-strain
curves also converge to a stable value of ~2.3 GPa when P, exceeds
11 GPa. It should be pointed out that the initial dislocation density
is slightly different from that in Fig. 2(a) since there is a relaxation

D=12a
P=12GPa

D=12a
P=14GPa

D=30a
P=8GPa

P 1/6<112> Shockley partial dislocation
B  1/6<110> Stair-rod dislocation

FIG. 2. (a) The dislocation density under different hydrostatic pressure Py and (b) the different initial dislocation structures around the spherical void of different sizes.
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process when the dislocations would evolve dynamically before
tensile loading. The evolution of dislocation density also exhibits
some new features in Fig. 4(d), the dislocation density would first
decrease slightly, and it indicates that dislocation would interact
with each other and annihilate at this stage. Corresponding to the
decrease of stress in Fig. 4(c), the dislocation density would
increase slowly again and then become stable. Comparing Figs. 4(a)
and 4(c), the yield stress exhibits different sensitivities to the hydro-
static pressure P,. It is because the amount of dislocation density is

P=18GPa

ARTICLE scitation.org/journalljap

P=20GPa

FIG. 3. The CSP of atoms around the
void of different sizes at the view of
plane (110).

quite limited in the sample with small void (D=12a), the yield
stress is relevant to these preexisting dislocations. While for
samples with void of D=30a at a relatively low hydrostatic pres-
sure, the dislocation density is already larger than the saturated
density around the small void, and then the yield stress exhibits less
sensitivity to the initial dislocations. In addition, for samples with
equivalent amount of dislocations and void of different sizes
[see the dark cyan line in Fig. 4(b) and the red line in Fig. 4(d)],
the dislocation densities are ~0.025nm™ initially but evolve in a

@ 4 (®) 25
—&— P =12GPa o —8— P =12GPa
—o—P=14GPa D=12a E 0.20] —*—PA1acra
_ 64 —A—P=16GPa = —A—P=16GPa
& |-w-r=136Pa %’ 0.15] ~YFe18CE
Q |—e—r20GPa g 7| —¢- PGP
3] Z 010
£ £
[77) -
24 g 0.05-
g 0.
z
S 0.00-
0 T T T T T T T T FIG. 4. The stress-strain and the dislo-
0 3 6 9 12 15 0 3 6 9 12 15 cation density-strain  curves  corre-
(©) Strain (%) (d) Strain (%) sponding to samples consisting of void
35 0.25 [(@) and (b)] D=12a and [(c) and (d)]
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g 159 = 0.104
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slightly different way with the increase of strain, and the incipient
yield stress is slightly smaller in the sample with large void of
D=30a (~3.0 GPa) than that (~3.5 GPa) of the sample with void
of D=12a.

Through the above analysis, when the initial hydrostatic pressure
exceeds a specific value during sample preparation, there is almost no
change in the initial dislocation density and the yield stress during
uniaxial tension decreases to a stable value. It is worth noting that the
starting hydrostatic pressure that saturates the dislocations is related
to the void size. Despite this difference, it is confirmed that the
hydrostatic pressure 20 GPa can make the dislocations around the
void saturated in the range of void sizes we studied. Next, based
on this conclusion, the yield stress is further investigated in samples
fabricated by the hydrostatic pressure 20 GPa.

B. Effect of void size

In this subsection, the effect of the void size on the yield stress
at the strain rate of 1x 10°s™" is studied in samples with saturated
initial dislocation density that corresponds to the hydrostatic pres-
sure 20 GPa. As shown in Fig. 5(a), the samples with void of
different sizes generally yield at different strains and the yield
stresses exhibit a void size dependence when the void size is less
than 18a. It can also be seen that there is almost no change in the
peak stress (i.e., the yield stress) when the void size increases to a
certain extent. Correspondingly, the evolution of dislocation
density also varies depending on the void size. For samples with a
larger void, the dislocation density will slightly decrease at first and
then increases and, finally, evolves to a stable state, while it will
dynamically increase to a stable value when the void size is small.
Furthermore, when the void size reaches 30a, which is comparable
to the lateral size of the box cell, the removal of material in the
void affects the elastic modulus [i.e., the slope of the curves at the
initial deformation stage in Fig. 5(a)].

