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Abstract

We present the analysis of uniaxial deformation of nickel nanowires using molecular dynamics simulations, and address the strain rate
effects on mechanical responses and deformation behavior. The applied strain rate is ranging from 1 · 108 s�1 to 1.4 · 1011 s�1. The
results show that two critical strain rates, i.e., 5 · 109 s�1 and 8 · 1010 s�1, are observed to play a pivotal role in switching between plastic
deformation modes. At strain rate below 5 · 109 s�1, Ni nanowire maintains its crystalline structure with neck occurring at the end of
loading, and the plastic deformation is characterized by {111} slippages associated with Shockley partial dislocations and rearrange-
ments of atoms close to necking region. At strain rate above 8 · 1010 s�1, Ni nanowire transforms from a fcc crystal into a completely
amorphous state once beyond the yield point, and hereafter it deforms uniformly without obvious necking until the end of simulation.
For strain rate between 5 · 109 s�1 and 8 · 1010 s�1, only part of the nanowire exhibits amorphous state after yielding while the other
part remains crystalline state. Both the {111} slippages in ordered region and homogenous deformation in amorphous region contribute
to the plastic deformation.
� 2007 Published by Elsevier B.V.
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1. Introduction

In the past decade, nanometer-sized structures have
attracted a great deal of interests due to its unique mechan-
ical, electronic, optical, and magnetic properties, opening
up a broad view of applications [1,2]. As one of the most
important one-dimensional (1-D) nanostructures, metallic
nanowires have been expected to play an important role
in future electronic, optical and nanoelectromechanical
devices. Metallic nanowires have been also employed as
catalysis, superconductor, nanopipette probes, and rein-
forcing fibers in high-strength/light-weight composite
materials, etc. [3–8].
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Characterization of mechanical properties of nanowires
is an increasingly important area of materials science, not
only from scientific interests, but also from implications
for constructing materials with specific mechanical proper-
ties. However, this work is a challenge to existing testing
and measuring techniques because of the tiny dimension
of a nanowire making the manipulation rather difficult
[9,10]. In recent years, the mechanical deformation of
nanowires have been studied by molecular dynamics simu-
lations using either embodied-atom-method (EAM) [11–15]
or effective-medium theory (EMT) [16] as well as first-prin-
ciples method based on density functional theory (DFT)
[17–20]. These studies focus on investigations of the
structural transformation under uniaxial strain, stress–
strain relationship, the conductance, and the correlation
of the force (associated with the changes in the bonding
of nanowires). Many studies have been dedicated to
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ascertaining the properties of gold nanowires, and show
that the Au nanowires, before breaking under tensile stress,
can get as thin as one-atom chains, and as long as five sus-
pended atoms [17,20,21]. Nickel nanowires show superplas-
tic behavior at lower strain rates, while at sufficiently high
strain rates, it can transform continuously to an amor-
phous metal at constant temperature [12–14,22]. Recently,
shape memory effect (SME) and pseudoelastic behavior are
observed in Cu and Ag nanowires in molecular dynamics
simulations [23–25]. Some works also investigate tempera-
ture, size and strain-rate effects on the axial elongation and
transverse shear behavior of copper nanowires [26–29].

Because of the unique properties of metallic nanowires,
they are important in next-generation structural materials,
biosensors and future nanoscale devices. It is necessary to
develop a quantitative understanding of the mechanical
and structural properties of such metallic nanowires.
Although much research had been done to quantify the
mechanical behavior of metallic nanowires, few have been
dedicated to the study of strain rate effects on the mechan-
ical properties of metallic nanowires. In this paper, we will
address these effects by using molecular dynamics calcula-
tions to simulate the uniaxial tensile mechanical deforma-
tion of metallic nanowire, and investigating the structural
evolution of the mechanical deformation process. Details
of the MD simulation are presented in the following
section. We present a brief discussion of the MD results
and comparison with other results in Section 3. The main
conclusions are summarized in Section 4.

