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Abstract: Based on the EAM potential, a molecular dynamics study on the tensile properties of ultrathin nickel nanowires in the
(100) orientation with diameters of 3.94, 4.95 and 5.99 nm was presented at different temperatures and strain rates. The temperature
and strain rate dependences of tensile properties were investigated. The simulation results show that the elastic modulus and the yield
strength are gradually decreasing with the increase of temperature, while with the increase of the strain rate, the stress—strain curves
fluctuate more intensely and the ultrathin nickel nanowires rupture at one smaller and smaller strain. At an ideal temperature of 0.01
K, the yield strength of the nanowires drops rapidly with the increase of strain rate, and at other temperatures the strain rate has a
little influence on the elastic modulus and the yield strength. Finally, the effects of size on the tensile properties of ultrathin nickel

nanowires were briefly discussed.
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1 Introduction

In recent years, many researchers have paid more
attention on the nanomaterials due to their unique
mechanical, electrical, optical and other properties.
Recently an interest has accrued in
one-dimensional nanostructures [1,2]. As one of the
typical nanomaterials, the metal nanowires have broad
application prospects [3,4] in nanoprobe, nanoelectro-
mechanical systems (NEMS) and biomedical fields, and
are expected to play an important role in future research.
Many difficulties including the theoretical prediction
methods of mechanical properties, the synthesis methods
of these nanostructures and the experimental approaches,
are still remaining on the road of applications of
one-dimensional nanostructures, such as metallic or
non-metalic nanowires, nanotubes.

Metallic nanowires have received considerable
attention recently, especially in numerical simulation
studies [5]. The mechanical properties of the metal
nanowires are important factors that have effects on their

explosive

applications and reliabilities. WU et al [6] studied the
tensile strength and fracture of copper nanowires under
uniaxial tension, and found that the strength of copper
nanowires is much larger than that of the bulk copper,
and the cross-sectional size of the nanowires and the
tensile strain rate affect the yield strength and the
mechanical deformation. DIAO et al [7,8] analyzed the
strength of gold nanowires with the method of molecular
dynamics simulation. PARK et al [9,10] and LIANG and
ZHOU [11] simulated the uniaxial tension of gold and
copper nanowires, and observed the shape memory effect
and pseudo-elastic behavior of the nanowires. KOH et al
[12] simulated the temperature dependence and
strain-rate dependence of the deformation characteristics
and mechanical properties of the platinum nanowires
under unidirectional uniform tensile, and pointed out 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 [13] simulated axial tension and compression
of copper, gold, and nickel nanowire in its (100) and
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(110) crystal orientations, indicating that the mechanical
deformation of the nanowires was the inherent property
of the material. ZHANG et al [14,15] studied the
structure and properties of the nickel nanowires with the
initial configuration of FCC structure when compressed
in the axial direction, using the generalized simulated
annealing method with Sutton Chell potential, and drew
a conclusion that radial compression level affected the
structure of the nickel nanowires greatly. GARCIA-
MOCHALES et al [16,17] focused on the influence of
the tensile direction and temperature on the nickel
configuration, and uncovered the findings that the nickel
nanowire appeared a minimum cross-section with 5
atoms, and the formation was enhanced if the
temperature was raised to 500 K, but at higher
temperature, the configuration declines. SETOODEH et
al [18], HUANG et al [19], and WEN et al [20,21]
studied the mechanical properties of nickel stretched in
axial direction impacted by the strain rate and the size of
the nanowires using the method of molecular dynamics
simulation. SANSOZ and DUPONT [22] studied the
nanoindentation and plasticity properties of nickel
nanowires in nanocrystalline.

