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Abstract In this work, the transversely isotropic thermal properties of carbon nanotubes (CNTs) containing
vacancies were determined using molecular dynamics simulations with adaptive intermolecular reactive empirical bond-order force fields. The effects of vacancy concentrations, their position, and the diameter of armchair
CNTs were taken into consideration. The current results reveal that vacancies affect (i) the axial coefficient of
thermal expansion of the larger diameter CNTs and (ii) the thermal conductivities of the smaller diameter CNTs
due to the phonon scattering from defect sides leading to a severe degradation in their thermal conductivity.
The results also reveal that the position of vacancies along the length of CNTs is the main influencing factor
which governs the change in the thermal properties of CNTs, especially for vacancy concentration of 1%.

1 Introduction
Owing to their remarkable thermomechanical properties, CNTs have emerged as one of the most promising
reinforcements to tailor the properties of nanocomposites [1]. It is believed that few weight percentages of
CNTs can significantly improve the overall properties of CNT-based composites, and it becomes essential
to characterize the thermomechanical properties of CNTs. Due to the inherent limitations of fabrication and
purification processes, CNTs typically contain different types of defects such as atom vacancies, doping, substitutional impurities, Thrower–Stone–Wales (TSW) and hybridization. Under certain circumstances, defects
in CNTs are deliberately introduced by irradiation with energetics particles or by chemical processing for the
purpose of tailoring the properties of CNTs to suit the requirements of the application. When these defects
evolve, the local change in their chemical bond order and conformation alters the properties of CNTs as well
as their nanocomposites [2].
A number of studies have been conducted to study the influence of defects on the thermomechanical properties of CNTs [3,4, and references therein]. The majority of these studies have been focused on the mechanical
properties. An earlier attempt was made by Che et al. [5] to study the thermal conductivity of defective CNTs
using the empirical bond-order-dependent force field. They modeled empirical interatomic interaction based
on the Brenner type of bond-order-dependent potential and reported that the effect of TSW defects is not much
pronounced compared with vacancies, since they do not change the basic bonding characteristic and cause
much less overall structural deformation. So both the rate and absolute amount of decrease in thermal conductivity were less in case of TSW defects. The universal quantization of low-temperature thermal conductance
in CNTs was observed by Yamamoto and Watanabe [6] in the presence of vacancies and TSW defects. Effects
of structural defects on thermal transport in CNTs were investigated by Kondo et al. [7] by MD simulations
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using Tersoff–Brenner bond-order potential. They reported that the thermal conductivity of CNTs decreases
rapidly down to 25% with only 1% vacancy concentration. Sevik et al. [8] investigated the effects of varying
concentrations of randomly distributed single and double vacancies as well as TSW defects on the thermal
conductivities of armchair and zigzag CNTs using MD and atomistic Green’s function methods. Their results
showed that for both armchair and zigzag CNTs, thermal conductivity converges nearly to the same values
with different types of defects.
It is well known that the thermomechanical behavior of CNTs is transversely isotropic when subjected to
different loading conditions [4,9–11]. This is due to the fact that the hexagonal distribution of carbon atoms on
the CNT surface makes the surface property isotropic, but in the transverse direction the stiffness is substantially
softer due to its hollow nature. As a result the thermomechanical properties of CNTs are transversely isotropic,
with five independent elastic constants and two independent CTEs. To the best of the authors’ knowledge,
there has been no comprehensive study for characterizing the transversely isotropic thermal properties of CNTs
with vacancies. Therefore, the objective of this study is to fill the distinct gap of knowledge concerned with
the influence of vacancies on the transversely isotropic CTEs and thermal conductivities of CNTs. This is
achieved by the quantitative evaluation of (i) axial and radial CTEs and (ii) thermal conductivities of pristine
and defective CNTs with the aid of MD simulations. The selection of CNTs with vacancies is by the fact that
they are the most common and significantly affect the thermomechanical properties of CNTs among the typical
defects experienced in them [4, and references therein]. Such vacancies usually appear due to the chemical
functionalization and electron irradiation of the CNTs. Therefore, it becomes necessary to investigate the
thermal properties of vacancy-defected CNTs.
2 Molecular dynamics simulation of CNTs
Molecular dynamics is the most widely used modeling technique for the simulation of nanostructured materials
because it allows accurate predictions of interactions between constituent phases at the atomic scale [12–17].
Therefore, MD simulations were conducted in the current study to determine the thermal properties of CNTs
at the atomic scale. All MD simulation runs were conducted with large-scale atomic/molecular massively
parallel simulator (LAMMPS) [18], and the molecular interactions in CNTs are described in terms of adaptive
intermolecular reactive empirical bond-order (AIREBO) force fields [19]. The equivalent continuum structure
of a CNT was assumed to be an annular cylinder by considering its effective wall thickness as 3.4 Å [20], and
its cross-sectional area was determined as A = 2π Rmean t, where Rmean is the mean radius of a CNT and t is its
wall thickness, except (5, 5) CNT. First, the initial structures of CNTs were prepared. Then, the initial structures
of CNTs were optimized to their minimum energy configurations using the conjugate gradient algorithm. The
minimized structure of a CNT was considered to be optimized once the change in the total potential energy of
the system between subsequent steps is less than 1.0 × 10−10 kcal/mol [4].
2.1 Coefficients of thermal expansion of CNTs
Several MD studies reported the CTE data of pristine CNTs [9,21,22]; however, there is no single study dealing
with determining the influence of defects on the CTEs of CNTs. This is carried out below.
First, the initial equilibrated states of CNTs were ensured. The length of a CNT plays an important role
in the measurement of its CTEs. It is reported in Ref. [9] that when the CNT length is more than 50 Å, the
torsional deformation of a CNT becomes significant. Therefore, the CNT length was selected to be in the range
of 25–50 Å. Using the basic change in length relation, the axial CTE (α1 ) and the radial CTE (α2 ) of a CNT
can be obtained as follows:
α1 =