Similar to the yielding process during a dynamic loading,**
two distinct dislocation activities can be proposed to explain the
void size-related yield stress, the plastic shear strain rate can be
written as:’ 7 = bpv + bpX, where b is the magnitude of the
Burgers vector, p is the dislocation density, ¥ is the average disloca-
tion velocity, and x is a displacement during the formation of

(@ (b)
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the generated dislocations. This formula naturally introduces two
different dislocation behaviors during the plastic deformation, the
first item presents the motion of preexisting dislocations and the
second one indicates the generation of new dislocations. The domi-
nated dislocation behavior can be obtained by analyzing the evolu-
tion of dislocation density in Fig. 5(b) as well as the dislocation
structures illustrated in Fig. 6. For samples with relatively small
void (e.g., D =6a and 12a), the amount of preexisting dislocations,
which depends on the void size, is quite limited such that the gen-
eration of new dislocations is required. It can be seen from Fig. 6(a)
that there has been an apparent dislocation multiplication before
yielding and the increase of dislocation density when yielding
occurs is contributed by the collaboration of dislocation nucleation
from the preexisting dislocation network and dislocation multipli-
cation away from the central area. In this case, the second item
dominates the yielding, characterized by the apparent increase in
dislocation density [see Fig. 5(b)]. As a result, the yield stress exhib-
its a void size dependence due to the void size-related initial dislo-
cations. In contrast, for the sample with a void of diameter D =30a
as shown in Fig. 6(b), dislocations jammed in complex structures
and maintained quite stable before yielding. The motion of these
preexisting dislocations is sufficient to generate enough plasticity, in
which the change of dislocation density is moderate and the first
item is dominated. The yield stress shows the independence of the
void size. Moreover, for samples in the deformation stage of the
stable plastic flow (i.e., € >~ 11%) as shown in Fig. 5(a), the flow
stress sustains at approximately 1.2GPa and the corresponding
dislocation density is ~0.1 nm™2 Coincidentally, the yield stress
and the evolution of dislocations generally exhibit two different
characteristics in samples whose initial dislocation density is higher
or less than ~0.1nm™2. The dislocations start to show some
statistical characteristics when they are sufficient, and the stress to
motivate these dislocations remains relatively constant. Since the
transition from void size-dependence to independence is correlated
to the initial dislocation density, it can be referred there would be a
critical void size achieving this transition.

Furthermore, the yield stresses above as well as those for
samples with spherical void but without initial dislocation (ie.,
when P, =0 GPa) are presented in Fig. 7. For samples without pre-
existing dislocations, the yield stress exhibits a conventional void

5 0.4
—&— D=6a & —&— D=6a
4 —e—D=12a g —0—D=12a
= —A— D=18a — 0.3 —A— D=18a
G —v—D=30a £ —v—D=30a ,
O 37 —— D=40a z —o— D—40a FIG. 5. (a) The stress-strain curves
~ g 0.2 and (b) the dislocation density-strain
% p curves corresponding to samples with
= 21 S void of different sizes at a constant
) ® 0.1 strain rate of 1x 10%s™".
23
11 =
2z
0 ~ 0.0-
0 3 6 9 12 15 0 3 6 9 12 15
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b)

FIG. 6. The dislocation structures at initial, before and when yielding occurs in samples initialized under Py=20 GPa with void of diameter (a) D= 12a and (b) D = 30a.

