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al performance of Ni–Co alloy
nanowires by molecular dynamics simulation

Xuefeng Lu, * Panfeng Yang, Jianhua Luo, Junqiang Ren, Hongtao Xue
and Yutian Ding

In this present contribution, tensile mechanical properties of Ni–Co alloy nanowires with Co content from

0 to 20% were studied by molecular dynamics. The simulation results show the alloy nanowire with the Co

content of 5% has the highest yield value of 9.72 GPa. In addition, more Frank dislocations were generated

during the loading process to improve the performance of the alloy nanowire. The Young's modulus

increases little by little from 105.68 to 179.78 GPa with the increase of Co content. Secondly, with the

increase of temperature, the yield strength gradually decreases to 2.13 GPa. Young's modulus tends to

decrease linearly from 170.7 GPa to 48.21 GPa. At the temperatures of 500 K and 700 K, it is easier to

form Frank dislocation and Hirth dislocation, respectively, in the loading process. The peak value of the

radial distribution function decreases and the number of peaks decreases, indicating the disappearance

of the ordered structure. Finally, after the introduction of the surface and inner void, the yield strength of

the nanowire drops about to 8.97 and 6.6 GPa, respectively, and the yield strains drop to 0.056 and

0.043. In the case of the existence of internal void, perfect dislocation and Hirth dislocation can be

observed in the structure.
Introduction

In recent years, with the improvement of material preparation
technology and the change of material application require-
ments, the performance of single pure metal Ni and Co cannot
meet the service requirements of materials in harsh environ-
ments. At present, because of its high hardness, good wear
resistance, corrosion resistance, high temperature resistance
and magnetism,1–5 Ni–Co alloy has received extensive attention
in a variety of elds with regards to coating materials, magnetic
materials and absorbing materials. The main methods for the
preparation of Ni–Co alloy include co-deposition,6 electrode-
position,7 template method,8,9 liquid phase reduction method,10

sol–gel method,11 et al. The products with excellent perfor-
mance are mainly obtained by adjusting the composition ratio
and changing the experimental conditions. You et al.12 prepared
Ni–Co alloy lms by electrodeposition at room temperature,
and found that the deposited lms had a face-centered cubic
structure and grain renement. Maaz et al.13 prepared core and
shell nanowires with fcc-Ni as the core and hcp-Co as the shell
through experiments, and found that the saturation magneti-
zation increased with the decrease of temperature. Akbarzadeh
et al.14 used molecular dynamics to conduct a thermal analysis
on the nanoclusters of Ni–Co alloy, and found that the increase
ing and Recycling of Non-ferrous Metal,
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of Ni content could improve the thermodynamic stability of the
structure. The study of Ni–Co alloy nanostructures has become
an important research issue because of unique and fascinating
properties. Although the experimental research of Ni–Co alloy
has already had a certain basis, the development of alloy
materials requires a deeper understanding of the relationship
between structure and properties at the atomic level.

Compared with traditional bulk materials, metal nano-
structured materials have some specic properties and effects,
and have been widely used in nano-electronic devices. More-
over, the thermal and mechanical behaviors of nanostructured
materials have an important impact on the usability and reli-
ability of related nano-devices.15–17 The researchers experimen-
tally prepared nanocrystalline Ni–Co alloys with different grain
sizes and Co content, and found that the addition of Co
increased strain hardening capacity and plasticity. Moreover, it
was realized that the tensile strength and elongation to failure
of the alloy increased to some extent when FCC and HCP phase
were mainly in the alloy.18 Yang19 found that with lowering
stacking fault energy, both the planar slip mode and the
increased twinnability enhance the strain-hardening capability
of the superalloy, which postpones the initiation of necking.
Thus, the Synchronous improvement of strength and plasticity
in the double-phase superalloy is achieved. Qin20 prepared Ni–
Co alloy by electrodeposition method and found that the grain
renement, solid-solution hardening and decrease of stacking
fault energy, which are caused by alloying of Co element, should
be responsible for the excellent mechanical performance.
RSC Adv., 2019, 9, 25817–25828 | 25817
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Table 1 Optimized values of fitting parameters of the EAM potentials
for NiCo.23

Parameter Value

rc (nm) 0.62958
h (nm) 3.3816 � 10�2

E0 (eV) 0.18136
r1 (nm) 0.2829
b1 2.1236
Q 1.5906
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Therefore, it is of great signicance to study the mechanical
performance of Ni–Co alloy nanostructures and explore its
better properties and wider applications.