2. Potential model and simulation methods

In this work, MD simulations have been performed with
the quantum corrected Sutten–Chen (Q-SC) type many-
body force field modified by Kimura et al. [30] in which
the parameters were optimized to describe the lattice
parameter, cohesive energy, bulk modulus, elastic con-
stants, phonon dispersion, vacancy formation energy, and
surface energy, leading to an accurate description of many
properties of metals and their alloys [31,32]. For the SC
type force field, the total potential energy for a system of
atoms can be written as
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Here V(Rij) is a pair interaction function defined by the
following equation:
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accounting for the repulsion between the i and j atomic
cores; qi is a local electron density accounting for cohesion
associated with atom i defined by
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In Eqs. (1)–(3), Rij is the distance between atoms i and j, a
is a length parameter scaling all spacings (leading to dimen-
sionless V and q); c is a dimensionless parameter scaling the
attractive terms; k sets the overall energy scale; n and m are
integer parameters such that n > m. Given the exponents
(n,m), c is determined by the equilibrium lattice parameter,
and k is determined by the total cohesive energy. The Q-SC
potentials have already been used to study structural
transitions between various phases of Ni, Cu and other
face-centered-cubic (fcc) metals [13,26,33]. For the Q-SC
type potential of Ni, the parameters are given as fol-
lows: n = 10, m = 5, k = 7.3767 meV, c = 84.745, and a =
3.5157 Å.

The initial geometry of Ni nanowire is constructed from
a large cubic fcc single crystal of nickel using certain cylin-
drical cutoff radii centered at a cubic interstitial site, in
which the crystallographic orientations in the X-, Y- and
Z-axis are taken to be in the directions of [100], [01 0],
and [00 1], respectively. In the X and Y directions, the Ni
nanowire spans a finite number of unit cells, while in the
Z-direction an infinite wire was obtained by applying the
periodic boundary condition. In the present paper, the
diameter of the nanowire is 2.53 nm (�7.2 fcc unit cells),
and the length of the nanowire as constructed is initially
24.61 nm (�70 fcc unit cells in z-direction), forming a
11270-atom nickel nanowire. The wire was first thermally
relaxed by running 50000 steps with a time step of 1 fs in
order to eliminate unfavorable configurations. During the
relaxation process, the temperature is kept constant at
300 K based on Nose–Hoover thermostat [34], and the
diameter and length of the nanowire are allowed to shrink
(or expand) at zero press based on the Berendsen approach
[35]. After relaxation, the diameter expands to �2.592 nm,
and the length contracts to �24.035 nm. The contraction in
axial direction and expansion in radial directions are attrib-
uted to surface relaxation phenomenon, in which lost
symmetry of surface atoms results in surface tension under
initial state. The nanowire contraction due to surface ten-
sion effect is determined by allowing the initial nanowire
to relax to a zero stress state [29].

We have simulated the uniaxial deformation process of
Ni nanowire, and emphasized the strain rate effects. The
uniaxial tensile deformation of the nanowire is simulated
at room temperature (300 K) and constant strain rate in
which the length (in the Z-direction) of the nanowire is
increased gradually. Different strain rates, from 1.0 · 108

s�1 to 1.4 · 1011 s�1, are applied on the nanowire to study
their effects on the deformation mechanism. It should be
emphasized that the loading process of the tensile strain
is different from those described in Refs. [12,13], where
the tensile strain was applied with increment of 0.5% (or
0.4%) in its total length after some time steps. In the
present work, the tensile strain in each time step along Z-
direction is increased by Dez ¼ _eDt, where Dt is the time
step, and _e the strain rate. During the deformation process,
the temperature is kept constant based on Nose–Hoover
chain dynamics [34], and the diameter of the nanowire is
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allowed to shrink (or expand) in order to keep the transver-
sal component of the stress (rxx and ryy) close to zero
based on the Berendsen approach [35].

3. Results and discussion

In this section, we will present the simulation results and
discuss them. As mentioned in the previous section, we cal-
culate the average stress in the system as a function of the
strain during the deformation, and so the stress–strain rela-
tionships can be obtained for the same system at different
strain rate. In order to investigate the influence of strain
rate, we deform the same sample using different strain rates
in the range from 1 · 108 s�1 to 1.4 · 1011 s�1. The strain
rate adopted here is very high compared to that in experi-
ment, because only very short period of time can be simu-
lated due to the time scale of molecular dynamics set by the
atomic motion. One consequence of the short time scale is
that very high strain rates are required to get any reason-
able deformation within the available time.

