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Abstract—Molecular dynamics (MD) Simulation
has been employed to study the compression
behaviour of twinned copper nanowires at fixed
strain rate of 1 x 10° s*. FCC structure of copper
nanowires are subjected to uniaxial compression at
0.1K temperature. Copper nanowires of varying
diameters have been chosen (2.88 nm and 5.76 nm).
Embedded Atom Model (EAM) potentials have been
used to calculate interatomic potentials among the
atoms. The compressive properties and deformation
modes have been observed and discussed. The
dislocations criteria and change of atomic structures
have also been analysed. Two types of twin
boundaries have been inserted into the nanowires to
investigate their effects. It has been found that
nanowires with lower twin boundary spacing show
higher vyield strength and seemingly different
deformation criteria.
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I. INTRODUCTION

Metallic nanowires have become very significant
in the realm of nanomaterial research. Recently, they
are paying more attention because of some unique
features. Metallic nanowires are being widely used
in transistors, high efficiency photovoltaic devices,
nanoprobes, nanoelectromechanical systems (NEMS)
and biomedical fields [1, 2]. They are also very
useful in different tribological applications such as-
scanning tunneling microscope (STM) and atomic
force microscope (AFM) for determining nanoscale
surface textures [3]. The methodologies for the
prediction of mechanical properties as well as the
synthesis methods of these nanostructures include a
wide range of varieties and hence more and more
researchers and scientists are getting attracted to the
unique mechanical and electrical properties of the
nanowires. Some experimental data show that
metallic nanowires can be stronger than their bulk
materials. Marcel et al. has shown that the silver
nanowires to have a higher yield strength than the
bulk silver [4]. Wu et al [5] studied the tensile
strength and failure of copper nanowires under
uniaxial tension. From their study it can be
concluded that bulk copper has much lower yield
strength than copper nanowires. They also showed

the cross-sectional area and strain rate dependent
mechanical properties of nanowires. The yield
strengths of gold whiskers have been reported over
ten times stronger than the bulk [6].

The mechanical properties of the metallic
nanowires are the main important factors for using it
in real life applications. To make nanowires stronger,
twin boundaries have been introduced in the
nanowires [19, 20] which are expected to have very
high mechanical properties relative to twin-free
nanowires. It has been documented that metallic
nanowires having twin boundaries exhibit very
strong Hall-Petch effects as a function of Twin
Boundary Spacing [21].

Park et al [7, 8] and Liang and Zhou [9] simulated
the uniaxial tension of gold and copper nanowires
and observed the shape memory effect and pseudo-
elastic behaviour of the nanowires. Wang et al. [10]
studied the temperature and strain rate dependent
mechanical tensile properties of nickel nanowires
whereas Koh et al [11] simulated the temperature
and strain-rate dependent deformation characteristics
and mechanical properties of the platinum nanowires
under unidirectional uniform tension. They also
stated that under the conditions of low temperature
and low strain rate, the stress-strain curves of
platinum nanowires show a stepped cycle
distribution and the nanowire maintains ordered and
stable crystal structure at this time. Park et al [12]
used (100) and (110) crystal orientations to simulate
axial tension and compression of copper, gold, and
nickel nanowire. The main target was to find out
mechanical deformation criteria of nanowires.
Garciamochales et al [13, 14] studied the influence
of tensile force and temperature on Nickel nanowires
and found that if the temperature is raised to 500K,
the configuration enhanced but at wvery higher
temperature the configuration declines. Zheng et al
[15] and Lu et al [16, 17] studied the deformation
and fracture mechanisms of gold nanowires below
sub-20 nm range through experiments. Temperature
and strain rate dependent mechanical properties of
metallic nanowires have also been investigated [17].

As stated earlier, studying the metal nanowires in
experimental approach is a gruesome task because of
the current technological limitations. Analysis of the
metallic nanowires, however, can be studied
effectively using molecular dynamics method [18].
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While the experimental work becomes relatively
difficult, several atomistic simulation techniques
have been utilized to model photon transport in nano
structured materials [22]. Two prevailing methods
are Monte Carlo (MC) simulation and Molecular
Dynamics (MD) simulation. The MC method has
been used to solve the Boltzmann Transport
Equation (BTE) for phonon transport under the
relaxation time approximation [22]. The distribution
function obtained from Boltzmann’s equation can be
easily related to energy and therefore to temperature.
The basic principle of the MC simulation is to track
the phonon energy bundles as they drift and collide
through the computational domain [22]. On the
contrary Molecular Dynamics Simulation has been
used to examine the thermal properties in nano
structured  materials  where  phonon-phonon
scattering dominates heat transfer [23].

