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a b s t r a c t

A simple derivation based on continuum mechanics is given, which shows the surface stress is critical for
yield strength at ultra-small scales. Molecular dynamics (MD) simulations with modified embedded atom
method (MEAM) are employed to investigate the mechanical behaviors of single-crystalline metal nano-
wires under tensile loading. The calculated yield strengths increasing with the decrease of the cross-sec-
tional area of the nanowires are in accordance with the theoretical prediction. Reorientation induced by
stacking faults is observed at the nanowire edge. In addition, the mechanism of yielding is discussed in
details based on the snapshots of defects evolution. The nanowires in different crystallographic orienta-
tions behave differently in stretching deformation. This study on the plastic properties of metal nano-
wires will be helpful to further understanding of the mechanical properties of nanomaterials.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Nanowire has a sizable surface area to volume ratio as com-
pared to bulk materials, which leads its mechanical properties to
be quite different from those of bulk materials [1–3]. Metal nano-
wires, in particular, have attracted extensive attention in recent
years because they have broad applications in many areas, such
as nano-mechanical and nano-electronic devices [4], nanoscale
integrated circuits [5], opto-electronic applications [6]. Besides
the important applications in nanoelectromechanical systems
(NEMS), the nanowires can also be used as tips for scanning tun-
neling microscope (STM) and atomic force microscope (AFM) [7].
The mechanical behaviors of nanostructures have been known to
be subject to surface effects [8–11], which are closely related to
size effects. Investigation on the mechanical properties is one of
the key challenges that we need to overcome for the future techno-
logical applications of nanomaterials. As the scale is reduced to
nanometer, the surface effects dramatically change the physical
phenomena [10–12] and the yield strengths of the low-dimen-
sional nanomaterials are different from the bulk materials [13–
18]. Although, many efforts have been devoted to elucidate size ef-
fects in crystalline nanostructures [8,15,19], the size-dependent
ll rights reserved.
mechanical properties of nanostructure materials still need to be
investigated further.

Atomistic simulations have been widely used to study a variety
of deformation mechanisms in nanometer-scale materials [10–
14,20–26]. Tension–compression asymmetry [13], effects of tem-
perature [16], size and strain rate effects [25] have been revealed
as interesting phenomena. Gall et al. [20] predicted increasing
nanowire strength with decreasing dimensional scale. In addition,
the yield and fracture properties of the gold nanowires were inves-
tigated by molecular dynamics (MD) modeling using embedded
atom method (EAM) [22]. Besides, the yield strength of nanowires
was quantitatively predicted by MD simulations [22,23,25,26]. The
previous experiences suggested that the accurate modeling of
stacking fault and surface energies is critical in capturing the fun-
damental deformation behaviors of nanowires.

Although, various researches have uncovered interesting phe-
nomena regarding the plastic deformation of nanomaterials, a
comprehensive understanding of the observed behaviors is lacking.
In this research, the yield condition of the nanowires was analyzed
by a simple continuum model with the surface stress considered.
von Mises yield condition was used to ascertain the value of the
effective stress at initial yield point. The size-dependent yield
stresses of single-crystalline metal nanowires were simulated by
the atomistic simulations using modified embedded atom method
(MEAM). The calculated results were followed by a particular
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discussion on yield mechanism of nanowire from the viewpoint of
dislocation moving. A deep understanding to the plasticity of the
nanowires under tensile loading was achieved.

2. Effective yield stress

Based on thermodynamics, surface free energy c is required to
create a unit area of new free surface. The surface energy and sur-
face stress tensor sab are connected by the Shuttleworth
relationship

sab ¼ cdab þ
@c
@eab

; ð1Þ

where dab is the Kronecker delta and eab is the surface strain tensor.
In the following analysis, the surfaces of the nanowires were as-
sumed to be isotropic [15].

