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A B S T R A C T   

Due to outstanding electric conductance, copper is widely used as wires in electricity and as interconnects in 
microchips, where the thermal conductivity could be enhanced by compositing with carbon nanotubes (CNTs). 
Here, we have numerically designed a class of sandwich-like CNT/Cu/CNT nanotubes which possess high 
thermal conductivity revealed by molecular dynamics simulations. The enhancement factor of thermal con
ductivity of the composite using single-walled CNT is 37.5 times of that of a 5-nm-radius copper nanowire. The 
enhancement factor is further enlarged to 58.2 using triple-walled CNT in the outer side. The atomic stress 
analysis manifests that the thermal stresses are concentrated in the region around the CNT/Cu interface. The 
stabilities and larger enhancement factors at high temperatures imply high temperature applications of these 
CNT-sandwiched tubular copper nanocomposites in heat management and electronics.   

1. Introduction 

Since their discovery [1], Carbon nanotubes (CNTs) exhibit unique 
mechanical, electronic and thermal properties, attracting considerable 
research efforts in energy conversion, ultra-high-strength nano
composites, optical and electronic devices [2–5]. In the past decade, 
extensive attentions have been paid on the CNTs and CNT-based nano
composites in terms of their potential applications due to their excep
tional mechanical and physical characteristics, especially the 
composites with metal or polymer matrixes [6–10]. In particular, the 
CNT-reinforced metallic nanocomposites are believed to have promising 
applications in electronic equipment and ultra-large-scale integrated 
circuits on account of their potentially super electronic and thermal 
conductivities, providing a new way to further reduce the additional 
power consumptions and circuit size [8,11]. 

Conventionally, copper is used predominately in electrical genera
tors, wirings, transformers and micro interconnectors, as well as in
dustrial machinery components due to its highly heat-conductive and 
current-carrying capacity among metals [12]. However, with the aim 

of high sustainability, reliability and efficiency of the next-generation 
microscale applications, looking for a lighter alternative to replace the 
heavy copper parts has become a central task currently. In view of this, 
the CNT/Cu composite is an excellent choice owing to its light weight 
and corrosion resistance, as well as the high electron and phonon mo
bilities of the CNTs [13], thus attracting a range of investigations, both 
theoretically and experimentally [14–17]. 

As electronics tend to be more integrated and slimmer, there is a 
growing need to design the heat and electric management precisely for 
higher stability, efficiency and functionality. Consequently, although 
many reported studies have focused on the CNT-reinforced metal-matrix 
nanocomposites [18–20], the questions still remain as to how to design a 
high-performance composite structure to take proper advantage of the 
outstanding mechanical properties, intrinsic thermal and electronic 
conductivity of CNTs. Therefore, we numerically designed a hybrid 
structure of the CNT/Cu nanocomposite with ultrahigh strength, supe
rior thermal and electronic transport capacities. The heat flux and 
electric current mainly flow inside the CNT region. 

In the present study, we report a design, atomic structure, stability, 
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thermal properties, and thermal transport mechanism of the hybrid 
structure of the CNT/Cu/CNT tubular nanocomposite using molecular 
dynamic (MD) simulations. The enhancement on thermal conductive 
capacity was revealed by phonon density of states (PDOS). We have 
compared thermal properties of the nanocomposite structure with the 
pristine copper nanowire and isolated single-walled CNT in the same 
external diameter. Additionally, the effects of multilayer CNTs and 
ambient temperatures, as well as the thermal stress on the thermal 
conductivity were discussed in detail. 

2. Method 

Molecular dynamics simulation is a well-established and powerful 
tool to investigate materials properties [21]. We employ the classical 
MD simulations to model thermal conduction process of the sandwich 
CNT/Cu/CNT composite structure, implemented by the Large-scale 
Atomic/Molecular Massively Parallel Simulator (LAMMPS) [22]. We 
have studied the composite configuration with the outer and inner 
CNTs, in the radius of 5 nm and 3 nm, respectively. The isolated 
single-walled CNT with varied radii and pristine FCC copper with a 
lattice constant of 0.3615 nm were performed for comparison. Both the 
isolated CNT and composite cases have a length of 20 nm. The periodic 
boundary condition is applied to the axial (y) directions. 

