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Abstract

CrossMark

In this work, various effects of stretching and bonding strength on the thermal transport

at CNT junctions are comprehensively studied by classical molecular dynamics (MD)
simulations. The modeling is performed on a typical parallel-aligned junction formed by two
single-walled (10, 10) CNTs. The overlap length is the first condition we studied and it is
found that thermal conductance is significantly increased from 1.00 to 11.76 nW K~! with
overlap length from 0.982 to 6.877 nm. Surprisingly, the thermal conductance per unit overlap
length is increased rather than a constant value. The van der Waals interaction in non-bonded
CNTs has a positive correlation on thermal conductance, which means thermal conductance
can be effectively enhanced by applied force in the inter-tube direction. In the axial direction,
the applied force is an important condition to adjust thermal conductance at bonded junction.
Results show that the thermal conductance for overlap length of 1.966 nm can be enhanced
from 2.81 to 3.42 nW K~ ! at the initial stage because of the combined squeezing force.
However, as applied force approaches the breaking value, the atomic bonding at the junction is
greatly weakened with a rapidly dropping thermal conductance from 3.42 to 1.88 nW K.

Keywords: carbon nanotube, molecular dynamics, thermal conductance

(Some figures may appear in colour only in the online journal)

1. Introduction

Heat dissipation has been a bottleneck in micro/nano-
electronic devices due to continually decreasing sizes. Carbon
nanotubes (CNTs) are outstanding thermal conductors for
their high axial thermal conductivities of ~10° W m~! K~ ! as
reported in experimental [1] and simulation [2] studies. They
attract great attention and are regarded as excellent candidates
for thermal management in micro/nano-electronic devices.
The CNT bulk materials and CNT composites rather than
individual CNTs are commonly used in devices, while their
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thermal conductivities are much lower than that of individual
CNTs [3-5]. It is noticed that thermal resistance at CNT
junction and CNT-matrix interface is the major factor sup-
pressing thermal performance in CNT bulk materials [6—10].
Therefore, the enhancement of thermal transport in CNT bulk
materials and CNT composites can be achieved by facilitating
thermal coupling at CNT junction and CNT-matrix interface.
The heat transfer mechanism at CNTSs junction needs to be
comprehensively studied [11].

There have been several works about thermal transport at
CNT junctions by simulations [12—14] and experiments [15].
Hu et al [12] investigated the effects of CNT length, junction
area and gas pressure on thermal conductance. It was found that
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thermal conductance was increased with increasing CNT length
and converged to 40 pW K~ It is increased with junction area
while decreased with crossing angle. Hu et al [13] considered
the effects of the crossing angle, nanotube length, and initial
nanotube spacing on the thermal conductance at crossed CNTs
junction. The results suggested that the thermal conductance
was decreased with crossing angle and CNTs spacing, while
increased with the nanotube length. Varshney et al [14] studied
the effects of number and length of organic linkers connecting
two parallel CNTs embedded in epoxy matrix on thermal con-
ductance. It was reported that linker molecules significantly
improved thermal transport, and thermal conductance had a
positive dependence on the number of linkers while an inverse
dependence on the length of linkers. Yang et al [15] measured
the thermal conductance values of 1078 W K~! at cross junc-
tion between two CNTs with diameters of 74 and 121 nm and
107 W K~ ! at aligned junction of 2.5 um long between two
CNTs with diameters of 170 and 165-185nm. Aligned contact
of CNTs junction with overlap segments is very common in
CNTs fiber. The thermal conductance between CNTs has been
reported in a few works [16—19]. It is found that the thermal
conductance was increased as the overlap length was increased
[16-19], and it was explained that more atoms contributed to
the thermal transport with longer overlap length, which leads
to enhanced thermal conductance. However, the dependence of
thermal conductance per unit overlap length on overlap length
was varied [16-19].