The effect of surface stress on the structure of nanowire can be
appreciated by examining the magnitude of the intrinsic compres-
sive stress-induced by the tensile surface stress (Fig. 1). For a nano-
wire, tensile surface stress existing on the surfaces can induce
intrinsic compressive stresses in the interior of the nanowire
[13,14]. The surface stresses for three group of side surfaces are
represented by s1, s2 and s3. At equilibrium, the tensile surface
stresses and the intrinsic compressive stresses balance each other.
Consequently, the stress state in the interior of the nanowire can
be obtained as ri

x ¼ �
2ðbs3þLs2Þ

bL , ri
y ¼ �

2ðas3þLs1Þ
aL and ri

z ¼ �
2ðas2þbs1Þ

ab .
Then the nanowire is subjected to the principal stresses

r1 ¼ � 2ðbs3þLs2Þ
bL

r2 ¼ � 2ðas3þLs1Þ
aL

r3 ¼ re � 2ðas2þbs1Þ
ab

8>><
>>: ; ð2Þ

in which, re is for the effective yield stress. With the von Mises yield
condition, the yield stress is expressed by

ry ¼
ffiffiffi
2
p

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr1 � r2Þ2 þ ðr2 � r3Þ2 þ ðr3 � r1Þ2

q
: ð3Þ

Substituting the principle stresses in the yield condition, the
effective yield stress can be obtained as

re ¼ �
A
2
� 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 � 4Bþ 4r2

y

q
; ð4Þ
Fig. 1. Surface-stress-induced compressive stress in nanowire interior. (a) Nano-
wire with dimension of a� b� L. Three slices of S1–S3 are added to give an insight
to the interior stress. (b) The coordinate system for the nanowire. (c) Stress state of
the interior of the nanowire induced by surface stress.
in which,

A ¼ 2
a
� 4

b

� �
s1 þ

2
b
� 4

a

� �
s2 þ

4
L
s3; ð5Þ

and

B ¼ 2
1
a2 þ

1

b2 þ
1
a
� 1

b

� �2
" #

s2
1 þ s2
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� �
þ 4

L2 s2
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4
ab

s1s2

� 4
aL

s1s3 �
4
bL

s2s3: ð6Þ

For a infinitely long nanowire with square cross-sectional area,
a ¼ b; L� a. So the Eqs. (5) and (6) can be approximately simpli-
fied to A ¼ � 2

a ðs1 þ s2Þ and B ¼ 4
a2 ðs2

1 þ s2
2Þ � 4

a2 s1s2, respectively,
with the terms related to 1/L being neglected reasonably. So the
effective yield stress for a nanowire is

re ¼
s1 þ s2

a
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

y �
3
a2 s1 � s2ð Þ2

r
: ð7Þ

This is a general description for the yield stress of the nano-
wires, which is long enough. For the surface {100} of face centered
cubic (FCC) metal nanowire, s1 is equal to s2, but not for surface
<110> or surface <111>. For the sake of simplicity, s1 is assumed
to be equal to s2, so a more succinct expression is obtained as
re ¼ 2

a s1 � ry. A graphical rendition of this formula by a plot of
the dimensionless scale is shown in Fig. 2. The value of s1 is set
to be about 1 J/m2, which is on the order of the surface stress of
FCC metal surfaces. For a nanowire with lateral dimension a � 1
nm, the contribution to the yield stress by surface stress can be
estimated as about 2 GPa. The magnitude of s1 in nanowires is sig-
nificant, on the order of GPa, and can potentially drive numerous
stress-induced phenomena [10,12,27]. In fact, the surface stress
is changing with area of the surfaces being stretched, but the effect
of surface stretching is not considered here for simplicity. This re-
sult also indicates that the yield of the nanowire is asymmetric,
and shows the magnitude of the tensile yield stress is larger than
that of the compressive yield stress for small nanowires [9,13].
For ary=s1 < 2, the nanowire yields under its own surface stress-
induced intrinsic compressive stress and no external force at all
is necessary.

Eq. (4) can also be extended to other low-dimensional nano-
structures. For a ultra-thin nanofilm, a ¼ L� b. The effective yield
stress for the nanofilm can be obtained as
Fig. 2. A plot of the dimensionless effective yield stress versus the dimensionless
width. The solid line is for the tension of the nanowire, and dashed line for the
compression.