In the present contribution, the tensile behavior of Ni–Co
alloy nanowires is investigated by molecular dynamics. Simul-
taneously, the inuences of Co content, temperature and
vacancy defects on the properties of Ni–Co alloy nanowires are
analyzed as well as the structural transformation and internal
deformation mechanism in the process of external loading.
d (eV) �3.594 � 10�2

sNi 0.6816
sCo 1.0000
gCo (eV) 0.16643
gNi (eV) 0.9294
Simulation details

We refer to the modeling method adopted by Mojumder to
study the mechanical properties of Al–Cu alloy.21 The Ni–Co
alloy nanowires are obtained by randomly adding some Co
atoms to the Ni nanowires, as shown in Fig. 1. A replacement
solid solution can be got by Co atoms serving as a substitute for
Ni atoms. In the simulation system, the free boundary condi-
tions are employed in three axial directions. In order to obtain
a stable initial structure, the steepest descent algorithm is
utilized to minimize energy before applying an external loading.
Canonical ensemble (NVT) is used throughout the simulation
process with an integration time step of 1 fs. The simulation
system is controlled at 300 K by the Nose–Hoover temperature
controller for 50 ps and the damping constant is set to 0.1. Some
atoms at both ends are xed along the Z-axis and then external
loads were applied, and the loading speed is set at 0.02 Å ps�1.
The X, Y, and Z axes correspond to [100], [010], and [001] crystal
orientations, and the size of the model is 24.64 � 24.64 �
197.12 Å3. The aspect ratio of nanowire is 8 : 1 and the atom
number of system is 12 713.

Here the MD simulations are carried out using the large-
scale atomic/molecular massively parallel simulator
(LAMMPS).22 All simulations used the EAM (Embedded Atomic
Method) potential23 to describe the interactions between atoms
in the system, which has been shown to be correct in the Ni–Co
system.23,24 In the EAM,25 The total energy Ei of an atom i is
represented by:

Ei ¼ Fi

X

jsi

�
ri
�
rij
��þ 1

2

X

jsi

Bij

�
rij
�

(1)

HereBij(rij) is the pair-interaction energy between atoms i and j
separated by a distance rij, Fi is the embedding energy of atom i
Fig. 1 The simulation Ni–Co alloy nanowire configuration. Ni: green; C

25818 | RSC Adv., 2019, 9, 25817–25828
and ri is the host electron density induced by all surrounding
atoms j at the location of atom i.

The host electron density is given by:

ri ¼
X

jsi

rj
�
rij
�

(2)

where rj(r) is the electron-density function assigned to atom j.
The details of the parameters are shown in Table 1. Refer to

ref. 23, 26 and 27 for details on potential function construction.
Atomeye28 is used to visualize atomic motion trajectories and
atomic conguration analysis was performed by Ovito so-
ware.29 The structural transformation of the nanowires aer
deformation is analyzed by the Common Neighbor Analysis
(CNA).30,31 The dislocation changes during loading were
analyzed by DXA (Dislocation Extraction Algorithm).32

Results and discussions
Effect of Co content on tensile mechanical performance of Ni–
Co alloy nanowire

For the purpose of investigating the mechanical performance
and the fundamental deformation mechanism, the stress–
strain curves are illustrated in Fig. 2 with the Co atom content
from 0 to 20% at random position of nanowires. The tensile
stresses increase gradually with the addition of Co elements for
the Ni–Co alloy nanowires. The stresses of nanowires increase
with the increasing of strains and then drop when the yield
behavior occurred, as shown in Fig. 2a. In contrast, the yield
o: pink atoms.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Stress–strain curves of Ni–Co alloy nanowires. (b) Yield strength of alloy with different Co content. (c) Young's modulus of alloy with
different Co content. (d) Potential energies of Ni–Co alloy nanowires.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
2/