Mechanical stretching and squeezing by external force are
alternative methods to manipulate thermal property of CNTs
fiber [20]. Evans et al [21] investigated the effect of pressure
on thermal conductance at the junctions of crossing angles
0° and 90°. The results show that thermal conductance was
increased with pressure and was saturated at high pressure
for different cases. Chen et al [22] considered the effects of
internal coupling strength and external force on thermal con-
ductance between cross-aligned CNTs. It was found that the
thermal conductance was increased with increasing external
force, and internal coupling strength, and external applied
force shows similar effects on the thermal conductance. Liu
et al [23] improved the thermal conductivity of silkworm
silk from 0.54-6.53 to 13.1 W m~! K~! by mechanically
stretching the silkworm silk with elongation of 68.3%. Yue
et al [24] reported that thermal conductivity of CNTs fiber was
increased as high as 28% with applied mechanical stretching
less than 5% in the axial direction. Although the thermal con-
ductance at CNTs junction has been explored extensively, the
effect of applied force on thermal conductance needs to be fur-
ther investigated to comprehensively understand the thermal
transport mechanism. In this work, the thermal conductance
is studied for the effect of various nanotube overlap lengths of
bonded CNTs, non-bonded CNTs and applied external force
in axial direction by MD simulations [25].

2. Computational details

The non-equilibrium molecular dynamics (NEMD) method
[26] is used to investigate the thermal transport at aligned CNTs
junction. As shown in figure 1(a), the atomic configuration
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Figure 1. (a) The schematic structure for two parallel-aligned
CNTs with covalent bonds and the overlap length is 3.934 nm
(Ax). Free boundary conditions are used in all directions. (b) The
temperature profiles of two bonded CNTs for overlap length of
3.934nm. (c) The schematic structure for two parallel-aligned
CNTs with covalent bonds and the overlap length is 3.934nm. The
black arrows represent applied force on CNTs. The gray regions
represent carbon atoms which are fixed in the x and y directions,
that is, the velocities of carbon atoms of outmost rings are always
set as 0 in the x and y directions, but the velocity in the z direction
of these atoms is not set.

modeling for the system consists of two 10nm length CNTs
with (10, 10) chirality. One end of CNT as shown as red region
in figure 1(a) are selected as a hot source by adding a heat
flux ¢, and one end of the other CNT as shown as blue region
are regarded as the cold source by subtracting an equivalent
heat flux ¢g. The amount of thermal energy added to the hot
source is equivalent to that subtracted from the cold source.
Besides, 40 carbon atoms at each end of both CNTs as shown
as gray regions in figure 1(a) are fixed to prevent the CNTs
from rotating, which is conducted by setting the velocities
of carbon atoms as 0 in all directions. The remaining region
of each CNT is divided into 10 slabs along the transverse
direction to obtain the temperature profile of the system. The
temperature of each slab is calculated as

1 n
T — E 2
3nkg P e M

where nis the number of atoms in each slab, kg is the Boltzmann
constant, my and v are the atomic mass and velocity of atom
k, respectively. The heat flux ¢ and temperature drop AT
at the junction calculated from the average temperatures of
overlapping CNT segments can be used to calculate thermal
conductance. The adaptive intermolecular reactive empirical
bond-order (AIREBO) potential [27] is used. In more detail,
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the 2nd generation REBO potential is used to describe carbon
atomic interactions within CNTs, and the 12-6 Lennard Jones
(LJ) [28] potential with parameters € = 2.84 meV and 0 = 3.4
Ais adopted to model the van der Waals interaction between
CNTs. Different values of o have been adopted in previous lit-
eratures. Xu et al [17] used van der Waals diameter o = 3.851
A for the LJ potential in a very early work. Later, Evans et al
[21] and Hu et al [12] simulated the CNTs junctions with van
der Waals interaction using the value of 3.4 A. Considering
our structure is similar to the above two works, the value of
3.4 A is used in our simulations. The AIREBO potential E is
described as

E— %Z SOERRO gl 4 37 S EIgRSION] )
i j#i ki 1#ijk

where the EREBO term describes short-ranged C-C, H-H and
C-H interactions; the E™' describes long-ranged interactions
and the ETORSION term is an explicit 4-body potential that
describes various dihedral angle preferences in hydrocarbon
configurations, while the 12-6 Lennard Jones (LJ) potential V/
is expressed as [29]

o= [(2) (]

where r is the interatomic distance; ¢ is the energy parameter,
and o is the van der Waals diameter. The scaling parameter
x is used to adjust the interaction strength between CNTs,
which is discussed in detail for the effect of van der Waals
interaction strength on thermal conductance.

