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thermal properties of carbon
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Weizhe Hao,ab Jiaxuan Li,ab Chao Sui,*abd Xiaodong Hebcd and Chao Wang *abd

In carbon nanotube fibers (CNFs) fabricated by spinning methods, it is well-known that the mechanical and

thermal performances of CNFs are highly dependent on the mechanical and thermal properties of the

inherent CNTs. Furthermore, long CNTs are usually preferred to assemble CNFs because the interaction

and entanglement between long CNTs are effectively stronger than between short CNTs. However, in

CNFs fabricated using long CNTs, the interior carbon nanotubes (CNTs) inevitably undergo both tension

and torsion loading when they are stretched, which would influence the mechanical and thermal

performances of CNFs. Here, molecular dynamics (MD) simulations were carried out to study the

mechanical and thermal properties of individual CNTs under tension–torsion loading. As for mechanical

properties, it was found that both the fracture strength and Young's modulus of CNTs decreased as the

twist angle a increased. Besides, step-wise fracture happened due to stress concentration when the

twisted CNTs are stretched. On the other hand, it could be seen that the thermal conductivity of CNTs

decreased as a increased. This work presents the systematic investigation of the mechanical and thermal

properties of CNTs under tension–torsion loading and provides a theoretical guideline for the design and

fabrication of CNFs.
1. Introduction

Since discovered in 1991 by Iijima,1 carbon nanotubes (CNTs)
are regarded as a promising candidate for fabricating super-
strong micro-scale bers due to their excellent mechanical,
thermal, and electrical properties,2–7 and high aspect ratio.8,9 In
order to exert such superior properties of individual CNTs,
spinning the nanoscale CNTs into macroscale carbon nanotube
bers (CNFs) has been considered a feasible route.10–14 Thus far,
there are mainly two methods to fabricate CNFs. One is called
the “dry spinning” method, wherein the CNFs are spun from
a CNT array or CNT lms.15–17 The other one is called the “wet
spinning” method, in which the CNFs are formed from various
mixed CNT solutions by squeezing or injecting processes.18–20 It
has been veried that assembling CNTs into macroscale CNFs
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by the spinning method is an efficient way to obtain
metamaterials.21–23 For instance, as for mechanical properties,
Ghemes et al.24 prepared CNT yarns by dry spinning, which
yielded a fracture strength of 1068 MPa, Young's modulus of 55
GPa and an effective load capacity of 0.81 N. Wang et al.25 ob-
tained a CNF with high strength (4.34 GPa) and elongation
(10%) using CNTs by pressurized rolling. Taylor et al.26

produced a neat CNF with strength of 4.2 GPa. To improve
thermal properties, Jakubinek et al.27 obtained CNT yarns spun
frommulti-walled carbon nanotube (MWCNT) arrays produced,
and the room-temperature thermal conductivity of the 10 mm
yarn was (60 � 20) W (m K)−1. However, although the
mechanical and thermal properties of these fabricated bers
are much higher than commonly used metal-based materials,
they are still much lower than those of individual CNTs.13,28,29

The main reasons for this are that the length of CNTs in the
ber is usually nite, and the van der Waals interaction between
CNTs is much weaker than the axial strength of a single
CNT.29,30 To improve the mechanical and thermal properties,
a highly twisting operation is adopted to increase the density of
CNFs, which leads to the twisted morphology of CNTs.31 In such
typical CNFs, long CNTs are usually preferred because the
interaction and entanglement between long CNTs are much
stronger than those between short CNTs, which cause the
interior carbon nanotubes (CNTs) to inevitably undergo
torsion.32 Besides, when axial tension is applied, every single
RSC Adv., 2022, 12, 30085–30093 | 30085
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CNT in these CNFs would undergo both tension and torsion
loading, which may inuence the mechanical and thermal
performance of CNFs. Notably, many works have focused on the
mechanical properties of CNTs under tensile, torsion and
tension–torsion loadings.33–36 For example, Liew et al. per-
formed molecular dynamics simulations to investigate the
mechanical properties of multi-walled CNTs under axial
tension, and the results showed that fracture always happened
in the outermost layer.33 Chang studied the torsional behavior
of chiral single-walled CNTs and found that the torsional
behavior is highly dependent on the loading direction.34 Jeong
et al. investigated the tensile mechanical behavior of different
kinds of single-walled CNTs under tension and combined
tension–torsion loading, and the combined tension–torsion
was applied simultaneously. They found that tensile strength is
dependent on the kind of lling materials and under applied
torsion, tensile strength decreases linearly when structures are
under combined tension–torsion loading.36 However, in the
case of spun CNFs, CNTs are twisted rst during the spinning
process. When CNFs are stretched, CNTs in CNFs undergo both
tension and torsion deformation, which is different from the
cases discussed above. To the best of our knowledge, only a few
studies37–40 have focused on this topic, which is of great
importance to understanding the mechanical and thermal
enhancement mechanisms in CNFs.

