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Abstract: Due to their unique properties, carbon nanotubes (CNTs) are finding a growing number
of applications across multiple industrial sectors. These properties of CNTs are subject to influence
by numerous factors, including the specific chiral structure, length, type of CNTs used, diameter,
and temperature. In this topic, the effects of chirality, diameter, and length of single-walled carbon
nanotubes (SWNTs) on the thermal properties were studied using the reverse non-equilibrium
molecular dynamics (RNEMD) method and the Tersoff interatomic potential of carbon—carbon based
on the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS). For the shorter
SWNTs, the effect of chirality on the thermal conductivity is more obvious than for longer SWNTs.
Thermal conductivity increases with increasing chiral angle, and armchair SWNTs have higher
thermal conductivity than that of zigzag SWNTs. As the tube length becomes longer, the thermal
conductivity increases while the effect of chirality on the thermal conductivity decreases. Furthermore,
for SWNTs with longer lengths, the thermal conductivity of zigzag SWNTs is higher than that of the
armchair SWNTs. Thermal resistance at the nanotube-nanotube interfaces, particularly the effect of
CNT overlap length on thermal resistance, was studied. The simulation results were compared with
and in agreement with the experimental and simulation results from the literature. The presented
approach could be applied to investigate the properties of other advanced materials.

Keywords: carbon nanotubes (CNTs); single-walled carbon nanotubes (SWNTs); chirality; aspect
ratio; topological parameter; thermal properties; molecular dynamics (MD) simulations

1. Introduction

The demand for polymeric composites has grown significantly due to the requirements
of human communities and industries for the construction of lightweight, strong, and durable
structures, as well as the need for highly conductive materials [1-3]. Among the various
options for the reinforcement of polymeric matrix nanocomposites, carbon-based nanofillers,
including carbon nanotubes (CNTs) and graphene nanoplatelets (GNPs), could help to
achieve the desired improvement in the thermal conductivity of the nanocomposites [4-6].
CNTs have special properties such as high strength, lightweight, unique electronic structure,
and high stability, making them ideal materials for a wide range of applications. The
thermal conductivity of nanomaterials plays a crucial role in controlling the performance
and stability of nanocomposites in nano/micro-devices [7-9]. CNTs can be categorized
into three main types based on their number of layers: single-walled CNTs (SWNTs),
double-walled CNTs (DWNTs), and multi-walled CNTs (MWNTs) [10-16].

The conductive properties of CNTs, depending on their structures (individual, films,
bundled, buckypaper, etc.) and synthesis methods, demonstrate different values of ther-
mal conductivity, from the level of thermal insulation with the thermal conductivity of
0.1 W/m-K for MWNTs to such high values as 6600 W/m-K for SWNTs. Berber et al.
conducted MD simulations using the Tersoff potential to calculate the thermal conductivity
of isolated (10, 10) CNTs and obtained an unusually high value of thermal conductivity of
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6600 W/m:-K at room temperature. Those high values of thermal conductivity are associ-
ated with the large-phonon mean free paths in their systems, which result from the long
length of CNTs and high number of atoms in each unit cell. This result is comparable to the
thermal conductivity of a hypothetical isolated graphene monolayer [17,18].

Che et al. focused on the theoretical consideration of the effect of vacancy or defect
concentration on the thermal conductivity of CNTs. The theoretical value of an ideal
SWNT measured along the tube axis is approximately 2980 W/m-K. Simulations of SWNTs
with different defect or vacancy concentrations show that, as expected, the thermal con-
ductivity decreases with increasing defect or vacancy concentration. Additionally, it was
discovered that the thermal conductivity changes when the CNTs are not individual CNTs
but bundled together in a closely packed condition. The thermal conductivity along the
axis is 950 W/m-K, but the thermal conductivity in the perpendicular direction is only
5.6 W/m-K. This indicates that the thermal conductivity of CNTs is much lower in the
transverse direction than in the longitudinal direction. These extreme differences in thermal
conductivity indicate that MWNTs and CNT bundles and ropes exhibit varying degrees of
thermal conductivity [19].

