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The effects of crystallographic direction and temperature on the deformation mechanism and properties of Cu nanowire (NW) are studied via
systematic simulations and theoretical analysis. It is found that the elastic module, yield stress and yield strain are quite different for five
oriented NWs. As the crystallographic orientation of NW varies, both the yield stress and the yield strain firstly reduce to the minimum
value, then gradually increase. Furthermore, the evolutions of flow stress after yield point are also obviously different for five oriented
NWs, which are associated with the plastic deformation mechanisms. With the crystallographic orientation of NW varying, the simulated
atomic snapshots show that the dominant deformation mechanism transforms from the shuffling-assisted single dislocation-nucleation to
the collective dislocation-nucleation, then to the twinning migration, and finally to the combination of dislocation glide and micro-
twinning. According to the normal stress perpendicular to the slip plane and shear stress on the slip plane, the authors theoretically predict
the deformation mechanisms for different oriented NWs, which turn to be in good consistent with the authors’ observed deformation
mechanisms. Besides, they also propose that the temperature effects are different for different oriented NWs.
1. Introduction: In recent years, nanoscale metal materials have
attracted extensive interest due to superior mechanical, magnetic
and thermal properties [1–4]. Nanowire (NW), as one of the most
representative low-dimensional nanostructured materials, has
widely used in various fields [5–7]. Therefore, understanding the
deformation behaviour of metal NW becomes an essential task
for the optimal design and wide application. Especially in engineer-
ing applications, NW is often subjected to the loading of various
orientations. It is urgent to study the effects of crystal orientations
on the deformation behaviour under various loadings.
Recently, a great deal of experiment and simulation studies have

performed on investigating the mechanical properties and structural
evolutions of metal NW under the bending, compression, tensile
loading [8–13]. Seo et al. [14] investigated the tensile deformation
of Au NW using the high-resolution electron microscopes, and
reported that the plastic deformation proceeds layer-by-layer in an
atomically coherent fashion. Wen et al. [15] analysed the structural
evolution of Ni NW at different strain rates, and found a critical
strain rate beyond which the atomic structure completely transforms
into the amorphous state. Chang et al. [16] studied the tensile prop-
erties of Ti NW under different strain rates, and presented that the
yield stress and fracture strain increase with strain rate. Zhuo and
Beom [17] investigated the size effect on the torsional deformation
of Si NW, and reported that the deformation mechanism transforms
from an amorphous state to dislocation nucleation when the diam-
eter exceeds 7.7 nm. Peng et al. [18] studied the fracture mode of
Cu NW with the aid of the in situ uniaxial tensile tests, and
found that fracture modes dependent on the diameters of tested
NWs. Liu and Shen [19] analysed the fracture behaviours of Si
NW at low temperature, and reported that the failure responses
are shear slip, crystal-to-amorphous transition and cleavage for
〈110, 〈100〉, 〈111〉 oriented NW, respectively. Zhu et al. [20]
explored the orientation dependence of Ni NW deformation under
bending loading, presented that the (121) oriented NW uniformly
deforms, but the (111) and (010) oriented NWs prefer to locally
deform. Sainath and Choudhary [21] investigated the effect of
orientation on the deformation behaviour of Fe NW, and reported
that the (100), (112) and (102) oriented NWs deform predominantly
by twinning mechanism, whereas the (110) and (111) oriented NWs
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deform by dislocation slip. Wang et al. [22] performed in-situ
atomic bending experiments on twinned Ni NW, and found that
plastic deformation is carried by dislocation to phase transition,
and then to grain boundary with increasing bending. Sun et al.
[23] explored the fracture behaviour of twinned Cu NW under
tensile loading, and revealed that the fracture behaviour exhibits a
brittle-to-ductile transition with increasing the twin spacing for
intermediate-length NW. Sansoz and Dupont [24] studied the
processes of spherical indentation in nanocrystalline Ni NW, and
presented that plastic deformation is carried by grain boundary
sliding. Zhu et al. [25] studied the coupled effect of sample size
and grain size in polycrystalline Al NW, and presented that different
size effects originate from different deformation mechanisms.