8/
20

25
 1

1:
54

:3
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
strains of the materials aer alloying decrease, which values are
lower than that of pure Ni nanowire of 0.073. The alloy nanowire
with the Co content of 5% has the highest yield value of
9.72 GPa (as illustrated in Fig. 2b). Accompanying the increase
of Co content, the Young's modulus increases little by little
from 105.68 to 179.78 GPa, demonstrated in Fig. 2c. Fig. 2d
shows the potential evolution with the change of strain, it is
found that aer alloying the potential energies of materials with
different Co content increase compared to pure Ni metal. On
the one hand, the replacement of Co in the crystal lattice of Ni
results in lattice distortion and hinders dislocation movement.
Also, the addition of Co reduces the stacking fault energy of the
material. Above all, aer the addition of Co, the internal energy
increases and high resistance to external forces is obtained,
which are conducive to the potential applications in elds of
aeroengine and energy devices.

In order to clear the internal conguration evolution, the
middle region of nanowire is magnied. As shown in Fig. 3(a1)–
(d1), the structure includes red surface atoms, the concentrated
area of light blue atoms is stacking fault, and the dark blue
atoms represent perfect FCC lattice atoms. Fig. 3(a2)–(d2) shows
the removal of perfect FCC lattice atoms by CNA method,
leaving surface atoms, stacking fault, disordered atoms and
dislocations. Fig. 3a is the state of nanowires with a Co content
of 10% before yield. When the strain comes to 0.0627, the yield
This journal is © The Royal Society of Chemistry 2019
behavior of nanowires occurs when the dislocation occurs (as
described by the arc purple line) and starts to move, as shown in
Fig. 3b. Meanwhile, stacking fault caused by dislocation
movement can be observed, as demonstrated by blue atoms. At
strain of 0.064 (Fig. 3c), the stacking fault has accumulated with
the extension of dislocation. It is found that in the process of
loading, the dislocation moves to the surface of the nanowire
and disappears, leaving steps (two oval line) on the top and
bottom surfaces of the nanowire. The generated steps can be
used as the dislocation source to continue transmitting the
dislocation. As the dislocation moves (the arc red line), a certain
number of stacking faults atoms are shown. In Fig. 3d, as the
deformation progresses, hcp crystal structure composed of
perfect stacking faults (light blue atoms) can be seen.

It can be seen from Fig. 4 that, according to the DXA analysis
results, the dislocation line length rstly increases and then
decreases during the loading process. It can be seen that
compared to the other components, the generated dislocation
length of alloy nanowires with Co content of 5% is relatively the
largest in the process of loading. Firstly, the introduction of Co
element reduces the stacking fault energy of the material,
leading to the reduction of the stress required for dislocation
formation in the loading.

Therefore, when the Co content is 5%, the nucleation of
dislocation becomes easier and the length of dislocation line
RSC Adv., 2019, 9, 25817–25828 | 25819
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Fig. 3 The deformation process of Ni–Co alloy nanowires with a Co content of 10% and an aspect ratio of 8 : 1 under tensile loading with
different strains: (a) 0.0478; (b) 0.0627; (c) 0.064; (d) 0.07.
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generated in the loading process signicantly increases.
However, the large amount of Co element will prevent the
formation and expansion of dislocation, and subsequently it is
found that when the Co content is more than 10%, the
obstruction effect is particularly obvious.

