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Response of copper nanowires in dynamic tensile
deformation
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The Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, Georgia, USA

Abstract: Molecular dynamics (MD) simulations with an embedded atom method (EAM) potential
are carried out to analyse the size and strain rate effects in the tensile deformation of single-crystal
copper nanowires. The cross-sections of the wires are squares with dimensions of between 5 and 20
lattice constants (or 1.8–7.2 nm). Deformations under constant strain rates between 1:676107 and
1:6761010 s¡1 are analysed. It is found that the yield stress decreases with specimen size and increases
with loading rate. On the other hand, ductility increases with specimen size and strain rate. The
in� uence of specimen size is due to enhanced opportunities for dislocation motion at larger sizes.
The in� uence of strain rate is due to the dynamic wave effect or phonon drag which impedes the
motion of dislocations. The analysis also focuses on the variation in deformation mechanisms with
specimen size and strain rate. Slip along alternating (111) planes is observed in small wires, while
multiple cross-slips are primarily responsible for the progression of plastic deformation in larger
wires. As strain rate is increased, a transition of the deformation mechanism from sequential
propagation of slip along well-de� ned and favourably oriented slip planes to cross-slip, and then to
amorphization, is observed.
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1 INTRODUCTION

The deformation of nanowires and atomic systems at
� nite temperatures in general is an intrinsically dynamic
process. Size and strain rate effects arise out of several
factors and play important roles in determining the
response of nanostructures. For example, the behaviour
and properties of nanowires are size dependent owing to
the discreteness of atomic structures, the length scale (or
spatial range) of the atomic interactions, lattice structure
and lattice size scale. The dynamic inertia effect and the
� nite speeds at which lattice waves propagate also
introduce length scales to the problem and contribute to
the size dependence of atomic behaviour. The inertia
effect and � nite wave speeds, along with phonon effects,
also cause the response of nanostructures to be
deformation rate dependent.

Experimental and numerical studies on the deforma-
tion of nanowires have been carried out and reported in

recent years {1–5}. For example, Lu et al. {6} observed
that the ductility of nanocrystalline copper specimens
increases as strain rate increases in experiments. This
strain rate dependence of ductility is completely
different from that observed in coarse-grained Cu, the
fracture strain of which decreases with increasing strain
rate. Ikeda et al. {2} and Bran;́cio and Rino {7} used
molecular dynamics (MD) simulations to study the
amorphization in metallic nanowires at high strain rates.
They found that, at strain rates lower than 761010 s¡ 1,
the nanowires undergo plastic deformation in their
crystalline structure and exhibit superplasticity. On the
other hand, at strain rates equal to or higher than
761010 s¡ 1, the nanowires undergo a phase transition
from a crystalline structure to an amorphous state.
Horstemeyer and Baskes {8} analysed the effects of size
and time-scale on the plastic deformation of bulk single-
crystal Cu under shear loading. They found that samples
with less than *1000 atoms showed little dependence of
failure stress on strain rate. This is because small
samples do not provide opportunities for plastic
deformation to occur through coordinated slip or
dislocation motion. Consequently, the deformation is
primarily elastic. On the other hand, for larger samples
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they found that, at relatively low strain rates, the yield
stress is independent of strain rate, while at higher strain
rates the yield stress increases rapidly with strain rate.
This effect is attributed to the fact that multiple
dislocations are nucleated at the lower rates, lowering
the yield stress. They also asserted that four regions of
bulk plastic behaviour exist, depending on the size scale.
As the size scale increases, there is a gradual change in
in� uence on plastic behaviour from dislocation nuclea-
tion at much smaller scales to dislocation density and
distribution at larger scales.