We adopted the adaptive intermolecular reactive empirical bond 
order (AIREBO) potential to describe the interactions between carbon 
atoms, which is widely utilized for the carbon material simulations [23, 
24]. The embedded-atom method (EAM) empirical potential was used 
for the interactions between copper atoms [25]. We adopted the clas
sical Lennard Jones (LJ) potential for the C–Cu interaction, owing to that 
there were no bonds produced between carbon and copper atoms. The 
parameters σ and ε for the C–Cu interaction are 3.0 Å and 0.0117 eV for 
the outer CNT, 2.84 Å and 0.0351 eV for the inner CNT, respectively [26, 
27]. 

After creation of the model, we have firstly carried out a relaxation 
process of 1000 ps to equilibrate the initial atomistic structures, 
including 500 ps of NPT canonical ensemble and 500 ps of NVE 
ensemble. The Nose-Hoover algorithm is employed for the temperature 
controlling at 300 K [28]. In the simulations of the thermal conductiv
ities, the non-equilibrium MD simulation method is adopted with a 
context of NVE ensemble. The movies of the thermal conductive pro
cesses are Movie S1, S2, S3 in Supplementary Information for the 
sandwich-like tubular nanocomposite structure with the single-walled 
CNT, double-walled CNT and triple-walled CNT in the outer side, 
respectively, proving the stability of the sandwich-like tubular structure, 
A timestep of 0.0001 ps was set and 5,000,000 timesteps were con
ducted in all the simulations. The thermal stress analyses were per
formed using OVITO [29]. 

3. Results and discussion 

3.1. Thermal transport of CNT/Cu/CNT nanocomposites 

On account of the strong covalent bonds between carbon atoms, the 
thermal transport in carbon allotropes is mainly contributed by phonons 
rather than electrons [30,31], whereas it comes to the opposite 
completely in the copper matrix. The mechanism of thermal transport in 
the CNT/Cu/CNT nanocomposite is graphically displayed in Fig. 1a. In 
the CNT region, the thermal transport is mainly attributed to the lattice 
vibrations which transfer the energy from hot zone to the cold zone. 
While inside the copper matrix, the heat transfer relies on the collisions 
between the free electrons and metal cations. Due to the fact that the 
CNT has a much better thermal conductivity than the copper matrix, the 
heat fluxes flow more quickly in the CNTs from the heat source to the 
heat sink, as shown by the red arrows. In the meantime, there are also 
heat exchanges between the CNTs and copper matrix. In other words, 
the heat generated within the copper matrix can dissipate quickly 

Fig. 1. (a) The mechanism of thermal transport in the sandwich-like CNT/Cu/CNT tubular nanocomposite structure; (b) Temperature distribution of Single-walled 
(SW) CNT (radius of 5 nm) and composite structure in stabilized heat-transporting situation with the same heat flux; (c) The phonon density of states (PDOS) of 
pristine copper nanowire, isolated single-walled CNT and the tubular nanocomposite structure at the same heat flux. 
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through the CNTs, which has great advantages and applications in heat 
management in many applications, for example, in the electronic 
circuits. 

We have investigated the lattice thermal conductivity (LTC), which is 
determined primarily by phonons. The MD simulation approach is 
suitable because the phonon transport is dominated in the thermal 
conductivity of the CNT/Cu/CNT composite. We have initially carried 
out the thermal conductive simulations of the single-walled CNT with 
the radii of 1, 3, and 5 nm as reference for comparison with the studies of 
composites. Fig. 1b shows the stabilized temperature distribution of the 
single-walled CNT (radius of 5 nm) and the sandwich-like CNT/Cu/CNT 
tubular nanocomposite structure (inner CNT in radius of 3 nm and outer 
CNT in radius of 5 nm) at the same heat flux. The position 5 nm was set 
the heat source while the position 15 nm was a heat sink. It is demon
strated that the composite structure has a better homogeneous temper
ature gradient than the CNT, due to the double-layer heat-transferring 
effect in both the inner and outer CNTs. The lattice thermal conductivity 
of the single-walled CNT with a radius of 1 nm is eventually stabilized at 
4407 W/m-K, consistent with the previous studies about 2000–6000 W/ 
m-K both in experiment and theory [32,33]. The lattice thermal con
ductivity in the other two CNT cases is 1121 and 707 W/m-K for the 
radius of 3 nm and 5 nm, respectively, due to the size effect [34]. For the 
CNT/Cu/CNT composite structure, the lattice thermal conductivity has 
a fluctuates at the initial time and stabilizes around 450 W/m-K finally, 
which is 37.5 times that (12 W/m-K) of the lattice thermal conductivity 
of the 5-nm-radius pristine copper nanowire in our models. 