The atomic configuration of overlap length of 3.934nm
between aligned CNTs is shown in figure 1(a). There are cova-
lent bonds between CNTs. Usually, non-bonded CNTs junc-
tion is considered in most cases between CNTs. Currently,
it is impossible to experimentally observe and validate such
bonded interaction. However, the bonded structure has been
considered in MD simulation. Shi ef al [30] investigated the
thermal transport in 3D carbon nanotube-graphene structure
by molecular dynamics simulations and there was bonded
interaction between carbon nanotube-graphene junctions.
The system is initially equilibrated at temperature 300K for
200ps (1ps = 1072 s) using a Nose-Hoover thermostat [31]
with an integration step of 0.2 fs (1 fs = 10713 s). A consecu-
tive micro-canonical ensemble (NVE) is followed for another
200 ps. Finally, a constant heat flux g is applied to the system
for another 1.2 ns to reach steady state. The temperature is
collected in the last 400 ps with temperature profiles as shown
in figure 1(b).

A moderate temperature drop at the junction is important
for thermal conductance calculation considering that larger
temperature drop could induce non-linear effect, while lower
temperature drop would lead to statistical uncertainties due
to temperature fluctuation [21]. The heat fluxes applied in the
study of effect of overlap length on thermal conductance are
varied from 80 nW to 560 nW for overlap length from 0.982 nm
to 6.886nm to obtain ~50K temperature drop at junction. The
atomic configuration of studying the effect of applied external
force on thermal conductance is shown in figure 1(c). The

3)

rings at the edge of carbon atoms marked as gray regions in
figure 1(c) are fixed in the x and y directions, that is, the veloci-
ties of these carbon atoms are set as O in the x and y direc-
tions, but the velocity in the z direction of these atoms is not
fixed. This setup is to ensure that CNTs would not rotate. The
applied force in the z direction, as shown as the black arrows
in figure 1(c), is applied in the axial direction to both CNTs.

3. Results and discussion

3.1. Thermal conductance calculation with various overlap
length

The computational setup used in the simulation for overlap
length of 3.934nm is shown in figure 1(a). Free boundary
conditions are used in all directions. The overlap length Ax
as shown in figure 1(a) is varied from 0.982nm to 6.877 nm,
and the values of overlap length are carefully calculated for
perfect alignment of two CNTs. According to the Fourier’s
law, the value of thermal conductance between CNTs is
calculated as G = g/AT, where ¢ is heat flux and AT is the
temperature drop at the CNTs junction. Figure 2(a) displays
the thermal conductance G as a function of overlap length Ax.
It is found that G is increased from 1.00 to 11.76 nW K~! as
Ax is increased from 0.982 to 6.877 nm. With larger overlap
length Ax, more carbon atoms from both CNTs at the junction
are involved and contribute to the thermal transport across the
junction, which directly enhances the thermal conductance G.
Moreover, it was reported that the CNTs length also have a
strong effect on the interfacial thermal conductance at non-
bonded junction [12]. Besides, it is found from literatures that
CNTs length also has a certain effect on the intertube thermal
conductance at bonded junction. For example, Yang et al
[32] investigated the inter-tube thermal conductance between
two CNTs and found the inter-tube conductance varied from
1.46 x 1078 W K~ ! to 1.64 x 1078 W K~! with the tube
length ranging from 24.56 nm to 123 nm.