size effect, that is, a larger void results in smaller yield stress.
This void size effect without preexisting dislocations has been
thoroughly discussed that the critical stress for the emission of dis-
location from the void surface is size-related.”” However, it can be
seen from Fig. 7 that the existence of initial dislocation has two
profound effects on the yield stress. First, there is a significant drop
in the value of yield stress due to the presence of initial disloca-
tions. It demonstrates that the critical stress to activate the preexist-
ing dislocations is much smaller than that to trigger the dislocation
nucleation from the surface of the void. Second, the yield stress
becomes independent of the void size as the void size increases.
This trend also applies to the sample with a cubic void, exhibiting a
void shape independence. However, in the sample with cubic void,
the critical size when the yield stress starts to exhibit the indepen-
dence of the void size is smaller (D =12a). Correspondingly, the
preexisting saturated dislocation density is 0.025 nm™ (D =12a),
which is larger than that p, = 0.02nm~? in samples with spherical
void. From the above analysis, when there are enough preexisting

12

—@— Spherical void without initial dislocation
—@— Spherical void with initial dislocation
—— Cubic void with initial dislocation

o
2

Yield stress (GPa)
(=)

34
0 L] L] L) L)
0 10 20 30 40
Dl/a

FIG. 7. The yield stress for the sample with void of different sizes and shape at
a constant strain rate of 1 x 10%s~",

dislocations surrounding the void, it is the activation of these dislo-
cations that leads to yielding, which is insensitive to the void size
and different from dislocation nucleation mechanism in the
absence of initial dislocations.

C. Effect of loading rate

The effect of void and preexisting dislocations has been studied
at a certain strain rate. In this subsection, different loading rates are
further performed to revisit the plastic behavior above. Strain rates
ranging from 5x 107 s™" to 1x 10" s™" are applied on samples with
void of two different sizes in which the preexisting dislocations are
generated by the hydrostatic pressure of Py=20 GPa.

As shown in Fig. 8, the stress-strain curves as well as the evolu-
tion of dislocations is studied for samples with void of two different
sizes under different strain rates. From Figs. 8(a) and 8(c), samples
generally exhibit the conventional strain rate effect, namely, larger
peak stress under a higher strain rate. Coincidentally, when the strain
rate is below 1x10°s™), the stress-strain curves become serrated
when massive yield takes place, characterized by several fluctuations
in the stress and consistent with the previous MD calculations.””*’
Correspondingly, as shown in Figs. 8(b) and 8(d), the variation in
dislocation density is small. For relatively low strain rate loading,
the initial activation of preexisting dislocation would sustain enough
plasticity for yielding. By further analyzing the dislocation structures,
it was found that a number of stair-rod dislocations form inside the
sample, and these immovable stair-rod dislocations serve as
the obstacles for dislocation motion.”’ The serrated fluctuations in
the stress are caused by the pinning and depinning of dislocations.
While for extremely higher strain rate exceeding 5 x 10°s™", there is a
dramatic increase in the dislocation density when the incipient yield-
ing occurs, exhibiting the characteristics of dislocation nucleation.

The yield stresses for samples in Fig. 8 as well as for the
samples with void but in the absence of initial dislocations and the
perfect copper single crystals are summarized in Fig. 9(a). For all
samples at a strain rate below ~1x 10%s™, the yield stress shows
rate independence. A dramatic change in the strain rate sensitivity
is observed when the strain rate exceeds 1 x 10°s™", which is con-
sistent with the experiment measurement.”” " Similar transforma-
tion in strain rate sensitivity is also observed in the perfect copper
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single crystals in which the incipient plasticity is always considered
to be related to the homogeneous nucleation of dislocation. To
analyze the underlying deformation mechanism at different strain
rates, as shown in Fig. 9(b), the radial distribution function (RDF),
ie., g(r), is studied first to confirm whether it is still the dislocation
activity dominating the yielding at the strain rate 1 x 10'’s™" since
it has been reported” that phase transition would occur with the
increase of strain rate. The green line with a strain of 13% corre-
sponds the time when yielding occurs in the sample in the presence
of both void D = 12a and dislocations. The second nearest neighbor
peak in g(r) around 0.36 nm in Fig. 9(b) clearly demonstrates that a
crystalline FCC system remains at the strain up to 20% when
massive plasticity gets involved. In addition, the dislocation struc-
tures in the sample with void (D = 12a) and initial dislocations are
illustrated in Fig. 9(c), corresponding to the time before and when
yielding occurs, respectively. The initial dislocation structure is also
shown in the leftmost. A significant difference in the evolution of
dislocation structure can be observed under different strain rates
and the dominated deformation mechanism can be divided into
two regimes. For strain rate of 1 x 10%s™", it is the activation of the
preexisting dislocation dominating the yielding process since the
dislocation arms are original from the dislocations surrounding the
void. While for samples under the high strain rate of 1 x 101057,
dislocation multiplication cannot make yielding happen because
there has been a significant increase in the number of dislocations
around the void compared to the initial dislocation structure. In
addition to the dislocation multiplication, dislocation debris away
from the void is also observed in the sample when yielding takes