L
,
TL

α2 = α3 =

ε̄
T

(1)
(2)

in which T represents the temperature change measured from a reference temperature and ε̄ is the circumferential strain, as obtained using the following methodology.
For CNTs, the stretch deformations of the bonds due to force and bending moment arising from thermal
load are schematically demonstrated in Fig. 1 to determine ε̄ . This figure shows an equilibrium configuration
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Fig. 1 a Molecular structure of a CNT, b C–C bonds under tension, and c C–C bond geometry relationship

of a CNT and the associated forces and moments in three chemical bonds (a, b and b) and three bond angles (α,
β and β) resulting from a bond elongation a and two bond angle deviations α and β. The relationships
between the stress and the bond stretch (r ) as well as angle variation (θ ) can be determined from equilibrium
and geometry of a CNT. We used the concept of modeling the CNT molecular structure as an effective “stickspiral” system [23]. Consider the force and moment acting on bond OA as illustrated in Fig. 1b. We can write
the following force and moment equilibriums for its extension:
Fsin(α/2) = Fb (b),
F(b/2)cos(α/2) = Mb (α) + Mb (β)cosΦ

(3)
(4)

where Fb , Mb , and Φ are the stretch force, the angle variation, and the torsion angle between planes OA–OB
and OA–OC, respectively, and are given by [23]:


(5)
Fb (r) = 2βe De 1 − e−βe r e−βe r ,


(6)
Mb (θ ) = kθ θ 1 + 3ksextic (θ)4 ,
cosΦ =

tan(α/2)
.
tanβ

(7)

The set of parameters, βe , De , kθ , ksextic , corresponds to the Brenner potential for strain below 10% and a
separation energy of 124 kcal/mol [24].
For an armchair CNT (m = n), the geometry relationships satisfy

α 
π 
cosβ = cos π −
cos
,
(8)
2
 2m
cosπ 
2
2
α 
−1 6m  1 − 3m  − π
cos
(9)
α = cos
cos
π
2
6n 2 1 −
+ π2
3m

π
is the angle of the bond OC to the plane OA–OB (see Fig. 1c).
where π − 2m
For the undeformed CNT, we can consider a = b by the calculation from Brenner potential function [25],
which indicates the bond lengths a and b slightly different when the CNT diameter changes. Subsequently,
the circumferential (ε̄ ) and the axial (ε̄) strains can be determined as follows:

bsin(α/2) + (b/2)cos(α/2)α
,
bsin(α/2)
bcos(α/2) − (b/2)sin(α/2)α
ε̄ =
,
a + bcos(α/2)