Up till now, MD calculations of the mechanical
response of atomic systems have been almost exclusively
carried out at strain rates above 109s¡ 1. This is
primarily out of necessity. Speci� cally, the time steps
allowable in MD calculations are limited by the need to
resolve high-frequency thermal oscillations of atoms and
are therefore quite small (of the order of 1 fs). High rates
of deformation allow high levels of strain to be reached
with practically available computer resources. The use
of high deformation rates introduces several issues.
F irstly, direct comparisons with experiments are extre-
mely dif� cult to justify since it is so far not possible to
conduct controlled laboratory experiments at high strain
rates on nanowires or nanostructures. The arti� cially
high rates have also necessitated computational schemes
that allow computations to proceed. One issue is
temperature control. Many MD simulations of nano-
wires have been carried out with the Nose–Hoover
thermostat scheme {9, 10}, a velocity scaling scheme that
keeps the temperature at constant values. If such
schemes were not used, the arti� cially high strain rates
could lead to temperatures well over the melting point of
the system under consideration, invalidating the results
and preventing analyses to be carried out. The use of
such schemes has allowed results to be obtained and
important understandings to be arrived at. However, it
is also desirable and important to conduct numerical
simulations under conditions that allow the temperature
to increase as a natural outcome of dynamic deforma-
tion. Here, it is noted that, while MD models account
for the contribution of atomic vibrations (or phonons)
to thermal conductivity, they do not account for the
effects of free electrons, electron/phonon interactions
and bipolar carriers. This is a limitation of the MD
framework. Accounting for such effects would require
modi� cations to the MD framework, if classical
mechanics were to be used. There have been efforts to
carry out simulations at lower strain rates. Recent
calculations at strain rates between 107 and 1010s¡ 1 are
described here. No temperature-controlling algorithms
are used, providing a more realistic account of the
conditions of the dynamic deformation of nanowires.
The focus of the analyses is on the size and rate
effects on the constitutive response of Cu nanowires.
Parameters varied include loading rate and specimen
size.

2 COMPUTATIONAL SET-UP

The MD simulations carried out concern the simple
tension of single-crystal Cu nanowires (see Fig. 1). The
nanowires have free surfaces in the x and y directions.
The x , y and z axes are oriented in the {100}, {010}and
{001}crystalline directions respectively. The atoms in the
specimens are divided into two types. The � rst type
consists of boundary atoms on the top and bottom
surfaces. Constant velocities of +V 0 (equal magnitude
and opposite directions) are maintained for these two
planes of atoms, effecting the loading necessary for the
nanowire to deform at a constant nominal strain rate
_ee ˆ 2V 0=L . The internal atoms simply deform with the
boundary atoms. Although dynamic in nature, this set
of loading conditions yield fairly uniform deformation
throughout the specimen. Localization or necking
always occurs in the interior of the wires, away from
the ends. The location of the neck is fairly randomly
distributed along the wire length in different specimens.
The system is assigned an initial temperature of 300 K
and is allowed to reach a uniform thermal state by
holding the length of the wire unchanged and by
maintaining a constant temperature using the Nose–
Hoover thermostat procedure. The nanowires are not
relaxed to a zero stress state, and the beginning of
deformation is at stress levels of 0.4–1.6 GPa, depending
on the wire size. The calculations are carried out with a
time step of 1 fs until fracture occurs. In contrast to
some MD simulations reported in the literature where
the Nose–Hoover thermostat procedure was used to
maintain a constant temperature, no thermal constraints
are applied to the specimen during the calculations here.
Therefore, the temperature rises adiabatically. This
treatment more closely simulates the tensile deformation
of nanowires undergoing high-rate deformation.

Fig. 1 Schematic illustration of the computational model for
Cu nanowires. Open circles represent the internal
atoms and dark circles represent boundary atoms
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3 RESULTS AND DISCUSSION

3.1 Strain rate effects

F igure 2 shows the stress–strain relations at strain rates
between 1:676107 and 1:6761010 s¡ 1. The cross-
sectional size of the wires here is 5 lattice constants
(1:861:8 nm). These stress–strain relations are essen-
tially linear at small strains, except for small thermal
oscillations. The yield stress is the maximum stress in
these cases. The curves for different strain rates
essentially coincide during the elastic part of the
deformation, indicating rate independence of elastic
deformations, which is expected. The curves show a rate
independent Young’s modulus of 70 GPa for the h001i
type crystalline directions. The yield stress is higher at
higher strain rates, increasing from 6.8 to 7.8 GPa as the
strain rate increases from 1:676107 to 1:6761010 s¡ 1.
This rate dependence is due to the dynamic wave effect
or phonon drag which impedes the motion of disloca-
tions. Owing to the lack of defects and the surface
effects, the yield stress for nanowires undergoing
dynamic deformation exceeds that of bulk Cu.

The nanowire exhibits very different responses at
strain rates below 1:6761010 s¡ 1 from the response at
the strain rate of 1:6761010 s¡ 1. Speci� cally, the curves
at strain rates below 1:6761010 s¡ 1 show precipitous
drops in stress after yielding. These sharp drops are
associated with the initiation of plastic deformation
which occurs through crystalline slip along [111] planes.
This mechanism of deformation is clearly seen in Figs 3a
and b. In contrast, stress decreases only gradually after
the onset of inelastic deformation at a strain rate of
1:6761010 s¡ 1. Furthermore, the wire shows a much
higher level of ductility than those at the lower strain

rates. This change in behaviour is due to a transition in
the deformation mechanism from crystalline slip to
amorphization (see F igs 3c and d). This observation of
transition in the deformation mechanism is consistent
with what was reported for metallic wires in the
literature {2}. The signi� cantly higher level of ductility
is regarded as a form of superplacticity in nanowires.