The thermal conductance per unit overlap length is
defined as 0 = G/Ax, and o as a function of Ax is shown in
figure 2(b). It is found that ¢ is increased with overlap length
Ax. Richard et al [18] reported that thermal conductance
per unit overlap length between two non-bonded CNTs with
periodic boundary conditions had an inverted dependence on
overlap length varied from 10nm to 40 nm with CNT length of
100 nm. Volkov et al [16] found that the inter-tube conductance
per unit length was independent on the overlap length varied
from 0 to 100nm. Xu et al [17] found that the dependence of
thermal conductivity on overlap length was almost linear with
overlap length varied from 0 to 10nm, which indicated that
thermal conductance per unit overlap length remained constant
with overlap length. The tendency of thermal conductance per
unit overlap length on overlap length in our work is different
from that in other references. It is noticed that there are cova-
lent bonds at the CNT junction in our work, thus the thermal
conductance is mainly determined by the number of covalent
bonds. The number of covalent bonds formed per unit length
at the edge is small and lead to weaker thermal transport per
unit length compared to the other region. The effect of edge
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Figure 2. (a) Thermal conductance G as a function of overlap length Ax. (b) Thermal conductance per unit overlap length o as a function
of overlap length Ax. (c) The phonon DOS for overlap length of 0.982nm. The red/black line denotes the phonon DOS for each side of
CNT in overlap region. (d) The phonon DOS for overlap length of 6.886 nm. The red/black line denotes the phonon DOS for each side

of CNT in overlap region. (¢) The phonon DOS of CNTs on one side for overlap lengths of 0.982nm, 2.950nm, 4.918 nm and 6.886 nm.
The inserted figure shows the shift of the phonon DOSs.
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Figure 3. Thermal conductance G as a function of LJ scaling
parameter X. The inserted schematic structure displays two non-
bonded CNTs with overlap length of 3.934 nm.

on thermal conductance for shorter overlap length is more sig-
nificant than that for longer overlap length since the ratio of
edge region length on overlap length for longer overlap CNTs
junction is smaller. Correspondingly, the thermal conductance
per unit overlap length is increased with overlap length.

For quantitative analysis, the phonon DOS (density of
states) curves for each CNT are drawn as shown in figures 2(c)
and (d). The shortest overlap length 0.982nm and longest
overlap length 6.886nm are selected for the analysis. Since
there is not obvious distinction between these curves, the
overlap area of the spectra is calculated to analyze the phonon
scattering at interface. The overlap area of phonon DOS is
defined as § = [ A(f)fdf, where A(f) is the intersected area
at the frequency of f. It is calculated that the overlap area
for these two cases are 32.7 and 40.4, respectively, partially
explaining the increased thermal conductance per overlap
length. Figure 2(e) was drawn to compare the phonon spectra
of CNT on the same side for selected four different overlap
lengths and found that the high frequency phonons exhibits
a red shift with decreasing overlap length, which is similar to
the previous reported observation about the softening of the
G-band in the Raman spectra of single-layer graphene [33].
The phonon softening is able to reduce the phonon group
velocity and relaxation time, which causes the reduction of
thermal conductivity [34, 35]. The reduced phonon group
velocities render less contribution from the phonon couplings
to the interfacial heat flux, leading to lower inter-tube thermal
conductance.

3.2. Effect of van der Waals interaction strength

The atomic configuration for studying the effect of van der
Waals interaction strength on thermal conductance is shown
as the inserted image in figure 3. The CNTs are interacted
with van der Waals interaction, and the initial separation dis-
tance defined as the nearest distance between the outer walls
of CNTs is 3 A. Besides, the simulation process is the same as
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Figure 4. The breaking force, which is defined as the minimum
force that can cut off the covalent bonds between CNTs and
separate the two CNTs, as a function of overlap length Ax.

The inserted schematic structure shows that the covalent bonds at
the CNTs junction are cut off and the two CNTs are separated when
the applied force is beyond breaking force.

above-mentioned cases, while there is difference in heat flux
value which is 0.8 nW in this case. Thermal conductance G
for overlap length of 3.934nm as a function of van der Waals
interaction strength x is shown in figure 3, which is imple-
mented by tuning the scaling parameter x in equation (3). As
displayed in figure 3, the monotonic increasing dependence of
G on y indicates that the phonon coupling between two CNTs
is enhanced with scale factor y, which strengthens the thermal
transport between two CNTs. The results indicate that thermal
transport can be effectively manipulated by tuning the van der
Waals interaction strength.