Fig. 1 illustrates the strain rate effects on the stress–
strain curves. For all strain rates, the stress increases
linearly with strain up to 11%. Below this value, the
stress–strain curves are almost completely overlapped for
all of strain rates applied, indicating that in the linear elas-
tic region no plastic deformation occurs and the elastic
properties of a nanowire is insensitive to strain rate. The
Young’s modulus is essentially independent of strain rate.
According to the linear regression analysis of the stress–
strain curves under the linear elastic region, we obtain
the Young’s modulus E[0 0 1] close to 70 GPa along the
[001] direction at 300 K, which is only 35% of its bulk
value (Ebulk = 199.5 GPa) [36]. This is partly due to the
Q-SC potential applied in the present paper not exactly fit-
ted to experimental elastic constant. For example, Kimura
et al. [30] showed that the calculated elastic constant C11,
C12 and C44 from the fitted potential are 13.7%, �4%
and 26% lower than those of experimental data, respec-
Fig. 1. The normal stress along Z-direction rzz as a function of the tensile strain
1.4 · 1011 s�1.
tively. This result is also appreciably lower than that of
the nanowire (about 90 GPa) calculated by Branicio et al.
[12] due to different type of potential applied in simula-
tions. Moreover, the extremely high surface-to-volume
ratios of nanowires can affect the mechanical properties.
Specifically, these surface atoms have fewer nearest neigh-
bors and weaker bonding which lead to decreasing of
Young’s modulus along [100] direction. As a result, this
value is close to 70% of the calculated E[0 0 1] = 101.7 GPa
[37] for Ni monocrystal in the same potential model.

Beyond the elastic region, the stress drops abruptly after
the first yield point has been reached, while the plastic
deformation appears. The strain rate displays a remarkable
influence on the stress–strain behavior. For low strain
rates, the stress–strain relations display a clear zig-zag
curve as the strain is increased. The stress rises, and then
drops in a repeating increase/decrease cycle, and the range
of cycle is fluctuating, not a constant value. We can see
many such cycles in stress–strain response before the stress
gets to zero. The fracture occurs before 35% strain, and
lower strain rate results in lower fracture strain. For high
strain rates, the stress–strain relations display a very differ-
ent behavior. We cannot see the distinct drops/raises cycle
in stress as the strain increases. Instead, the stress decreases
continuously, and the stress–strain curve becomes smooth.
No fracture is observed below 60% strain. The difference of
stress–strain curve indicates that what happened in tensile
process are changing with the strain rate simulated.

The yield strength, as a much more important materials
property, is a stress level related to the onset of irreversible
plastic deformation, which is usually described by the yield
stress ry, traditionally defined as the stress where the strain
is 0.2% larger than what would be expected from extrapo-
lation from the elastic region. Because the stress–strain
behavior of nanowire is different from that of bulk materi-
als, the yield stress is defined as the maximum value of
stress in deformation process [38], and accordingly the
strain value as the yield strain. The yield point can be seen
for Ni nanowire at 300 K. The applied strain rates are from 1 · 108 s�1 to
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easily to be different with the strain rate applied from
Fig. 1. We illustrate the dependence of the yield stress on
the strain rate in Fig. 2. It seems that the yield stress rises
up with the increasing of strain rate. We can divide
stress–strain curves into three zones: below strain rate of
5 · 109 s�1, the strain rate dependence on the stress–strain
curve is less pronounced; a strong dependence on the strain
rate is seen for strain rate between 5 · 109 s�1 and
8 · 1010 s�1; beyond strain rate of 8 · 1010 s�1, the yield
stress presents the strongest correlation with strain rate.
So there are two ‘‘critical strain rate’’, i.e., 5 · 109 s�1

and 8 · 1010 s�1, which are important for the study of
deformation mechanism. The smallest yield stress of
7.98 GPa, obtained from the stress–strain curve, is far
above that of experimental bulk Ni (about 0.14 GPa).
When we compare the simulation results of yield stress
with the experimental values, it is important to note that
the experimental bulk samples have defects, such as dislo-
cations, voids, and impurities, which favor the deformation
process. The nanowire simulated in present paper, how-
ever, is defect-free and pure. The recent paper reports that
the experimental value of the yield stress is 2.25 GPa for
nanocrystalline Ni with a mean grain size of 26 nm [39].
This value, about one-third of the present simulated result,
is reasonable considering that nanocrystalline Ni has a
large fraction of grain boundaries and defects.