Besides, it is difficult to directly simulate the mechanical and
thermal behaviors of CNTs in spun CNFs under tension because
the corresponding system is too large, and the computational
cost is high. Therefore, in this work, molecular dynamics (MD)
simulations have been utilized to investigate the mechanical
and thermal properties of three typical types of CNTs under
tension–torsion loading. The ndings show that themechanical
and thermal properties of MWCNTs are highly dependent on
the twist and tensile degree, which indicates that the mechan-
ical and thermal properties of CNFs can be efficiently tuned by
changing the related parameters. This work systematically
studies the combined inuence of tension–torsion loading on
the mechanical and thermal properties of MWCNTs and
provides an important reference for the fabrication and appli-
cation of CNT-based materials.

2. Computational methods
2.1. Force eld

With the rapid development of computing science and increase
in the popularity of machine learning, many potentials, such as
Gaussian approximation potential (GAP), LCBOP, PPBE-G,
ReaxFF and AIREBO, have been developed.41–43 It has been
veried that, in different carbon-based systems, these potentials
provide accurate results that are comparable to DFT results. For
example, the rst-principles-based ReaxFF force eld can
accurately calculate the chemical and mechanical behavior of
carbon-based materials and is capable of treating thousands of
atoms with near quantum-chemical accuracy.44 Recently, it has
been demonstrated that, when trained using machine learning,
GAP could simulate the thermal and mechanical properties of
pristine and defective carbon.42,45 Especially, AIREBO has been
30086 | RSC Adv., 2022, 12, 30085–30093
widely used to study the thermal and mechanical properties of
carbon-based materials,46–51 and the obtained results are
reasonable and widely acknowledged. Furthermore, it is well-
known that, in molecular dynamics simulations, the simulated
results obtained using different potentials are slightly different.
Therefore, in order conveniently compare the results derived
from this work with other works, the commonly used AIREBO
potential is adopted in this work. In order to study the
mechanical and thermal properties of MWCNTs under tension–
torsion loading, a large-scale atomic/molecular massively
parallel simulator (LAMMPS) code package has been
utilized.52,53 The adaptive intermolecular reactive empirical
bond-order (AIREBO) potential has been adopted to describe
the C–C interactions.54,55 The AIREBO potential consists of three
terms:

E ¼ 1

2

X
i

X
jsi

"
EREBO

ij þ ELJ
ij þ

X
ksi;j

X
lsi;j;k

ETORSION
kijl

#
(1)

where the EREBOij term has the same functional form as the
hydrocarbon REBO potential developed in (Brenner), the
ELJij term adds the longer-range interactions (2 < r < cut-off) using
a form similar to the standard Lennard-Jones potential, the
ETORSIONkijl term is the explicit 4-body potential that describes
various dihedral angle preferences in hydrocarbon congura-
tions. To avoid spurious strengthening effects and nonphysical
parts in the tensile fracture process, the cut-off parameter was
set to 0.2 nm for the REBO part.46,55
2.2. Relaxation of MWCNTs

