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ABSTRACT 
 The enormous interfacial thermal resistance 

between adjacent CNT leads to a significant weakening 
of the overall thermal conductivity of the CNT-assembled 
materials. In this study, based on the parallel CNT 
interfaces of natural van der Waals interaction, a unique 
scheme was proposed to enhance the interfacial thermal 
transport properties. The initial arrangement of 
polyethylene (PE) chains with linear configuration was 
oriental controlled and loaded to both sides of parallel 
CNT interfaces. The results show that the arrangement 
angle between PE and CNT axis has a key influence on the 
interfacial thermal conductance, which is conducive to 
the increase of effective heat transfer area between 
parallel CNT interfaces, and an abundant low-frequency 
phonon vibration mode is excited at the interfaces, so as 
to achieve the significant improvement of the thermal 
transport properties between parallel CNT interfaces (up 
to 120%). 
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1. INTRODUCTION 
Owing to their special one-dimensional structure and 

various excellent properties, such as ultra-high tensile 
strengths and thermal conductivities, carbon nanotube 
(CNTs) have been widely concerned and investigated by 
material scientists, especially in applications of 
microelectronics, aerospace, energy storage, thermal 
management, and so forth [1-8]. In the more applicable 
materials where CNTs are often assembled together to 
form CNT fibers, films/papers, gels, and arrays/forests, 
enormous intertube contacts are generated, through 
which both the load and heat transfers are strongly 
hindered by the weak van der Waals (vdW) interactions. 
Thus far, by optimizing the assembly structure, 
remarkable strengthening results have been realized for 
CNT fibers, films, and their composites [9-11], while the 
thermal conductivity of CNT assembly materials is still far 
below expectation and much lower than that of 
individual CNTs. For example, a wide range of values of 
60--770 W/m·K have been measured for the apparent 
thermal conductivity of CNT fibers [12-16], depending on 
the fiber length, while the intrinsic (real) thermal 
conductivity is still just about 60 W/m·K for untreated 
CNT fibers and can be improved up to 177 W/m·K by 
designing a composite and compact structure using 
thermosetting polymers [17, 18]. 

Recent investigations have shown that the thermal 
contact resistance between parallel CNTs mainly 
depends on the distance, overlap length and length of 
CNT, crossing angle, and external pressure [19-24]. The 
typical value of the interfacial thermal conductance G is 
in the range of 10-100 W/m·K [19, 24], and the value 
between crossed CNTs is two orders of magnitude 
smaller than that between parallel CNTs [22]. Loading or 
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decoration of nanoparticles at the intertube contact is 
considered to an effective way to improve the thermal 
transport performance. For example, iodine atom chains 
and gold nanoparticles are found to remarkably enhance 
the conductance due to the coupling of low-frequency 
phonon modes and the increased channels for heat 
transport [25, 26]. The covalent binding of linking 
molecules between CNTs can also improve the intertube 
conductance, however such effect decreases very 
rapidly, and even becomes negative, with increasing the 
molecular chain length [27]. The direct surface 
functionalization of CNTs is another effective strategy 
and the intertube conductance can be increased by 
nearly 75% [17]. However, the inherent thermal 
conductivity of the CNTs is greatly weakened by the 
functionalization. Polymer wrapping, as a new solution, 
is also effective for the phonon coupling at intertube 
contacts, and thus for the improvement of interfacial 
conductance. However, such enhancement is still limited 
by the wrapping density [28]. 

Due to the polymer itself is prone to agglomerate to 
form a network, this disordered network with lower 
thermal conductivity will further deteriorate the 
interfacial thermal transport properties. Therefore, this 
paper assumes that the orderly arrangement of polymers 
at the interface has a more significant effect on the 
improvement of G and avoids the interference of 
disordered polymer networks. In response to the above 
conjecture, this paper proposes a novel strategy to 
directional control the initial arrangement of 
polyethylene (PE) chains and load them on both sides of 
the parallel CNT interfaces. The G of parallel CNT 
interfaces is calculated by the non-equilibrium molecular 
dynamics (NEMD) method, and explored the effect of PE 
chains on G under different initial arrangements. The PE 
chains with good linear structure avoids the disorder and 
phonon scattering produced by amorphous PE in the 
composite material.  