Fig. 4. Stress–strain curves for Ni <110> nanowires as a function of lateral
dimension. The snapshots of the deformations at the point A1–C1 are shown in
following Fig. 5a–c, respectively.
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re ¼
s
b
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

y � 3
s
b

� �2
r

; ð8Þ

which is reduced to the model of Gioia and Dai [15].

3. Molecular dynamics simulation

The MD simulation was carried out using the MEAM potential
developed by Baskes [28], which has been successfully used in
describing phase transformation [10] and elastic properties predic-
tion of nanowires [21]. It incorporates the angular forces that result
from the directional bonding by modifying the background elec-
tron density from the spherically averaged density used in EAM
[29]. In both the EAM and MEAM, the total energy of a system of
atoms can be expressed as

U ¼
XN

i

FiðqiÞ þ
1
2

XN

j–i

/ijðrijÞ
 !

; ð9Þ

where FiðqiÞ is the embedding energy required to place atom i in a
local electron density qi, and /ij is the two-body potential between
atoms i and j, and rij is the distance between atoms i and j. The sum-
mation above is over the total number of atoms N in the system. In
the EAM, qi is given by a linear supposition of spherically averaged
atomic electron densities, while in the MEAM, qi is augmented by
an angularly dependent term [28]. With the angularly dependent
term, MEAM can be used to model both metallic and covalent mate-
rials. The parameters used in this simulation were taken from Ref.
[28] and were fitted to the FCC lattice constant, the bulk modulus,
structural energy, and the vacancy formation energy.

Nanowires with different crystallographic orientations were
created out of a bulk FCC metal crystal. The nanowires are all 40
cubic lattice units (CLUs) long at the Z direction (Fig. 3), with a
square cross-section and the dimension varying from 6 CLUs to
10 CLUs. The tensile deformation of <100>/{100} metal nanowire
was not considered here, which has been frequently studied in the
reported literatures [14,20,23]. For <110> and <111> nanowires,
the cross-sections were made to be as square as possible. In order
to obtain equilibrium configurations, the nanowires were relaxed
to an equilibrium minimum energy configuration with all free
boundary conditions and then thermally equilibrated to 300 K for
50 ps using the Nose–Hoover thermostat [30] with a time step of
2 fs, keeping the length of the wires constant. Approximation to
quasi-static tensile loading in each deformation increment was
achieved in two steps [31]. The loading was applied along the axis
of the nanowires, with the bottom layers fixed, while the rest
atoms were displaced in accordance with a prescribed uniform
strain in the length direction, and then the wires were dynamically
relaxed for 20 ps to obtain the microscopic equilibrium configura-
tion. The average stress over the last 5 ps of the relaxation period
was taken as the stress of the nanowires. The velocity Verlet algo-
rithm [32] was used to integrate the equations of motion and all
MD simulations in this study were performed using the parallel-
ized code LAMMPS [33]. The snapshots of the MD results were pro-
cessed by Atomeye [34].
Fig. 3. Schematic of crystallographic orientations and transverse directions of nanowire
The average stresses in the atomistic systems were calculated
using the virial theorem [35,36], which takes the form

rab ¼ 1
X
�
X

i

miva
i vb

i þ
1
2

X
i

X
j–i

Fa
ijr

b
ij

" #
; ð10Þ

where the summation is over all the atoms occupying the total vol-
ume X, and the first term is a kinetic energy component for atom i.
mi and vi are the mass and velocity of atom i, Fij is the force between
atom i and j, and the indices a and b denote the Cartesian compo-
nents. ra

ij is the projection of the inter-atomic distance vector along
coordinate a. The second summation term in the right side of Eq.
(10) is due to the inter-atomic force.