ε̄ =

(10)
(11)
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Molecular dynamics simulations were performed in the NVT ensemble using a time step of 1 fs for 50
ps to equilibrate the CNT structures. Note that it is necessary to set up the initial reference temperature
and the corresponding axial and circumferential dimensions of a CNT in Eqs. (1) and (2), respectively. The
initial reference temperature was set to 0 K as considered in most of the existing studies [9,22]. The atoms
at the one end of a CNT were fully constrained, while the other end was kept free. This boundary condition
corresponds to thermal expansion under zero pressure [22]. Again, MD simulations were performed in the
NPT at a desired temperature, and the average axial and radial deformations of a CNT were calculated. Note
that several independent MD simulations were performed to obtain the averaged and reliable CTEs.
2.2 Thermal conductivities of CNTs
Exceptional thermal transport properties of CNTs qualify them as possible candidates for thermal management
applications in electronic devices. However, vacancies present in CNTs due to functionalization and other
processes restrict their utilizations in nanodevices and structures. Thus, it is essential to investigate the influence
of vacancies on the thermal conductivities of CNTs. In general, there are two approaches to determine the
transport properties of nanomaterials: (i) use of the phenomenological Boltzmann equation, which employs
parameters deduced from experiments, and (ii) use of the fluctuation–dissipation relation from linear response
theory, which can be produced from MD simulations. For novel materials such as CNTs, where no experimental
results are available, the second approach is more viable. Therefore, MD simulations were carried out to
determine the thermal conductivities of CNTs containing vacancies. Classical lattice thermal transport theory
defines the thermal conductivity (κ) of CNTs as
κ=

Cv m l

(12)

m

where C, vm , and l are the specific heat, group velocity, and mean free path of the phonon mode ‘m,’ respectively.
Thermal conductivity is contributed by all the phonon modes ‘m’ occupied at particular temperature.
Note that the phonon mean free path plays an important role in the thermal conductance of CNTs. It is
largely affected by anharmonic vibrations of atoms as well as limited by scattering from sample boundaries,
defects, and umklapp processes [26,27]. Thus, atomic vacancies can strongly affect the thermal conductivity
of CNTs. In current simulations, two different temperatures (TA > TB ) were assigned to the two ends of a
CNT to generate a thermal current in it. The thermal conductivities were determined following Muller-Plathe’s
approach [28], which provides a convenient way to determine phonon contributions to the thermal conductivity
in nonequilibrium steady state [29]. A CNT was partitioned axially into 25 regions for temperature recording
and control. Before determining the thermal conductivity, 200 ps Nose–Hoover thermal bath coupling was
conducted to reach thermal equilibration at a particular temperature with coupling time constant 0.1 ps and time
step 0.5 fs. Then, two regions at the CNT ends were separated and were modeled as heat source (TA ) and sink
(TB ) domains, as demonstrated in Fig. 2, and 20% of T for T (= TA − TB ) were adopted in all the simulations.
First the CNT structures were relaxed and were observed to be stable during the MD simulations within the
temperature range. In particular, no bond breaking or defect migration was observed during the data collection.
A heat flux J is injected/released subsequently in these two regions by exchanging the momentum between
the ‘hottest’ atom (mv2h ) in the sink region and the ‘coldest’ atom in the source region (mv2c ). The momentum
exchanging was performed every 20 fs. The heat flux was collected during an interval of temperature profile
evaluation, ttransfer , for Ntransfer exchanges, as follows:
 2

2
Ntransfer 1/2 mvh − mvc
(13)
J=
ttransfer
where the summation is carried out over all momentum exchanging events and ttransfer is the time period of the
summation. The exchange conserves both energy and momentum of a CNT and converges quickly in tens of
picoseconds. The exchanging process was performed in a microcanonical (NVE) ensemble for 1 ns to achieve
steady state. The temperature profile T (x) of a CNT was obtained after averaging over a 50-ps time interval.
Finally, the thermal conductivities of CNTs were obtained by averaging about ∼ 106 fs after a sufficiently
long transient time when a nonequilibrium stationary state was achieved and the heat flux became constant, as
follows:
J
κ=
.
(14)
A∂ T /∂ x
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Fig. 2 MD models for thermal conductivity calculation of a pristine CNT and b defective CNT with 2% vacancy concentration.
The left and right regions are the heat source and sink having temperatures TA and TB , respectively