2. COMPUTATIONAL DETAILS  
In order to describe the effect of PE bridging on the 

interfacial heat transfer between CNTs, two parallel and 
partially overlapping finite single-wall CNTs are 
connected to heat source and sink, respectively, and six 
PE molecules are placed at the groove position of the two 
CNTs, as shown in Figure 1a. Different contacts between 
two (10,10) and two (20,20) CNTs are investigated, to 
show the diameter dependence. The spacing of the two 
tube is both set to be 3.4 Å, and the overlap distance is 
fixed to be 40 Å. The CNT length is 246.0 and 123.0 Å for 
the (10,10) and (20,20) CNTs, which are found to be 

sufficient to establish a stable temperature gradient 
between them. As the CNTs are finite length, no periodic 
condition is used in each direction. The left 1 nm segment 
of the top CNT and the right 1 nm segment of the bottom 
CNT are connected to the heat source and sink, 
respectively. The PE molecules have a chain length of 
40.6 Å (containing 32 sp3-bonded C atoms), and are 
placed beside the CNT contact to act as a regulator for 
inter-tube heat conduction. To evaluate the effect of 
polymer orientation, the PE molecules are initially placed 

as straight lines at an angle with the tube axis of α=0°, 

30°, 45°, 60°, and 90°, respectively (Figure 1b). The 
orientation is constrained by limiting the motion of the 

end groups in the xy plane for α=0°, or in the yz plane for 

the other orientation angles. Such weak constrain can 
still allow the full relaxation for the PE polymers, where 
the polymer segments can rotate and bend to contact 
the CNTs more tightly (Figure 1c), leading to the 
reduction of total energy. 

The simulation is carried out by using the Large-scale 
Atomic/Molecular Massively Parallel Simulator 
(LAMMPS) package [29], and the interatomic (carbon 
and hydrogen) interactions in the CNTs and PE chains are 
described by the adaptive intermolecular reactive 
empirical bond-order (AIREBO) potential [30], which 
includes the many-body Tersoff--Brenner-style covalent 
interaction and the Lennard--Jones vdW interactions. 
The simulation timestep is set to 0.5 fs. The system is first 
stabilized at 300 K for a long time (0.3 ns is quite enough) 
by using a Nose--Hoover thermostat [31, 32], and then 
the Jund--Julien algorithm [33] is applied on the heat 
source and sink under the NVE ensemble. After the 
steady state is reached for a sufficiently long time (0.8 

 
Fig 1 (a) Schematic diagram of the molecular dynamics 
setup used to predict the G of the parallel (20,20) CNT 
interfaces, (b) Schematic diagram of the constraint 
method for the initial arrangement angle of the PE chains, 
(c) Take 0 and 30° as an example, the schematic diagram 
of the initial and steady-state structure in the simulation 
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ns), the temperatures of each 18-Å or 10-Å segment of 
the (10,10) or (20,20) CNT are measured within a long 
time period (e.g., 0.5-1 ns). 

The intertube thermal conductance (per unit length) 
G is calculated according to Fourier's law, 

=
J

G
L T

                  (1) 

where J is the magnitude of the heat flow, ΔT is the 
temperature difference, and L is the overlapping length. 
In order to clarify the underlying mechanism for thermal 
transport, the vibration density of states (VDOS) of the 
CNTs and selected carbon atoms (at the CNT contact) are 
calculated based on the Fourier transform from the 
atomic velocity auto-correlation function (VACF), 
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where (0)iv  and ( )iv t  are the velocity vectors of i-th 

atom at initial configuration and time t, respectively. 

3. RESULTS AND DISCUSSION  

3.1 Interfacial thermal conductance 

By applying/extracting quantitative heat flow to the 
heat source and heat sink, a temperature gradient can be 
constructed inside the simulation system. A typical 
temperature curve is shown in Figure 2a and b, the 
temperature along each CNT is uniform, and there is only 
one temperature drop ΔT at the junction, which confirms 

that the thermal resistance within each CNT is negligible. 
The interfacial thermal conductance G is then obtained 
from temperature drop ΔT and Equation (1). 

