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Abstract
Carbon nanotubes are superior materials for thermal management and phononic device use due
to their extremely high thermal conductivity and unique one-dimensional geometry. Here we
report a systematic investigation of the effects of mechanical tensile, compressive and torsional
strain on the thermal conductivity of single-walled carbon nanotubes using molecular dynamics
simulation. In contrast to conventional predictions for solids, an unexpected dependence on the
applied strain is revealed by the low-dimensional nature and tubular geometry of carbon
nanotubes. Under tension, the thermal conductivity is reduced due to the softening of G-band
phonon modes. Under compression—in contrast to the case for conventional theories for
solids—geometric instabilities lower the thermal conductivity due to the scattering, shortening
of the mean free path and interface resistance that arise from localized radial buckling. We find
that when torsional strain is applied, the thermal conductivity drops as well, with significant
reductions once the carbon nanotube begins to buckle. This thermomutability concept—the
ability to control thermal properties by means of external cues—could be used in developing
novel thermal materials whose properties can be altered in situ.
(Some figures in this article are in colour only in the electronic version)

geometry with single atomic layer thickness of these materials
provides them with great advantages in comparison with
other high thermal conductivity materials. In materials
such as diamond [5] and silicon carbide nanowires [6, 7]
the surface phase is reconstructed and differs from bulk
phase leading to an inhomogeneous phonon structure, and
surface scattering of bulk phonons will significantly reduce
the thermal conductivity. These features provide carbon
nanotube related materials great potential with applications
in thermal management [8] and phononic structures such as
waveguides [9].
The low-dimensional nature of carbon nanotubes also
gives rise to a set of interesting phenomena such as lattice
soliton based energy transfer [10] and robust heat transport in
nanotubes with severe structural deflection [9]. The graphitic
lattice has excellent elasticity and high yield strength because

1. Introduction
Carbon nanotubes (CNTs) and graphene, low-dimensional
and single-atomic-layer materials, are outstanding electronic
and thermal conductors [1], with many potential applications
in thermal management and energy technology.
These
unique properties result not only from their graphitic lattice
but also their low-dimensional overall structure.
As
expected from the large in-plane sound velocity in graphene
sheets, experimental measurements have shown ultrahigh
thermal conductivities for CNTs (3000 W m−1 K−1 [2])
and monolayer graphene (5300 W m−1 K−1 [3]), which is
mainly contributed by phonons rather than electrons below
or at room temperature [4].
Also, the highly stable
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been found to generally have a monotonically decreasing
function of strain, as a result from the renormalization of
group velocities [15, 16]. However for one-dimensional
materials such as carbon nanotubes, structural buckling
occurs under compression and releases the compressive strain
energy [17, 18]. Thus the conventional lattice theory for solids
fails for carbon nanotubes, as will be discussed in this paper,
and other models must be developed.

2. Theoretical and computational methods
The thermal conductivity of carbon nanotubes is calculated
using molecular dynamics (MD) simulation, where the interatomic interactions are described using the AIREBO potential [19]. The thermal conductivities are calculated following
Muller-Plathe’s approach [20], which provides a convenient
way to calculate phonon contributions to the thermal conductivity in non-equilibrium steady state. Simulations are performed using the LAMMPS MD package [21]. It is noted
that the radius and chirality of carbon nanotubes can have considerable effects on their thermal conductivity. For example,
the thermal conductivity is higher for carbon nanotubes with
a larger radius [5], and chiral carbon nanotubes have a lower
thermal conductivity than achiral ones [22]. In this paper we
focus solely on strain effects on thermal properties and do not
pursue studies of geometry effects. Single-walled (10, 10) carbon nanotubes of length L = 49.26 nm are considered, with
periodic boundary condition in the axial direction. The nanotube is partitioned axially into Nslab = 50 slabs for temperature recording and control. Strain is applied to the CNT by
changing the periodic simulation box size. Before calculating the thermal conductivity, 200 ps Nose–Hoover thermal bath
coupling (T = 300 K, coupling time constant τ = 0.1 ps, time
step t = 0.5 fs) are conducted to reach thermal equilibration
at a given applied strain. Afterward, two slabs are separated at
half of the nanotube length L/2, and are chosen as heat source
and sink domains (see figure 1(a) for illustration of the simulation model). A heat flux J is then injected/released subsequently in these two slabs through exchanging the momentum
between the ‘hottest’ atom (mvh2 ) in sink slab and the ‘coldest’
atom in the source slab (mvc2 ). The momentum exchanging is
performed every 20 fs. The heat flux is collected during an interval of temperature profile evaluation (ttransfer ), during which
Ntransfer exchanges have been performed, that is,
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Figure 1. (a) The simulation setup for thermal conductivity
calculation: momentum exchange is made between the hot (red, heat
source) and cold (blue, heat sink) region. The hot and cold regions
are nanotube segments reside in the center and edge of the simulation
box with periodic boundary condition applied. Thermal conductivity
κ is calculated from thermal flux J and temperature distribution
along the transport direction. (b) Thermal conductivity of
single-walled (10, 10) carbon nanotubes under strain loading from
−0.06 to 0.15. κ0 is the thermal conductivity of carbon nanotube in
absence of strain, which is 301.47 W m−1 K−1 . The values for κ0 are
lower than the experimental value (3000 W m−1 K−1 [2]) because the
system size simulated here is shorter than the phonon mean free path
(∼1 μm [4]). Results obtained here are consistent with previously
reported values using the same computational method and
condition [5, 24].