To simplify the model, three different kinds of typical
MWCNTs, which were built using Virtual Nanotube, were
selected. The length of each MWCNT was approximately 240 Å,
and a = q/L was dened to characterize the torsion degree,
where q is the twist angle, and L is the initial length of
MWCNTs. The employed chiralities of the single-walled carbon
nanotube (SWCNT), double-walled carbon nanotube (DWCNT)
and triple-walled carbon nanotube (TWCNT) were (15, 15), (15,
15)–(10, 10) and (15, 15)–(10, 10)–(5, 5), respectively. The total
number of atoms for SWCNTs, DWCNTs and TWCNTs were
6000, 10 000 and 12 000, respectively. To ensure that the farthest
atom in the model was included in the boundary range, the
non-periodic boundary condition was utilized, and the size of
the simulation box was 40 Å × 40 Å × 250 Å. Prior to the MD
simulations of uniaxial loading and thermal conductivity anal-
ysis, the MWCNTs were rst quasi-statically relaxed to a local
minimum conguration through the conjugate gradient
method,56 in which the designative energy and force tolerances
were set as 1.0 × 10−8 eV and 1.0 × 10−8 eV Å−1, respectively. To
ensure that the structure had no internal stress, relaxation was
carried out with an adequate simulation time of 10 ps under the
NVT (constant number of atoms N, constant volume V, and
constant temperature T) ensemble subsequently. Importantly,
in the relaxation stage, the two ends of the twisted CNT were
only allowed to slide along the axial direction to eliminate axial
stress. The timestep was 0.001 ps. It is known that when the
temperature is high, atomic vibrations are strong, which could
© 2022 The Author(s). Published by the Royal Society of Chemistry
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lead us to miss some fracture details of MWCNTs during the
tensile process. As shown in Fig. S1,† there was no obvious
change in the morphology of CNTs under different tempera-
tures. Therefore, the temperature is set to 1 K in this work.
2.3. Tensional force of MWCNTs

To perform the simulation of tensile forces in MWCNTs, one
end of the MWCNT was xed and the other end was moved at
a constant velocity of 0.01 Å ps−1. The tensile forces were
calculated from the virial stress tensor components on each
atom. Engineering stress is dened as

sz ¼ 1

V0

vU

v3z
(2)

where U is the strain energy, and V0 is the initial volume of the
system. The atomic stress on each carbon atom is dened as

sij
a ¼ 1

Ua

 
1

2
mavi

avj
a þ

X
b¼1;n

rab
j fab

i

!
(3)

where a and b are the atomic indices; i and j denote indices in
the Cartesian coordinate system; ma and va denote the mass
and velocity of atom a, respectively, and rab is the distance
between atoms a and b. To obtain the global tensile stress on
the CNTs, the stress on each atom along the axial direction was
summed up.
2.4. Thermal properties of MWCNTs

To investigate the thermal properties of MWCNTs under
tension–torsion loading, the non-equilibrium molecular
dynamics (NEMD) method, in which heat ux is imposed on the
system to form a temperature gradient,57–59 and the velocity-
Verlet calculation approach were utilized. To analyze the
thermal properties, the MWCNT was partitioned into 20 thin
slabs. The 1st and 20th slabs were xed while the 2nd and 19th

slabs were regarded as the heat source and sink slab, respec-
tively. Then, the temperature gradient was achieved by inject-
ing/releasing the heat ux Q = 10 eV ps−1, and the NVE
(constant number of atoms N, constant volume V, and constant
energy E) ensemble was utilized. The temperature prole was
obtained aer averaging over a 5 ns time interval,46,60 and the
thermal conductivity was calculated using the Fourier law as:

l ¼ Q

AjvT=vxj (4)

where A is the cross-section of heat transfer, and vT/vx is the
temperature gradient. The formula for calculating the area A of
SWCNT was as follows,

A = p × d × h (5)

where d is the diameter of the CNT, and the thickness h of CNT
was taken as 0.34 nm; For an SWCNT with chirality (m, n), d was
calculated as61

d ¼
ffiffiffi
3

p � acc �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þmnþ n2

p

p
(6)
© 2022 The Author(s). Published by the Royal Society of Chemistry
where acc is the length of a single C–C bond in CNT, which is
0.144 nm.

