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The influence mechanism of the strain rate on the tensile behavior
of copper nanowire
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The influence mechanism of the strain rate on the tensile behavior of the copper nanowires is investigated with molecular
dynamics (MD) simulations. Three failure modes are observed at the loading strain rates from 5×106 to 1×109 s–1. The three
modes are named slipping mode, mixed mode and necking mode, respectively. The evolution of atomic configurations show that
the competition of the lattice recovery and the dislocation multiplication determines the fracture mode, and the importance of
lattice recovery decreases with the increase of strain rate. The input and the reflection of the tensile wave, which is induced by
tensile loading, also plays an important role in the failure mechanism. The location of necking tends to approach the two ends of
nanowire at higher strain rates.
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1 Introduction

Novel materials at nanoscale possess many attractive prop-
erties [1–3]. In particular, metal nanowires receive con-
siderable attention owing to their outstanding properties such
as high strength [3–6], superplasticity [7,8] and electronic
transport [9,10]. Obtaining credible values and exploring the
underlying mechanisms of the aforementioned outstanding
properties is of great interest in the research of nanowires.
Bending and nano-indentation experiments [11–13] were

carried out to study the mechanical properties of nanowires.
It was found that the Young’s modulus of nanowire is in-
dependent of diameter while the yield strength increases as
the decrease of diameter. The experimental investigations,
though being widely focused on, are not easy to design and
measure due to the tiny size of nanowires. Molecular dy-
namics (MD) simulation, as an alternative way, has been
widely applied to study the mechanical behaviors of nano-

wires. Numerical results for the strength were consistent with
the experimental observations, and it was observed that the
strengthes of nanowires are much higher than the counter-
parts of bulk materials [3,5]. Various influential parameters,
such as the temperature, the atomic structures, the loading
orientations and the nanowire size have been investigated
with MD. The variation of mechanical properties with the
temperature was obtained [14–17]. Grain boundaries have
significant effect on the yield strength and the ductility of the
nanowires and bulk materials, which increase monotonically
as the grain size decreases [18,19]. It was also observed that
the Young’s modulus and the yield strength of nanowires in
orientations < 111 > are larger than those in orientations
< 100 > [15,19,20]. MD simulations also come to the con-
clusion that the yield strength increases as the decrease of
diameter [21–23].
However, the available time step size is limited at the order

of femtosecond in MD simulations, which implies that the
stain rates have to be orders higher than practical strain rates
to make the computations feasible. Therefore the strain rate
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effect of nanowires must be investigated to connect the si-
mulation results and the engineering applications. Efforts
have been made to investigate mechanical properties under
various strain rates, such as the superplasticity of nanowires
at low strain rate and the amorphous state at high strain rate
[7]. It was found that the yield stress of nanowire increases as
the tensile loading rate increases [21,22]. When the nano-
wires are under compression, studies indicated that the
buckling stress will remain constant after the strain rate
reaches a critical value [24]. Some phenomena, such as
slipping, necking and rearrangement of atomic configuration
may disappear at very high strain rates [15]. However, the
strain rate effect of nanowires is still not very clear due to
high loading rates and small specimen sizes, and the un-
derlying influence mechanism of strain rate has not been well
revealed.
In this paper, we aim to investigate the mechanical beha-

viors of nanowires at relatively lower strain rates based on a
series of MD simulations for the tensile process of copper
nanowires. And we try to explore the failure modes and
fracture mechanisms at various tensile strain rates.

2 Simulation methods

In this study, a cylindrical copper nanowire model of the
length 210a0 and the diameter 20a0, as shown in Figure 1,
was built, where a0 is the lattice constant of copper. The
coordinate axes of x, y, z are respectively along the crystal
orientation [100], [010] and [001], and all directions are non-
periodic boundary conditions.
The MD simulations were all performed using the

LAMMPS package [25] with the time step of 1 fs, and the
interatomic interactions were described using the embedded
atom method (EAM) [26,27] potential. The computations
were carried out on the Explorer 100 cluster system of
Tsinghua University [28].
Nanowires were firstly relaxed at 300 K for 60 ps by using

a Nosé-Hoover thermostat, then they were stretched with
prescribed strain rates. Two rigid regions whose lengths are
5a0 are set at the two ends. The left region was defined as the
fixed region, and the right was defined as the loading region.
The atoms in the fixed region were fixed and those in the
loading region were moved at a constant velocity corre-
sponding to the loading rate. During the tension process, the
atoms in the central region were kept at 300K in a canonical
ensemble.
To investigate the influences of strain rate, 11 different

loading strain rates in the range from 5×106 to 1×109 s–1 were
applied in this work. These strain rates are comparable or
smaller than those in previous works [29–32]. Central sym-
metry parameter (CSP) [33] and dislocation extraction al-
gorithm (DXA) [34] were used to distinguish the evolution

of atom structure during the tensile process, and images in
this paper were created using OVITO package [35]. The
stress σxx of all the Newtonian atoms in Figure 1 were
computed to calculate the average stress of nanowire, and the
atoms in the fixed region and loading region do not con-
tribute.