This method is now-a-days very popular method
for calculating different transport properties. It is a
very powerful toolbox in modern molecular
modeling and enables us to follow and understand
structure and dynamics with extreme detail-literally
on scales where motion of individual atoms can be
tracked. As nanowires have really small dimensions,
MD simulation can act as a crucial numerical tool to
study to the properties of these nanowires along with
the deformation criteria. Many studies have been
carried out to investigate the compressive properties
of nanowires but very few of them involve the study
of stress-strain behavior of metallic nanowire
(copper). The main purpose of this paper is to
investigate the stress-strain behavior of copper
nanowire subjected to uniaxial compression and also
to demonstrate the effects of twin boundaries on
these nanowires. Using various twin boundary
spacing this paper aims to discuss the dislocation
criteria inside a copper nanowire uring uniaxial
compression.

In the current study, mechanical properties of
FCC copper nanowire have been investigated for
one strain rate. To investigate the size effect of
nanowire two different diameters (2.88 nm and 5.76
nm) have also been selected for a fixed temperature
of 0.1K. To investigate the dislocations of the
nanowires Dislocation Extraction Algorithm (DXA)
has been used in this study.

Il. SIMULATION METHODOLOGY

In the present study molecular dynamics
simulations have been performed using the
LAMMPS Molecular Dynamics Simulator [24].
LAMMPS use an interatomic potential to carry out
these simulations. Here, embedded-atom-method
potential for FCC copper has been used [25]. Ver
few studies have been done to investigate the
behavior of copper nanowire under compression.
Using the compressive strain rate of 1 x 10 s, in
this study, the effects of twin boundary on copper
nanowire has been investigated. Nanowire models

have been created using the lattice parameter 3.6
which supports the results from the previous studies.
The aspect ratio (o) of these nanowires have been
kept constant. Aspect ratio has been defined as-

d
“=7

Where, d = diameter of the nanowire and | = length
of the nanowire. In this case, o = 2. While o has
been kept constant, the value of d and | have been
varied to see the effect. Two types of nanowires
have been created for the simulation purposes which
have been shown in Fig. 1. At first, the diameter and
length have been chosen as 2.88 nm and 5.76 nm
respectively. This nanowire contained 3088 atoms.
Later the diameter has been chosen as 5.76 nm and
the length of the nanowire has been chosen as 11.52
nm, which consisted of 25376 atoms.

2.88 nm

(b)
Fig. 1 Nanowire models (a) without twin boundary
(b) with coherent twin boundary

2.88 nm

The nanowires have been modeled in the [100] axial
direction and the compression was also applied in
the same direction. The simulation box has been
taken as periodic in every directions. These
simulations have been performed at the constant
0.1K temperature. Besides, the NPT ensemble has
been used here with a time step of 0.001pico second.
Before starting the simulation, all the nanowires
were equilibrated for 30 ps. Uniaxial compression in
the [100] direction has been applied. Besides centro-
symmetry parameter has been used to colour the
atoms along with the dislocations extraction
algorithm. The reason behind using EAM potential
is that the EAM potential is a kind of N-body
potential that reflects the interactions between atoms
as well as the corresponding anisotropic. The total
potential energy of the crystal is divided into two
parts: one part of the energy is pair potential
between the atoms in the crystal lattice; the other is
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the embedded energy of atoms embedded in the
electron cloud background, and it represents the
many-body interactions. The pair potential and
embedded potential that form the EAM potential are
selected in accordance with the experience.

1
U= z Fi(p)+ ;Z 9, (rij)
i j#i

Where ¥; F;(p) is embedded energy; ¢;; (T‘i]-) is
pair potential.

In this study, the effects of twin boundary has also
been investigated. Two different nanowire models
have been created with two types of twin boundary
spacing. Here, coherent twin boundary has been
created inside the nanowire. At first, the twin
boundary spacing has been kept 2.88 nm and later
this value has been taken as 1.44 nm. In the first case,
one twin boundary has been created between the
boundaries of the nanowire. In the second case, three
twin boundaries have been inserted.