According to the available literature, the physical properties and
deformation behaviours of metal NW are closely related to the
loading strain rate, temperature, loading mode, size, crystal orienta-
tion, crystal structure, etc. [26–32]. Although plenty of investigates
had been done to study the mechanical behaviour of metal NW,
there are still a lot of unclear aspects in accurate modelling. In
this Letter, we study the mechanical properties and structural evolu-
tions of different oriented Cu NWs via systematic simulations and
rationalised analysis in detail. It is found that the elastic module,
the yield stress and strain, the fracture strain are strongly dependent
on the crystallographic orientation of the NW. The dominant
deformation mechanism transforms from the shuffling-assisted
single dislocation-nucleation to the collective dislocation-
nucleation, then to the twinning migration, and finally to the com-
bination of dislocation glide and micro-twinning with the crystallo-
graphic orientations of NW varying. According to the calculated
normal stress and shear stress, we explain the transformation of
the deformation mechanism. These findings provide insight into
precise modelling.

2. Atomic modelling: In this work, the sample material used is the
single-crystal Cu. The embedded atom method potential [33],
which can well describe the mechanical properties and structure
defect evolution, is used to model the interatomic interaction. The
parallel LAMMPS software package is employed for simulation
[34]. The x, y, z axes of simulation box are along the [111],
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[-1-12], and [1-10] crystallographic orientations, respectively. In
order to study the dependence of the deformation behaviour on
the crystallographic orientation of NW, we rotate the atoms
around the z-axis to 0°, 30°, 60°, 90°, 120°, respectively. To elim-
inate the size effect, the dimensions of all oriented NWs have the
same length of 50 nm× 6 nm× 6 nm, which contain ∼1.67 × 105
atoms. The free boundary conditions are used along with the y
and z axes. Prior to the tensile deformation, the structures of
NWs are first optimised with a conjugate gradient algorithm.
Then, it is relaxed at ambient pressure P= 0 GPa and temperature
T= 300 K or 3 K. After equilibration, the thermostat is turned off
and the uniaxial tensile strain is applied along the x-axis. The uni-
axial tensile strain was carried out in a velocity-controlled method
by imposing linearly varying velocity to atoms along the x-axis,
and the strain rate is 108/s. The common neighbour analysis
values [35] are calculated to distinguish the atomistic structures
and the software package Open Visualization Tool (OVITO) [36]
is used to visualise the evolution configurations.

3. Results and discussion: It is known that stress–strain curve is an
important graphical measure for the mechanical properties of NWs.
In an experiment, it is obtained from surface velocity measurement
and used to evaluate yield stress, fracture strength. The molecular
dynamics simulation also provides a complete stress–strain curve.
In this Letter, we calculate the stress using the virial theorem.
Fig. 1 shows the tensile stress–strain curves for five oriented
NWs at temperature T= 300 K. It can be seen that all the NWs
undergo an initial elastic deformation that is nearly linear until
the peak stress value, and then the stress drops abruptly.
However, there also are some distinctly different behaviours
among the five oriented NWs. On the one hand, the slope of
stress–strain curve in the elastic region represents the elastic
module, and it is obvious that the elastic moduli are quite different
for five oriented NWs, which indicates a close relation of the elastic
modulus to the crystallographic orientation. On the other hand, the
abrupt stress drop represents the occurrence of plasticity deform-
ation in the NWs. For five different oriented NWs, the incipient
plasticity occurs at different stresses and strains, respectively.
This phenomenon demonstrates the yield stress and strain are
strongly dependent on the crystallographic orientation. For
example, both the yield stress and strain are the smallest for the
NW rotated 30°. In addition to the above, the evolution behaviours
of the stress–strain curves after the yield point are also obviously
different for five oriented NWs. Such as, for the NWs rotated 0°,
plastic flow stress severely oscillate and the stress–strain curves
exhibit saw shape. For the other oriented NWs, the plastic flow
stress decreases rapidly after the second peak. Furthermore, we
also notice that the fracture strain is very small for the NW
rotated 60°. These phenomena of plastic flow stress may result
Fig. 1 Tensile stress–strain curves for different oriented NWs
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from the different deformation mechanisms, and we will analyse
detailed the dependence of deformation mechanism on the crystal-
lographic orientation in the following section.

In order to further quantitatively analyse the dependence of
mechanical properties of NWs on the crystallographic orientations,
Fig. 2 shows the yield stress and strain for all oriented NWs at tem-
perature T= 300 K. It can be clearly seen from Fig. 2, both the yield
stress and strain of NWs strongly dependent on the crystallographic
orientations. The yield stress value varies from 7.89 to 3.35 GPa for
different oriented NWs and is reduced by 57.5%. As well as, the
yield strain varies from 0.0977 to 0.0390 and is reduced by 60%.
In addition, the stress and strain curves exhibit the same variation
tendency with the variation of NW orientations. The whole curve
can be divided into three parts. Firstly, it reduces to the minimum
value, in which case the NW rotated 30°. Subsequently, it gradually
increases with the variation of NW orientations.