3. Results and discussion

As shown in Fig. 1a, all the CNFs fabricated via the spinning
method were well-aligned with each other, and there existed
a twist angle q between the CNTs and axis of the CNFs. From our
previous molecular dynamics simulation of a twisted CNT ber
assembled using innite-long CNTs, it was found that the self-
torsion of CNTs would inevitably happen when bers are
twisted.31 Experimentally, the spinning method can also induce
self-torsion to some extent though the CNTs are nite, and the
CNTs would maintain their morphologies due to strong van der
Waals interactions. Furthermore, as for CNFs fabricated using
super-long CNTs,32 the CNTs can be regarded as innite-long
CNTs, and it is clear that torsion happens under such
a circumstance. Therefore, some CNTs undergo both tension
and torsion loadings when the spun CNFs are stretched. To
investigate the inuence of tension–torsion loadings on the
mechanical properties of CNFs under such circumstances and
reveal the corresponding enhancement mechanisms, a single
CNT was selected considering the extremely big molecular
model of CNFs and high computational cost. As shown in
Fig. 1b, rstly, the bottom end of the MWCNT was xed, and the
upper end was twisted by a certain angle under the load of
torque M. Secondly, the twisted MWCNT was stretched along
the axial direction by tensile force P. The snapshots of SWCNT,
DWCNT and TWCNT with the same a are shown. It can be seen
that the SWCNT and DWCNT collapsed due to high torsion
degrees, whereas TWCNT could retain its tubular shape due to
high torsional rigidity. Besides, the maximum a values of the
SWCNT, DWCNT and TWCNT were 2.25° Å−1 (q = 540°), 1.75°
Å−1 (q = 420°) and 0.75° Å−1 (q = 180°), respectively, and frac-
ture would happen when the torsion degree is increased further,
which is not considered in this work. Such mechanical behav-
iors have also been found in other works.34,60,62

In order to study the inuence of a on the mechanical
properties of MWCNTs, axial tension was applied on the
MWCNTs with different a (0–2.25° Å−1 for SWCNT, 0–1.75° Å−1

for DWCNT, 0–0.75° Å−1 for TWCNT). To further characterize
the mechanical behavior of the twisted MWCNTs during the
tensile process, the stress–strain curves of representative
SWCNTs with a values 0, 0.25 and 0.75° Å−1 are shown in
Fig. 2a. It can be seen that SWCNT showed linear elasticity, and
strain energy increased as the tensile strain increased. Brittle
fracture was also found, which is in agreement with theoretical
predictions and experiments in other works.63–65 Besides, the
SWCNT with a higher torsion degree possessed higher stretch-
ability. Fig. 2b shows the snapshots of SWCNTs with a = 0 and
0.75° Å−1 during the tensile process, and the atoms are colored
based on von Mises stress. Unlike pristine SWCNT, the stresses
showed a highly non-uniform distribution along the SWCNT
under axial tension when twisted. Moreover, due to the intro-
duction of the twisting operation, higher stress concentration
happened at the wrinkled parts, which led to local fractures.
Further, bond fracture always happened along the zigzag
RSC Adv., 2022, 12, 30085–30093 | 30087
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Fig. 1 (a) The SEM image of CNF;28 (b) diagram of tension–torsion coupling in SWCNT (15, 15), DWCNT ((10, 10)–(15, 15)) and TWCNT ((15,
15)–(10, 10)–(5, 5)).
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direction, and single atomic carbon chains were observed at the
breakage edges, which has also been proven in other works.66,67

Furthermore, in order to elucidate the potential mechanical
Fig. 2 (a) The stress and strain energy versus strain curves of SWCNTs; (b
a = 0.75° Å−1, atoms are colored by von mises stress; (c) the correspon

30088 | RSC Adv., 2022, 12, 30085–30093
mechanisms, the bond length distribution in SWCNTs with
different a before fracture was plotted, as presented in Fig. 2c,
where z is the ratio of the bond lengths. The plot revealed three
) the snapshot of the tensile process in SWCNTs under a = 0° Å−1 and
ding histogram bond length distributions in SWCNTs with different a.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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peaks in SWCNTs with a = 0.25 and 0.75° Å−1, while only two
peaks existed in pristine SWCNT, and the maximum bond
lengths in the SWCNT with different torsion degrees were in the
range of 1.65–1.69 Å. This indicates that the perfect hexagonal
lattice of CNT was distorted by the twisting operation. The
corresponding tensile process can be found in Videos S1 and
S2.†

