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Abstract
Carbon nanotubes are outstanding reinforcements owing to their unparallel strength, while their
effects on the copper nanowire are still not fully understood, hampering their broad applications.
Herein, we have investigated the tensile behaviors of the nanocomposite-wire of carbon
nanotube-copper using molecular dynamic simulations. For the nanocomposite, both the coated
and embedded carbon nanotubes increase the Young’s modulus, fracture stress and toughness of
the copper nanowire. A reinforcement of over fivefold in both yield strength (5.3 times) and
toughness (5.1 times) has been achieved when the carbon nanotubes are coated on the copper
nanowires, as well as 1.7 times in the Young’s modulus. Higher temperatures and lower loading
rates reduce the reinforcement.

Supplementary material for this article is available online
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1. Introduction

Carbon nanotubes (CNTs) are a well-known 1D carbon
structure and have been extensively explored in flexible and
wearable electrics, smart textiles, energy storage and con-
version, semiconductor fabrication, and high-strength nano-
composite [1–8]. The CNT-reinforced nanocomposites attract
extensive attention in the past decade due to its broad
potential applications [9–12]. In particular, nanocomposites
composed of metal-matrix and CNTs have been increasingly
investigated owing to their exceptional characteristics of high
Young’s modulus and high tensile strength of the CNTs
[13, 14]. For a small amount (less than one percent) of filling
of CNTs, the mechanical properties of the metal-based
composites improve significantly [15–17], proving a routine

to increase the strength-weight ratio via CNT reinforcement,
for reliability and light structural materials.

Extensive efforts have been made in the study of the
CNT-reinforced metallic nanocomposites, both theoretically
and experimentally [18–21]. Aluminum is the most popular
metal-matrix due to its availability, low cost, and reasonably
good mechanical characteristics [22–27]. Copper is an
excellent metal with outstanding thermal conductivities,
electric conductivities, corrosion resistance, and many other
merits, resulted in broad applications in industrial machinery
and electrical devices [28–30]. For example, copper is the
first-grade interconnect materials in ultra-large-scale inte-
grated circuits and semiconductor technology [31]. The
CNT/Cu composite potentially have super electric con-
ductivity and thermal conductivity, which could further
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reduce the size and power consumption of integrated circuits.
With higher electric and thermal conductivity and strength,
the CNTs reinforce electrical, thermal, and mechanical
properties of the copper wire.

Despite the importance, the mechanical characteristics of
copper matrix nanocomposite reinforced by CNTs attract
much less attention [32]. Zheng et al has investigated the
crystallization behaviors and mechanical properties of CNT
encapsulated cooper nanowire with varied CNT sizes [33].
Duan et al compared the mechanical behaviors of the copper
matrix embedded with CNT coated and uncoated with Ni
[34, 35]. Bruno et al conducted a study on the tensile and
compressive behaviors of the copper matrix of nanocomposite
with embedded CNT [36]. However, most of these studies
only deal with the simulations of CNT/Cu nanocomposites
with the embedded CNTs of smaller sizes. The situation of
CNT/Cu nanocomposites with CNTs coated outside the
surface is another crucial but unsolved issue. We are parti-
cularly interested in the CNT-coated configuration because
due to the skin effect [37]. The applied alternative current will
be concentrated on the surface. CNTs have much higher
electric conductivity than that of copper. The electric current
will be concentrated in the region where CNTs are located.
Therefore, the CNT-coated copper nanowires are capable of
much higher current densities, thus reduce the sizes of
interconnects.

In this work, we focus on the mechanical properties’
reinforcement on the copper nanowire by CNTs. We are
particularly interested in the yield strength and toughness
because they are important parameters for material design and
applications, where yield strength describes the boundary of
irreversible plastic deformation and toughness reflects the
tolerance of fracture. We have investigated the tensile
mechanical behaviors of the copper nanowires as well as the
CNT/Cu nanocomposites under various mechanical loading
conditions using molecular dynamics simulations. The size
effect of copper nanowires has been examined. Two types of
composites have been investigated where CNTs are either
coated or embedded. We have studied the stress–strain rela-
tionship during the tensile loading process. We have obtained
the Young’s modulus, yield stress, toughness, and fracture
strain of the composites, and compared them with the pristine
copper nanowires. Furthermore, we have explored the effects
of the temperatures and strain rates on the reinforcement.