4. Results and discussions

This study addresses tensile tests of Ni and Cu nanowires with
<110> and <111> crystallographic orientations, respectively.
Stress–strain relationships are obtained to locate the initial yield
point and to determine the size effect on yield stress. The snap-
shots of the tensile deformation are captured to understand the
yield mechanisms of the nanowires under uniaxial tensile loading.
In order to examine the details in its interior structure, deforma-
tions of the nanowire shape and inside defects evolution are
snapped from different perspectives.

The tensile stress–strain responses for Ni <110> nanowires are
shown in Fig. 4. The yield stress increases with the decrease of the
cross-section size. The Ni <110> nanowire with lateral dimension
of 2.1 nm yields at the stress of about 14.26 GPa, and the yield
stress falls to 12.29 GPa for the nanowire with width of 3.5 nm.
Snapshots of the defects are shown in Fig. 5 for Ni <110> nanowire
s. The axial of the nanowire is along the Z direction, which is the loading direction.



Fig. 5. Snapshots of Ni <110> nanowire with a cross-sectional area of 3.52 nm � 3.52 nm. The surface atoms in <001> plane and the interior perfect FCC atoms are removed
to observe the defects. The atoms are colored by their coordination numbers. (a) At the elastic limit (e ¼ 4:9%, re ¼ 12:29 GPa). (b) The dislocations emerging at e ¼ 5:1%. (c)
Strain at 5.3%.
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with a cross-sectional area of 3.52 nm � 3.52 nm, with the atom
colored by coordination number [34]. The points A1–C1 in Fig. 4
are related to the figures a–c in Fig. 5, respectively. Fig. 6 shows
the deformation evolution of the Ni nanowire under tensile load-
ing. Fig. 5a is the snapshot the elastic limit, with the nucleation
at the surfaces. At the point B1, two parallel stacking faults result
in surface steps on surfaces {001} and can be observed in Figs.
Fig. 6. Deformation of <110> single-crystalline Ni nanowire under tension. (a) Strain at 5
place and the reorientation is observed in the dashed frame.
5b and 6a. In Fig. 5c, a new emerging stacking fault shows at strain
of 5.3%. After the point C1, the elastic strain builds up stress until
next yielding, which is also found in compression loading of Ni
<111> nanowires [31]. This can be reasonably attributed to dislo-
cation starvation, which is led by dislocations propagating across
the wire cross-section and then moving out of the wires. These
snapshots indicate that slip is a dominating factor in the plastic
.1%. (b) Strain at 5.3%. (c) Strain at 8.5%. The arrows point at the initially reoriented



Fig. 7. Stress–strain curves for Cu <110> nanowire as a function of lateral
dimension. The snapshots of the deformations at the point A2–C2 are shown in
Fig. 8a–c, respectively.

Fig. 9. Stress–strain relationship for Ni <111> nanowires under tensile loading as
functions of cross-sectional area. Snapshots of the four tagged points are shown in
Fig. 10.
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deformation, which is evident by the stacking faults observed
along {111} plane. The analogous phenomenon was observed in
MD simulation using EAM [22]. Surface reorientation between
the two parallel stacking faults is observed at the edge of the
two side surfaces (Fig. 6b). The generated surface after reorienta-
tion is proved to be a {111} surface. A newly reoriented surface,
Fig. 8. Snapshots of Cu <110> nanowire with a cross-sectional area of 3.62 nm � 3.62
interior defects, with atoms colored by coordination number. (a) Snapshot at strain of 3.4
of parallel stacking fault structure at the same strain level.
which originates from the arrow-pointed place in Fig. 6b and also
locates on the edge of the wire, shows at strain of 8.5% (Fig. 6c).

The stress–strain responses for Cu <110> nanowires loaded in
tension are shown in Fig. 7. The result indicates that the smaller
wire yields at higher stress. The snapshots of defects at points
A2–C2 are shown in Fig. 8. For Cu <110> nanowire, the mechanism
nm. For clarity, the perfect FCC atoms and surface atoms are removed to visualize
%. (b) Snapshot at strain of 3.6%. (c) Top: snapshot at strain of 3.8%. Bottom: snapshot



Fig. 10. Snapshots of the Ni <111> nanowire with a cross-sectional area of 4.31 nm � 3.98 nm. For clarity, only the defective atoms and side surfaces are displayed, each atom
is colored according to the coordination number. (a) Snapshot at strain of 5.4%, with re ¼ 14:39 GPa. (b) Snapshot at strain of 5.6%. (c) Snapshot at strain of 5.8%. (d) Snapshot
at strain of 6.0%.