On the other hand, to study the inuence of torsion degree
on the mechanical properties of MWCNTs, more details about
typical DWCNTs and TWCNTs with different a are shown in
Fig. 3 and S2,† respectively. It can be seen from Fig. 3a and S2a†
that, similar to SWCNT, DWCNT and TWCNT showed linear
elasticity before fracture. However, when the torsion degree was
high, step-wise fracture could be found during the tensile
process. Further, in the strain energy–strain curves, strain
energy quadratically increased as the tensile strain was
increased, which conrms the linear elasticity of CNTs under
tension–torsion loadings, and during the fracture process, the
slope of the strain energy–strain curves decreased, indicating
that the load-carrying capacity of the CNTs had decreased. For
example, two peaks could be found in the DWCNT when the
tensile strain was 15.9% and 20.3%, respectively. The corre-
sponding snapshots of DWCNTs with a = 0 and 0.75° Å−1 are
Fig. 3 (a) The stress and strain energy versus strain curves of DWCNTs; (b
a = 0.75° Å−1; the atoms are colored based on von Mises stress; (c) the
layers of DWCNTs with different a.

© 2022 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 3b. Similar to SWCNT, the DWCNT was wrinkled
due to a high torsion degree, and a super-high stress concen-
tration was found. However, as for the TWCNT in Fig. S2b,† as
the tensile strain was increased, the wrinkles caused by the
twisting operation disappeared. As the strain was further
increased, the stress along the MWCNT was uniformly distrib-
uted, and the initial fracture happened in the outer CNT. Then,
successive fractures happened from the outer layer to the inner
layers. The bond distributions of DWCNT and TWCNT with
different torsion degrees were also collected, as shown in Fig. 3c
and S2c.† They revealed that the bond length in the outer CNT
was longer than the other bonds, which is due to the fact that
the outer CNT undergoes a larger twisting effect when the
MWCNT is twisted by a certain a. When the MWCNT is further
stretched, the bond in the outer CNT reaches the fracture length
rst, and then the bonds in the other CNTs fracture succes-
sively; this is the main reason for the step-wise fracture seen in
MWCNT. The corresponding tensile process can be seen in
Videos S3–S6.†

Fig. 4 shows the sf and E of MWCNTs with different a, and it
is important to note that some data points are missing because
the corresponding MWCNTs were unstable due to excessive
torsion. It is clear that the values of tensile strength and Young's
) the snapshot of the tensile process in DWCNTs under a = 0° Å−1 and
corresponding histograms of bond length distributions in the different

RSC Adv., 2022, 12, 30085–30093 | 30089
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Fig. 4 (a) The sf and E of SWCNT, DWCNT and TWCNT under different a. (b) Schematic of the local wrinkle in MWCNTs under tension–torsion
strain; the atoms are colored based on von Mises stress.

Fig. 5 MWCNTs overcome the energy of work under tension–torsion
strain.
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modulus of MWCNTs were up to 104.85 GPa and 823.28 GPa,
respectively, which are comparable to experimental results.68,69

In Fig. 4a, it can be seen that when the a of MWCNT was
increased from 0° Å−1 to 2.25° Å−1, the sf of the MWCNT
decreased from 104.85 GPa to 23.84 GPa. Furthermore, when
a was in the range of 0–0.25° Å−1, the mechanical properties of
the three typical CNT models were basically similar and sf

exceeded 100 GPa, which is very close to the sf of pristine
CNTs.33 When a was higher than 0.25° Å−1, the sf of the
MWCNT started to decrease drastically with increasing a. For
example, the sf of SWCNT decreased from 104.49 GPa to 69.01
GPa, while a was in the range of 0.25–2.25° Å−1. As for E, it was
found that the E of SWCNT and DWCNT decreased as
a increased. Furthermore, it was found that when a reached
0.5° Å−1, 0.75° Å−1 and 0.75° Å−1 for SWCNT, DWCNT and
TWCNT, respectively, the drop in sf and E was dramatic, which
is mainly caused by the generation of wrinkles, as shown in
Fig. 4b. Chowdhury et al. have also studied the mechanical
properties of SWCNTs with and without defects under
compression, tension–torsion and combined torsion-axial
loadings, and similar trends were discovered.70 However, the
range of torsion angle was limited, and the case of MWCNT was
not considered and hence could not provide a comprehensive
reference for all possible conditions that happen to CNTs in
CNFs. Therefore, it can be concluded that the twisting operation
can impair the mechanical properties of MWCNT; however,
when the SWCNT was reshaped into the columnar shape, the
density and E of SWCNT improved, which has not been found in
other works. Interestingly, E increased from 61.36 GPa to 276.98
GPa as a increased from 0.75° Å−1 to 2.25° Å−1 in the highly
twisted SWCNT.