Owing to the fact that these differences in mechanical properties
for different oriented NWs result from different deformation
mechanisms. Therefore, in this section, we present the snapshots
of evolution processes of atomic structures for all oriented NWs,
as shown in Fig. 3. Here, the green and red atoms represent face-
centred cubic (FCC) and hexagonal close-packed (HCP) structures,
respectively. From Fig. 3a, it can be seen that the shuffling-assisted
single dislocation-nucleation mechanism dominants the deform-
ation process for the NW rotated 0°. Here, the strain corresponding
to each snapshot is 0.091, 0.169 and 0.390, respectively. Following
the yielding, the single Shockley partial dislocation intermittently
initiates from the free surface. Then, it propagates through the
NW and disappears at the opposite surface, leaving a slippage
step on the surface. This deformation pattern of intermittent nucle-
ation and annihilation of single dislocation is responsible for the
saw shape on stress–strain curves. As the tensile loading increases,
local atomic lattice structures are completely destroyed by multiple
glides of dislocations, which results in the fracture of NW.

In comparison to Fig. 3a, the plastic deformation is initially
originated via the collective dislocation-nucleation mechanism
for the NW rotated 30°, as can be seen in Fig. 3b. Here, the
strain corresponding to each snapshot is 0.045, 0.157 and 0.424, re-
spectively. It is obvious that multiple parallel Shockley partial dis-
locations generate on the (111) slip plane with random spatial
distribution after yielding. In the subsequent deformation process,
the deformation mechanism transforms into the migration of the
twinning boundary on the (11-1) slip plane. The twinning boundary
interacts with the Shockley partial dislocations on the (111) slip
plane, causing the partial dislocation to disappear. The NW is even-
tually broken by the interaction of dislocations on the two slip
planes.

For the NW rotated 60°, as shown in Fig. 3c, it can be seen that
twinning deformation plays an important role during the tensile
process. Here, the strain corresponding to each snapshot is 0.044,
0.046 and 0.115, respectively. After yielding, the twinning
embryo on the (111) slip plane forms with the aid of the nucleation
Fig. 2 Yield stress and strain for different oriented NWs
a Curve of yield stress versus rotation angle
b Curve of yield strain versus rotation angle
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Fig. 3 Simulation snapshots of atomic structure for all oriented NWs during
the tensile process
a Snapshots for the NW rotated 0°
b Snapshots for the NW rotated 30°
c Snapshots for the NW rotated 60°
d Snapshots for the NW rotated 90°

Fig. 4 Normal stress perpendicular to the slip plane and shear stress on the
slip plane for all oriented NWs
a Calculated stress for the NW rotated 0°
b Calculated stress for the NW rotated 30°
c Calculated stress for the NW rotated 60°
d Calculated stress for the NW rotated 90°
of two partial dislocations on adjacent slip planes. Then, the twin
gradually grows in width along the NW axis through the successive
nucleation of partial dislocations. Eventually, the migration coup-
ling of two twins on the (111) and (11-1) slip planes gives rise to
the fracture of the NW.
In addition, we find that the plastic deformation is carried by mul-

tiple glides of dislocations and the formation of a few micro-twins
for the NWs rotated 90° and 120°. Fig. 3d shows the deformation
snapshot for the NW rotated 90°. Here, the strain corresponding
to each snapshot is 0.053, 0.174 and 0.350, respectively. In the
early stage of plastic deformation, several dislocations on different
slip planes intermittently occur on the free surface and glide into the
opposite free surface to disappear. With increasing the tensile
loading, a few microtwin structures are observed in the NWs. As
well as, the NWs finally rupture locally due to the combination of
dislocation glide and microtwinning.
To assist in interpreting the simulated snapshots, we calculate the