place. It demonstrates that the dislocation nucleation significantly
contributes to yield at high strain rates.

Despite that the yield stresses for samples with initial defects
are generally lower than that in perfect crystal, when the strain
rate increases to an extreme level, ie., 1x 10" s™', as shown in
Fig. 9(a), there is no distinct difference in the yield stress. The yield-
ing process exhibits the independence of the initial defects. The
RDF at this strain rate is further studied to get insight into the pos-
sible change of the atomic structures. As shown in Fig. 10(a), the
RDF of the sample in the presence of both void D =124 and initial
dislocations is given at different strains. The crystalline FCC struc-
ture can be clearly evident from the RDF in Fig. 10(a) at a strain of
0% and up to 10%. However, when the yielding occurs at the strain
of 17%, the second peak located at around 0.36 nm disappears,
which suggests that the crystal structure transforms into an amor-
phous state. To further reveal the structure transition from the
FCC phase to the amorphous phase, the snapshots of the atomic
structures in different samples at varying strains are displayed in
Figs. 10(b)-10(d). The atomic structures in the middle column at
the strain of ~17% correspond to the yielding in all samples. As the
strain rate increases to 1x 10''s™', samples deform in a similar
way despite the difference in the initial defects. Similar to the high
strain rate-induced amorphous phase observed in the MD simula-
tions of single crystal nickel nanowires,”® and platinum and gold
nanorods,”” the phase transition has occurred in all samples since
most of the atoms initially in FCC structures change to the amor-
phous structures (when yielding occurs). Finally, most of the atoms
are rearranged in a hexagonal close-packed (HCP) structure when
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massive plasticity takes place (e =30%). This transition to the HCP
structure has also been observed in the copper nanowire at a high
strain rate,”® in which it was confirmed that the average atom
potential energy in the HCP structure is located at the local
minima of the energy-strain curve. The initial defect-independent
yielding is own to the phase transition at an extremely high strain
rate.

IV. CONCLUDING REMARKS

Metal ductility and damage localization are generally related
to the kinetics of void growth and the evolution of dislocations. For
the metallic materials containing only voids, incipient plasticity is
generally considered to be due to dislocation nucleation around the
void, which has been quantitatively evaluated by various analytical
models and demonstrated for the void size dependency. However,
for metals that have been subjected to the deformation or impact,
initial dislocations would exist inside the metallic material and
affect the subsequent deformation process.

Based on molecular dynamics, copper single crystals with
both void and preexisting dislocation subjected to uniaxial tensile
loading are examined in this paper with different loading rates. The
yield stress as well as the plastic deformation mechanism is studied
by varying the void size and shape and the strain rates. It can be
concluded from the analysis that, for the samples without preexist-
ing dislocation, the yield stress exhibits the traditional void size
dependency. For the samples containing both initial void and dislo-
cation, however, two salient features of the yield stress can be
obtained as follows: (1) the yield stress decreases to a stable value
with the increase of initial dislocation density when the void size is
fixed and (2) the yield stress is insensitive to the void size and
shape when the void exceeds a specific size. Furthermore, with the
increase of strain rate, the yield stress increases to a convergent
value, regardless of the presence of initial void and dislocation
inside the specimen. The dominated mechanism of incipient plas-
ticity transforms from the nucleation/multiplication of dislocations
to the phase transition (from the FCC to an amorphous state).
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