of the strong sp2 bonds, however, at elevated temperature or
under axial compression, carbon nanotubes tend to deviate
from their straight shape because of the high aspect ratio [11].
In extreme cases, the cross-section of carbon nanotubes
can buckle locally from circular shapes to form ellipsoidal
or dumb-bell like shapes [12]. This localized structural
deformation can prohibit ballistic heat transport along the
nanotube axis, as it acts as a phonon barrier [13]. These unique
features of low-dimensional nanostructures pose questions
on the feasibility of conventional heat conduction theory for
classical solids [14].
Classical lattice thermal transport theory predicts that the
thermal conductivity

κ=
Cvm l
(1)

where the summation is carried out over all momentumexchanging events, and ttransfer is the time period of the
summation.
The exchange conserves both energy and
momentum of the system and converges quickly in tens of
picoseconds. The whole exchanging process is performed
under a NVE ensemble for 1 ns to achieve steady state. The
temperature profile T (x) of the carbon nanotube is obtained
after averaging over a 50 ps time interval. The thermal
conductivity of carbon nanotubes is evaluated as

m

is contributed by all the phonon modes m occupied at specific
temperature (C , vm and l are the specific heat, group velocity
and mean free path of phonon mode m ). The contribution
of each mode depends on their group velocities vm and
mean free path l , while the specific heat C is considered
to remain constant. Following this analysis, the modulation
of thermal conductivity through mechanical deformation has

κ=
2

J
.
2 A∂ T /∂ x

(3)
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Figure 2. Phonon band structure under tension (a) and compression (b). The wavevectors in the figure are from  to K point. The phonon
bands red-shift and the group velocity vg = ∂ω/∂k decreases as the strain increases, where ω and k is the corresponding frequency and
wavevector. Also we can notice that as the positive strain increases to 0.15 or the compression strain exceeds 0.05, there are modes with
negative frequencies due to local structural instabilities.

The cross-sectional area A is calculated by considering the
carbon nanotubes as thin shells with thickness of a single C–
C bond length. It is noted that other approaches to calculate
thermal properties such as the Green–Kubo method [23] cannot
be used here, as they are based on linear response theory
for homogeneous system and are thus not able to describe
phenomena like structural buckling of CNTs.

with previously reported values using the same computational
method and condition [5, 24]. In the following paragraphs,
we discuss the details associated with the mechanisms under
tensile and compressive loading.
When the applied strain is tensile (positive), carbon–
carbon bonds become elongated along the axial direction. As
a consequence, the frequencies of phonon modes (especially
those in the G-bands) are red-shifted (see figure 2) [25].
According to equation (1) the phonon softening will reduce
group velocities and thus lower the thermal conductivity. The
effects are much more pronounced when the tensile strain
approaches the failure limit (at ≈15% for temperature of
300 K in figure 1(b)) where the thermal conductivity reduces
to approximately 70% of its reference value. Phonon band
structures that calculated from carbon nanotube unit cells
(figure 2) show that at this large strain value close to failure,
there are several phonon modes with negative frequencies,
indicating that the structure is mechanically unstable.
When strain is applied in compression, the phonon modes
are stiffened, as shown in our band structure calculation
(figure 2). However, our MD simulations show considerable
reduction of thermal conductivity under strain of −2% and
−5%. Structural instabilities of carbon nanotubes, like Euler
buckling can occur and are responsible for the observed
reduction of thermal conductivity. This phenomenon contrasts