There are two main principles on how to hinder efficient transportation. First, despite
using the most precise reaction control systems, CNTs always have inherent flaws. Topolog-
ical defects such as the Stone-Wales-type topological defects or simple vacancies can cause
scattering, thereby reducing the mean free path of phonons. Second, CNTs always contain
some form of extraneous contaminants (other forms of carbon, residual catalyst, etc.) that
must be removed so as not to interfere with high-performance thermal energy transfer.
The decrease in thermal conductivity of SWNTs was reported by Park et al. and Chien
et al. using reverse non-equilibrium molecular dynamics (RNEMD) simulations [20,21].
Park et al.’s research shows that the concentration of vacancy defect (up to 2%) can reduce
thermal conductivity by more than 80%. It must also be noted that Park’s research focused
on (6, 6) SWNTs of varying lengths as opposed to (10, 10) SWNTs in the study conducted by
Chien et al. The results show that the introduction of vacancies reduces the thermal conduc-
tivity to about 0.5 W/m-K. The main reason for the decrease in thermal conductivity is that
the lack of bonds around the vacancies immediately terminates short-wavelength phonons.

Another important factor affecting the thermal conductivity of MWNTs is the interlayer
distance of MWNTs. Smaller interlayer distances can enhance van der Waals interactions
between adjacent layers. This affects phonon scattering and thermal transport along the
nanotube axis. Variations in interlayer distance may also introduce defects or disorder,
which in some cases can reduce thermal conductivity as low as 0.1 W/m-K [22,23].

Alaghemandi et al. used RNEMD simulations and showed that changes in the bond
length of carbon atoms have very little effect on the thermal conductivity of SWNTs.
They showed that reducing the bond length (Ar = 0.12 A) of (10, 10) nanotubes with a
diameter of D = 1.40 nm and length of L = 96.1 nm can increase the thermal conductivity
by approximately 3% [24].

SWNTs can form three different designs: armchair, chiral, and zigzag. Armchair CNTs
have electrical properties similar to metals, but the other two structures have electrical
properties similar to semiconductors [25,26]. The use of CNTs with a higher aspect ratio
(length/diameter) is an efficient means to obtain better thermal conductivity enhancement
in CNT-modified polymer composites. Thus, as the tube length increases, the thermal con-
ductivity increases, while the effect of chirality on the thermal conductivity decreases [27].

Since there are many factors affecting the performance of CNT-modified composites
and some of which affect material performance at the nanoscale, conventional experimen-
tal techniques and continuum modeling methods cannot characterize them. Traditional
trial-and-error experimental approaches are expensive, time-consuming, and sometimes
impossible [28]. Therefore, an effective design is needed to develop novel composites with
desired properties for applications. Molecular dynamics (MD) or first-principles simula-
tions are excellent tools for studying material properties at the nanoscale. In the classical
MD method, electronic effects are averaged, and the simulation focuses on calculating the
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time evolution of atomic positions and velocities in accordance with Newton’s equations
of motion.

The interatomic potentials (force fields) are developed from the first principles or
derived from experimental data to describe the interactions between atoms. The reliability
of these interatomic potentials plays a crucial role in determining the precision of MD
simulations and their capacity to bridge the effectiveness of mesoscale methods [29-32].
One of the most notable interatomic potentials is the Lennard—Jones potential. It has long
been used to describe rare gas atoms, simple metals, and highly ionic systems. On the
other hand, many-body potentials, including additional terms for many-body interactions,
have been proposed and applied to materials such as semiconductors and polymers [33,34].
Tersoff potential is one of the best-known potentials and provides a realistic description
of the bond order in terms of the local environment (number of neighbors). The Tersoff
potential is generally designed to model materials with covalent bonding and is often
applied to systems where atoms have a preferred coordination number, such as quadruple
coordination in diamond or silicon carbide [35].