At the strain rates of 1:676107 and 1:676108 s¡ 1,
activation of two alternating slip planes is observed (see
F igs 3a and b). With loading in the {001}direction, eight
slip systems initially have an identical Schmid factor and
are ‘equally’ favoured for slip. These eight slip systems
form four conjugate slip pairs, which compete with each
other. The two slip systems actually activated are the
primary slip system …111†‰101Š and its conjugate system
…111†‰110Š. The activation of only one pair of slip planes
indicates the effects of available energy and thermal
perturbation. The activation of one pair of conjugate
slip systems suppresses others by the consumption of
available energy. When the primary slip system is
activated by thermal perturbation, the orientation of
the tensile axis will rotate towards the slip direction.

However, since the tension axis is � xed in the
simulation, it is the crystal lattice that undergoes the
actual rotation. Hence, during the large tensile deforma-
tion, the slip direction will rotate towards the tensile
axis. This rotation of slip planes lowers the Schmid
factor for the primary slip system and increases the
Schmid factor for its conjugate slip system, causing the
conjugate system to be activated. Therefore, the activa-
tion of the two alternating slip systems allows the tensile
axis to remain unchanged and relieves the shear stress at
the same time.

Even though the � nal con� gurations of the activated
slip planes look similar at strain rates of 1:676107 and

Fig. 2 Stress–strain curves of 565660 Cu nanowires at different strain rates
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1:676108 s¡ 1, the processes of slip plane activation are
quite different. The slip bands are nearly simultaneously
activated at a strain rate of 1:676107 s¡ 1, while they
propagate from one end to the other within a certain
period of time at a strain rate of 1:676108 s¡ 1 (see
F ig. 4). This apparent difference in the activation of slip
systems is related to two different types of dislocation
source and the effect of the stress wave.

The simultaneous, uniform activation of slip planes
throughout the nanowire is observed at a strain rate of
1:676107 s¡ 1. The wire is elastically stressed until
uniform shifting along an atomic plane occurs. This
process generates two dislocations that move in opposite
directions. Initially, only scattered, discrete sites of
higher lattice distortion are nucleated on alternating
(111) planes along the wire. Subsequently, the density of
such sites increases, leading to activation of slip planes.
The activation is accompanied with precipitous drops in
stress. In contrast, the sequential activation of slip at a
strain rate of 1:676108 s¡ 1 is quite different and is
characterized by the nucleation of dislocations from the
specimen surface. Speci� cally, dislocations are initially
nucleated from a corner at one end of the wire where the
highest lattice distortion occurs owing to boundary
constraint (see F ig. 4a). This nucleation of dislocation
sets off a successive, chain reaction type activation of
slip planes along the specimen. Figure 5 shows the
histories of the distance of propagation and the velocity
of the active front of the slip planes corresponding to the
wire in F ig. 4. The average speed at which the active
front propagates along the wire is 355m/s. The
instantaneous speed oscillates between zero and a
maximum of the order of 1000 m/s. This oscillation is
associated with the transition of the propagating front
between slip planes. The level of the speeds observed
here constitutes signi� cant fractions of stress wave
speeds in Cu. In particular, note that the stress wave
speed in the h001i direction of single-crystal copper
is 2092 m/s for uniaxial stress and 4198m/s for
uniaxial strain. The rapid activation of slip planes
across the specimen is responsible for the near-vertical
drop in stress following yielding in F ig. 2 for this strain
rate.

Following initial yielding, the stress–strain curves for
strain rates between 1:676107 and 1:676109 s¡ 1 show
oscillatory decreases in stress after the onset of plastic
deformation. These oscillations are probably due to
successive stages of gradual elastic stretching of tem-
porarily ‘stationary’ lattice structures and rapid plastic
slip along the well-de� ned slip planes. This is evidenced
by the stepwise decrease in neck area during the necking
process (see Fig. 6). This unique necking process has
been observed in experiments, in which the neck area is
obtained by measuring conductance of the nanowire
{12}. During the relatively ‘elastic’ stages of deformation
after yielding, the neck area remains relatively constant
and straining of the lattice allows strain energy to be
accumulated and stored. The stored strain energy allows
the activation of slip planes in short, ‘quick-� re’ bursts,
leading to relaxation and drops in stress as strain
increases. Meanwhile, the neck area drops quickly as a
new layer is generated. Since specimens deforming at
lower strain rates need longer times to ‘catch up’
through further ‘elastic’ straining, stress decreases are
sharper and last a longer time.