stress components along the glide direction on the slip plane at the
first dislocation nucleation moment according to the expression of
|b·σ· n| for all oriented NWs, as shown in Fig. 4. Here, the red
and blue bars represent the normal stress perpendicular to the slip
plane and shear stress on the slip plane, respectively. It is observed
from Fig. 4, although the normal stress is largest on the (111) slip
plane in Fig. 4a, the shear stress is zero. Therefore, there is no
Micro & Nano Letters, 2020, Vol. 15, Iss. 4, pp. 261–265
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activated dislocation or twin on this slip plane and Shockley
partial dislocation is activated on the other three slip planes,
which is consistent with the simulated snapshots. On the other
side, it is known that the shear stress needs to exceed a certain
value for dislocation nucleation, as well as both the normal stress
and shear stress, which must exceed certain values for the twinning
migration. By comparing the normal stress and shear stress in
Fig. 4, we note that both the normal stress value and shear stress
value are lager on the (111) slip plane in Fig. 4c, indicating that
the stresses on these slip planes are sufficient to activate the twin-
ning migration mechanism. In addition, both the normal stress
value and shear stress value are moderate on multiple slip planes
in Fig. 4d, which leads to the dislocation glide and micro-twin for-
mation dominating the plastic deformation processes.

It is known that the simulation temperature is one of the import-
ant factors affecting the material properties. In this work, we also
investigated the temperature effects on the mechanical properties
of different oriented NWs. Fig. 5 shows the yield stress, yield
strain and fracture strain extracted from the stress–strain curves at
temperatures 3 and 300 K. It can be seen that both the yield
stress and strain decrease with increasing the temperature for all
oriented NWs. However, the decreased magnitude varies with the
orientation of NWs. Such as, the yield stress value decreases by
38 and 19% for the NWs which rotated 0° and 60°, respectively,
which demonstrates the mechanical properties are insensitive to
the simulation temperature for the NW rotated 60°. In addition,
we also observe that the increase magnitude of yield stress is obvi-
ously higher than that of the yield strain, indicating that the yield
stress is more sensitive to the simulation temperature.

On the other side, we also analyse the atomic snapshots during
the deformation process in detail. It is found that temperature slight-
ly affects the deformation behaviour and does not change the main
deformation mechanism. However, the higher the temperature, the
more obvious the twinning domination mechanism, which will
affect the fracture strain of the NWs, as shown in Fig. 5c. For the
NWs dominated by dislocation glide mechanism, such as the NW
rotated by 0°, the glide speed of dislocations improves as the tem-
perature increases, which results in the fracture strain decreasing.
While, for the NWs carried by dislocation glide and microtwin for-
mation mechanism, such as the NW rotated 120°, the twinning
mechanism is superior to the dislocation glide mechanism with
263
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Fig. 5 Yield stress, yield strain and fracture strain for different oriented
NWs at different temperatures
a Temperature effects on the yield stress
b Temperature effects on the yield strain
c Temperature effects on the fracture strain
the increase of temperature, which leads to hardening and the
second peak value going up after yielding point. As a result, the
ductility enhances the flow stress and fracture strain increases.
4. Conclusion: In conclusion, through systematic MD simulations
and rationalised analysis, we have studied the deformation beha-
viours of different oriented Cu NWs during the tensile process. It
is found that all the NWs undergo a nearly linear elastic deform-
ation up to the peak stress value and then the stress drops abruptly.
However, there also are some distinctly different behaviours among
the different oriented NWs. On the one side, the elastic module,
yield stress and yield strain are quite different for five oriented
NWs, which indicate close relations of these physical quantities
to the crystallographic orientations. With the variation of NW orien-
tations, both the yield stress and the yield strain firstly reduce to the
minimum value, then gradually increase. On the other side, the evo-
lution behaviours of the stress-strain curves after the yield point are
also obviously different for five oriented NWs. Such as, for the
NWs rotated 0°, plastic flow stress severely oscillate and the
stress–strain curves exhibit saw shape. In addition, by comparing
these simulated atomic snapshots for different oriented NWs, we
find that the plastic deformation modes transform with the variation
of NW orientations. For the NW rotated 0°, the shuffling-assisted
single dislocation-nucleation mechanism dominants the deform-
ation process. For the NW rotated 30°, the plastic deformation is ini-
tially originated via the collective dislocation-nucleation
mechanism, and then transforms into the twinning migration
264
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mode in the subsequent process. For the NW rotated 60°, twinning
deformation plays an important role during the tensile process. For
the NWs rotated 90° and 120°, the plastic deformation is carried by
multiple glides of dislocations and the formation of a few micro-
twins. According to the normal stress perpendicular to the slip
plane and shear stress on the slip plane, the predicted deformation
mechanisms are in good agreement with the observed deformation
mechanisms. Besides, we also investigate the temperature effects on
the mechanical properties of different oriented NWs, and find that
the increase magnitudes of yield stress and strain vary with the
orientation of NWs.
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