To ensure that the simulation results are sufficiently 
reliable, the effects of different initial arrangements in 
the two systems on G are calculated and compared, as 
shown in Figure 2c and d. At room temperature, 
compared with the pristine parallel CNT interfaces, the G 
of the directional controlled PE loaded parallel CNT 
interface shows an extremely amazing effect; for 
systems I and II, the initial arrangement angle has 
basically the same influence on the G. It is worth noting 
that when the initial arrangement angle is 30°, 45° and 
60°, the improvement of G is the most significant, and 
the maximum improvement effect of G in the two 
systems is as high as 119% and 120%, respectively. It fully 
proves that when there is a certain angle between the PE 
chain and the CNT axis, it is more conducive to the 
improvement of G. At 0° and 90°, the improvement 
effect of G is not ideal. 

Overall, the G of system I is significantly lower than 
that of system II, which is attributed to the larger 
diameter of CNTs with larger surface area, so that the 
larger effective heat transfer area between two parallel 
CNTs. Therefore, it can be inferred that G has a strong 
dependence on the diameter of CNTs, and the impact of 
diameter on G is dominant compared with the length of 
CNTs. And by appropriately increasing the CNT diameter, 
the coupling strength and the effective heat transfer area 
between CNTs can be improved. In addition, for the 
pristine parallel CNT interfaces with a chirality of (10, 10), 
G is 0.0526 W/m·K, which is consistent with the G of the 
parallel CNT interface with a length of 100-200 nm and a 
chirality of (10,10) obtained in the reference, G is 0.06 

W/m·K [34], it is also the same as the G of the 25-75 nm 
long (10,10) CNT interface with an overlap length of 4-
9.5 nm reported by the MD method in the literature [35], 

 
Fig 2 Typical steady-state temperature profiles in the two 
CNTs for (a) (10,10)/(10,10), (b) (20,20)/(20,20), (c) The 
evolution trend of interfacial thermal conductance with 
different initial arrangements of PE chains and (d) Compare 
the interfacial thermal conductance under different initial 
arrangements of PE chains with or without constraints. 

 
Fig 3 For different initial arrangements of PE chains, (a) 
Phonon VDOS of the local C atoms at the parallel CNT 
interfaces. (b) Phonon energy in the overlap area of VDOS 
between the local C atoms on both sides of the parallel CNT 
interface. 
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0.05-0.08 W/m·K, which proves the accuracy of the 
results. 

Compare the effect of the initial arrangement of PE 
chains on G of the parallel CNT interface with or without 
constraints, as shown in Figure 2d. The results indicate 
that imposing constraints on the PE chains can greatly 
reduce the temperature difference between the two 
sides of the parallel CNT interface, and significantly 
improve the heat transfer performance of the parallel 
CNT interface. For the initial arrangement angles of 30°, 
45° and 60°, the improvement of the G is the most 
significant, up to 83%. When arranged at 0°, due to the 
number of PE chains is small (n=6), they can always be 
loaded on both sides of the interface in an orderly 
manner, which is the same as the effect of directional 
control of PE chains by imposing constraints, so that 
there is no obvious difference in G. 

3.2 Local phonon vibration density of states and overlap 
energy 

Comparing and analyzing the VDOS of local C atoms 
at the parallel CNT interface under different initial 
arrangements, it can be found that the VDOS of 0° and 
90° is significantly different from other initial 
arrangements, and the curve in the low frequency region 
is relatively flat and there is no obvious peak in the low 
frequency region. In other cases, the peaks increase in 
multiple frequency regions, which reasonably explains 
the significant increase in G (Figure 4a). In addition, the 
overlap energy is used to quantify the phonon energy in 
the VDOS overlap area of the C atoms on both sides of 
the parallel CNT interface (the degree of overlap of the 
phonon VDOS of the C atoms on both sides), and the 
results are shown in Figure 4b. Compared with the 
pristine parallel CNT interface, the directional control of 
the initial arrangement of the PE chains enables a 
significant increase in the phonon energy in the 
overlapping area (except for the initial arrangement of 

90°), and the increase in overlap energy at 30°, 45° and 
90° is the most obvious, which echoes the result of the 
G. It shows that the directional control of PE chain 
arrangement and loading parallel CNT interface 
effectively improves the matching of VDOS, and 
increases the interfacial phonon transmission ability.   