To gain atomistic insights of the heat transport mechanism of such 
high thermal conductivity, we have examined the phonon density of 
states (PDOS). Fig. 1c shows the PDOS-frequency curves of the pristine 
copper nanowire, single-walled CNT and sandwich-like tubular com
posite structure. The PDOS of the single-walled CNT show an obviously 
high peak at 52 THz, which is a typical characteristic of the phonon 
spectrum of carbon allotropes, as well as the relatively lower peaks at 17 
THz. Four types of lattice vibration exist in the CNT: a longitudinal 
acoustic (LA) mode related to the atom moving along the nanotube axis, 
two relatively low-velocity transverse acoustic (TA) modes depicting the 
in-plane and out-of-plane atomic motion perpendicular to the nanotube 
axis, and a twist mode attributed to the in-plane torsion of the carbon 
atoms around the axis [35]. The low-energy vibration peak at 17 THz is 
attributed to the TA modes (radial breathing mode) and the twist mode, 
corresponding to the radial and rotative vibrational displacements [36]. 
The frequency of the radial breathing model (ωRBM) is determined by the 
diameter (D) as ωRBM = c1

D + c2 where c1 and c2 are experimentally 

determined constants, and D =
̅̅
3

√

π d
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n2 + nm + m2

√
is the diameter of an 

(n,m) tube with d = 0.142 nm the ideal C–C bond length [36]. 
The high frequency modes with a peak at 52 THz are mainly 

attributed to the vibration of the planar sp2 carbon bonds. This mode 
dominates the heat-transportation. According to the Boltzmann trans
port theory of phonons, the lattice specific heat, group velocity, and 
scattering of phonons influence on the lattice thermal conductivity of 
materials [37]. In the case of a composite, the coupling between copper 
matrix and CNTs breaks the reflection symmetry of the phonon modes, 
resulting a considerable suppression effect on the heat-transporting ca
pacity of the LA phonons. Specifically, the two-dimensional interface 
between CNTs and copper matrix significantly intensifies the scattering 
rate and reduces the relaxation time of the phonons. In addition, the van 
der Waals force between CNT and copper promote the interactions be
tween the optical phonons and acoustic phonons, reducing the group 
velocity of the high-frequency acoustic phonons. Meanwhile, the 
electron-phonon coupling and scattering can also lower the 
heat-transporting efficiency of the phonons. Therefore, the lattice ther
mal conductivity of the tubular nanocomposite structure has a dramat
ical reduction, compared with the isolated single-walled CNT. It is worth 
noting that although the interface and electron-phone scattering are 
negative to the thermal conductivity, the composite structure still 

possesses a much better heat-carrying ability than pristine copper, 
showing promising applications in advanced thermoelectrics. 

3.2. Thermal stress analysis 

Because of the mismatch of the thermal expansion in the two 
different components CNT and copper, the thermal stress will be pro
duced inevitably. The thermal expansion of CNT and copper is 21 ×

10− 6 K− 1 and 16 × 10− 6 K− 1 at room temperature, respectively [38]. In 
the thermal transport process, the CNTs have a higher temperature than 
copper matrix due to the higher thermal conductivity, shown in Fig. 2a. 
Therefore, the volume increment of CNTs is larger than that of copper. 
For the outer CNT, there will be a nano interval appeared, as shown in 
Fig. 2b. While in the situation of inner CNT, the thermal stress is pro
duced at the interface. The different thermal expansions cause a 
compressive stress in the inner CNT and a stretchable stress in the copper 
matrix, shown in Fig. 2c. 