Except for the above numerical studies, there are a
few experimental efforts on mechanical properties of
metallic nanowires. ZHENG et al [23] and LU et al
[24,25] directly observed the deformation and fracture
mechanisms of gold nanowires below sub-20 nm range
through Limited by the
experimental conditions and technical means, it is very
difficult to study the metal nanowires in direct ways.
However, analysis of the metal nanowires in the method
of molecular dynamics simulation is an effective way at
nanoscale [26]. Although some research has been done
on the tensile properties of ultrathin nickel nanowires in
the above mentioned, the variation of stress—strain has
not yet reached a consensus, and rarely involves the
study of the temperature dependence. The temperature
and strain-rate dependence of the tensile properties of
metal nanowires is an important element in
nanotechnology research, and the microstructure of
nanowires is not easy to precisely control, therefore the
tensile properties of ultrathin nickel nanowires are
investigated at a wide range of thermodynamic
temperature and different strain rates based on molecular
dynamics method.

experiments. existing

2 Physical modeling and molecular dynamics
simulation

The lattice for the perfect single-crystal nickel
nanowire is in the form of FCC structure, and here the
lattice parameter of bulk nickel is utilized, 3.524 A (300
K). Three nickel nanowire models with the same length

of 15 nm and different diameters of 4, 5, and 6 nm,
respectively, are built in this work. Considering the
modeling errors with the LAMMPS software, the real
diameters are 3.94, 4.95 and 5.99nm, respectively. The
axial direction of nickel nanowires model is the (100)
crystallographic orientation of FCC lattices, in which the
periodic boundary condition is applied, and the
non-periodic boundary conditions is applied in other
orientations ((010) and (001)).

This work utilizes embedded atom method (EAM)
potential [27,28] to describe the interactions between the
nickel atoms in molecular dynamics simulation. 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 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. For the EAM
potential, the total potential energy of the crystal can be
expressed as

U=Y E(p)+5 2 4,) ()

J#i

where ZE(p) is embedded energy; %Z%(VU) is
i Jj#i

pair potential, which can be selected according to the

needs of the different forms; p is the summation of

electron cloud density generated by all other atoms

extranuclear except the i-th atom in the position of i-th

atom, which can be expressed as

p=> 1) 2

J#i

where f{(r;) is the charge density that the j-th atom
extranuclear contribute in the position of the i-th atom; r;
is the distance between the i-th atom and the j-th atoms.
For different metals, the embedded potential function
and the pair potential function can be determined by
fitting the metal macroscopic parameters.

System balance is one of the basic requirements for
MD simulations. Before performing any MD simulations,
one should firstly allow the system freely evolve to its
balance state without imposing any external force on the
ideal model. During the MD simulations, the time step is
set as 1 fs, and the NVT ensemble is utilized. In order to
study the temperature effects on the tensile properties of
nickel nanowires, the system temperatures are set as 0.01,
300, 600, 900, 1200, 1500 and 1800 K respectively in
MD simulations.

Another important requirement for MD simulations
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is sufficient relaxation. For all of models in this work,
the atomic configuration and the total system energy are
basically stable after an about 50 ps relaxation process,
that is to say, the system is in a fully relaxed state. This
atomic configuration at this moment is taken as the initial
state. Then, the nanowires are stretched in the axial
direction, i.e. (100) crystal orientation. According to the
existing Refs. [18,20,21], most of stretching speeds range
from 10 to 1000 m/s. In this work, four stretching speeds
are selected to perform tensile simulations, including 20,
80, 140 and 200 m/s, and the corresponding strain rates
shown in Table 1 are 1.384x10°, 5.536x10°, 9.688x10°
and 1.384x10' s, respectively.