Many studies have been carried out on the relationship between the thermal conductiv-
ity of CNTs and other influential factors such as length, temperature, and diameter of CNTs
to find the optimum conditions for industrial applications. Osman and Srivastava [36]
and Cao et al. [37] studied the effect of temperature on the thermal conductivity of
SWNTs. The results show that as the temperature increases, the thermal conductivity
first increases and then decreases, but there is no consensus on the cause of temperature
peak. Varshney et al. [38] and Hou et al. [39] studied the effect of length on the thermal
conductivity of CNTs, and the results show that the thermal conductivity increased with the
increase in length. For the effect of diameter, Varshney et al. [38] and Li et al. [40] proposed
that the effect of diameter on the thermal conductivity of CN'Ts may be different for CNTs
with different lengths. Chirality is a distinctive feature of SWNTs, and it is known that
the chiral angle plays a crucial role in determining various physical properties, including
thermal conductivity. Surprisingly, its effect on the thermal conductivity of SWNTs remains
unclear. Zhang et al. [41] determined, based on their calculations, that zigzag SWNTs have
a higher thermal conductivity than armchair SWNTs. There are limited studies examining
the relationship between chirality and thermal conductivity. Experimental attempts to
quantify the heat transfer properties of SWNTs have encountered many difficulties, and
MD simulations have proven to be of great help in the ongoing catalog of CNT heat transfer
properties. However, Hone et al. [42] showed that experimental measurements of SWNT
samples revealed a room temperature conductivity of approximately 35 W/m-K. Lukes
and Zhong [43] also investigated the thermal conductivity of individual (10, 10) SWNTs
using MS simulations as a function of length, temperature, boundary conditions, and MS
simulation methodology. Their results indicate that thermal conductivity increases with
nanotube length, varying from about 10 W/mK to 375 W/mK.

Thermal resistance (R) can be a significant obstacle to heat transfer through polymer
nanocomposites [44]. Since the heat transfer in these composites is primarily governed by
phonon transfer, the interfacial thermal resistance is attributed to the phonon scattering
at the filler-matrix and fillerfiller interfaces [45], which hinders the heat flux through the
composites, thus reducing its effective thermal conductivity. Different factors affect the
magnitude of R, but the most important factor is the length of interface overlap. The most
challenging part is to develop an accurate molecular model of the interfacial segments,
which can then be used to evaluate R in different geometrical configurations [46].

Therefore, this study will investigate the effects of topological parameters of SWNTs,
including chiral angle, length, diameter, and other parameters on the thermal proper-
ties of SWNTs based on the Tersoff potential using RNEMD simulations. The effect of
nanotube-nanotube overlapping length on thermal resistance (Rcc) will also be inves-
tigated. The simulation results will be compared with the experimental and computer
modeling results from the literature for validation.
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2. Molecular Dynamics Simulation Methodology
2.1. RNEMD Approach

Reverse non-equilibrium molecular dynamics (RNEMD) based on the Miiller-Plathe’s
approach was used to calculate the thermal conductivity of CNTs. RNEMD reverses the
usual cause and effect picture. In this approach, the simulation box is divided into 5 bins
along the z-axis. Both end regions are designated as the lower-temperature zone, while the
middle bin is the higher-temperature zone (as shown in Figure 1). The heat flux is then
imposed on the system as a primary perturbation. In the RNEMD method, the thermal
energy is continuously interchanged, in an artificial manner, between the ‘cold” region and
the ‘hot’ region by exchanging the velocity of the hottest atom () in the cold region with
the velocity of the coldest atoms (v.,4) in the hot region, and then the temperature gradient
is obtained from the simulation. This makes the simulations converge faster relative to the
non-equilibrium MD method, in which a thermal gradient is applied, and the heat flux is
measured instead. In fact, the simulated heat flux typically exhibits large fluctuations and
therefore converges slowly. However, thermal gradients averaged over time and space tend
to converge in a faster manner. By repeating the transfer at regular intervals, an artificial
heat flux j, is generated and calculated as [47]:

. 1 m
Jz= 54 2 2 (vlzwt - v%old) 1

where m is the atomic mass, t is the simulation time, and A is the cross-sectional area of the
simulation box. vy,,; and v, are the velocities of the selected atoms in the hot region and
cold region, respectively. When a steady state is reached, the amount of energy per time
and area (this is the definition of the heat flux j;) flowing from the hot to the cold region
via heat conduction can be obtained. Consequently, j, induces a temperature gradient
(9T/9z) across the system, from which the thermal conductivity, A, can be determined using
Fourier’s law [48]:

- (7=(1)
A= lim lim-—->22+~ 2
aT/9z—0t—o0 (0T /0z) @
Heat Flux Heat Flux
Cold Region <} [ Cold Region
Hot Region

Figure 1. Reverse non-equilibrium molecular dynamics (RNEMD) approach employed to compute
the thermal conductivity of SWNTs.

After the simulation is completed, results for temperature, z-direction coordination,
and heat flux of the simulation box were obtained for each time step. The thermal conduc-
tivity of CNTs can be calculated using Microsoft Office 365 Excel or MATLAB 2023b to
substitute the obtained results into Equation (2).