2. Materials and methods

The MD simulations are used to model the tensile process of
CNT/Cu composites. The MD simulations are implemented
in the large-scale atomic/molecular massively parallel simu-
lator (LAMMPS) software [38–40]. We have studied two
configurations of composites as well as pristine copper
nanowires. The simulation cells and atomic configurations in
tensile test are shown in figure 1. For the CNT/Cu compo-
sites, we considered two configurations, namely coated and
embedded, referring to that the CNTs are coated and
embedded in copper, respectively. For the former, the CNTs

are coated on the surface of the FCC copper nanowire, which
has a length of 10 nm and a radius of 5 nm, shown in
figure 1(b). The lattice constant of the copper nanowire is
3.615 Å. Figure 1(c) shows the embedded CNT/Cu compo-
site, where the CNT with a radius of 3 nm is embedded into
the copper nanowire. The periodic boundary condition is
applied to the y direction while the x and z directions
are fixed.

The potential function used in the MD simulations
determined the accuracy of the results. The adaptive inter-
molecular reactive empirical bond order (AIREBO) potential
has been widely used in carbon-based material simulations
[41–44]. However, the original AIREBO potential is not
suitable for fracture behaviors at large strains [45–50]. To
avoid unphysical strain-hardening before fracture, the first-
cutoff of C–C interaction (rcc

min) need to revise [51]. After
extensive examination, we adopted =r 1.92cc

min Å. However,
we still have used the original version of =r 1.70cc

min Å for
reference. We denote these two potentials as AR170 and
AR192 in this work for convenience. The well-known
embedded-atom method (EAM) potential was used to
describe the interatomic forces of the copper atoms [52, 53].
On account of that there was no C–Cu bond produced,
therefore, only van der Waals forces exited between CNT and
copper nanowire. We used the classical Lennard Jones (LJ)
potential to parameterize the interactions between C and Cu
atoms. Considering the different spatial distribution and stress
state of the coated and embedded CNTs, we adopted different
equilibrium interatomic distances σ and energy minimums ε
for the coated and embedded nanocomposite cases. The LJ
parameters σ and ε we adopted for the C–Cu interaction of the
CNT/Cu nanocomposite with coated CNT are 3.0 Å and
0.0117 eV [54]. The corresponding parameters for the
embedded nanocomposites are 2.84 Å and 0.0351 eV [36]. A
cutoff distance of 3σ was chosen for the LJ potential function.

The copper and carbon atoms are created in the simula-
tion box according to the appointed crystal lattices. The initial
space between the CNT and inner/outer surface of the
nanowire is less than 1 Å. To eliminate the initial abnormal
stresses and stabilize the nano structures, an equilibration
process was performed with 100 000 timesteps in both pris-
tine copper nanowires and CNT/Cu nanocomposites. During
the equilibration process, the space will be adjusted auto-
matically by the Van der Waals’ force (LJ potential), and
infinitely approach the real-world situation finally. The con-
text of NPT canonical ensemble was applied in the equili-
bration processes to control the positions and velocities of

Figure 1. Simulation cell and atomic configurations of (a) pristine
copper nanowire; (b) CNT/Cu nanocomposite with coated CNT; (c)
CNT/Cu nanocomposite with embedded CNT.
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atoms. The Nose–Hoover algorithm was used to keep the
temperature at 300 K in both equilibration and tensile load-
ing [55, 56].

In the process of the tensile loading, a strain rate of
1×109 s−1 was imposed to the copper nanowire and CNT/
Cu nanocomposites along the y direction (along the axis)
within a context of NVT canonical ensemble. A timestep of
0.001 ps was adopted in all simulations.

3. Results and discussion

3.1. Tensile behaviors of copper nanowire with different radii

Firstly, we have explored the tensile behaviors of pristine
copper nanowire with different radii for references to com-
posites. The stress–strain curves have three stages: an elastic
stage, a plastic stage, and a fracture stage during the tensile
loading as shown in figure 2(a). In the initial elastic stage, the
stress has a large growth rate with the increase of the strain till
a peak value. The following abrupt stress drop indicates that
the copper nanowires begin to undergo plastic deformation. In
the plastic stage, stress fluctuates wildly and continually
decreases until fracture.