Fig. 3 Deformed con� gurations of Cu nanowires at a
strain of 10 per cent: (a) _ee ˆ 1:676107 s¡ 1;
(b) _ee ˆ 1:676108 s¡ 1; (c) _ee ˆ 1:676109 s¡ 1; (d) _ee ˆ
1:6761010 s¡ 1. In each picture, the central image
shows an internal cross-section, the right-hand image
shows a solid view of the wire with all atoms and the
left-hand image shows only atoms involved in defects.
The atoms are shown according to their centrosym-
metry values {11}
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3.2 Size scale effects

F igure 7 shows the stress–strain curves for specimens of
three different sizes at a strain rate of 1:676109 s¡ 1. The
cross-sectional dimensions vary from 5 to 20 lattice
constants (or from 1.8 to 7.2 nm) and the length is 60
lattice constants (21.7 nm) in all cases. Thinner wires
support higher stresses, and the yield stress decreases
with specimen size. The Young’s modulus remains
essentially the same for the different sizes, as the initial
elastic portions of the stress–strain curves are essentially
parallel to each other. This size independence of the
Young’s modulus is different from the � ndings of
Bran;́cio who reported that nanowires with larger
cross-sections support higher stress levels and have
higher values of the Young’s modulus {13}. The different
amounts of initial stress are due to the uniform
prestretch applied to the specimens prior to the start

of the deformation process and due to the free surface
effect. Only a small portion of the atoms in the thinnest
wire are involved in the plastic deformation. Therefore,
the deformation is rather non-uniform along the wire.
As the wire size increases, more atoms become active
and participate in the plastic deformation, leading to
higher levels of ductility at the larger sizes. Clearly, this
is due to the fact that smaller samples offer fewer
opportunities for slip and dislocation motion, while
larger specimens offer more opportunities for crystalline
slip. This effect is clearly seen in F ig. 8.

4 CONCLUSION

Molecular dynamics simulations of the tensile deforma-
tion of single-crystal Cu nanowires are performed using
an embedded atom method potential. The effects of

Fig. 4 Propagation of dislocations at a strain rate of 1:676108 s¡ 1: (a) e ˆ 4:2 per cent; (b) e ˆ 4:67 per cent;
(c) e ˆ 5:33 per cent; (d) e ˆ 6:0 per cent. Specimen size 565660
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Fig. 7 Stress–strain relations for specimens of different sizes, _ee ˆ 1:676109 s¡ 1

Fig. 6 Variation in stress and neck area of the nanowire during tensile deformation (size 565660,
_ee ˆ 1:676109 s¡ 1)

Fig. 5 Time histories of dislocation front displacement and velocity
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strain rate and size scale are studied. Under the con-
ditions analysed, the Young’s modulus is found to be
independent of strain rates and the cross-sectional size
of the specimens. The yield stress decreases with
specimen size and increases with loading rate. On the
other hand, ductility increases with specimen size and
strain rate. The in� uence of specimen size is a result
of enhanced opportunities for dislocation motion at
larger sizes. The in� uence of strain rate is due to the
dynamic wave effect or phonon drag which impedes the
motion of dislocations.

The analysis also focused on the variation in
deformation mechanisms with specimen size and strain
rate. There is a clear transition in the deformation
mechanism as specimen size is changed. Speci� cally,
when the cross-sectional dimensions are of the order of
only a few lattice constants, crystalline slip on a pair of
slip systems is observed. At larger cross-sectional sizes
(10–20 lattice constants), cross-slip is primarily respon-
sible for the progression of plastic deformation.
Furthermore, a strong strain rate effect is also seen.
As the strain rate is increased, a transition of the

Fig. 8 Deformed con� gurations of Cu nanowires of different sizes …_ee ˆ 1:676109 s¡ 1†: (a) specimen with a
cross-sectional size of 5 lattice spacings …e ˆ 9:17 per cent†; (b) specimen with a cross-sectional size of
10 lattice spacings …e ˆ 18:3 per cent†; (c) specimen with a cross-sectional size of 20 lattice spacings
…e ˆ 23:3 per cent†
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deformation mechanism from sequential propagation of
slip along well-de� ned and favourably oriented slip
planes to amorphization is observed. The rapid occur-
rence of slip causes relaxation of stress over short times,
resulting in an oscillatory stress–strain relation and
decrease after yielding. At the lower strain rates, a well-
structured activation of slip on alternating slip planes is
the primary deformation mode.
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