3 Results and discussion
The vacancies in the CNTs were introduced by removing carbon atoms from the pristine CNTs. Note that
taking advantage of the possibility to create a controlled vacancy concentration in CNTs by electron or ion
irradiation process [30], one can alter their thermal properties. The vacancy concentration (ρ) is defined to
express the amount of incorporated defects as follows:
ρ=

number of removed atoms
× 100.
total atoms in a CNT before incorporating defects

(15)

To create a vacancy defect, carbon atoms were removed from the middle portion of CNTs as shown in Fig. 3.
This figure shows the structures of pristine and defective armchair (5, 5) CNTs. The structures of defected (5,
5) CNTs with 2 and 4 vacancy states corresponding to 1 and 2% vacancy concentrations are shown in Fig. 3b,
c. Vacancies were introduced in such a way that their concentration is the same in the CNTs irrespective of
their geometrical configurations. The MD simulations were performed on five types of CNTs: (5, 5), (10,
10), (15, 15), (20, 20) and (25, 25); their geometrical parameters are summarized in Table 1. This table also
summarizes the total number of atoms in the CNTs prior to and post the introduction of vacancies. Unless
otherwise mentioned, the vacancies are considered to exist in the middle portion of CNTs. The findings and
inferences from existing MD simulations are also given.

3.1 Effect of vacancies on CTEs of CNTs
First, the axial and radial CTEs of pristine CNTs were determined, as shown in Figs. 4 and 5, respectively. The
CTEs first decrease and then increase as the temperature increases. This, in fact, is very similar to the trends
found in several existing studies [9,21,22,31]. The axial CTEs (α1 ) of CNTs decrease from its initial zero
value at T = 0 K and become negative. At particular temperature, it becomes positive, indicating the onset of
thermal expansion, as the anharmonic part of the interatomic potential gains in importance [21]. The values of
radial CTE (α2 ) are smaller than the values of α1 . This attributes to the strong expansion in the axial direction
due to some high-frequency optical-phonon modes along the axial direction of a CNT. Another reason is that
along the circular direction CNT forms a closed configuration, which makes it more difficult to expand in the
radial direction [22]. We can also observe that the values of α2 are negative. The origin of this phenomenon is
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Fig. 3 Schematics of different vacancies adopted in the current study: a pristine (5, 5) CNT, b defective (5, 5) CNT (ρ = 1%)
and c defective (5, 5) CNT (ρ = 2%)
Table 1 Geometrical parameters of armchair CNTs
Chirality
(5, 5)
(10, 10)
(15, 15)
(20, 20)
(25, 25)

Length (Å)
33.9
67.81
101.22
135.62
339.1

Diameter (Å)
6.781
13.563
20.344
27.125
67.813

Number of atoms
ρ = 0% (pristine)

ρ = 1%

ρ = 2%

280
1120
2520
4480
13,900

277
1109
2495
4435
13,761

274
1098
2470
4390
13,622

the bending vibration in the rod like CNT system [32]. This bending vibration has a very low energy; thus, it
leads to contraction in the radial direction of a CNT. As a result, the radial CTE is negative. Another important
vibrational mode in the radial direction of a CNT is the radial breathing mode which makes it to expand in the
radial direction. The competition between the bending vibration and the radial breathing vibration gives a valley
in all curves shown in Figs. 4 and 5. The comparison between the obtained CTEs with those predicted by Jiang
et al. [22] using the nonequilibrium Green’s function method is also summarized in Table 2. The observations
for the radial CTEs exhibit good agreement at higher temperatures, and the differences in the axial CTEs are
attributed to the use of different modeling techniques and dropping the data on the CNT boundaries as well as
averaging over other data in the center region by Jiang et al. [22].
Only defective CNTs with 2% vacancy concentration were considered to study the effect of vacancies on the
CTEs. Figure 6 demonstrates the temperature dependence of axial CTEs of different armchair defective CNTs.
This figure clearly demonstrates that the change in negative to positive CTEs occurs at different temperatures
for pristine and defected CNTs. To visualize these results, the CTEs of defective CNTs were normalized with
those of corresponding pristine ones as shown in Fig. 7. Spontaneous spikes in this figure occur due to the
ratio of positive and negative CTEs for a particular temperature. This finding clearly indicates that the sudden
change of CTEs from negative to positive, and vice versa, due to vacancies is of decisive importance, especially
in case of advanced nanostructures that require stringent constraint on the dimensional stability. This is very
attractive because the vacancies can be used in engineering to alter the CTEs from negative to positive, and
vice versa, at desired temperatures. The influence of vacancies on the radial CTEs of defective CNTs, as shown
in Fig. 8, is seen to be increasing with increasing temperature and diameter of CNTs, except (5, 5) CNT.
In the previous sets of results, the CTEs of defective CNTs were determined considering vacancies in their
middle portions. However, the variation of the position of vacancies along the length of a CNT may influence
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Fig. 4 Temperature dependence of axial CTEs of pristine CNTs (ρ = 0%)
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Fig. 5 Temperature dependence of radial CTEs of pristine CNTs (ρ = 0%)
Table 2 Comparison of the CTEs of pristine (5, 5) CNTs with those reported in Ref. [22]
Temperature (K)
200
400
600
800
1000