3 Results and discussion

The stress-strain curves of nanowires at various strain rates
ranging from 5×106 to 1×109 s–1 are shown in Figure 2(a) and
(b). The elastic stages (AB) in all the curves are nearly
identical, which implies that the Young’s modulus is not
influenced by the strain rate. However, the plastic deforma-
tion is influenced much by the strain rate. This is because the
elastic property is determined by the harmonic vibration
around the atomic equilibrium position. While the plastic
deformation is determined by the dislocation nucleation,
which should be strongly related with the strain rate.

The plastic part of the stress-strain curves for strain rates
at 5×106–1×108 s–1 can be divided into three stages, includ-
ing a sharp drop stage (BC), a hardening stage (CD) and a
decrease with fluctuation stage (DE), as shown in Figure 2
(a). The curves in stage BC show two different modes: the
yield stress almost does not change at 5×106–1×107 s–1 while
the yield stress increases with the strain rate at 3×107

–1×108 s–1. The tangential modulus of all curves in Figure 2
(a) are nearly the same in the hardening stage, which is also
the same value as the initial linear stage. Similar to the first
yield point, the strain at the second yield point does not
change at 5×106–1×107 s–1 while it grows with the strain rate
at 3×107–1×108 s–1. In the stage DE, the stress in all curves
reduce to zero gradually corresponding to the fact that the
fracture of nanowires occurred before strain 0.3.

There are two stages in plastic deformation stage for
strain rates 3×108–1×109 s–1: a sharp drop stage (BC) and
fluctuation stage (CD), as shown in Figure 2(b). It can be
seen that the decline of stress is so large that the value of
stress begin to fluctuate around zero, which indicate that
nanowires have been broken. The existence of negative stress
is caused by the springback of nanowire after breakage. The
yield stress does not show obvious pattern about strain rates.
Figure 3 shows the three fracture modes corresponding to

the above three types of stress-strain curves. The first frac-
ture mode is the slipping mode at strain rates 5×106

–1×107 s–1. The nanowire breaks along one slipping surface
and the shape of the fracture surface is flat. The lattices in
nanowire have enough time to recover at lower strain rate,
and only few stacking faults occur at the breaking point.
When the strain rate becomes very high (at 3×108–1×109 s–1),
the tensile process is too transient that local high stress
cannot be released in such a short time span. The stacking
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faults are accumulated and breaking happens around the
accumulation point. Different categories of stacking faults
interact strongly, which is accompanied by obvious plastic
necking deformation, as shown in Figure 3(c). Abundant
stacking faults and necking can be both observed when the
strain rate is between of 3×107–1×108 s–1, which is named
mixed mode. The slipping trend is obvious due to the
stacking faults around the breaking point, however, the shape
of the fracture surface is more like necking.

The dislocation analysis at different loading rates is

shown in Figure 4. All the configuration snapshots are near
the yield point and only atoms in HCP lattice are displayed,
which shows the stacking faults in nanowires when the dis-
location is just beginning to emit. Most dislocations are
emitted from the surface of the nanowire, and stacking faults
are induced after the emission of dislocations. The disloca-
tion analysis also shows that almost all the dislocations are
Shockley partial dislocation.

In order to further study the fracture mechanisms of
different fracture mode, three representative cases,

Figure 2 (Color online) Tensile stress-strain curves of copper nanowires at various strain rates. (a) Stress-strain curves at strain rates 5×106–1×108 s–1 with
four stages: elastic stage (AB), sharp drop stage (BC), hardening stage (CD) and decreasing stage with fluctuation (DE); (b) stress-strain curves at strain rates
1×108–1×109 s–1 with three stages: elastic stage (AB), sharp drop stage (BC) and fluctuation stage (CD).

Figure 1 (Color online) Schematic view of the simulation model, which has fixed region and loading region at the ends.

Figure 3 (Color online) Atomic configurations showing three fracture modes of copper nanowire at different strain rates. (a) Slipping mode. Nanowires
break along one slipping surface and the fracture zone appears flat. (b) Mixed mode. Abundant stacking faults can be observed, and slipping trends and
necking both exist. (c) Necking mode. Stacking faults are accumulated and necking is obvious.
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5×106, 5×107 and 5×108 s–1 corresponding to slipping mode,
mixed mode and necking mode respectively, are selected to
show the evolution of atomic configurations. Each atom
configuration includes the complete configuration and the
local configuration of defects, where only internal atoms
with a CSP value greater than 4 are displayed.

The evolution of atomic configuration at strain rate
5×106 s–1 is shown in Figure 5. The elastic stage of the stress-
strain curve is omitted, and only the stress-strain curve of the
plastic deformation stage is plotted in Figure 5. The first
stacking fault appears at the yield point, then quick dis-
location multiplication appears, as shown in Figure 5(a) and
(b). However, the number of stacking faults decreases after
the sharp drop of stress, which can be explained that the
lattice recovery dominates over dislocation multiplication
owing to stress relaxation. Multiple hardening after the yield
point implies more dislocation activities, while enough lat-
tice recovery inhibits the appearance of new stacking fault
due to the low strain rate. The nanowire breaks between the
stacking faults which are on the same slipping system, as
shown in Figure 5(d) and (e).