The RNEMD method can also be employed to calculate the thermal resistance, R, at
the CNT-CNT interfaces. Under steady-state conditions, the calculated R under certain
temperature drop (AT) and heat flux (j;) across the CNT-CNT interface can be determined
as [49]:

AT
Jz

The adopted interatomic potential function affects the thermal conductivity calculation
of CNTs. Salaway and Zhigilei [50] showed that CNTs with a Tersoff interatomic potential
have higher and more accurate simulated thermal conductivity than those by Brenner-II

R (3)
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and AIREBO potentials, respectively. This is the main reason why Tersoff interatomic
potential is used in this study. The electrostatic term is considered in the potential. It is
combined into the potential function and does not have a separate term. If a chemical
reaction in a reactive MD simulation is involved, the potential function will have a separate
term to represent the relationship between the reacting atoms. Some key features of the
Tersoff potential include three-body interaction, angular dependence, material-specific
parameters, and computational efficiency [35].

2.2. Chiral Angle

Figure 2 is a schematic diagram of the chirality of a graphene sheet or an expanded
CNT, in which the vector S = m a; + n a; represents the chirality and diameter of SWNTs.
Here, a; and a; symbolize the unit vectors of the graphene for constructing chiral angles.
Furthermore, S denotes the lattice vector of two-dimensional graphene, while m and n are
integers. The diameter of an SWNT is defined accordingly as:

V2 2
g |:a m? 4+ mn +n @

T Tt

where a = 1.42,/3 (nm) is the lattice constant. An armchair SWNT is defined when m = n.
Conversely, a zigzag SWNT is determined when m = 0 or n = 0. Chirality encompasses
crossing angles that span from zigzag SWNTs to armchair SWNTs, with a crossing angle
of 30° in between. As a result, the chiral angle is the angle between the vector S and the
orientation of the zigzag SWNT [25,27,51]. It is represented as

0 = tan"!|v/3n/(2m + n)| (5)

Zigzag

Figure 2. Schematic diagram of the chirality of a graphene hexagonal lattice with lattice vectors a;
and a,.

All the presented simulations were performed using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS), an open resource MD simulation package, and
Tersoff [52] force fields have been used for CNTs. After careful evaluation of the equilibrium
state achieved for the simulation system during the simulation process under the given
conditions, unless otherwise stated, all the setups were initially energy-minimized and
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subsequently equilibrated in a canonical ensemble at 300 K for up to 300 ps (duration
depended on the system size) using a time step of 0.5 fs (determined after simulation con-
vergence study on time step). After equilibration, the thermal properties were calculated
using the RNEMD method. To ensure accurate statistical results, the production run time
was extended to 2 ns, allowing the simulated systems to achieve stable temperature and
heat flux.

The systems studied here were constructed by repeating the unit cell of zigzag, chiral,
and armchair nanotubes with different diameters and lengths. The simulation cells were
elongated in the z-direction, which is also the direction of the energy flow; their lengths
varied from 5 to 20 nm. The length parameter was smaller than typical experimental
values due to the limitation of the simulation box size. Further computational details and
simulation methods will be discussed in each specific subsection of the Results section.

Carbon—carbon bond behavior can be modeled in MD by employing the Tersoff
interatomic potential. In 1988, Tersoff proposed the potential to simulate the behavior
of the primary bonds between atoms in inorganic materials [52,53]. The cut-off distance
for interatomic interactions in the Tersoff potential was chosen to be 1.95 A to simulate
C—C bonds.

3. Results and Discussion
3.1. Length Dependence of the Thermal Conductivity

The relationship between CNT length and thermal conductivity was studied using the
RNEMD method, and the length dependence of the thermal conductivity A of SWNTs with
the same dimeter and different chiral indices of (5, 0) and (8, 8) at room temperature was
studied. For each chiral model, the length parameter varied between 5 and 20 nm, with a
diameter of approximately 0.65 nm. Referring to Figure 1, the heat flows from the hotter
central region of the CNT to the colder regions located at the ends of the CNT. The results
listed in Table 1 and shown in Figure 3 show that A increases with L due to the presence of
longer wavelength phonons. When the coefficient of determination R? > 0.98 a power-like
trend is observed for both chiralities, i.e., [24,38,54,55]:

A=ALB (6)

Table 1. The thermal conductivity A changing with the length L of SWNTs.