α1 (×10−5 K −1 )
Present work

Ref. [22]

0.01066
0.8635
2.058
3.081
3.593

1.669
3.021
4.331
5.261
5.979

α2 (×10−6 K −1 )
Present work
− 3.721
− 3.487
− 2.445
− 1.627
− 0.7013

Ref. [22]
− 2.782
− 2.457
− 1.743
− 1.197
− 0.797

its CTEs. Therefore, the position of vacancies was moved along the CNT axis in nine steps: ± x/L = 0.1,
± x/L = 0.23, ± x/L = 0.3, ± x/L = 0.4, and x/L = 0, as shown in Fig. 9. Figure 10 depicts the influence
of position of vacancies on the axial and radial CTEs at 500 K. The CTEs are normalized with the CTEs of
pristine CNTs for both vacancy concentrations. This figure reveals that the effect of position of vacancies on
the CTEs increases as their position moves from the center to the end of CNTs. This is due to boundary effects
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Fig. 6 Temperature dependence of axial CTEs of defective CNTs (ρ = 2%)
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Fig. 7 Axial CTEs of defective CNTs (ρ = 2%), normalized by axial CTEs of pristine CNTs, as a function of temperature

on the left and right ends of a CNT, and CTEs in these two regions deviate and degrade compared to that in
the center region. It may also be observed that the radial CTE is largely affected by the position of vacancies
in comparison with the axial CTE. From Fig. 10b it may be observed that the radial CTE takes its minimum
value when the CNT diameter is 13.53 Å. This is attributed to the fact that the radial CTE of (10, 10) CNT
(diameter = 13.53 Å) is the lowest among all other CNTs in the temperature range from 200 to 1000 K, as
evident from Fig. 5.

3.2 Effect of vacancies on thermal conductivities of CNTs
In this section, the influence of vacancies, their positions, and temperature on the thermal conductivities of
different armchair CNTs was examined. Figure 11 shows the effect of vacancies on the temperature distributions
along the length of (5, 5) CNTs at the ambient temperature of 300 K. Temperature distribution is almost linear
for the pristine CNT, while the large steps appear at vacancy positions, that is, in the middle section of defective
CNTs. The larger the vacancy concentration, the higher the temperature jumps. This trend is also observed
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Fig. 8 Radial CTEs of defective CNTs (ρ = 2%), normalized by radial CTEs of pristine CNTs, as a function of temperature

Fig. 9 Position of vacancies along the length of (5, 5) CNT

by Kondo et al. [7], Wei et al. [27], and Cummings et al. [33] for heterojunction, TSW and vacancy defects in
CNTs, respectively. It may also be observed that the temperature gradients for defective CNTs are steeper than
those for pristine ones because incident phonons from the temperature-controlled source and sink are scattered
by vacancies. Similar behaviors were reported in existing MD studies [7,34].
First, the comparison between the obtained thermal conductivities of (5, 5) CNTs herein with those predicted
by Zhang and Li [34] using the MD method with bond-order potential is summarized in Table 3. It may be
observed that both sets of results exhibit good agreement. The predictions of thermal conductivities of pristine
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Fig. 10 Effect of position of vacancies along the length of CNTs on the a axial CTE and b radial CTE (T = 500 K, ρ = 2%)
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Fig. 11 Temperature profiles of (5, 5) CNTs with different vacancy concentrations at 300 K
Table 3 Comparison of the thermal conductivities of pristine (5, 5) CNTs with those reported in Ref. [34]
Temperature (K)

κ (W/mK) (present work)

κ (W/mK) Ref. [34]