Table 1 Strain rates versus stretching speeds
1

Strain rate/s” Stretching speed/(m's™")

1.384x10° 20
5.536x10° 80
9.688%10° 140
1.384x10'° 200

3 Simulation results and discussion

3.1 Stretching process

Figure 1 shows the nanowire morphology during the
stretching process of the d4.95 nm nickel nanowire at the
temperature of 300 K and strain rate of 1.384x10'" s,
According to the theoretical FCC structures, the

(d)

(e)
Fig. 1 Nanowire morphologies of d4.95 nm nickel nanowire at
300 K and strain rate of 1.384x10' s' during stretching
processes: (a) Original state; (b) Initial state, e&=0; (c) Yielding
state, £=0.10; (d) After yielding state; e=0.18; (e) After yielding
state, £=0.30

original nanowire model is built as shown in Fig. 1(a).
After being fully relaxed, the system reaches an energy
minimum state, called initial state, and the atomic
configuration is shown in Fig. 1(b). It can be found that
the nanowire morphology is substantially consistent with
the original theoretical model. Only after sufficient
relaxation, some of the nickel atoms on the nanowire’s
surface are rearranged, resulting in some local lattice
defects.

During each MD simulation, the left end of the
nanowire is fixed and the right one is applied the axial
load at the strain rate of 1.384x10' s™'. With the
increasing of the strain, the stress on the nanowire is
basically linear increasing, which will be discussed in
detail in the Section 3.3. When the strain ¢ is about 0.10,
the nanowire takes on a yielding state, whose
morphology is shown in Fig. 1(c). It can be seen that the
nanowire’s surface is cracked abruptly and some lattices
slide on the cracking area at the moment, which results in
a large number of lattice defects. Figures 1(d)—(e) show
the nanowire morphologies after yielding state at the
strain of 0.18 and 0.3, respectively.

Figure 2 shows the atomic configuration on the
middle cross section of d4.95 nm nanowire. As shown in
Fig. 2, before yielding, the nanowire keeps its original
lattices; at the yielding state, a large number of lattice
defects suddenly emerge inside the nanowire, and the
stress at this state is called yield strength. As stretching
going on, the lattice defects gradually increase and
expand from the middle part to both ends of the
nanowire, which results in the necking shape as shown in
Figs. 1(d)—(e) and final rupture at the strain of 0.36.
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Fig. 2 Atomic configuration on middle cross section of d4.95
nm nanowire at 300 K and strain rate of 1.384x10' s7': (a)
Before yielding state; (b) Yielding state; (c) After yielding state
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3.2 Simulation results and tensile properties

Through numerical MD simulations for these
ultrathin nickel nanowires (d3.94 nm, d4.95 nm and
d5.99 nm), the stress — strain curves have similar
variation tendencies, except for
distinctions. Herein, the d4.95 nm nanowire is taken as
an instance to present the simulation results at different
temperatures and different strain rates, as shown in
Fig. 3.

It can be seen from Fig. 3 that all of the nanowires
experience some similar stretching processes: elastic
stretching, yielding state, plastic stretching and fracture.
Before the yielding state, the nanowire is stretched
linearly basically and the slope of the stress—strain
curve is named elastic modulus. While at the yielding
state, many lattice defects occur inside the nanowire, and
the stress obtained by the nanowire reaches a maximum
value named yield strength. Subsequently, with the
strain’s increasing, the stress abruptly decline and then
the nanowire enters into a plastic deformation stage, i.e.
the period of plastic stretching. During the period of
plastic stretching, the stress received by the nanowire
continuous decreases until fracture.

The above phenomena are mainly due to the
different deformation mechanisms. Before the yielding
state, the nanowire is in the elastic stretching stage. At

some numerical
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Fig. 3 Stress—strain curves of nickel nanowires with diameters of 4.95 nm at different strain rates of: (a) 1.384x10°

(b) 5.536x10° s '; (c) 9.688x10° s '; (d) 1.384x10' 5~
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this moment, few lattice defects and few atomic
dislocations appear. As the nanowire is stretched, the
distance between atoms increases, but still retains the
original FCC lattice of nickel. While at yielding state, a
number of lattice defects appear and the atomic
arrangement is chaotic, plastic stretching and fracture
followed.

Tables 2 and 3 list the tensile properties of elastic
modulus and yield strength, respectively, for the ultrathin
nanowires under different conditions. The elastic
modulus reaches the maximum value of 134.7 GPa at
0.01 K, and the minimum value of 32.0 GPa at 1500 K.
At the strain rate of 1.384x10° s', the greatest yield
strength is 14.8 GPa at 0.01 K, while the weakest one is
1.8 GPa at 1500 K.