Although it is impossible to modify scaling parameter x
directly in practice, it can be achieved by applying external
force or pressure [36], or through electron irradiation [37].
The dependence of thermal conductance between graphene
sheets on interlayer interaction strength was investigated by
Xu et al [17]. The tendency of thermal conductance on van der
Waals interaction strength in the work by Xu et al is similar
as that in our work. The thermal conductance G is 0.145 nW
K~ ! when y = 1, which is 0.35 nW K~! for overlap length of
about 4.2nm for (10, 10) nanotubes in the work by Xu et al
[17]. These results are comparable considering that larger
energy parameter ¢ = 0.004555eV for C—C in the work by
Xu et al [17], while the value is 0.002 84 eV in our work. The
thermal conductance of CNTs junction is 1.155 nW K~ ! when
X is equal to 10, which is about 1.901 nW K~! for graphene/
graphene interface in Xu et al’s work [17]. Considering the
difference in structure, the difference in thermal conductance
is reasonable. Meanwhile, it is similar that thermal conduct-
ance is increased with LJ scaling parameter x for both CNTs
junction and graphene/graphene interface. It was reported that
the thermal conductance for covalent bonded interface could
be two orders of magnitude greater than that for van der Waals
interaction interface [38]. The thermal conductance between
two bonded CNTs for an overlap length of 3.934nm is 6.224
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Figure 5. The relationship between thermal conductance G and applied force for overlap lengths of (a) 1.966 nm, (b) 3.934nm and
() 5.902nm. (d) The relationships between normalized thermal conductance and normalized applied force.

nW K~!, which is about 43 times larger than that for two non-
bonded CNTs with the same overlap length in our work. Our
results are reasonable compared with [17, 38].

3.3. Thermal conductance modulation by applied force

As shown as the black arrows in figure 1(c), the force is applied
in the axial direction of nanotubes and to all carbon atoms of
CNTs. The effect of applied force in the axial direction on
thermal conductance is investigated with overlap lengths of
1.966nm, 3.934nm and 5.902nm. Besides, the applied force
is below the breaking force which is defined as the minimum
force that can cut off the covalent bonds between CNTs totally
and separate the two CNTs. As shown as the inserted image
in figure 4, the CNTs junction is destroyed when the applied
force is beyond breaking force. The positive dependence of

breaking force on overlap length Ax is shown in figure 4. It is
obvious that more covalent bonds contribute to CNTs junction
with longer overlap length Ax, thus larger breaking force is
needed to destroy the structure.

The thermal conductance as a function of applied force
for overlap lengths of 1.966nm, 3.934nm and 5.902nm is
shown in figure 5. It is found that the thermal conductance
is increased first and then decreased for the three cases. The
thermal conductance G for overlap length of 1.966nm is
increased first from 2.81 to 3.42 nW K~! as applied force is
increased from 0 to 0.016eV A~! and decreased then from
3.42 to 1.88 nW K~ ! as applied force is increased from 0.016
to 0.03eV A~! as shown in figure 5(a). The dependence of
thermal conductance on applied force for overlap lengths of
1.966 nm, 3.934 nm and 5.902 nm is similar. The relationships
between normalized thermal conductance (defined as the
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bonded CNTs with overlap length of 3.934 nm under applied force. The CNTs become bent under applied force and the force F; along axis
of CNT comes into being. The component force F, in x direction is decomposed from F; which equals to Ficosf. And the component force
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applied force for overlap lengths of (a) 1.966nm, (b) 3.934nm and (c) 5.902nm, and the distance between CNTs at overlap segments has an

inverted dependence on applied force for three cases.

ratio of thermal conductance to the maximum value) and nor-
malized applied force (defined as the ratio of applied force to
corresponding value of overlap length) for overlap lengths of
1.966 nm, 3.934nm and 5.902 nm are compared in figure 5(d).
The overall trend for all three cases is similar. The variation
of normalized thermal conductance for overlap length of
1.966 nm is largest, while that for overlap length of 5.902nm
is smallest. For the case of shorter overlap length, the ratio of
number of cutting off bonds (as the applied force approaches
breaking force) to the initial total number of bonds (without
applied force) is larger.