200
250
300
350
400

823.6
829.3
794.9
775.8
747.1

825.4
846.7
799.2
789.3
759.8

(10, 10) CNTs are also consistent with the results reported by Bi et al. [35] for a wide temperature range.
The thermal conductivities of pristine CNTs decrease as the temperature increases, as shown in Fig. 12.
This phenomenon can be understood from the phonon scattering mechanism. Scattering of phonons occurs
when they interact with lattice imperfections such as vacancies, dislocations, grain boundaries, atoms of
different masses and other phonons in the ideal lattice. Ions and atoms of differing ionic radius may also
scatter phonons by locally distorting the bond length and thus introducing elastic strain fields into the lattice.
The effects such imperfections cause can be quantified by their influence on the phonon mean free path [34].
Figure 13 demonstrates the influence of vacancies on the thermal conductivities of defective CNTs. The thermal
conductivities of defective CNTs were normalized with those of corresponding pristine ones to present the
results. It is evident from this figure that the vacancies degrade the thermal conductivities drastically, especially
those of smaller diameter CNTs. When vacancies are present, the structure along the circumference of a CNT
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Fig. 12 Temperature dependence of thermal conductivities of pristine CNTs (ρ = 0%)
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Fig. 13 Thermal conductivities of defective CNTs, normalized by thermal conductivities of pristine CNTs, as a function of
temperature

is destroyed, causing partial reconfiguration, which has a significant impact on the quantization of the phonons
along the circumference. The rate of decrease in thermal conductivity due to vacancies is quite unexpected.
This is due to a strong reduction of phonon mean free paths by defect scattering [8]. Now, the inverse power
law relationship of the thermal conductivity and vacancy concentration is discussed. The total phonon mean
free path of a CNT containing vacancies combines the phonon mean free path in pristine CNT and that induced
by vacancies. If the phonon group velocity and heat capacity are not affected by the vacancies, we can obtain
the following relation [7]:
κPristine
κ(ρ) =
.
(16)
1 + κPristine /κVacancy
We can assume that the influence of vacancies on the thermal conductivity is related to the vacancy concentration
via an inverse power law. Thus, we can write the following relation between κ(ρ) and ρ:
κ(ρ) =

κPristine
.
1 + βρ α

(17)
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Fig. 14 Effect of the vacancy concentrations on the thermal conductivities of different CNTs at 600 K

Fig. 15 Effect of the position of vacancies along the length of CNTs on their thermal conductivities at 600 K: a ρ = 1% and b
ρ = 2%

Figure 14 demonstrates the comparisons between the MD results and the data obtained using Eq. (17)
when the temperature is 600 K. The fitting parameters were taken as: β = 2 and α = 0.6. This figure reveals
that the inverse power law predictions are well agreeing with the MD simulation results. Although not shown
here the MD simulations and inverse power law yield predictions close to each other for a wider temperature
range. Note that the value of the exponent (α) is also found to be very close to those reported by Che et
al. [5] and Kondo et al. [7]. Figure 15 demonstrates the influence of the position of vacancies on the thermal
conductivities of CNTs at 600 K. Similar to the CTEs, the effect of the position of vacancies on the thermal
conductivities increases as their position moves from the center to the end of the CNTs. This is attributed to the
increased defect-phonon scattering at the left and right ends of CNTs. It may also be observed that the thermal
conductivities of smaller diameter CNTs are largely affected when the vacancy concentration is 1%. On the
other hand, the thermal conductivities of larger diameter CNTs are marginally influenced by vacancies.

4 Conclusions
In this study, the CTEs and thermal conductivities of defective armchair CNTs containing vacancies within
the framework of MD simulations are reported. Results were compared with pristine CNTs for analyzing
the influence mechanisms of vacancies and their positions. In this paper, the influence of vacancies on the
transversely isotropic CTEs of CNTs is studied for the first time. The following is a summary of the significant
findings:
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1. The axial CTE of defective CNTs decreases more rapidly in comparison with the radial CTE for the same
vacancy concentration. It is also found that the vacancies marginally influence the radial CTE of CNTs.
2. The effect of vacancies on the CTEs is found to increase as the CNT diameter increases.
3. Vacancies act as additional phonon scattering centers, and, therefore, degrade the thermal conductivity of
smaller diameter CNTs significantly at medium temperature than at high temperature (> 600 K).
4. The position of vacancies along the length of CNTs significantly affects the radial CTE and thermal
conductivity, especially those of smaller diameter CNTs.
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