SWNT Length L (nm) 5 10 15 20

A (W/mK) of armchair (5, 5) (this research) 35.32 58.25 80.98 92.00
A (W/mK) of zigzag (8, 0) (this research) 28.92 52.66 77.27 100.5
A (W/mK) of armchair (10, 10) (from the literature) 40.40 60.00 78.5 90.00
A (W/mK) of zigzag (10, 0) (from the literature) 32.56 55.68 80.00 105.0

The results showed that for (5, 5) zigzag SWNT, A = 11.95 and B = 0.7, and for (8, 8)
zigzag SWNT, A =7.14 and B = 0.89. The figure shows that the gap between the thermal
conductivity A curves is widest for shorter tube lengths and decreases with increases in
length. This implies that the effect of chirality on thermal conductivity decreases for longer
tubes, eventually resulting in a greater thermal conductivity for zigzag SWNTs with a
length of 20 nm than for armchair SWNTs.

This is consistent with the length dependence found in other MD studies. Moreland et al. [56]
showed that for length <100 nm, B = 0.78. Furthermore, Maruyama [57] showed that for
chirality (5, 5) and length <400 nm, the exponent B is approximately 0.4. These results are
consistent with the theoretical study at room temperature by Wang et al. [58]. For CNTs
with a length <100 nm, the observed exponent B is 0.83. For CNTs with a length >10,000 nm,
the observed exponent B is 0.35. The parameters of the power law (Equation (6)) can be
obtained through data regression based on the data from Table 1 and Figure 3 and are listed
in Table 2.
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Figure 3. Thermal conductivity versus tube length of zigzag and armchair SWNTs with constant
diameter (0.65 nm) at room temperature (300 K).

Table 2. The power law regression results based on the data from Table 1 and Figure 3.

MD Simulation Case Regression Formula R?

A (W/mK) of armchair (5, 5) (this research) A = 11.39710-7084 0.9892
A (W/mK) of zigzag (8, 0) (this research) A = 6.74711.089% 0.9997
A (W/mK) of armchair (10, 10) (from the literature) A = 15.7061.0-5865 0.9972
A (W/mK) of zigzag (10, 0) (from the literature) A = 8.271410-8411 0.9976

In Figure 3, the lines for the armchair and zigzag SWNTs cross by around 16 nm. There
may be multiple factors that affect the overall thermal conductivity of the chiral SWNTs.
In the shorter SWNTs, if both armchair and zigzag SWNTs undergo similar scattering
mechanisms and the impact on the overall thermal conductivity is smaller, and if the
majority of phonons in both armchair and zigzag SWNTs propagate strictly along the
theoretical pathways, the pathway length of the zigzag SWNTs is about 15.5% longer than
that of the armchair SWNTs, and the thermal conductivity of an armchair SWNT will be
15.5% higher than that of a zigzag SWINT, which is consistent with the results for the shorter-
tube-length SWNTs in Figure 3. In the longer SWNTs, phonons have more opportunities to
propagate and scatter within the nanotubes. The overall thermal conductivity is affected
by the ability of phonons to propagate along the tube and the scattering events that occur.
Therefore, the longer SWNTs may have more phonon traveling modes than the shorter
SWNTs, thereby reducing the effect of the chirality and inducing the crossing point at a
certain tube length (around 16 nm in Figure 3). There are some other factors that may affect
the phonon propagate pathways, scattering processes, and the overall thermal conductivity
of the chiral SWNTs, such as SWNT lattice defects, interactions with the substrate and
among the CNTs, or environmental conditions, which are not considered in this study.

3.2. Chiral Angle and Diameter Dependence of the Thermal Conductivity

In order to more objectively reflect the effect of chirality on thermal conductivity, the
tube length and diameter of all SWNTs affected by heat flux in the simulations were fixed.
Additionally, to study the effect of diameter on the thermal conductivity of SWNTs, SWNTs
with different diameters were examined. However, the length remains the same, 5 nm.
Table 3 shows the geometric parameters of SWNTs with smaller and larger diameters. The
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largest diameter is approximately 1.65 nm, which results in the sample being triple larger
than the one with the smallest diameter [25,27,51,54].

Table 3. Geometric parameters of four groups of SWNTs with different diameters, each group
consisting of eight SWNTs with L =5 nm.