It can be concluded from Table 2 that with the
increasing of temperature, the elastic moduli are
constantly reduced for all cases of diameters. The yield
strengths have the same trend on temperature. At 300 K,
the elastic moduli are all 116-119 GPa. The yield
strength at 300 K are all 11-12 GPa.

3.3 Results analysis
3.3.1 Dependence on temperature

From Fig. 3(a), it can be found that the elastic
modulus and yield strength of nanowires decrease with
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Table 2 Elastic modulus of nickel nanowires at different strain rates and temperatures
Stain rate/s Diameter/nm Elastic modulus/GPa
0.01 K 300 K 600 K 900 K 1200 K 1500 K
3.94 134.2 116.5 98.6 79.0 57.5 -
1.384x10° 4.95 136.5 119.3 102.5 83.0 64.6 35.0
5.99 134.7 117.9 102.6 84.5 65.5 38.2
3.94 - 116.8 98.3 78.0 56.3 -
5.536x10° 4.95 - 119.4 102.1 81.4 61.7 355
5.99 - 117.8 101.9 84.8 65.7 40.3
3.94 - 116.9 98.8 78.9 57.0 -
9.688x10° 4.95 - 118.9 101.8 81.6 63.6 32.0
5.99 - 117.1 101.0 84.2 64.4 377
3.94 - 116.4 98.5 77.6 55.3 -
1.384x10"° 4.95 - 117.9 101.0 81.2 56.8 335
5.99 - 116.2 100.4 84.2 59.7 35.4
Table 3 Yield strength of nickel nanowires at different strain rates and temperatures
Stain rate/s ™' Diameter/nm Yield strength/GPa
0K 300K 600 K 900 K 1200 K 1500 K
3.94 14.8 11.1 8.5 6.5 42 -
1.384x10° 4.95 14.8 11.4 9.0 6.5 42 1.8
5.99 14.5 11.1 8.6 6.5 4.5 2.0
3.94 5.6 12.0 9.2 6.8 3.8 -
5.536x10° 4.95 5.8 12.1 9.5 6.9 4.7 2.3
5.99 6.1 11.8 9.0 7.0 4.8 2.5
3.94 3.5 12.2 9.5 6.7 4.5 -
9.688x10° 4.95 3.5 12.3 9.7 7.1 49 2.5
5.99 3.5 12.0 9.5 7.3 5.0 2.7
3.94 2.3 11.5 9.5 7.1 5.0 -
1.384x10" 4.95 2.5 11.5 9.9 7.5 5.0 2.5
5.99 2.6 11.5 9.6 7.4 5.0 2.6

the increasing of temperature. According to the theory of
thermodynamics, the total kinetic energy of all the atoms
of the system generally satisfies the following equation
[30]:
E =3 L2 =2 Nkt 3
k= ;gm"i 5 3)
where Fy is the total kinetic energy of the system; N is
the total number of atoms; kg is the Boltzmann constant;
T is the thermodynamic temperature.

According to Eq. (3), it can be concluded that the
higher the temperature is, the greater the total kinetic
energy the system contains, and the faster the atoms
move. From the thermodynamic point of view, the
thermal motion of the atoms is more intense, which
generates greater amplitude in its equilibrium position.

Under external loads, the attractive force between atoms
relatively reduced and atoms breaks away from the
equilibrium position easily, so the stress of the nanowires
reduces at the same strain, and elastic modulus
decreases.