Nanowires are loaded by moving right loading regions at

a constant velocity corresponding to the strain rate, which is
close to the common tensile experiment at macroscopic
scale. Because the tensile velocity is in orders beyond the
macroscopic quasi-static tensile velocity, the wave propa-
gation is a significant factor in the failure of nanowires.
Three regions of the length 5a0 as shown in Figure 6(a), are
selected to monitor the local stress of nanowires to capture
stress variation, and then to investigate the influence of wave
propagation. The amplitude of stress wave is doubled when
the stress wave propagates to and is reflected by the fixed
end, whose effect can be observed from stress curves of left
region and right region in Figure 6(b). The doubled stress
amplitude make the local stress obviously exceed yield stress
at higher strain rates, which causes that the damage is always
near the end of nanowires. Furthermore, the physical time
that the stress wave approaches to the fixed end determines
the yield strain, hence the yield points seem irregular in
Figure 2(b).
The evolution of atomic configurations at strain rate

5×108 s–1 is shown in Figure 7, and the stress-strain curves of
the entire domain and three subdomains are also given.
Abundant dislocations are emitted simultaneously at fixed

Figure 4 (Color online) The dislocation analysis of copper nanowires at different loading rates, and only atoms in HCP lattice and dislocations are
displayed.

Figure 5 (Color online) Tensile process of copper nanowire at a constant loading rate of 5×106 s–1. The left subgraph is the stress-strain curve while the
right subgraphs are snapshots of atomic configuration at various tensile strains, as indicated by arrows.
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end due to the excessive local stress, which causes stacking
faults interact strongly and necking appears. Stress is not
sufficiently released in stage BC due to the high strain rate,
therefore the dislocation multiplication is at dominant posi-
tion over lattice recovery, which is shown in Figure 7(b) and
(c). The fracture happens quickly after the stress drop, and
the lattice recovery appears after the fracture owing to lower
stress level. Apparent stress fluctuation also leads to new

stacking faults, consequently the competition of dislocation
multiplication and lattice recovery results in the final con-
figuration of nanowire in Figure 7(e).
It can be predicted that the two competition mechanisms

are comparable at middle strain rates, as shown in Figure 8.
The stacking faults exist at several locations in the nanowire
at the yield point due to inadequate release of stress. How-
ever, the sharp drop of stress makes it possible that lattice
recovery reduces stacking faults. Multiple slippage of na-
nowires makes the hardening stage more obvious, and
weaker lattice recovery cannot inhibit stronger dislocation
multiplication, which causes the stacking faults appear in
several locations. Both lattice recovery and dislocation
multiplication are important in Figure 8(c) and (d). The
necking phenomena are found at several locations in addition
to the fracture, but the necking development is different at
different locations.
The fracture modes and mechanisms at different strain

rates may also be affected by the length of nanowires,
therefore a preliminary study of another two lengths (110a0
and 310a0) was carried out based on the above work. The
stress-strain curves of nanowires with different sizes are
shown in Figure 9. The tensile stiffness of stress-strain
curves has a slight variation, which should be related to the
surface energy of nanowires. The local stress, which comes
from the loading velocity, is dependent on the length of na-
nowire. A shorter nanowire will cause the mixed mode to
appear at higher strain rates due to the decrease of local
stress. The stress-strain curves of different lengths share
common features. And the features can be well explained
based on aforementioned discussions, which suggests that
the fracture modes and mechanisms can be extended to na-
nowires of different sizes. More about the nanowires of

Figure 6 (Color online) The variation of stress in different domains at
strain rate of 5×108 s–1. (a) Schematic diagram of the subdomains for the
calculation of the local stress. The three subdomains are marked as left
region, middle region and right region in the stress-strain figure. (b) Stress-
strain curve of the entire domain and three subdomains of nanowires.

Figure 7 (Color online) Tensile process of copper nanowire at a constant loading rate 5×108 s–1. The left subgraph is the stress-strain curve while the right
subgraphs are snapshots of atomic configuration at various tensile strains, as indicated by arrows.
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different sizes will be investigated in future research.

4 Conclusions

The influences of strain rates on the failure modes and failure
mechanism of the copper nanowire are investigated in this
paper with the molecular dynamics, and the loading rate is 5
×106–1×109 s–1. The stress-strain curves and the evolution of
configurations and defects at various strain rates are given. It
is found that the strain rates can be classified into three ca-
tegories. The yield stress does not vary for lower strain rates,
increases with the strain rate at middle strain rates, but may
decrease at much higher strain rates. The slipping mode, the
mixed mode and the necking mode are observed for the
lower rates, the middle rates and the higher rates respec-

tively. The reason for the formation of the three modes are
throughly discussed. The failure mechanism of the nano-
wires is the competition of the lattice recovery and the dis-
location multiplication.
Future research may include the influence of the loading

directions and the initial defects. Multiscale computation will
be introduced to enlarge the available temporal and spatial
scales.
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