3. Results and discussion
Figure 1(b) plots the thermal conductivity of the CNT across
a wide range of compressive and tensile axial strains (at
300 K), from −6% to 15%. CNTs will break under strain
values outside of this range of strains and thus will not be
discussed here. It can be seen from figure 1(b) that under
either positive or negative strain, the thermal conductivities
of carbon nanotubes are lower than their reference value κ0
without strain applied, which is in contrast to the conventional
prediction for solids [15, 16]. The parameter κ0 is the thermal
conductivity of carbon nanotube in absence of strain, which
is 301.47 W m−1 K−1 . The values for κ0 are lower than
the experimental value (≈3000 W m−1 K−1 [2]) because the
system size simulated here is shorter than the phonon mean
free path (≈1 μm [4]), and will increases in larger system [5].
However, the results obtained in our work are consistent
3
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with the conventional model for three-dimensional solids [16],
where compression would enhance their thermal conductivity
through stiffening of phonon modes.
Unlike in threedimensional solids, single-walled carbon nanotubes are high
aspect ratio cylinders composed of atomic monolayers. When
the structure is compressed, the intrinsic in-plane elastic
deformation can be released by transverse deflection of CNT.
As observed in our simulation, when the applied strain reaches
−2%, transverse bending of the carbon nanotube is observed.
The deviation of the CNT geometry from the direction of heat
transfer results in unfavorable scattering of propagating waves
and is responsible for the reduction of thermal conductivity.
The reduction of thermal conductivity in this case is on the
order of 10%, which is consistent with the experimentally
observed thermal conductivity fluctuation of carbon nanotubes
with bending curvature radius around 70–90 nm [9]. Thus
our results provide a possible structural and mechanistic
explanation for these fluctuations. In our system as shown in
figure 3(b), the curved shape of the CNT in our simulation can
be fitted into the parametric form
r (t) = (A sin(at), A cos(at), t) ,

Figure 3. Snapshots of single-walled (10, 10) carbon nanotubes
under (a) 5%, (b) −2% and (c) −5% strain. Positive strain (a)
induces elongation of bonds along the axial direction but retains the
tubular geometry. The homogeneous distortion of hexagonal lattice
softens the phonon frequencies and reduces their group velocities.
The structure keeps stable up to strain of 15%, beyond which the sp2
bonds start to break around their breaking limit (16%). In contrast,
compression induces instabilities at rather small strain value. When
strain equals to −2%, Euler buckling occurs and the nanotube
deviates from straight configuration. Transverse bending observed in
the simulation has a radius of curvature of 46.7 nm. At higher strain
at −5% (c), the carbon nanotube buckles locally and collapsed into
flat cross-sections (see inset). The buckles introduce phonon barriers
that finally result in a 32% reduction of thermal conductivity.

(4)

where r is the spatial position of the CNT profile, A =
1.28 nm, a = 0.013 and t is position along the curve. Based
on this expression, the radius of curvature is calculated to
be Rc = 46.7 nm. Nevertheless, because of the ultrahigh
thermal conductivity of carbon nanotubes in comparison with
conventional materials like copper, the 10% reduction observed
here (and in [9]) shows that the rather high values of thermal
conductivities are maintained even under bending deformation.
When the compressive strain increases to −5%, localized
buckling is observed instead of small strain bending (see
figure 3(c)), and the cross-section of carbon nanotube collapses
into a flattened shape (see inset in figure 3). The collapsed
shape is flat with a distance of 0.35 nm between top and bottom
graphene sheets. The buckle is almost immobile throughout
the entire simulation. The local distortion of the cross-sections
breaks the symmetry of propagating waves inside CNTs and
induces a mismatch of the phonon modes between the flattened
region and other segments of the CNTs that still feature
cylindrical cross-sections. This interface scatters the phonon
waves propagating in the carbon nanotube. As a result, the
thermal conductivity of carbon nanotube was found to decrease
by 32% compared to its reference value.
We proceed with a detailed analysis of the phonon spectra
under different types and magnitudes of loading to elucidate
the physical basis for the change of thermal properties. The
phonon spectra function A(ω) is calculated from Fourier
transform of the velocity auto-correlation function C(τ ) =
v(t)v(t + τ ). · · · denotes ensemble averaging, which is
substituted by averaging over velocity v at simulation time
t , and over all atoms in practice. The sample velocities
are taken from simulation every 1 fs and the averaging is
performed over 50 ps after the system is equilibrated for
200 ps. Figure 4(a) shows the phonon spectrum of singlewalled (10, 10) carbon nanotube under different strain. Under
positive strain, the tension softens the G-bands remarkably
in comparison with other part of the spectrum, lowers their