Fig. 11. Snapshots of shape deformation of Ni <111> nanowire under tensile loading. (a) Strain at 10%. (b) Strain at 25%. (c) Strain at 41%.
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Fig. 12. Stress–strain curves for Cu <111> nanowire as functions of cross-sectional
area. Snapshots of the four tagged points are shown in Fig. 13.
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of yield illustrated in Fig. 8 is similar to Ni <110> nanowire. Nucle-
ation of dislocations at the surface is found at the elastic limit
(Fig. 8a). Fig. 8b is the snapshot before the dislocation emission,
Fig. 13. Snapshots of the Cu <111> nanowire with a cross-sectional area of 4.43 nm � 4.1
colored by the coordination number. (a) Snapshot at strain of 4.7%, with re ¼ 9:72 GPa. (
5.3%.
which is corresponding to point B2 on the stress–strain curve.
The dislocations nucleate at the bottom surface and emit to the
opposite surface and the dislocations move along <110> direc-
tion. Two parallel stacking faults emerge at the strain of 3.8%
(Fig. 8c), leading the stress–strain curves to a sharp decline. With
the strain increase, the Cu <110> nanowire shows a new stacking
fault between the two existing parallel stacking faults. Reorienta-
tion from the edge of surface {001} and surface f110g to surface
{111} can also be observed.

The <111> nanowires with two f112g and two f110g side sur-
faces are also tested by uniaxial tensile loading. The stress–strain
relationships for Ni <111> nanowire are illustrated in Fig. 9 with
lateral dimension varying from 2.0 nm to about 4.3 nm. The ten-
sion test of <111> nanowires also shows that the yield stress is
size-dependent. The Ni <111> nanowire with a cross-section area
of 2.01 nm � 1.99 nm yields at the stress of 16.38 GPa, which is lar-
ger than that of bigger nanowires. Four snapshots are given in
Fig. 10 according to the four tagged points on the stress–strain
curve in Fig. 9. As load increase, the defects begin to generate at
both of the <110> surfaces inside the wires, which can be ob-
served obviously at elastic limit (Fig. 10a). The defects continue
to grow in snapshots of Figs. 10b and c. At the point H1 on the
stress–strain curve in Fig. 9, the defects at the top and the bottom
finally joint together at the strain of 6.0% (Fig. 10d). There is a sharp
fall of stress after point H1, which indicates the junction of the
0 nm. Only the side surfaces atoms and defective atoms are displayed. The atoms are
b) Snapshot at strain of 4.9%. (c) Snapshot at strain of 5.1%. (d) Snapshot at strain of



Table 1
Comparisons of the surface energy of Ni and Cu estimated by EAM and MEAM. Surface
energies are all in J/m2.

Materials <100> <110> <111>

Ni (EAM) [37] 1.59 1.73 1.45
Ni (MEAM) [29] 2.42 2.37 2.02
Cu (EAM) [22] 1.35 1.48 1.17
Cu (MEAM) [29] 1.65 1.61 1.41
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defects makes the nanowire failed and leads to a sudden decline of
stress. The snapshots of the shape evolution are shown in Fig. 11.
As deformation increase, necking sets in and leads to failure.