Because the lattice distortion caused by the addition of Co
atoms and the reduction of the stacking fault energy of the
system are of great help to the formation of dislocation, the
length of dislocation line increases obviously. The increase of
dislocation density improves the work hardening ability of
nanowires, leading to the increase of strength. As the system is
small, the dislocation line length in the structure is short, so the
reaction between dislocations is weak. Shockley partial dislo-
cation is usually the main part, and the mutual reaction
between dislocations promotes the generation of other types of
dislocations. The two Shockley dislocations intersect on the slip
plane to generate stairs-rod dislocations. The generation of
Frank dislocations can block the intersection of Shockley
25820 | RSC Adv., 2019, 9, 25817–25828
dislocations, resulting in the disappearance of the stair-rod
dislocations. Fig. 5 shows the relationship between the strain
and the length of different types of dislocation lines generated
during the loading process. From the simulation results,
different type of dislocations such as Frank, Shockley and stair-
rod dislocation can be observed in the loading process under
the conditions of different Co content. In Fig. 5a, Shockley
dislocation and stair-rod dislocation formed in pure Ni system
in the process of tensile loading, can be found. When the
content of Co comes to 5%, the length of Shockley dislocation
line in the structure increased and there exists a highest value of
140 Å, as shown in Fig. 5b. It is worth noting that stair-rod
dislocation disappeared while Frank dislocation appeared in
alloy nanowire. For Fig. 5c, the length of Shockley dislocation
line in the nanowire decreases remarkably. At this time, Frank
dislocation disappeared. However, stair-rod dislocation
appeared again and there is a maximum value of 40 Å.
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The relationship between dislocation line length and strain in
alloy nanowires with different Co content under tensile loading.
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As two common xed dislocations in FCC structure, Frank
dislocation and stair-rod dislocation hinder the movement of
other dislocations to some extent,33,34 and thus show high yield
strength in the stress–strain relationship, which is according
with the results in Fig. 2a and b. With the continuous increase
of Co content, the hinder extent derived from Co atoms in the
formation and expansion of dislocation increases distinctly,
resulting in the drop of the length of Shockley and stair-rod
dislocation in Fig. 5d and e.

The experimental results of Xu et al.35 show that in nano-
crystalline Ni–Co alloy when the Co content is lower than 15.4%,
the tensile strength increases with the increase of Co content.
Fig. 5 Dislocation types and length changes in alloy nanowires with differe

This journal is © The Royal Society of Chemistry 2019
Combined with the information shown in Fig. 2 in this paper,
the yield strength of nanowires was higher when the Co content
was 5% and 10%. Therefore, considering the two factors, we
selected 10% Co alloy nanowires for further analysis of
temperature and defect effects.
Effect of temperature on tensile mechanical performance of
Ni–Co alloy nanowire

In order to study the inuence of temperature on the loading
process of Ni–Co alloy nanowires, the temperature range of
300K–1100 K was selected in this part to observe the deforma-
tion behavior of nanowires when the temperature increased.
Fig. 6a is the stress–strain curve with the change of temperature
factor. It can be seen that with the increase of temperature, the
yield stress of the nanowire decreases obviously, and the yield
strain also decreases remarkably. At the same time, it is found
from Fig. 6b that the yield strength at 300 K has the highest
value of 9.53 GPa. With the increase of temperature, the yield
strength gradually decreases to 2.13 GPa. For Fig. 6c, it is found
that with the increase of temperature, Young's modulus tends
to decrease linearly from 170.7 to 48.21 GPa. Fig. 6d shows the
radial distribution function of nanowires at different tempera-
tures. At 300 K, the RDF peak value represents the ordered
structure of nanowires. As the temperature rises, the peak value
of the radial distribution function decreases and the number of
peaks decreases, indicating the disappearance of the ordered
structure.

For the purpose of further investigating the effect of
temperature on the deformation mechanism, the snapshots at
yield points (according to the A-D points in Fig. 6a) under
different temperatures are used to analyze the distinction.
Fig. 7a shows the state corresponding to the yield point of the
nanowire at a temperature of 500 K. The color meanings shown
nt Co content under tensile loading: (a) 0; (b) 5%; (c) 10%; (d) 15%; (e) 20%.