In MD simulations, we can obtain positions, velocities,
and accelerations for all the atoms in the system at each
time step. According to these data, the information of the
structural evolution may be acquired through the common
neighbor analysis (CNA) [40]. In this algorithm the bonds
between an atom and its nearest neighbors are examined
to determine the crystal structure. The CNA method has
already been used successfully to analyse the structural
evolution during the deformation and melting process
[38,41–43]. In order to understand how and why the stress
varies with the strain, we have studied the structure evolu-
Fig. 2. Summary of the effect of varying the strain rate. The yield stress is
seen to vary with the strain rate.
tion of the tensile process under all of strain rates using
CNA methods. We have calculated CNA indices for a
number of atomic configurations extracted from the MD
simulations. The different types of pairs are associated with
different types of local order. All bonded pairs in the fcc
crystal are of type 1421, while the hcp crystal has equal
numbers of type 1421 and 1422. Considering that pairs
beside types of 1421 and 1422 do not reveal some useful
information for fcc metallic nanowire, here we have classi-
fied all atoms into three categories: ‘fcc’ atoms, having a
local fcc order and considered to be inside the nanowire;
‘hcp’ atoms, having a local hcp order and classified as
stacking faults; and ‘other’ atoms, all the other atoms
considered as belonging to surface.

Fig. 3 presents the fraction of ‘fcc’ atoms and ‘other’
atoms as a function of tensile strain at all applied strain
rates (the fraction of ‘hcp’ atoms can be deduced from this
figure because all atoms beside these two types of atoms are
‘hcp’ atoms). For all strain rates, it can be seen that below
7.5 atoms keep at 65 which means that the structure has no
change. When the strain is increased up to 11 strain rates.
With the increasing strain, the number of ‘fcc’ atoms firstly
drops, and then rise up. For different strain rates, the
fluctuant trend and range are somewhat different. Below
the strain rate of 5 · 109 s�1, the fraction of ‘fcc’ atoms
changes in small range with the increasing strain, but the
value stays above 50 large number of atoms belong to
‘fcc’ atoms, whereas the ‘other’ atoms are 401 · 1010 s�1,
the fraction of ‘fcc’ atoms abruptly decreases from 6535
above 45 the deformation process passing the yield point.
Comparison between Fig. 3a and b, it shows that some
of ‘fcc’ atoms change into ‘other’ atoms during the tensile
process. The number of these ‘fcc’ atoms increases when
the applied strain rate rises up. When the strain rate rises
up to 8 · 1010 s�1, the ‘fcc’ atoms are only 7 those atoms
exceeding 81the structure is in serious disorder, and most
of the system is in amorphous state. The ‘fcc’ atoms
decreased further to 1.5 ‘other’ atoms are up to 96.5 system
changes completely into amorphous state.

To visualize the tensile process and explore the deforma-
tion mechanism, we draw some representative atomic
configurations out from a large of data. For strain rate
of 1 · 109 s�1, the nanowire has no ‘hcp’ atom until
11.4% strain. All ‘fcc’ atoms are distributed in the interior
region, and all ‘other’ atoms are located in the surface
layer, as shown in Fig. 4a. The nanowire substantially
keeps its initial column shape. Beyond 11.4% strain, plastic
deformation starts to take place in order to accommodate
the applied strain. When the strain reaches 11.8%, a large
number of ‘hcp’ atoms appear in the interior. The appear-
ance of ‘hcp’ atoms in the system implies the formation of
stacking faults caused by movement of Shockley partial
dislocations, which can partially carry the plastic deforma-
tion by the slipping along h112i directions in the {111}
planes. The preferential occurrence of {111} slip planes
is due to the smallest Burgers vector existing in the h110i
close-packed directions for fcc crystal structures, making



Fig. 3. CNA results for Ni nanowire. The fractions of two categories of atoms are shown as a function of the tensile strain at all applied strain rate. (a) The
fraction of ‘fcc’ atoms. (b) The fraction of ‘other’ atoms.