SWNTs (D~0.5 nm)

Chirality (6,0) 6,1) 6,2) 5,2) 4,2 (5,3) 4,3) 4,4
Chiral Angle (°) 0 7.5 13.89 16.1 19.1 21.7 25.28 30
Diameter (nm) 0.48 0.51 0.53 0.5 0.51 0.48 0.45 0.53
SWNTs (D~0.75 nm)
Chirality (10, 0) (10, 1) 8,2) 9, 3) (8,4) (7, 4) (6,4) (6,6)
Chiral Angle (°) 0 4.7 10.98 13.89 19.1 21.1 23.4 30
Diameter (nm) 0.78 0.79 0.72 0.8 0.79 0.75 0.7 0.78
SWNTs (D~0.95 nm)
Chirality (12, 0) 12,1) 11,2) (10, 3) ©, 5) (8, 5) (8, 6) 7,7)
Chiral Angle (°) 0 3.9 8.2 12.7 20.6 224 25.2 30
Diameter (nm) 0.94 0.9 0.94 0.93 0.97 0.9 0.96 0.96
SWNTs (D~1.65 nm)
Chirality (1, 0) (20, 2) (18, 5) (17, 6) (16, 8) (15, 9) (14, 10) (12, 12)
Chiral Angle (°) 0 4.7 119 14.6 19.1 21.8 245 30
Diameter (nm) 1.67 1.65 1.62 1.64 1.68 1.67 1.64 1.65

In order to obtain reliable thermal properties of the SWNTs via MD simulation, a
convergence study on MD simulation time step was conducted. The model to be studied
was based on an SWNT with D = 0.95 nm, chirality (12, 0), and L = 5 nm. As shown in
Figure 4, the results indicate that a time step of about 0.5 fs or less can provide reliable
(converged) simulation results.

For a set of SWNTs with a diameter D of approximate 0.5 nm, a length of 5 nm, and
various chiral angles, the thermal conductivity ranges from 43.5 W/m-K to 55.4 W/m-K,
as listed in Table 3 and shown in Figure 5, indicating a maximum difference in thermal
conductivity of 11.9 W/m-K. The thermal conductivity of the SWNTs increases as the
chiral angle increases in a roughly linear pattern. For a set of SWNTs with a diameter
D of approximately 0.75 nm, a length of 5 nm, and various chiral angles, the thermal
conductivity ranges from 37.5 W/m-K to 50.8 W/m:K, as listed in Table 3 and shown
in Figure 5, indicating a maximum difference in thermal conductivity of 13.3 W/m-K.
Furthermore, for two sets of SWNTs with a diameter D of approximate 0.95 nm or D of
approximate 1.65 nm, a length of 5 nm, and various chiral angles, the maximum differences
in thermal conductivity are 14.3 W/m-K and 15.1 W/m-K, respectively. The thermal
conductivity of all these sets of SWNTs increases as the chiral angle increases in a roughly
linear pattern [25,27,51].

The results show that the effect of the tube diameter on the thermal conductivity
of the SWNTs slightly increases with an increase in the tube diameter according to the
maximum differences in the thermal conductivity of each set of the SWNTs. In addition,
the results listed in Table 3 and shown in Figure 5 show that the thermal conductivity of
SWNTs at 300 K is approximately inversely proportional to the diameter of SWNTs, and
SWNTs with larger diameters have a lower thermal conductivity than SWNTs with smaller
diameters. The results listed in Table 3 and shown in Figure 5 indicate a linear trend for
different diameters.

A=A6+B (7)



J. Compos. Sci. 2024, 8, 37

9 of 15

e
=3

T~

&

Thermal Conductivity (W/mK)
&

36
.
S ® D=165nm,B8=0°
. el
32 Regression For D= 1.65 nm, 8=0°
30
0.25 0.5 0.73 1 1.25 1.5 1.75

Time Step (fs)

Figure 4. Thermal conductivity convergence study by time step.

60

T L= —&: - D=0.5nm
7 —&— D=0.75 nm

= #= D=0.95nm

—8— D=1.65 nm

«+=eeeee Regression for D=0.5 nm
25 = = =Regression for D=0.75 nm
— - — Regression for D=0.95 nm
— - - Regression for D=1.65 nm

Thermal Conductivity (W/mK)

%)
o

20

0 5 10 15 20 25 30 35
Chiral Angel 8(°)

Figure 5. Chiral angle-dependent thermal conductivity of SWNTs with different diameters and a
tube length of 5 nm.

The results also show that for D = 1.65 nm, A = 0.45, and B = 26.9 and for other
diameters, the quantities of A and B in Equation (7) can be obtained through data linear
regression, as listed in Table 4.