RSC Adv., 2019, 9, 25817–25828 | 25821
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Fig. 6 (a) Stress–strain curves of Ni–Co alloy nanowires. (b) Yield strength of alloy with different temperature. (c) Young's modulus of alloy. (d)
Radial distribution function of Ni–Co alloy nanowires.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
2/

8/
20

25
 1

1:
54

:3
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
in Fig. 7 are consistent with those described in Fig. 3. The
number of disordered atoms in the system increases signi-
cantly, and the stacking fault caused by dislocation motion is
found. When the temperature comes to 700 K, the structure
state of the nanowire when yielding behavior occurs is shown in
Fig. 7b. It is observed that the disordered atoms in the system
continued to increase, and the generated stacking fault region
became smaller, as illustrated by blue atoms. In Fig. 7c, the
same change can be observed in the conguration state at 900 K
temperature. The number of disordered atoms increases
sharply, while the number of atoms with fcc structure decreases
obviously. When the temperature rises to 1100 K, it can be seen
from Fig. 7d that the system is dominated by disordered atoms,
and the yield behavior is mainly affected by temperature, and no
obvious stacking fault is observed. This is because that the
thermal vibration between atoms intensies when the temper-
ature increases, making it different to observe the stacking
fault, meanwhile, the factor affecting atom distribution and
internal structure transmits from dislocation to temperature.

Fig. 8 depicts the relationship between dislocation line
length and strain in the nanowires under different tempera-
tures. It is found that with the rise of temperature from 300 K to
1100 K, the dislocation line length in the system signicantly
decreases. When the temperature is 300 K, the dislocation line
length shows the larger values at different strains and a highest
25822 | RSC Adv., 2019, 9, 25817–25828
value of 78 Å is obtained. When the temperature elevates to
1100 K, the dislocation line length exhibits the lower values.
Meanwhile, with the increasing of temperature, the strains of
the initial dislocation occurred decreases gradually (herein
called as the strain advance phenomenon), which is corre-
sponding to Fig. 6a.

As the temperature increases, the dislocation lines generated
are shorter and easy to disappear due to the disorder of atomic
structure. The formation of Hirth dislocation is consistent with
that of stairs-rod dislocation, but partial dislocations have
different reaction directions on the slip plane. The relationship
between the strain and the length of different types of disloca-
tion lines generated under different temperatures is illustrated
in Fig. 9. Frank, Hirth, stair-rod and Shockley dislocations are
present in the loading. Firstly, it is observed that the length of
all kinds of dislocation lines decreases obviously with the
increase of temperature. From Fig. 9a, it can be found that stair-
rod and Shockley dislocations are dominated in the nanowires.
When the temperature rises to 500 K, the stair-rod dislocation
disappears and a small amount of Frank dislocations form in
Fig. 9b. In the case of 700 K in Fig. 9c, a little of emerging Hirth
dislocations generate with the length of 10 Å. There are no
Frank and stair-rod dislocations at this time. When the
temperature are in the range of 900–1100 K in Fig. 9d and e, the
stair-rod and Shockley dislocations are still main role in the
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Snapshots of nanowire at yield points with different temperature under tensile loading: (a) 300 K; (b) 700 K; (c) 900 K; (d) 1100 K.

Fig. 8 The relationship between dislocation line length and strain in
alloy nanowires with different temperatures under tensile loading.

This journal is © The Royal Society of Chemistry 2019
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nanowires, similar to that at 300 K. However, the length values
of the two kinds of dislocations decrease obviously. In brief, the
increase of temperature within a certain range can promote the
generation of Frank dislocation and Hirth dislocation, and with
the further increasing of temperature the two types of disloca-
tions disappear.
Effect of void defect on tensile mechanical performance of Ni–
Co alloy nanowire

In practical applications, it is still difficult to produce nanowires
with perfect structure. Defects are oen found and mainly
include large voids, vacancies and gaps, which may appear on
the surface and at the core. Sheikh F. and others36 analysed the
inuence of defects on the mechanical performance and found
that the existence of defects and has a larger effect on the
performance. The crack growth of nickel base single crystal
alloy under shear loading was studied by molecular dynamics,
and it was analyzed that the presence of preset defects could
RSC Adv., 2019, 9, 25817–25828 | 25823
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Fig. 9 The dislocation types and length changes of alloy nanowires at different temperatures during loading: (a) 300 K; (b) 500 K; (c) 700 K; (d)
900 K; (e) 1100 K.
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accelerate dislocation nucleation and crack growth, thus
reducing the performance of the alloys to a certain extent.37

Brochard et al.38 through studying the mechanism of internal
Fig. 10 (a) Stress–strain curves of Ni–Co alloy nanowires. (b) Yield stren
alloy nanowires.