We further compared and analyzed the local phonon 
VDOS of C atoms at the interface under different initial 
arrangements (in low-frequency region, < 20 THz), as 
shown in Figure 5. For several different initial 
arrangements, there is little difference in the local VDOS 
between the C atoms on the “heat source”. Compared 
with 0 and 90°, the enhancement of the low-frequency 
phonon only occurs in the frequency range of 16-20 THz. 
Interestingly, the local phonon VDOS on the “heat sink” 
produces a significant difference. Similarly, the local 
VDOS is relatively flat at 0 and 90°, while there are 
abundant low-frequency phonon under other initial 
arrangements, which reveals that another key factor for 
the significant improvement of the G is that the C atoms 
on the “heat sink” are excited by a large number of low-
frequency phonons (especially around 4, 8 and 18 THz), 
and it has a significant positive effect on interfacial 
thermal transport.  

To further clarify the internal mechanism of the 
impact of the the constrained PE chain on G, specifically 
for the case that the G is much higher than under 
unconstrained conditions, the local VDOS of the C atoms 
at the interface with or without constraints is analyzed. 
Similarly, there is little difference in the local phonon 
VDOS of the C atom on the “heat source” in the two 
cases. In reverse, the difference on the “heat sink” is so 
obvious, as shown in Figure 6. Compared without 
constraints, the local VDOS with constraints and the 
initial arrangement of 30°, 45° and 60° has more 
prominent low-frequency peaks and richer low-
frequency phonons, thus it accurately reveals the 

 
Fig 5 For different initial arrangements of PE chains, 
compare the VDOS of local C atoms at the parallel CNT 
interfaces: (a) Heat source, (b) Heat sink. 

 
Fig 6 For different initial arrangements of PE chains, 
compare the VDOS of the local C atoms on the “heat sink” at 
the parallel CNT interfaces: (a) With constraints, (b) Without 
constraints. 
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internal mechanism that the G has a significant 
difference in the two cases. In addition, for the initial 
arrangement of 0 and 90°, with or without constraints 
has no significant effect on the local VDOS of the carbon 
atoms on the "heat sink", which also indicates that the 
PE chains with constraints have minor effect on the G. 

4. CONCLUSION  
This paper proposes a novel method to impose 

constraints on PE chains and load them on both sides of 
the parallel CNT interfaces, and explore the effect of 
directional control of the initial arrangements of PE 
molecular chains on the G. Compared with the pristine 
parallel CNT interface, imposing constraints on the PE 
chains has achieved a significant increase in the G, and 
the initial arrangement of 30°, 45° and 60° has the best 
effect in improving the G, and the highest increases of 
about 119% and 120% are achieved in systems I and II, 
respectively. 

It can be attributed to two aspects: firstly, the initial 
arrangement of PE chains by directional control leads to 
significant deformation of the structure at the parallel 
CNT interfaces, and the flat structure leads to an increase 
in the effective heat transfer area, which is beneficial to 
interface heat transfer; Secondly, the low-frequency 
phonon modes of the local C atoms at the parallel CNT 
interface is excited (the C atoms on the "heat sink" are 
dominant), and the phonon energy of the C atoms on 
both sides of the interface improves the phonon 
transmission ability, which is more conducive to 
interfacial thermal transport. 

Comparing the effects of different arrangements on 
the G with or without constraints, it is found that the G 
with constraints is much higher than that without 
constraints (30° is the most significant). The G between 
the several arrangements is not much different without 
imposing constraints, indicating that the initial 
arrangement has negligible impact on the G. 

The above findings put forward a novel strategy to 
enhance the thermal conductance of CNT-assembled 
materials, and promote the development of ultra-high 
thermal conductivity nano-assembled materials in the 
future, and provide important theoretical guidance for 
industrial applications of efficient thermal management 
in the fields of microelectronics and nano energy. 
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