Under the same chiral angle, the thermal conductivity of SWNTs changes with the
tube diameter, as listed in Table 5 and shown in Figure 6. Under the same chiral angle, the
thermal conductivity of SWNTs decreases as the tube diameter increases, and as the tube
diameter increases, the thermal conductivity of SWNTs increases greater with larger chiral
angles. The thermal conductivity of SWNTs changes with the chiral angle in a power law

trend as:
A=AD™B (8)
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Table 4. Linear regression results according to the data from Table 3 and Figure 5.

MD Simulation Case Regression Formula R?
SWNTs (D~0.5 nm) A =0.3998 6 + 44.475 0.7954
SWNTs (D~0.75 nm) A =0.4498 6 + 37.396 0.8325
SWNTs (D~0.95 nm) A =0.5062 6 + 32.155 0.8941
SWNTs (D~1.65 nm) A =0.4538 6 + 26.905 0.7777

Table 5. Power law regression results according to the data from Table 3 and Figure 6.

MD Simulation Case Regression Formula R?
SWNTs (6 = 0°) y = 32.462x 0428 0.9930
SWNTs (6 = 10°) y = 36.717x 0382 0.9806
SWNTs (0 = 20°) y = 42.218x0-338 0.9977
SWNTs (6 = 30°) y = 46.427x0-262 0.9921
SWNTs (0 = 30°) from the literature y = 53.068x ~0-324 0.9950

65

6=0°
6=10"
6= 20"
6=30"
From Literature, 6= 30°
Regression for 8=0"
N ~. L e Regression for 8=10°
— — — Regression for 8=20°
— - — Regression for 6=30"
. — - - - Regression for 6=30°, from Literature

=]
=]
4
Hep He

55 . .
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—
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~
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/
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Figure 6. Comparison of the thermal conductivities of single-walled carbon nanotubes with the same
chiral angles and different diameters at a fixed length of 5 nm.

The results show that for a chiral angle of 30°, A = 46.48, and B = 0.262, and for other
chiral angles, the quantities of A and B are listed in Table 5.

Cao et al. [37] theoretically reported that the thermal conductivity of SWNTs with
smaller diameters is higher than that of larger-diameter SWNTs. According to their findings,
the thermal conductivity at 300 K decreases with increasing SWNT diameter. Fujii et al. [59]
measured the thermal conductivity of SWNTs and found that the thermal conductivity
increased as their diameter decreased at room temperature. The thermal conductivity
varied from about 500 W/m K for the larger diameter of 28 nm to 2069 W/m K for the
smaller diameter of 10 nm. Furthermore, Ya et al. [27] demonstrated that the thermal
conductivity of SWNTs with a diameter of approximately 0.95 nm and a length of 20 nm
changes by up to 50%, considering different chiral angles. By comparison, the difference for
identical SWNTs in diameter was 27% when doubling the diameter of CNTs. In Figure 6, the
result of other simulation and experiment findings is shown. Figure 6 shows a comparison
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of the data obtained from this study with data from the literature. The thermal conductivity
of SWNTs with chirality (5, 5) and (7, 7), D = 0.67 nm, D = 0.9 nm, and L = 5 nm are
59.95 and 55.56 W/m-K, respectively. Also, thermal conductivity for SWNTs with chirality
(10, 10) and (14, 14), D = 1.35 nm, D = 1.9 nm, and L = 5 nm are 47.59 and 43.3 W/m'K,
respectively [38,57,59].

When the diameter of the CNT is relatively large, the phonons (vibrational energy
modes) within the material experience more scattering events, leading to a lower overall
thermal conductivity. However, as the diameter of the CNT decreases, the phonons en-
counter fewer defects or impurities, allowing them to travel more freely. This results in
a higher thermal conductivity as the phonons move ballistically along the length of the
nanotube without any significant scattering [60].

3.3. Effect of CNT Overlap on Thermal Resistance

Interfacial thermal resistance is the resistance to thermal transport that occurs at the
interface between two materials. This resistance arises due to a mismatch in the phonon
spectra or vibrational modes between the two materials [61]. The thermal resistance
between adjacent CNTs, R, is computed using a triple CNT setup. As shown in Figure 7,
the three CNTs belong to the left (CNT1), right (CNT>,), and middle (CNT3) parts of the
CNT network, respectively, and the symbols h and a denote the vertical normal distance
and horizontal overlap, respectively, located between every pair of CNTs. The calculated
CNT-CNT interfacial resistance strongly depends on the size of the overlapping CNTs.