I11.RESULTS AND DISCUSSION

A. Effect of uniaxial compression:

In this study 1 x 1010 s-1 has been chosen as the
strain rate which has been applied in the [100]
direction at both ends of the nanowire.
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Fig. 2 Stress-strain behaviour of copper nanowire at
0.1K temperature (a) compression (b) tension

From Fig. 2, the stress-strain relationship of the
nanowire can be discussed. Unlike the tensile stress
this value is much lower.Later in this study the effect
of larger diameter has been shown. The compressive
stress shows a smooth parabolic shape which rises to
the maximum value of 1.2 GPa. Due to the large
amount of compression, changes occur in the atomic
level of the nanowire.

B. Effect of aspect ratio:

Here, the aspect ratio has been kept constant with
a varying length and diameter. From Fig. 3 it is
evident that the value of compressive stress is higher
for larger diameter. In this particular case, the
diameter is twice the initial diameter. The value of
maximum stress is almost 2 GPa. This happens for
the larger surface area of the cross-section of the
nanowire. Due to a large cross-sectional area, the
value of the yield strength increases.
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Fig. 3 Stress-strain behaviour of copper nanowire
at 0.1K temperature for two different dimensions

C. Effect of twin boundary:

One of the main purposes of this paper is to
investigate the effects of twin boundaries on copper
nanowire. Using two distinguished twin boundary
spacing, this simulation has been performed. As
usual the nanowires have been equilibrated for 30 ps.
Fig. 4 shows the twinned nanowire after energy
minimization. The internal atomic structure of the
nanowire changes due to compression which can be
seen from the Fig. 5. It clearly demonstrates the
surface morphology of twinned copper nanowire
during compression. Up to 10% strain there is
almost no change in the nanowire. But after the 15%
strain rate there is drastic change in the nanowire
morphology.

Fig. 4Equilibrated nanowire model of copper with
three twin boundaries

5% strain
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20% strain
Fig. 5 Nanowires subjected to uniaxial compression
at different strains

From Fig. 6, the deformation criteria can be
discussed. Here, the defect mesh shows the
deformation procedure at different strains. Rapid
fracture occurs after 10% strain.

5% strain

15% strain

Fig. 6Equilibrated nanowire model of copper with
three twin boundaries

At 15% strain, fracture becomes clearly visible
which eventually initiates the occurrence of
dislocation lines.

During this period dislocations lines get clearly
visible. Partial and complete dislocations can be seen
from Fig. 7. These dislocations lines have been
shown using the DXA method. Here, these lines

predict the deformation criteria of the nanowire.
Most of the lines are partial dislocation lines.
Different colors predict different atomic structures.
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Fig. 7 Dislocations of copper nanowire during
compression

Fig. 8 demonstrates the stress-strain behaviour of
nanowires with and without twinning. Here, the
nanowire with minimum twin boundary spacing
shows the maximum vyield strength. On the other
hand, the nanowire without any kind of twinning
shows lowest value of yield strength.

=
S

—twin spacing 1.4 nm

~twin spacing 2,88 nm

=

Stress (GPa)

=2 2
=

~——without twinning

=
= o

0 0.02 0.04 0.06 0.08 0.1

Strain

Fig. 8Comparison of mechanical behaviours of
different copper nanowires

Besides, the change in atomic structure is also
evident from Fig. 9. Here, the grey atoms indicate
surface atoms. Due to compression the atomic
structure of the initial configuration changes from
FCC to others. The green atoms indicate FCC atoms.
Again, it can be seen that because of compression,
this FCC structure changes into BCC (blue atoms),
hcp (red atoms) and other atomics structures.
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(@)
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Fig. 9 Change of atomic structures of copper
nanowires during compression (@) before
compression (b) after 20% strain

IV.CONCLUSIONS

The present study discusses the deformation
criteria of twinned copper nanowire with the help of
dislocations. The dislocation lines initiates fracture
inside the nanowire and reduces the stress which
have been discussed using the defect mesh. Besides,
there is significant increase in stress with the
lowering of twin boundary spacing. It has also been
shown in this study how the atomic structures of
copper nanowires change during uniaxial
compression.
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