The yield strength decreases as the temperature
increases. According to Eq. (3), the higher the
temperature is, the more active the atoms become, and
the more easily the atoms escape from their equilibrium
position, resulting in lattice defects. Being at the same
strain, the lattice defects and crystal dislocation of the
nanowires are more intense at higher temperature so that
the nanowires are more easily to reach their yielding
limits, i.e. yield strengths. Therefore, the yield strengths
of the nanowires at higher temperatures will be lower
than those at lower temperatures.
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From Figs. 3(b)—(d), an unique phenomenon can be
found that the yield strengths at 0.01 K are much lower
than those at 300 K, which don’t follow this law that the
higher the temperature is, the lower the yield strengths
will become. This phenomenon will be discussed in the
next section. It also can be seen from Fig. 3 that the
curves are smooth at 0.01 K. As the temperature
increases, the curve takes on some certain fluctuation:
the higher the temperature is, the more intense the
fluctuation becomes. The phenomenon above is due to
that high temperature will produce great kinetic energy
of the system, which will make it much more difficult to
reach a relative steady state for the simulated system.

One can find that the gradients of the stress—strain
curves become overall gentle at 1500 K, which is
because this temperature is close to the melting point of
nickel, and there are a large number of lattice defects
inside the nanowires. In another word, the nanowires are
at unstable states, and the deformation contributes little
to the stress.

The temperature of 1800 K is much higher than the
melting point of bulk nickel, which may be consistent
with nickel nanowire. That is to say, the nanowires may
be in melting stage and the nickel atoms are not in the
form of FCC lattice yet.

3.3.2 Dependence on strain rate

It’s noted that with the increasing of the strain—rate,
the ultrathin nickel nanowire will rupture at a smaller and
smaller strain. In another word, the high strain-rate will
result in rapidly rupture. According to data listed in
Tables 2 and 3, the curves of the elastic moduli and the
yield strengths of nanowires versus temperatures can be
drawn at different strain rates, as shown in Fig. 4. Figure
4(a) shows these tensile parameters at the lowest strain
rate of 1.384x10° s', and Fig. 4(b) shows those at a
higher strain rate of 9.688x10° s '. It’s obvious that both
elastic modulus and yield strength of different diameter
nanowires are basically equal to each other at the same
strain rate.

It can be found that there are some differences
between the curves in Figs. 4(a) and (b). The curves of
both the elastic modulus and the yield strength versus
temperatures in Fig. 4(a) have a uniform trend at the
lowest strain rate of 1.384x10° s '. However, at other
higher strain rates (5.536x10°, 9.688x10° and 1.384x10"
s), the elastic moduli are not given and the yield
strengths are also lower compared to those at other
temperatures. According to Fig. 3, the reason for the
above phenomenon can be found. At higher strain rate,
the stress—strain curves are nonlinear during the elastic
stretching process at 0.01 K, so that one uniform value
for the elastic modulus can’t be obtained.

This phenomenon shows that the yield strengths at
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Fig. 4 Elastic modulus and yield strength of nickel nanowires at
different strain rates: (a) 1.384x10° s™'; (b) 9.688x10° s'

0.01 K are much lower than those at 300 K when the
strain rate is relative higher than 1.384x10° s™'. At the
ideal temperature of 0.01 K, the system kinetic energy is
very small, in other words, the nickel atoms are all most
in stationary state. If the strain rate is very high during
the stretching process, the nickel atoms have not enough
time to response the forced movement to get theirs new
equilibrium positions. Therefore, comparing with 300 K,
the nanowire will step into its yielding state at a relative
smaller strain and stress at 0.01 K, producing a large
number of lattice detects at both ends of the nanowire.
Soon after, the nickel nanowire will go into the brittle
fracture state. Figure 5 shows the nanowire morphologies
during the stretching process of d4.95 nm nickel
nanowire at 0.01 K and strain rate of 5.536x10° s, The
brittle fracture occurs at a small strain of 0.089 on both
ends of the nanowire, and the majority of the nanowires
keeps its initial morphology during the entire stretching
process.