To further investigate the contribution of tension and
torsion loadings on the fracture of MWCNT, corresponding
tension energy and torsion energy during the tensile process
were collected, as displayed in Fig. 5. Tension energy is the
30090 | RSC Adv., 2022, 12, 30085–30093
energy induced by axial tensile loading in pristine MWCNT, and
torsion energy is the energy difference between pristine
MWCNT and MWCNT under torsion. It was found that the
energies of SWCNT, DWCNT and TWCNT were in the range of
146–348 eV, 244–900 eV and 292–1341 eV, respectively, and the
energy increases when a was increased. The maximum
percentage of torsion energy was up to 93% for TWCNT with a=

0.75° Å−1. Therefore, this indicates that more energy is needed
for MWCNTs with more layers to reach their maximum
mechanical limit, and torsion is the main cause of failure in
highly twisted MWCNTs with more layers.

Fig. 6a shows a schematic of the thermal conductivity
calculation in a representative MWCNT. The temperature
gradient in SWCNT with zero tension and torsion strain is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Schematic of the heat flux direction under the non-equilibrium steady state; (b) the temperature gradient in SWCNT (15, 15) without
external load; (c) phonon density of states (PDOS) of MWCNT as a function of frequency under different tension–torsion loadings; the thermal
conductivity of (d) SWCNT, (e) DWCNT and (f) TWCNT under different tension–torsion loadings.
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shown in Fig. 6b. Notably, due to the fact that the lattice
vibrations of the heat source and heat sink do not match the
lattice vibration of the remaining CNT structure, temperature
jumps will occur near the heat source and heat sink area, which
is commonly observed in NEMD. From Fig. 6b, it can be seen
that the temperature in the middle part of the system was
approximately linear in the steady state; therefore, the temper-
ature gradient of the CNT was calculated by the linear tting
method for the middle part. According to the method above, the
thermal conductivity of theMWCNTwith a= 0° Å−1 was around
133.25 W (m K)−1, which is in good agreement with related
modeling studies.71,72 However, it is lower than the experiment
value because the size of the CNT model established in this
paper is much shorter than the phonon mean free path (1 mm)
in CNTs.73

To study the effect of tension–torsion loading on the thermal
conductivity of MWCNTs, the thermal conductivity of MWCNTs
under different tensile strains (0–12%, at 300 K) and a (0° Å−1,
0.75° Å−1, 1.5° Å−1 for SWCNT; 0° Å−1, 0.5° Å−1, 0.75° Å−1 for
DWCNT; 0° Å−1, 0.25° Å−1, 0.5° Å−1 for TWCNT) were calcu-
lated. To reveal the inuence of torsion and tension loadings on
the thermal transport properties of MWCNTs, the phonon
density of states (PDOS) of MWCNTs under different tension–
torsion loadings were collected, as shown in Fig. 6. The PDOS
was obtained through the Fourier transform of the velocity
autocorrelation function (VACF). It could be seen that when
MWCNTs were stretched, the higher frequency peaks in the
phonon spectra were dramatically soened. That is, the phonon
group velocities are slowed down, which leads to a decrease in
thermal conductivity. Similar behavior has also been found in
another work.74 Importantly, when the MWCNTs are highly
twisted, the tubular MWCNTs are wrinkled, resulting in a non-
© 2022 The Author(s). Published by the Royal Society of Chemistry
linear relationship between the thermal conductivity of the
MWCNT and the corresponding geometric parameters. In
Fig. 6d–f, the thermal conductivity ranges from 64.36 W (m K)−1

to 133.25 W (m K)−1, which indicates that the thermal
conductivity of the MWCNT could be efficiently adjusted via
tuning a and tensile strain. Moreover, the thermal conductivity
basically decreased as the tensile strain increased. For example,
the thermal conductivity of SWCNT decreased from 133.25 W
(m K)−1 to 70.71 W (m K)−1 when the SWCNT was stretched
from 0% to 12%. Similar results have also been observed by Xu
et al.60 However, Xu et al. did not consider the coupling inu-
ence of tension and torsion loading on the thermal properties of
CNTs, and only SWCNTs were studied.