group velocities and weakens the axial energy transfer. At
negative strains, structural instabilities and fluctuations result
in a flatter spectrum. However because the in-plane strain
energy is released via buckling, the peak for G-bands does not
shift. In addition, at −2% strain where the carbon nanotube
fluctuates in a spiral shape, the contribution of low-frequency
mode is significant, which reflects transverse bending motion
of the nanotube.
For −5% (compressive) strain, local buckling stabilize the
transverse fluctuation as observed at −2% strain, and remove
the spectrum peak at low frequencies. The positions of G-band
peaks and the overall shape of the spectrum do not change
too much in this case, while the thermal conductivity has been
reduced by 32%. The reason for this is the increased interface
resistance at the buckles. Figure 4(b) plots the temperature
profile as a function of position of carbon nanotube segments.
The temperature suddenly drops at the buckles (with spatial
extent less than 1 nm), and results in an interface (or Kapitza)
conductivity of approximately κinterface = 50 GW m−2 K−1 .
The interface thermal conductivity is defined as κinterface =
J/2 AT , where J is the thermal flux, A is cross-sectional area
and T is the temperature drop at the interface. Considering
the thermal conductivity of carbon nanotubes without strain
κ0 = 301.47 W m−1 K−1 , this local buckling is equivalent
to a segment of carbon nanotubes with a length of l =
κ0 /κinterface = 6 nm. Larger compressive strain of −6% reveals
similar phenomenon with a lower interface conductivity of
33 GW m−2 K−1 . Further compression at 300 K will break
4
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Figure 5. Thermal conductivity of single-walled (10, 10) carbon
−1
nanotubes under strain loading from 0 to 0.039 Å at 300 K. The
thermal conductivity drops significantly at strain 0.013 because the
cross-sections of carbon nanotubes begin to buckle. Inset: snapshot
of (10, 10) carbon nanotube at twist strain of 0.026, when the
cross-sections collapse.

buckle (see inset in figure 5) in the cross-section. The buckling
is uniform along the axis of carbon nanotube except for the
rotation due to twist. The radial geometrical change results in
a significant drop of the thermal conductivity on the order of
20%.

4. Discussion and conclusion
Figure 4. (a) Phonon spectrum of single-walled (10, 10) carbon
nanotube under strain from −5% to 15%. At positive strain, the
tension softens the G-band significantly and weakens the axial
energy transfer. At negative strain, structural instability results in a
flatter spectrum. At compression of −2% strain, remarkable
contribution from low-frequency bending mode arises.
(b) Temperature profile along the axial position, when the nanotube
buckles locally due to the compression. The temperature suddenly
drops ∼13 K at the buckles (approximately 1 nm), results in an
interface (Kapitza’s) conductivity ∼50 GW m−2 K−1 . This interface
resistance is equivalent to a segment of carbon nanotubes with length
of 6 nm. The Kapitza’s thermal interface conductivity is defined as
κinterface = J /(AT ), where J is the heat flux across the interface
and A is the area of cross-section and T is the temperature jump.

Our study unveils that mechanical strain has a distinct effect on
the thermal transfer properties of CNTs, where the mechanisms
change under tensile, compressive and torsion loading and also
depend on the magnitude of the strain applied. In tensile
deformation, the thermal conductivity is reduced to 30% at
the point of mechanical failure; in compression, the reduction
reaches 10% in a regime of homogeneous bending and reaches
32% when localized buckling occurs. In torsion, the radial
buckling is also responsible for the 20% reduction of the
thermal conductivity, with a similar underlying mechanism
due to local buckling. The three distinct mechanisms (phonon
softening, delocalized bending and localized buckling) under
uniaxial and torsional strain are phenomena closely linked
to the particular one-dimensional and tubular structure of
carbon nanotubes. Similar phenomena may thus also hold for
other one-dimensional materials such as solid nanowires and
graphene nanoribbons.
In addition to the fundamental insight into the physical
mechanisms, the results reported in this paper feature potential
for several nanotechnology applications. For example, arrays
or circuits of carbon nanotubes could be fabricated whose
thermal transfer performance can be tuned reversibly through
external mechanical cues, in a continuous way (e.g. through
application of positive tensile strain), or as a ‘discrete’
switch (e.g. by taking advantage of buckling induced by
compressive loading). This thermomutability concept, the
ability to control thermal properties by external cues, could

the carbon nanotube and thus not investigated here for thermal
conductivity.
Torsional strain provides another approach to control the
thermal properties of carbon nanotubes. To investigate its
effect on thermal conductivity, twisting strain up to 0.039 is
applied within the breaking limit. To implement torsional
loading in the system with periodic boundary conditions,
we take advantage of the D10 symmetry of (10, 10) carbon
nanotube. A torsional strain of n 2π/L can be applied, where n
is an integer and L is the length of simulation box along tube
axis. As shown in figure 5, at twist strain less than 0.065, the
carbon nanotube preserves its cylindrical shape and the thermal
conductivity changes only by around 1%. However, when the
strain increases up to 0.013, the carbon nanotubes starts to
5
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be used in adaptive thermal control and management. In such
applications, thermomutable properties could be exploited to
develop multifunctional metamaterials that feature hierarchical
structures at multiple levels to provide a superior material
performance, self-organization and controllability. The strain
dependence of thermal conductivity might be utilized also
in sensor applications, where local strains could be inferred
from measuring temperature distributions. Furthermore, the
robustness of high thermal conductivity of CNTs under large
deflection reveals their capability to serve as constituents of
stretchable and foldable thermal bulk materials. Our study
provides insight into which levels of local strains can be
tolerated by carbon nanotubes while still providing sufficient
thermal properties.
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