Fig. 2d displays the average atom temperature as a function of the 
radius of the cross section. It shows that the temperature at CNT regions 
is highest while the middle of the copper matrix has the lowest tem
perature. In addition, the temperature difference between the CNT and 
copper matrix becomes larger from heat source to heat sink due to the 
different thermal diffusion rates. Fig. 2e exhibits the thermal stress 
distribution of the cross section by calculating the average atom stress. 
The interface between copper matrix and inner CNT has the higher 
thermal stress from heat source to heat sink due to the different thermal 
expansions of the two components. Furthermore, on account of the 
different temperature gaps, the region around outer CNT suffer from 
more thermal stress in the heat source, while in the heat sink, the region 
around the inner CNT produce the highest thermal stress. 

3.3. Temperature effect 

To explore the characteristics of the tubular nanocomposite structure 
at different temperatures, we carried out the studies for the single- 
walled composite case in varied temperatures. As displayed in Fig. 3a, 
the PDOS of the composite is increased with temperature in the full 
range of frequencies, reflecting the fact that the thermal vibrations are 
much severer at a higher temperature. The increased thermal vibrations 
enhance the phonon-electron interactions, leading to stronger phonon- 
electron scattering and reduced mean-free paths. As a result, the ther
mal conductivity decreases with respect to an increase in temperature. 
The detailed relationship of the thermal conductivity and temperature is 
illustrated in Fig. 3b. It reveals a general trend that the lattice thermal 
conductivity decreases with the rise of the temperature. This behavior 
could be understood as follows. The anharmonic phonon-phonon and 
electron-phonon scattering interactions called Umklapp processes are 
resistive to the thermal transport and closely connected to the envi
ronment temperature [39]. 

With the rise of the temperature, more high frequency phonons 
appear and participate the thermal transport process. Meanwhile, the 
electron-phonon and phonon-phonon interactions between copper ma
trix and CNTs become more intense [40]. The intensified 
phonon-phonon interactions enhance the phonon scattering at the 
interface, resulting the reduction of the thermal transport capacity [33]. 
It is worth emphasizing that the tubular nanocomposite structure has a 
relatively much higher lattice thermal conductivity, around 385 W/m-K 
at the high temperature of 900 K, compared to that of the 5-nm-radius 
pristine copper nanowire around 12 W/m-K. It is attributed to the su
perior conductive properties of the CNTs at high-temperature environ
ment, giving a new expectation for the high-temperature applications. 

3.4. Multilayer effect 

The electromechanical and thermal properties have a great influence 
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Fig. 2. (a) Atom-temperature distribution of the CNT/Cu/CNT nanocomposite when transporting thermal energy from heat source to heat sink; (b) The nano interval 
between the outer CNT and copper matrix produced during the heat-transport process; (c) Schematic diagram of the thermal stress produced between the inner CNT 
and copper atoms; Average (d) atom temperature and (e) atom stress change with the radius from 3 nm to 5 nm of the composite structure in the steady heat- 
transport process. 

Fig. 3. (a) Phonon density of states (PDOS) and (b) Lattice thermal conductivities (LTC) of the sandwich-like tubular nanocomposite with single-walled CNT at 
varied temperatures from 100 K to 900 K. 
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on the applications of the multiwalled CNTs [41]. Therefore, we have 
explored three configurations of outer CNTs, single-walled (SW), 
double-walled (DW) and triple-walled (TW) CNTs. We have examined 
the isolated SW, DW, and TW CNTs as references for the enhancement of 
different layers of CNTs. The atomistic configurations of the different 
composite cases are displayed in Fig. 4a. Fig. 4b shows the 
PDOS-frequency curves of the pristine copper, composite and isolated 
CNT cases. The three CNT cases have nearly the same phonon spectrum 
on account of the same lattice structure. This could be understood as 
follows. For low frequency vibrations, the radius breath mode fre
quencies are proportional to the inverse of diameters, where the dif
ferences are negligible between the CNTs of the three configurations. 
The sp2 bonds determine the high frequency vibrations which has no 
differences between the three cases. 

As the outer CNTs from monolayer to trilayer, the phonon density of 
the hybrid composite structure is enhanced, especially for the frequency 
higher than 10 THz. With the increase of the CNT layer, more substrate 
interactions occur between CNT and copper matrix while more phonons 
participate in the heat-transporting process both out-of-plane and in- 
plane, which strengths the thermal transport capacity of the composite 
structure. 