25824 | RSC Adv., 2019, 9, 25817–25828
defects in the FCC nanowires, the discovery of internal defects is
considerable assist to the nucleation of dislocation and the
failure of nanowires. Heino P. et al.39 studied the fracture of
gth of alloy with different void defects. (c) Potential energies of Ni–Co

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Snapshots of the deformation behavior of the nanowires with surface void in the process of tensile loading with different strains: (a) 0; (b)
0.0558; (c) 0.0572; (d) 0.065.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
2/

8/
20

25
 1

1:
54

:3
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
copper nanowires with different defect types, and observed that
as the source of cracks, defects can reduce the strain strength of
nanowires until they break. Therefore, it is particularly impor-
tant to understand the mechanism of the inuence of the
existence and location of defects on the material properties.

In this part of the work, the inuence of defect location
factors on the properties of nanowires was investigated. The
built defect models of system are shown in Fig. 11a and 12a,
which are obtained through removing about 0.3% of the atoms
(41 atoms) in the surface and internal of the nanowires as the
introduction of void defects. The effects of void defects on the
performance of alloy nanowires are studied by contrasting the
deformation behaviors of the perfect, surface void and internal
void. Fig. 10a is the stress–strain curve of the tensile process of
the alloy nanowires with and without defects. It can be clearly
This journal is © The Royal Society of Chemistry 2019
seen that the introduction of defects has a great inuence on
the properties of nanowires. Aer the introduction of the inner
void, the yield strength of the nanowire drops to 6.6 Gpa, and
the yield strength of the surface void decreases by a relatively
small extent, which can be observed in Fig. 10a and b. The yield
strains of the nanowire drop to 0.043 and 0.056, respectively,
lower than that of perfect nanowire of 0.063. Fig. 10c shows that
potential energy of the nanowire increases with the change of
strain, and the potential energy of the internal defect is slightly
higher than that of the surface defect. When the yield behavior
occurs, the dislocationmovement and stacking fault are present
in the nanowire, resulting in a process of energy decline, which
is similar to the evolution process aer the yield point in
Fig. 10a.
RSC Adv., 2019, 9, 25817–25828 | 25825
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Fig. 12 Snapshots of the deformation behavior of the nanowires with internal void in the process of tensile loading with different strains: (e) 0; (f)
0.043; (g) 0.045; (h) 0.0548.
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In the middle part of the nanowire, atoms in the rectangular
frame with the size of 1 � 1 � 4 Å3 are removed to form the
surface void. The color meanings shown in Fig. 11 and 12 are
consistent with those described in Fig. 3. Fig. 11a is the initial
state of the nanowire with surface void. Fig. 11b is the state
corresponding to the yield of nanowires with surface void when
3 ¼ 0.0558 (yield strain). The cyan atomic structure represents
a stacking fault, and the pink line represents a dislocation. It
can be seen that the dislocation rst formed at the end of the
void and caused the generation of stacking fault, as demon-
strated by a few blue atoms. When 3 ¼ 0.0572, Fig. 11c is the
dislocation formed at the end of the surface void continues to
expand aer the yield behavior occurring, and the area of the
stacking fault increases correspondingly. In Fig. 11d, when 3 ¼
25826 | RSC Adv., 2019, 9, 25817–25828
0.065, tiny steps (as shown by orange circle line) are le when
the dislocation line extends to the surface of the nanowire, and
the stacking fault also spreads through the upper and lower
surface of the nanowire (as shown by orange arrows).

Similarly, the atoms in the rectangular frame with the size of
1� 1� 4 Å3 are removed in the middle of the nanowires to form
internal void, as shown in Fig. 12e, which is the initial structure
state of the alloy nanowires with internal void. Fig. 12f shows
the state of yield behavior of nanowire at 3 ¼ 0.043. It can be
seen that the disordered atoms are gather around the inner
void, and the initial dislocations and stacking fault (blue atoms)
can be observed. When 3 ¼ 0.045, it is found that the expansion
of dislocation leads to the formation of stacking fault, as
described in Fig. 12g. Meanwhile the necking phenomenon of
This journal is © The Royal Society of Chemistry 2019
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Fig. 13 The relationship between dislocation line length and strain in
alloy nanowires with different void defect under tensile loading.