The initial linear portion of the stress–strain curve is the
linear elastic stage. The slope of the line is the Young’s
modulus [57]. Figure 2(b) shows the Young’s modulus and
yield stress of the copper nanowires. The Young’s modulus of
the copper nanowire with a radius of 5 nm is 95.6 GPa,
consistent well with the experimental value of 90–110 GPa
[57, 58], as well as a previous MD result of 95 GPa [59]. The
yield stress of the copper nanowires is 7.7 GPa, consistent
with the result of 7.32 GPa [60]. but lower than that of pre-
vious studies of about 12 GPa [36, 59]. The discrepancy in the
yield stress is mainly ascribed to the interatomic potentials.
Nevertheless, a general trend is that both the Young’s mod-
ulus and yield stress decrease with the increase of the radius

of the copper wire, which agrees well with the previous
research on copper nanowire stretch [59]. Toughness is
determined by integrating the stress–strain curves [61], which

is described by ò s= 


U d ,T
0

f

where  f is the fracture strain

(a strain upon failure), and s is the tensile stress. Figure 2(c)
shows the toughness of the pristine copper nanowires. The
toughness of the copper nanowire with a radius of 5 nm is
1.22 GJ m−3, which shows a good agreement with previous
studies [62–64]. It is reported that the size-dependent elasti-
city of the nanowires is attributed to the nonlinear effect of the
nanowire core [65]. With the decrease of radius of the copper
nanowire, the fraction of the surface atoms increases non-
linearly, resulting the increasing of the Young’s modulus,
yield stress, as well as the toughness. Figure 2(d) shows the
dislocations produced in the tensile loading of the copper
nanowire with a radius of 5 nm at 300 K. The strain rate is
1×109 s−1. The corresponding strains are 0, 0.1, 0.2, 0.3
and 0.4. The movie of the whole process is in supplementary
information movie S1 available online at stacks.iop.org/
NANO/31/115703/mmedia. We could see that the disloca-
tions gradually fill the entire region inside the copper nano-
wire as the strain increases.

3.2. Tensile behaviors of CNT/Cu nanocomposites

The stress–strain curves of the coated CNT/Cu nanocompo-
site with different C–C interaction cutoffs and pristine copper
nanowire with the same radius of 5 nm are shown in
figure 3(a). The elastic deformation in the tensile loading of
the coated composites can be divided into two stages: the OA
and AC (AC′) stage. At the initial OA stage, both the CNT
and the copper matrix have an elastic deformation, where the

Figure 2. (a) Stress–strain curves, (b) Young’s modulus, and (c)
toughness of copper nanowires with varied radii from 2 to 8 nm; (d)
dislocations evolutions during the tensile loading of the copper
nanowire with the radius of 5 nm, corresponding to the strains of 0,
0.1, 0.2, 0.3, 0.4.

Figure 3. (a) Stress–strain curves of the two coated CNT/Cu
nanocomposites and pristine copper nanowires; (b) snapshots of
atomic structures at point A, B, C and C′; (c) the evolutions of local
atomistic stresses during tensile loading process using AR170
potential (upper row) and AR192 potential (lower row). The
corresponding strains of the first four snapshots are 0, 0.1, 0.2, 0.3.
The last snapshot is after failure at strain of 0.306 and 0.361 for
potential AR170 and AR192, respectively.
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stress increases rapidly and is almost proportional to the
strain. Then the copper matrix begins the plastic deformation
while the CNT still has an elastic stretch, which is the AC
(AC′) stage. In the AR170 study, the decrease of the stress
produced in the copper matrix at the AC stage has a sig-
nificant effect on the stress–strain curve trend due to the
irregular elastic deformation. The CNT fractures at the point
C (CNT yield), where the stress has a steep descent, indi-
cating the failure of the materials. While in AR192 study, the
increasing rate of the stress at AC′ stage is much lower than
that of AR170 study on account of the lager rcc

min of the C–C
interaction. Meanwhile, the fracture strain is obviously larger
than that in AR170 study.

The atomic configurations of the coated CNT/Cu nano-
composites at point A, B, C and C′ are displayed in
figure 3(b). Many dislocations appear at point B (copper
matrix yield) under the forced tension in the two coated
nanocomposites, demonstrating the plastic deformation status
of the copper matrix nanowire. The atom stress change during
the tensile loading are figure 3(c). The stress on the CNT is
much higher than that on the copper matrix, indicating the
strong resistance of the CNTs during the tensile loading.
Furthermore, when the strains approach fracture strain, the
atom stress of the AR170 study is apparently higher than that
of AR192 study, consistent with the stress–strain curves.