Actually, the effect of applied force on thermal conduct-
ance is twofold. On the one hand, the applied force which
is outward in the axial direction (z direction as shown in
figure 1(c)) has a tendency to separate the two CNTs in the z
direction. As the applied force is increased, the overlap length
is shorter and the covalent bonds between CNTs are broken
gradually, thus the energy coupling at the junction is weaker.
On the other hand, the applied force causes deformation of
CNTs, resulting in tangential force on CNTs. As shown as in
figure 6(b), the CNTs become bent under the applied force and
the force F along the axis of CNT is generated. The comp-
onent force F, in the x direction is decomposed from F; as
Fy - cosf. The opposed component force in the other CNT
is also decomposed. The component force on the two CNTs
squeezes CNTs. Thus, we found that the distance between

CNTs which is calculated as the difference between average
values of the x coordinates of all carbon atoms from two CNTs
at the overlap segments is shorter during the simulation.

The distance between CNTs at overlap regime with dif-
ferent forces for overlap lengths of 1.966nm, 3.934nm
and 5.902nm is shown as figures 6(c)—(e), and the distance
between CNTs at overlap regime has an inverted dependence
on applied force for three cases. Increased applied force leads
to more deformation on CNTs. Thus, the force F; as shown
in figure 6(b) along the nanotube is increased and the angle 6
between force F'; and component force F is increased for bent
CNTs, resulting in increased F, which equals to F - cos6. It
is found that the distance between CNTs at the overlap regime
is decreased with increasing F», leading to an inverse relation-
ship of distance between CNTs and applied force. The closer
CNTs at the overlap regime results in stronger interaction
between them and improved heat transport at the junction.

As above-mentioned, the applied force has twofold effects
on thermal transport. At the initial period, as the applied force
is increased, the covalent bonds between CNTs are hardly cut
off and the overlap length is decreased a little, while the dis-
tance between CNTs is decreased. The effect of spaced dis-
tance between CNTs dominates the thermal transport process,
that is, the positive effect on thermal conductance. When the
applied force is large enough (close to the breaking force),
the covalent bonds between CNTs are broken significantly
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as the forced is increased. Even if the CNTs become closer,
destroyed covalent bonds will lead to an overall negative
effect on thermal transport. That is why the thermal conduct-
ance between CNTs is increased first and then decreased as
the applied force is increased.

In previous work, Yue et al [24] implemented thermal
manipulation of CNT fiber by mechanical stretching and
the thermal conductivity of CNT fiber improved as high as
28% with applied mechanical stretching less than 5% in the
axial direction. It was explained that mechanical stretching
could effectively improve the alignment of CNT fiber and
the internal force gave pressure on CNT contacts, which
improved thermal conductance between CNTs. It is noticed
that the mechanical stretching applies force in the axial direc-
tion on CNT fiber and the most CNT contacts are applied with
force in the axial direction since most CNTs are configured
lengthways in CNT fiber. Thus, the most microstructures in
CNT fiber with mechanical stretching are similar as the con-
figuration in our work. The result in our work about effect
of applied force on thermal conductance is complementary
explanation to the thermal conductivity enhancement of CNT
fiber with applied mechanical stretching from the micro level.
Accordingly, the result in our work is reasonable and reliable
with the experimental result [24].

4. Conclusions

Thermal transport between bonded and non-bonded CNTs are
simulated for various overlap lengths, van der Waals interac-
tion strength and applied force. The thermal conductance at
the junction of two bonded CNTs is increased as the overlap
length is increased and the thermal conductance per unit
overlap length is also increased with overlap length. Thermal
transport between two non-bonded CNTs is investigated by
tuning van der Waals interaction scale factor for comparison
with that of the bonded CNTs. The breaking force which is
defined as the minimum force that can destroy the covalent
bonds between CNTs is obtained with various overlap lengths.
It is found that the distance between CNTs at overlap regimes
is decreased with applied force, enhancing thermal transport.
However, the covalent bonds between CNTs can be destroyed
if applied force is too strong. We observe that the thermal con-
ductance between CNTs is increased first and then decreased
with applied force.
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