Figure 6 shows the stress—strain curves at 0.01 K
and at a relatively higher strain rate of 5.536x10° s™' for
different diameter nickel nanowires. The stress—strain
curves are overall smooth and have the same trend at the
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Fig. 5 Morphologies of d4.95 nm nickel nanowire at 0.01 K
and strain rate of 5.536x10° s i (a) &=0; (b) &=0.054;
(c) e=0.089
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Fig. 6 Stress—strain curves of d5.99 nm nickel nanowires at
0.01 K and at different strain rates

initial stretching stage, but there is almost no linear
region during the elastic stretching process. It’s obvious
that the strain rates have great impacts on yield strength
and yield stress. The higher the stress rate is, the lower
the yield strength becomes and the small the yield stress
is.

Figure 7 shows the stress strain curves of the d3.94
nm nickel nanowire at different strain rates. The curves
for other diameter nanowires at other higher
temperatures have similar trends. It can be concluded
that the strain rate has little effects on the elastic modulus,
that is to say, at 300 K or higher temperatures, the elastic
modulus basically maintains one uniform value no matter
how large the strain rate is. However, there no apparent
regularity with the effects of the strain-rate on the yield
strength. From Table 3, it can be found that the yield
strengths at the same temperature except for 0.01 K don’t
differ much at all.
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Fig. 7 Stress—strain curves of @3.94 nm nickel nanowire at
300 K (a) and 600 K (b) at different strain rates

3.3.3 Size effects on tensile properties

Figure 8 compares the stress—strain curves of
nickel nanowires with different diameters at 300 K and
strain rate of 1.384x10° s™'. It should be noted that at
other given temperature and strain rate, the similar trend
will happen to the stress—strain curves of the ultrathin
nanowires with different diameters.

12+
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Fig. 8 Stress—strain curves of nickel nanowires with different
diameters at 300 K and at strain rate of 1.384x10°
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From Fig. 8 and Table 2, one can find that the
elastic modulus of the d3.94 nm nanowire is a little less
than those of the d4.95 nm and d5.99 nm nanowires.
Here, the length-diameter ratio defined by the ratio
between length and diameter of the nanowire is adopted
to explain this phenomenon. For ultrathin nanowires, the
larger the length-diameter ratio is, the poorer stability the
nanowire will become.

In addition, the smaller diameter nanowires have
relatively larger specific surface area, and the lattice
defects mainly occur on the surface of the nanowires,
which makes the smaller diameter nanowires have the
higher ratio of lattice defects to all of the lattice
structures of the simulated system. The degree of lattice
defects of the nanowires directly affects the elastic
modulus of nanowires, so the d3.94 nm nanowire has the
lowest elastic modulus at the same strain rate. If the
diameter is further reduced, the nanowire would not even
stay steady.

The stress—strain curves of d3.94 nm nanowires
could not be obtained at temperature of 1500 K in Fig. 4,
hence there are no elastic modulus and yield strengths for
the d3.94 nm nanowires. At 1500 K, the nickel atoms
move faster than those at other lower temperatures,
which may result in much more lattice defects in the
d3.94 nm nanowire. Also the stretching process makes
the lattice defects more serious, which leads to the
greatly poor stability. Therefore, during the stretching
process, the d3.94 nm nanowires cannot exist stably
although 1500 K is lower than the melting point.

4 Conclusions

1) Under constant temperature, the stress—strain
curves of nickel nanowires show substantially linear
relationships during the early stretching process; once
exceeding the yield strengths, the stresses of nickel
nanowires reduce quickly.

2) The temperature dependence and the strain rate
dependence on tensile properties of nickel nanowires are
respectively discussed. Elastic modulus and yield
strength are gradually decreasing with the increase of
temperature. At 0.01 K, the yield strength of the
nanowires drops rapidly with the strain rate increasing,
and at other temperature the strain rate has little
influence on the elastic modulus and the yield strength.
At 1500 K, the nickel nanowire with the smallest
diameter of d3.94 nm could not remain in a stable state
during the stretching processes. Because 1800 K exceeds
the melting point of nickel nanowires, all of the ultrathin
nickel nanowires could not exist at 1800 K.
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