On the other hand, we found that at a certain tensile strain,
increasing a leads to a decline in the thermal conductivity of
SWCNT and DWCNT. Due to the formation of wrinkles, the
cross-sectional area of the CNT collapses into at nanoribbons
as a increases. Therefore, the decline in thermal conductivity is
induced by the deviation in the heat ow conduction direction
and the increase in interface resistance at the crease, which
further increases the scattering centers of the particles and
energy dissipation. However, the TWCNT showed abnormal
behavior, that is the thermal conductivity at a = 0.25° Å−1 was
higher than those with a= 0° Å−1 and a= 0.5° Å−1. This may be
because, in TWCNTs, the slightly twist angle improves the
thermal ux between CNTs, which leads to higher thermal
conductivity. However, when the TWCNT is further twisted, the
CNTs tend to wrinkle, and thermal conductivity decreases.
Therefore, this indicates that it is possible to improve the
thermal conductivity of CNFs by changing the torsion or tension
degree in experiment.
RSC Adv., 2022, 12, 30085–30093 | 30091
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4. Conclusions

In summary, we investigated the mechanical and thermal
properties of MWCNT under tension–torsion loading. Based on
the simulation results, it was found that both sf and E of
MWCNT decrease as a increases. However, in SWCNTs, when
a is larger than 0.75° Å−1, E increases with increasing a; this is
mainly due to the reshaping of tubular SWCNT to columnar
shape. As for thermal properties, the thermal conductivity of
MWCNT decreases when the MWCNT is stretched, while for
SWCNT and DWCNT, torsion loading impairs thermal proper-
ties. It is important to note that, in TWCNTs, when a is small,
torsion degree plays a positive role; however, when a is
increased, the thermal properties of TWCNT decrease. This
work reveals the mechanical and thermal behaviors of
MWCNTs under tension and torsion loading and provides an
important reference for the fabrication and application of
super-strong CNT bers.
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41 V. L. Deringer and G. Csányi, Phys. Rev. B, 2017, 95, 094203.
42 P. Rowe, V. L. Deringer, P. Gasparotto, G. Csanyi and

A. Michaelides, J. Chem. Phys., 2020, 153, 034702.
43 I. V. Lebedeva, A. S. Minkin, A. M. Popov and A. A. Knizhnik,

Phys. E, 2019, 108, 326–338.
44 A. C. T. van Duin, S. Dasgupta, F. Lorant and W. A. Goddard,

J. Phys. Chem. A, 2001, 105, 9396–9409.
45 C. Davini, A. Favata and R. Paroni, J. Mech. Phys. Solids, 2017,

104, 96–114.
46 N. Wei, Y. Chen, K. Cai, J. Zhao, H.-Q. Wang and J.-C. Zheng,

Carbon, 2016, 104, 203–213.
47 E. F. Hacopian, Y. Yang, B. Ni, Y. Li, X. Li, Q. Chen, H. Guo,

J. M. Tour, H. Gao and J. Lou, ACS Nano, 2018, 12, 7901–
7910.

48 A. L. Bowman, E. P. Chan, W. B. Lawrimore and
J. K. Newman, Nano Lett., 2021, 21, 5991–5997.

49 Y. Hou, Z. Dai, S. Zhang, S. Feng, G. Wang, L. Liu, Z. Xu, Q. Li
and Z. Zhang, Nat. Commun., 2021, 12, 5069.

50 B. Goh, K. J. Kim, C.-L. Park, E. S. Kim, S. H. Kim and J. Choi,
Carbon, 2021, 184, 452–462.

51 Z. Bie, X. Liu, J. Tao, J. Zhu, D. Yang and X. He, Carbon, 2021,
179, 240–255.

52 S. Plimpton, J. Comput. Phys., 1995, 117, 1–19.
53 A. J. Kulik, A. Kis, B. Lukic, K. Lee and L. Forró, Mechanical
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