Heat Flux Heat Flux
—»

Hot Region

Cold Region Cold Region

Figure 7. The diagram illustrates a setup comprising three adjacent CNTs used to explore the thermal
resistance between the neighboring nanotubes with the overlap of a.

The effect of the overlap length, 4, on the thermal resistance, R, is analyzed by adjusting
a within the 2-5 nm interval while keeping the tube length, L, constant at 20 nm and the
gap between the overlapping CNTs, &, constant at 0.4 nm. The specific selection of & at
0.4 nm is directly related to the equilibrium spacing observed between graphene layers
in graphite or within the walls of MWNTs, which is typically 0.342-0.375 nm [61,62].
As shown in Figure 8, R is inversely proportional to the degree of overlap; with the
coefficient of determination R? > 0.99, a power-like trend is observed, that is, R = C ab,
where C=3 x 1077/ m2 KW~1, B=—1.064, and a is expressed in nanometers. Notably, the
thermal resistance decreases from 1.4 x 108 m? KW~! (4=2nm)t0 5.3 x 1072 m? K W1
(2 = 5 nm) due to the enhanced phonon transferring across the broader interfaces. The
remarkable decrease in Rcc is due to the increased surface available for heat transfer
between the contiguous CNTs through van der Waals interactions. Even for different
setups, there is a similar decrease in R as the overlap area between CNTs increases. Figure 8
compares the data obtained from this study with data from the literature [63-65]. Zhong
and Lukes [63] reported that the interfacial thermal resistance between offset parallel
armchair SWNTs decreases as the length of the nanotube increases. Fasano et al. [66]
reported that the interlayer thermal resistance is transformed by changing the overlap
between SWNTs and the amount of oxygen joints between adjacent SWNTs or DWNTs.
They reported that the thermal resistances for SWNTs with L = 10nm, # =0.23 nm, anda =1
and 10nmare8 X 10?2 m2 KW land 13 x 1072 m2 K W1, respectively. Furthermore,
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previous experimental investigations confirmed the derived R values. For example, Yang
et al. [67] recorded that the experimental thermal boundary resistance was approximately
1 %107 m? KW~! for MWNTs.

1.6x10°¢
A From This Research
1.4x10°8 A B From the Literature
E N e Regression From This Study
-8
; Lao® s Regression From the Literature
~
£ "
:: 1.0x10 [ ] .-'._ -.‘.1 y= 012912x10—7x—1.0543
o ' .
2 e, e,
é 6.0x107° l--._ Ao
= y=0.2737x1077 y~13452 A
£ 400 R?=0,9759 R
_GCJ ...... e
F  2.0x107 L
0.0
1 2 3 4 5 6 7
a (nm)

Figure 8. Thermal resistance, R, at the CNT-CNT interface as a function of the horizontal overlap (a),
where & is set to 0.4 nm.

4. Conclusions

In the present work, an original computational approach was devised to explore
how the atomistic characteristics of CNTs and their interfaces affect the overall thermal
conductivity of SWNTs.

The thermal conductivity of SWNTs with different chiralities and lengths were simu-
lated using the RNEMD method to investigate the effect of length on the thermal conduc-
tivity of SWNTs. The results show that the thermal conductivity increases as the length
increases, and the effect of chirality on the thermal conductivity of SWNTs is more obvious
when the tube length is shorter than when the tube length is longer. Furthermore, the
results show that when the length of SWNTs is long enough, the thermal conductivity of
zigzag SWNTs of the same length is greater than that of armchair SWNTs.

The diameter of SWNTs affects their thermal conductivity. When the tube length
becomes longer, the thermal conductivity increases and the effect of chirality on the thermal
conductivity decreases; but when the diameter becomes larger, the thermal conductivity
does decrease and the effect of chirality on the thermal conductivity increases.

Thermal interfacial resistance between CNTs has been investigated for various nan-
otube configurations. Increasing tube-to-tube contact dramatically reduces interfacial
resistance. Since the interactions between particles rely only on secondary forces (van der
Waals forces), heat transfer between adjacent CNTs via van der Waals interactions will
increase as the available surface increases.

This study can provide valuable insights into the development of fabrication processes
for novel composite materials, which has important implications for contemporary thermal
sciences, particularly in the fields of thermal storage and polymeric heat exchangers.
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