The lattice specific heat of CNT is much larger than that of copper. 
Thus, the lattice specific heat of the composite structure is higher than 
copper nanowire and increased with CNT layers. Although the phonon 
interactions and scatterings between different CNT layers can suppress 
the heat transport, the CNT/Cu/CNT nanotube composite has a higher 
thermal conductivity with more CNT layers after a combine of several 
factors above. Compared to the 5-nm-radius pristine copper, the 
enhancement factor increases from 37.5 to 58.2 with the CNTs from 
single-wall to triple-wall, as shown in Fig. 4c. Table 1 summarizes the 
thermal conductivities of pristine copper, single-walled CNTs with var
ied radii and composite cases with varied CNT layers. In our models, the 
tubular composite structure with triple-walled CNTs obtains the highest 
enhancement with a lattice thermal conductivity of 698 W/m-K, 
approximately 58 times of the 5-nm-radius pristine copper. In contrast 

to the optimized graphene fiber (200–1290 W/m-K) reported by Xin 
et al. [42], the sandwich-like CNT/Cu/CNT tubular nanocomposite 
structure has great advantage on low-cost, stability and easy-fabrication. 

It should be noted that we have considered only lattice thermal 
conductivity in this study and ignored the contribution from electrons 
due to the limitations of our MD model. Our results are valuable because 
the phonon transport is prominent in the thermal conductivity of the 
sandwich-like CNT/Cu/CNT tubular nanocomposite structure due to the 
strong sp2 covalent carbon bonds. It might be debatable about the pre
cisions of each individual data, the trend of the change of the thermal 
conductivity due to the temperature and multilayer effects are clearly 
manifested. In addition, the atomistic stress study and PDOS analysis are 
unique insightful. 

Our simulation results demonstrate the superior thermal properties 
of the sandwich-like tubular structure of the CNT/Cu/CNT nano
composite. The stability and high thermal conductivity suggest broad 
applications in a diverse of electronic industries which need a highly 
effective thermal management, for instance, light-weight, high-capacity 
microelectronics, high-strength, low-resistance micro interactions in 
large-scale integrated circuits, or high-conductive, high-reliability 
components in aerospace system [43]. 

4. Conclusions 

We have numerically designed a class of sandwich-like CNT/Cu/CNT 
tubular nanocomposite. Via molecular dynamics simulations, we have 
identified that this kind of nanocomposites possess high thermal con
ductivity, which is over 37.5 times that of 5-nm-radius copper nano
wires. The effect of single-walled, double-walled, and triple-walled 
CNTs on the thermal conductivity are examined in addition to the 
thermal transport mechanism. We predicted the superior thermal con
ductivity of the composite due to the dominated role of the CNTs in this 
sandwich-like tubular nanocomposite structure. Based on the phonon 
density-of-state analysis, we studied the thermally reinforced mecha
nism of the sandwich-like CNT/Cu/CNT tubular nanocomposite. It was 

Fig. 4. (a) Atomic configurations of the sandwich-like CNT/Cu/CNT tubular nanocomposite cases with varied outer CNT layers; (b) Phonon density of states of 
pristine copper nanowire, isolated single-walled, double-walled and triple-walled CNTs, and the sandwich-like CNT/Cu/CNT tubular nanocomposite cases with 
varied outer CNT layers at 300 K; (c) The enhancement factor and lattice thermal conductivity of the tubular nanocomposite structure cases with varied outer CNT 
layers at 300 K. 
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found that the reinforcement increased with the outer CNT layers. 
During the thermal transport process, the thermal stress will be 
concentrated at the interface between CNT and copper matrix due to the 
temperature difference. The tubular nanocomposite structure exhibits 
high lattice thermal conductivity of 385 W/m-K at the environmental 
temperature over 900 K. The stability and excellent properties might 
motivate the fabrication of the CNT-sandwiched tubular copper nano
composites. The super thermal conductivities in low and high temper
atures suggest broad applications in heat management and micro- and 
nano-scale electronics. 
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Thermal conductivities of pristine copper, single-walled CNTs with varied radii and sandwich-like CNT/Cu/CNT tubular nanocomposite cases with varied outer CNT 
layers.  

Composite cases Copper nanowire (5 nm) SW CNT (1 nm) SW CNT (3 nm) SW CNT (5 nm) SW Composite DW Composite TW Composite 

Lattice Thermal Conductivity (W/m- 
K) 

12 4407 1121 707 450 536 698  
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