The Young’s modulus calculated from the stress–strain
curve of the coated CNT/Cu nanocomposite is 161.3 GPa
(table 1), an increase of 68.7%, compared with the pristine
copper nanowires. The yield stress of the coated CNT/Cu
nanocomposites at point A is 17.1 GPa, with an increase of
187.9%, compared with the pristine copper nanowires. The
fracture stress is 31.7 GPa and 24.5 GPa for AR170 and
AR192 study, corresponding to an increase of 434% and
313%, respectively, referring to the pristine copper nanowire.
Additionally, the yield strain of the nanocomposite is larger
than that of the pristine copper nanowire, indicating that the
coated CNT could effectively improve the ductility of the
copper matrix. The toughness is 5.46 GJ m−3 and
6.17 GJ m−3 and for AR170 and AR192 study, respectively,
which is corresponding to an increase of 347.5% and 405.7%,
respectively, referring to the pristine copper nanowire. Such
super reinforcement of the toughness implies broad applica-
tions of the CNT/Cu nanowires. The movie of the whole
process is in the supplementary information movie S2 and S3
for AR170 and AR192 potential, respectively.

The stress–strain curves of the embedded CNT/Cu
nanocomposites and pristine copper nanowires are shown in
figure 4(a). Similar to the coated situation, there are also two
stages, OA and AC (AC′) in the elastic deformation loading
of the embedded nanocomposites. The stress–strain curves of
the embedded composites with different C–C interaction
cutoffs almost overlap, except the relatively lower fracture
stress of AR192 study at point C′. The atomic structures at
points A, B, C and C′ are shown in figure 4(b). It is found that
the dislocations are mainly concentrated in the region inside
the CNT at point B, which is due to the hindrance to the
dislocation propagation by the CNTs. With the increasing of
the tensile loading, the CNT breaks suddenly at points C and
C′ of the embedded nanocomposites, then the CNT/Cu
nanocomposite has failed. The atom stress of the embedded
nanocomposites during the tensile loading is shown in
figure 4(c). The local stress is centered around the CNT after
the initial system equilibration process. Furthermore, the
stress growth rate of the CNT is much faster than that of the
copper matrix during the tensile loading, indicating the great
contribution of the CNT on the high fracture strength of the
CNT/Cu nanocomposite. The movie of the whole process is
in the supplementary information movie S4 and S5 for
AR170 and AR192 potential, respectively.

The parameters of the embedded CNT/Cu nanocompo-
sites are also listed in table 1. The Young’s modulus of the
embedded nanocomposites is 147.2 GPa, very close to other
simulation result of 145 GPa [36], with an increase of 54.0%,
compared with the 95.6 GPa of the pristine copper nanowire.
The yield stress at point A is 11.2 GPa, an increase of 88.6%,
compared with the 5.94 GPa of the pristine copper nanowire.
The fracture stress of the two embedded nanocomposites at
points C and C′ are 18.4 GPa and 15.3 GPa, corresponding to
the increases of 209.8% and 157.6%, respectively, compared
with the pristine copper nanowire. The toughness is 3.75
GJ m−3 and 3.88 GJ m−3 and for AR170 and AR192 study in
embedded ones, corresponding to an increase of 207.4% and
218.0%, respectively, referring to the pristine copper
nanowires.

In general, both the coated and embedded composites
have a significant reinforcement on mechanical properties.
Meanwhile, the coated composites possess larger Young’s
modulus, yield stress and toughness than that of embedded
ones. Further analysis shows that the local stress produced
around the embedded CNT reduces the Young’s modulus and

Table 1. Young’s modulus, strain, stress and toughness of Cu nanowires, coated and embedded CNT/Cu composites.

Young’s mod-
ulus (GPa)

Yield
strain Fracture strain

Yield
stress
(GPa) Fracture stress (GPa) Toughness (GJ m−3)

AR170 AR192 AR170 AR192 AR170 AR192
Cu nano-
wire(5 nm) 95.6 0.073 5.94 1.22

CNT/Cu coated 161.3 0.106 0.306 0.361 17.1 31.7 24.5 5.46 6.17
CNT/Cu
embedded

147.2 0.097 0.309 0.327 11.2 18.4 15.3 3.75 3.88
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yield stress by hindering the dislocation motion and weak-
ening the deformation bearing capacity. It is worth noting that
in the coated composite case, the CNT has a very slight effect
on the dislocation propagation. In the embedded composite
case, the embedded CNT has a significant hindrance on the
dislocation extending and propagation, as shown in
figure 4(b). Due to the boundary confinement, their effects on
the nucleation of dislocation are similar.