Fig. 4. The atomic configuration of Ni nanowire along X–Z section at
several strain starting from a perfect fcc crystal at 300 K and the strain
rate of 1 · 109 s�1. Atoms are color-coded according to the local
crystalline order as determined by CNA: hollow atoms are in a fcc
environment, black atoms are in a local hcp environment which are at
stacking faults. Atoms in any other environment are colored gray which
are typically at surface layers. The applied strains are: (a) 11.4%, (b)
13.2%, (c) 16%, (d) 18%, (e) 20%.
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it most energetically favorable to reconstruct along this
plane [11]. However, these partial dislocations first move
in Ni nanowire because their activities need smaller energy
than those of the dislocations with Burgers vector h110i.
With the strain increasing, more slips occur along the
{111} planes. Fig. 4b displays the atomic configuration
at the 13.2% strain. It is easily seen that there are mainly
two {111} planes playing a role in the present simulations,
in spite of the {111} planes including four different planes
in the crystalline structure. This is because the forces driv-
ing the slipping of these two planes are smaller than other
two planes. With the strain from 13.2% to 16%, the nano-
wire experiences again a series of slipping along h112i
directions, resulting in that stacking faults disappear, as
shown clearly in Fig. 4c. During this process, necking starts
to appear at the middle of the nanowire, the structure
changes happen at the neck region, while other regions
have no significant changes. With the strain increasing fur-
ther more, we find that sliding along the {111} planes hap-
pen (see Fig. 4d), and many atoms rearrange in the neck
region. Beyond the strain of 18%, the fraction of ‘hcp’
atoms remains constant, no slippage appear during this
process. Significant necking occurs after the strain of 20%
(see Fig. 4e), and failure takes place at 21.2%. Through fur-
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ther analysis, we find that after the formation of the neck,
the plastic deformations have been carried mainly through
the reconstruction and rearrangement of the neck region,
which was previously reported in other studies [16,26].
Beyond this region, the nanowire keeps ordered structure
and have no significant change.

As the strain rate is increased up to 2 · 1010 s�1, the
stress–strain curve of the nanowire displays ‘‘wavelets’’
after the first yield point (see Fig. 1). This indicates the
presence of disorder in the nanowire, which is attributed
to the onset of amorphous deformation of the nanowire
at a high strain rate. This point can be seen from the result
of CNA analysis, as shown in Fig. 3. Below the strain of
7.5%, the fraction of each category of atoms, and the struc-
ture has no significant change. With the strain increasing to
13%, about 10.7% of atoms with fcc crystal change into
‘other’ atoms. Some of ‘other’ atoms appear inside the sys-
tem, but there is still no ‘hcp’ atoms, as illustrated in
Fig. 5a. The ‘hcp’ atoms begin to occur at the strain of
13.2% and reach 18.8% at the strain of 19.2%. At this
strain, some ‘hcp’ atoms arrange regularly in {111} plane,
which is the result of slipping along h112i directions in this
plane. This is somewhat similar to what happened for
lower strain rates. But other ‘hcp’ atoms are scattered with-
out regulation and do not form ordered structure in the
system, meaning a local amorphous structure occur inside
the nanowire. This disorder can be attributed to the influ-
ence of high strain rate. Due to insufficient strain rate, only
a minor part of fcc crystal nanowire transform into amor-
phous (glasslike) state. When the strain is increased to 23%,
the diameter of the nanowire along the axis shows a dis-
tinct non-uniform feature (see Fig. 5c). The necking can
be seen at 30%, as displayed in Fig. 5d. Comparing this fig-
Fig. 5. The atomic configuration of Ni nanowire along X–Z section at
several strain starting from a perfect fcc crystal at 300 K and the strain
rate of 2 · 1010 s�1. Atoms are color-coded as similar to Fig. 4 according
to the local crystalline order as determined by CNA. The applied strains
are: (a) 13%, (b) 19.2%, (c) 23%, (d) 30%, (e) 50%.
ure to Fig. 4d, we find that these are several necks at this
strain rate. These necks can be seen more clearly when
the strain is up to 50% (see Fig. 5e). If comparing the evo-
lution of the deformation from Fig. 5b–e in detail, we can
find that few slippages happened, whereas the amorphous
region plays an important role in the deformation for strain
greater than 19.2%. This is because the amorphous struc-
ture is mainly located in the necks, the stress in these
regions is generally higher than that in other region, the
plastic deformation can happen at this region easier than
other region.