The stress–strain responses for Cu <111> nanowires loaded in
uniaxial tension are shown in Fig. 12. The yield strengths for the
Cu <111> nanowires are also proved to be size-dependent. The
Cu <111> nanowires are found to behave differently from Ni nano-
wires in tension deformation. Four snapshots of the Cu <111>
nanowires deformation are shown in Fig. 13, which correspond
to the four tagged points in Fig. 12. Unlike Ni <111> nanowires,
Cu <111> nanowires show that the dislocations nucleate at the
edges, and extend from the bottom f110g surface to the top
f110g surface with an angle of 45� to the axial direction
(Fig. 13a and c). Two parallel dislocations at the strain of 5.1% are
on the same plane (Fig. 13c). With the strain increase, more dislo-
cations are emerging (Fig. 13d) at the edges of the nanowires.
These snapshots demonstrate that the dislocations are nucleated
at surface edges and lead to a glide surface.

From the stress–strain relationships in Figs. 4, 7, 9 and 12, the
size-dependent elastic properties can also be concluded. For Ni
<110> and Cu <110> nanowires, the Young’s moduli increase with
the decrease of lateral dimension of wires. While, the <111> nano-
wires show reverse characteristics that the Young’s moduli de-
crease with the decrease of the lateral dimension of wires. The
size-dependent elastic properties can be understood from the
viewpoint of surface relaxation [8]. For concision, the yield stresses
in the stress–strain curves of tensile tests are extracted out and
illustrated in Fig. 14. The stress at the initial yield points on the
stress–strain curve are defined as the yield strengths of the nano-
wires. The results of MD simulation on the tensile deformation
show that Ni nanowires have the higher yield strengths than Cu
nanowires. The yield strengths of the nanowires increase with
the decrease of the lateral dimension. The regularity of change of
yield strengths is consistent with the foregoing theoretical analy-
sis, qualitatively. Based on the Eq. (7), the surface stress contrib-
utes to the effective yield strength, which is inversely
proportional to the lateral dimension of the nanowires. This is also
demonstrated by previous MD simulations [13,20] and theoretical
investigation [9]. With the cross-sectional dimension decreases,
the surface area to volume ratio increases and the surface stress-
induced internal stress becomes considerable, which leads to the
size-dependent mechanical properties.

The data in Table 1 indicate that surface {111} has the lowest
surface energy between the typical surfaces. Surfaces {100} and
{110} are shown to change into {111} surface under tensile load-
Fig. 14. The yield strengths for the nanowries as functions of lateral dimension.
ing of certain orientations. The reorientation of the higher energy
surfaces to {111} surface is observed in the tension test of both
Ni <110> and Cu <110> nanowires. Tension of <110> nanowires
verify the formation of stacking faults, which lead to plastic defor-
mation. But no stacking fault is observed in tension of <111> nano-
wires. The yield strengths of Ni <110> and Cu <110> nanowires
are higher than those estimated by EAM [22], which can be attrib-
uted to that MEAM estimates higher surface energy than EAM
does. The surfaces play an important role in the mechanical behav-
ior of nanowires. The surface effects lead to intrinsic compressive
stresses and dislocations resistant wire structures [13], both of
which attribute to increase in tensile yield strength.

5. Conclusions

Based on continuum mechanics, the size-dependent yield prop-
erties of the nanowires are analyzed. The yield strength of the
nanowires is found to be inversely proportional to the lateral
dimension of the nanowires. Due to the effect of tensile surface
stresses, nanowires can exhibit yield strength asymmetry.

MD simulations are employed to analyze the deformation
behaviors and the yield mechanisms of FCC metal nanowires. The
stress–strain relationships and yield strengths are obtained sys-
tematically. Both of the elastic properties and plastic properties
are found to be size-dependent. The calculated yield strengths of
the nanowires increase with the decrease of cross-sectional dimen-
sion. The results agree with the theoretical prediction, qualita-
tively. The analogously size-dependent mechanical properties are
also revealed in other low-dimensional nanomaterials, such as Cu
<100> nanowires [26], Au nanowires [20] and certain semiconduc-
tor structures etc. The reorientation at the <110> nanowire edges
is observed, which is different from the phenomenon in MD simu-
lation by EAM [22] because of the correction of angularly depen-
dent term in the MEAM potential. For <111> nanowires, Ni and
Cu nanowires behave differently in defects generation and evolu-
tion. The effects of crystallographic orientation on the yield
strength are also characterized.
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