3.3. Temperature effect

To investigate the finite temperature effect on mechanical
behaviors, we have carried out the tensile simulations of the
coated nanocomposites using =r 1.7cc

min Å at three different
temperatures: 100, 300, and 500 K. The results of the stress–
strain curves are shown in figure 5(a). The tensile behaviors
are sensitive to the environment temperatures. The higher
temperature significantly reduce the max yield stress and
strain by softening the crystalline structure and decreasing the
grain boundary strength [66, 67], which weakens the loading

bearing capacity of the CNT and copper matrix. The Young’s
modulus and toughness also have a reduction with the
decrease in the whole strength and stiffness of the CNT
nanocomposite.

3.4. Effect of strain rate

We have carried out the tensile simulations of the coated
nanocomposites using =r 1.7cc

min Å at three different loading
rates. The tensile stress–strain curves are displayed in
figure 5(b). The three yield stresses are similar. The three
Young’s modulus are the same for three strain rates. Our
results indicate that the yield stresses are insensitive to the
strain rate. However, there are considerable difference in the
fracture stress. It is indicated that the CNTs have a better
malleability during deformation with a higher strain rate. As
the strain rate get lower, the thermal fluctuations get longer
and are more likely to overcome the energy barrier of the C–C
bonds, resulting in the reduction of the ultimate tensile strain
and stress. The linear mechanical properties of the copper
matrix are almost impervious to the change of the tensile
strain rate, opposed to that of nonlinear mechanics including
fracture strength and toughness. It is worth noting that the
strain rates in our MD simulations are much higher than any
real experiments due to the limitations of MD methods.
Further studies with low strain rates are interesting, but they
are outside the scope of feasible molecular dynamics
simulations.

Our MD results present the enhancement on the copper
nanowire matrix by the CNT, which is in line with previous
studies on CNT-reinforced nanocomposites [68–70]. In our
tensile simulations, the nanocomposite with coated CNT has
the strongest reinforcement with a Young’s modulus of
161.3 GPa and the fracture strength of 31.7 GPa, corresp-
onding to the increases of 68.7% and 433.7%, compared with
the pristine copper nanowire. The toughness is 6.17 GJ m−3,
about 5.1 times of that of pristine copper nanowire.

4. Conclusions

We have systematically investigated the tensile characteristics
of CNT enhanced copper nanowires by means of molecular
dynamics simulations. We have examined two configurations
of CNT/Cu nanocomposites, coated and embedded, with
different sizes, loading rates, and temperatures. The double
peaks in the stress–strain curves implies distinct ductility of
the CNT/Cu nanocomposite. Both the coated and embedded
CNTs have an enhancement on the Young’s modulus, yield
stress, and toughness owing to the excellent loading bearing
capacity of the CNT. Meanwhile, the coated nanocomposites
have the stronger reinforcement than the embedded ones on
account of more local stress produced in the embedded
situations. A reinforcement of over fivefold in both yield
strength (5.3 times) and toughness (5.1 times) has been
achieved when the carbon nanotubes are coated on the copper
nanowires, in addition to 1.7 times in the Young’s modulus.
Additionally, it is demonstrated that high temperature can

Figure 4. (a) Stress–strain curves of the embedded CNT/Cu
nanocomposites and pristine copper nanowires; (b) snapshots of
atomic structures at point A, B, C and C′; (c) the evolutions of local
atomistic stresses during tensile loading process using AR170
potential (upper row) and AR192 potential (lower row). The
corresponding strains of the first four snapshots are 0, 0.1, 0.2, 0.3.
The last snapshot is after failure at strain of 0.306 and 0.327 for
potential AR170 and AR192, respectively.

Figure 5. Stress–strain curves of the coated CNT/Cu nanocompo-
sites in (a) different temperatures and (b) different strain rates.
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significantly reduce the whole strength and stiffness of the
CNT/Cu nanocomposite by weakening the lattice intensity.
The CNT/Cu nanocomposites have a higher yield stress
when the strain rate is larger. Our studies provide insights in
optimizing mechanical properties of CNT/Cu nanocompo-
sites, which might be useful in material design for modern
integrated circuits and semiconductor technology.
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