Fig. 14 The dislocation types and length of the defective nanowires vary with strain during loading. (a) Perfect nanowire; (b) surface defect
nanowire; and (c) internal defect nanowire.
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nanowire occurs. When the strain increases to 0.0548, it is
shown in Fig. 12h that the accumulation of stacking fault and
the aggravation of necking phenomenon can be observed. To
sum up, the initial dislocation sources both occur around the
void defects. Also, the location of defects has a great impact on
the mechanical properties of nanowires. The nanowire with
internal void defect has lower yield strength and yield strain,
and shows the whole higher potential energies in the tensile
process.

Fig. 13 describes the relationship between dislocation line
length and strain in the nanowires in three cases. For the
presence of internal void defect, the dislocation line length rst
increases and then decreases gradually when the strain is above
0.13, and the total dislocation line length is the longest in three
cases. In addition, the length of dislocation line is shorter at the
initial dislocation formation phase and increases dramatically
when the strain exceeds 0.17.

Corresponding to Fig. 11, the nanowires with surface voids
generate partial dislocations from stress concentration at the
voids and expand with loading. There is no mutual reaction
This journal is © The Royal Society of Chemistry 2019
between dislocations, so no other dislocations are generated.
Corresponding to Fig. 12, the deformation of nanowires with
internal voids is relatively complex, and the interaction between
partial dislocations promotes the formation of new disloca-
tions. Shockley dislocation combines to generate perfect dislo-
cation, reducing stress concentration and promoting
dislocation movement on the slip plane. Fig. 14 shows the
relationship between the strain and the length of different types
of dislocation lines generated under different defect types. It is
found that only Shockley dislocation exists in the structure for
surface defect in Fig. 14b, and the length of initial nucleation
dislocation is relatively short with the value of 10 Å. Fig. 14c
illustrates the perfect, Hirth, stair-rod and Shockley dislocations
are all formed in the nanowires. Compared to Fig. 14a, the
Shockley dislocation line length decreases to 56 Å while the
stair-rod dislocation line length increases to 46 Å, meanwhile,
the length of the initial nucleating dislocation is comparatively
long. Subsequently, the early formation stage of perfect and
Hirth dislocations locate at the strain of about 0.062. With the
process of loading, the Hirth dislocation is invisible and the two
slight peaks can be observed for perfect dislocation at strain of
0.15.
Conclusions

In this paper, the effects of Co content, temperature and void
defects on the tensile mechanical properties of Ni–Co alloy
nanowires were studied by molecular dynamics simulation.

The results showed that:
Under the tensile loading, the increase of Co content can

improve the mechanical properties of nanowires to a certain
extent. The yield strength of nanowire with 5% and 10% Co
content is higher. Moreover, Frank dislocation in alloy nano-
wires with 5% Co content and stair-rod dislocation in nanowire
with 10% Co content greatly contribute to the improvement of
nanowires performance.

When the temperature is in the range of 300 K to 1100 K, the
yield strength of the nanowire goes down from 9.53 to 2.13 GPa.
RSC Adv., 2019, 9, 25817–25828 | 25827
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Specially, when the temperature is 500 K, the formation of
Frank dislocation becomes easier. As the temperature is 700 K,
the Hirth dislocation with length of 8 Å is formed in the
nanowires.

The inuence of surface and internal void on alloy nanowires
is mainly reected in the fact that the defect is used as the
dislocation source to emit dislocation, resulting in easier
formation of dislocation and lower yield point of nanowires.
The yield strength of nanowire with internal void decreases
about 30%, lower than that of nanowire with the perfect
nanowire. When internal void defect exists in nanowire struc-
ture, it is easy to form perfect dislocation and Hirth dislocation.
With the presence of surface void defect, only Shockley dislo-
cations occur in the nanowires.
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