With the further increase of strain rate to 8 · 1010 s�1,
most atoms in the nanowire change to ‘other’ atoms (see
Fig. 3), completely amorphous behaviors are observed at
higher strain rate. As a respective example, we give several
strains on the evolution of atomic configuration at
1 · 1011 s�1 strain rate, as showed in Fig. 6. The yield point
occurred at the strain of 16.5%, with corresponding yield
stress of 10.85 GPa. This stress is up to 33.3% higher than
that simulated at 1 · 109 s�1 strain rate. From Fig. 6a, we
see that the structure remains to be a fcc crystal at 11%
strain. With the strain increasing to 17% (beyond the yield
strain), some ‘other’ atoms appear inside the system, and
no ‘hcp’ atoms can be found. No {111} slip planes could
be observed in this case, which are completely different
from those presented in Figs. 4 and 5. At the strain of
26%, the transformation from fcc crystal to an amorphous
state are accomplished completely, as illustrated in Fig. 6c.
We can find some few ‘hcp’ and ‘fcc’ atoms scatter in the
nanowire, but these atoms did not form certain ordered
structure. Therefore the system is completely amorphous,
which can be identified from the stress–strain relation as
Fig. 6. The atomic configuration of Ni nanowire along X–Z section at
several strain starting from a perfect fcc crystal at 300 K and the strain
rate of 1 · 1011 s�1. Atoms are color-coded as similar to Fig. 4 according
to CNA methods. The applied strains are: (a) 11%, (b) 17%, (c) 26%, (d)
40%, (e) 60%.
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shown in Fig. 1. This phenomenon is in good agreement
with the observations of Ikeda et al. [13] for Ni and NiCu
nanowires subjected to high strain rates. No dislocations
are found during the tensile process of the nanowire. This
is because higher strain rate induces higher dislocation
speed in order to accommodate the plastic deformation.
When the dislocation speed approaches the shear wave
speed of nickel, the deformation mechanism can be trans-
ferred from {111} slippages through dislocation motion
to amorphization [27]. The amorphous nanowire deformed
uniformly, with no formation of necking until the end of
simulation (see Fig. 6d and e). Superplastic behaviors arose
in present simulation when the Ni nanowires are subjected
to extremely high strain rate.

Finally, it may be pointed out that the strain rate
adopted here is very high comparing to that in real exper-
iment because only very short period of time can be simu-
lated due to the time scale of molecular dynamics set by the
atomic motion. So, it is unsuitable to directly compare the
results under the strain rates adopted in this paper to that
in real experiment. In spite of the short time scale, one may
still obtain some reasonable results through molecular
dynamics simulations within the available time for some
phenomena of long time scales, such as the tensile deforma-
tion of nanotubes [44], phase transformations and grain
nucleation [45], and diffusion process [46]. In addition,
the critical strain rates are of vital importance in control-
ling the fabrication of metallic nanowire and its practical
applications, and should rely on the diameter size and type
of the nanowire. Further studies are undergoing and
related results will be presented in our subsequent works.

4. Conclusion

In this paper, we have performed molecular dynamics
simulations with the quantum Sutten–Chen many body
force field to study the structural evolution and deformation
behavior of nickel nanowire at different strain rates during
the uniaxial tensile process. We addressed the strain rate
effects on the deformation characteristics and mechanical
properties of the nanowire. For all applied strain rates,
the elastic deformation can reach about 11%, and at elastic
stage the deformation happened mainly through the homo-
geneous elongation between the layers (perpendicular to the
Z-axis) while the atomic structure remains essentially
unchanged. We found two critical strain rates, i.e., 5 ·
109 s�1 and 8 · 1010 s�1, characterized in the deformation
behavior. The influence of strain rate can be divided into
three regions: (i) when the strain rate is below 5 · 109 s�1,
the nanowire keeps its crystalline structure during the ten-
sile process, the necking occurs in the last part of deforma-
tion. The deformation can be characterized by {111}
slippages associated with Shockley partial dislocations
and rearrangements of atoms close to necking regions. (ii)
When the strain rate is between 5 · 109 s�1 and 8 ·
1010 s�1, part of nanowire transforms from a fcc crystal to
amorphous state, and the other part still keeps its ordered
structure during the tensile process. Several necks can be
observed after certain strain. The {111} slippages in the
ordered region and rearrangements of atoms including the
amorphous region are offered to the plastic deformation
of nanowire. (iii) When the strain rate is above 8 ·
1010 s�1, the nanowire completely transforms into amor-
phous state during the deformation process beyond the elas-
tic limit. The nanowire deformed uniformly without
dislocation activities and formation of obvious necking
until the end of simulation.
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