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The coefficient of thermal expansion (CTE) of peapod-derived double-walled carbon nanotubes

and their host empty single-walled carbon nanotubes (SWCNTs) was determined using Raman

spectroscopy. This was performed by measuring the dependence of Raman band frequency of the

nanotubes in epoxy resin matrix composites and considering the effects of both the strain and

temperature on the Raman bands. Both types of nanotubes show positive thermal expansion at

room temperature of around þ2� 10�5 K�1, and the CTE of the SWCNTs was unaffected by the

introduction of the inner wall nanotubes. It was also demonstrated that the temperature-induced

Raman band shifts can be used to determine both the CTE and glass transition temperature of the

matrix polymers. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4864056]

Understanding the thermal properties of carbon nano-

tubes (CNTs), particularly the coefficient of thermal expan-

sion (CTE), is crucial for a range of CNT-based

applications.1 Several theoretical approaches such as molec-

ular dynamics and density-functional theory have been pro-

posed to predict the CTE of nanotubes. There are, however,

large variations in thermal behaviour of nanotubes derived

using the different theories. Jiang et al. estimated the CTE of

single-walled carbon nanotubes (SWCNTs) to be positive

and �þ2� 10�6 K�1 at 300 K (all CTEs in this study are

axial unless otherwise stated),2 Kwon et al. determined a

value of the CTE for SWCNTs to be negative and

��1.1� 10�5 K�1 at the same temperature,3 and Schelling

et al. showed that the CTE of nanotubes is dependent on

their chirality.4 On the other hand, very limited experimental

studies have been carried out so far due to the challenge in

nanoscale experiments.1 Maniwa et al. determined the CTE

of a SWCNT bundle to be (þ7.5 6 2.5)� 10�6 K�1 between

300 and 900 K using an X-ray diffraction (XRD) method.5,6

Raman spectroscopy is a powerful technique to investi-

gate a range of carbon nanomaterials.7 It has been used to

determine the Young’s modulus and thermal conductivity of

CNTs and graphenes,8–10 based on the fact that Raman bands

are sensitive to the stress (and strain) and temperature.11 It is

proposed the CTE of CNTs can also be measured by this

technique. When the temperature of a polymer nanocompo-

site containing CNTs is changed, the mismatch of CTE

between the matrix and CNTs induces strain on the latter. By

following the Raman band position, the thermal-induced

strain can be evaluated and thus the CTE can be determined.

In this present study, double-walled carbon nanotubes

(DWCNTs) and their host SWCNTs were incorporated into

epoxy resins. We first measured the temperature dependence

of the Raman G0-band positions for the nanotube powders.

The dependences of G0-band positions upon the strain and

temperature for the nanotubes in composites were then inves-

tigated with composites prepared under identical conditions.

The CTEs were determined taking into account of the effects

of strain and temperature on the Raman band. Using the same

composite matrix eliminates the effects of orientation, disper-

sion and interfacial adhesion (which are known to have signif-

icant effects12) upon the Raman response, and hence allows

an accurate determination of the CTE of the nanotubes.

The SWCNTs were prepared via the electric-arc method

(Nanocarblab); the DWCNTs were prepared by coalescence

of C60 that encapsulated in the SWCNTs, and the preparation

procedures were described in our previous work.13 PRD-166

alumina/zirconia fibers with a CTE of þ9� 10�6 K�1 at

300 K (Ref. 14) were supplied by DuPont and were used to

determine the coefficient of thermal expansion of the epoxy

resin matrix. The epoxy resin/CNT composites were pre-

pared using a two-part epoxy system consisting of a hardener

(Araldite HY 5052) and a resin (Araldite LY5052) following

the method described in our previous work.15 The weight

fraction of the nanotubes in the composites was approxi-

mately 0.1%. To prepare epoxy resin/PRD-166 composites,

a single PRD-166 fiber was placed on an epoxy beam and

coated with a thin layer of epoxy resin and the curing condi-

tions were the same as those for the epoxy/CNT composites.

Raman spectra were obtained using a Renishaw 2000

system with a 633 nm laser. For deformation testing, the ep-

oxy resin beam on which the epoxy resin/filler composites

were deposited was inserted into a four-point bending rig

and placed on the Raman microscope stage.9 The surface

strain was measured using a resistance strain gauge. It was

assumed that the strain in the nanotubes was the same as in

the epoxy resin, and also the epoxy beam, as given by the

strain gauge. For in-situ Raman measurements during heat-

ing, samples were placed in a chamber equipped with an op-

tical window and a heating stage (programmable hot stage

TS 1500). The temperature was increased in steps of
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10 6 1 K. Spectra were collected 2 min after each tempera-

ture of interest was reached.

Fig. 1 shows typical Raman spectra of the DWCNTs

and SWCNTs powders. In the low-frequency Raman spec-

trum of DWCNTs, multiple radial breathing mode (RBM)

peaks can be seen. The peaks below 200 cm�1 correspond to

nanotubes with diameters greater than 1.24 nm according to

the xRBM¼ 248/dt (where xRBM is the frequency of RBM

peak and dt is the nanotube diameter) relation16 and are

attributed to the outer wall nanotubes, while the RBM peaks

beyond 260 cm�1 originate from the inner wall nanotubes,

with diameters ranging from 0.65 nm to 0.95 nm. The

G0-band of DWCNTs clearly splits into two peaks, as can be

seen from Fig. 1. It is straightforward to assign the

higher-frequency peak (denoted as G
0

1 herein) to the outer

tubes and the lower-frequency peak (G
0

2) to the inner tubes,

due to the strong diameter dependence of xG0.
13

The nanotubes were dispersed in an epoxy resin matrix

and the epoxy/CNT composites were deformed with a four-

point bending rig to investigate both the interfacial adhesion

between the nanotubes and the polymer matrix, and the interac-

tion between the concentric graphene layers in the DWCNTs.

Figs. 2(a) and 2(b) are schematic diagrams showing the distri-

bution of nanotubes in the matrix, and Fig. 2(c) illustrates the

measured strain-induced shifts of the G0-band during deforma-

tion of the composites. The linear fit in the 0%–0.4% range

gives the Raman band shift rate (also denoted as the strain

coefficient herein). In Fig. 2(c), the most striking feature is that

the G0 shift rate of the inner wall (G
0

2) is significantly lower

than that of the outer wall (G
0

1), which has been explained as a

consequence of the low efficiency of stress transfer from the

outer wall to the inner wall.13 Theoretical work showed that

during the preparation of DWCNTs through a pea-pod route,

the encapsulated C60 fullerenes in the SWCNTs coalescence

into corrugated inner tubes with multiple intra-tube junc-

tions17,18 Such loose fitting and short inner tubes might not

allow a full development of stress in the inner tubes.

The G0-band shift rates shown in Fig. 2(c) were obtained

for composites containing randomly distributed nanotubes

with no preferred orientation (see Fig. S1 in the supplemen-

tal material19). The Raman signals were the results of contri-

butions from nanotubes lying in all directions with respect to

the laser polarization and the strain, and the nanotubes at dif-

ferent angles respond differently to the external strain. The

overall band shift can be considered as an intensity-weighted

average of band shift for nanotubes lying at all angles.

Therefore, the shift rate for nanotubes parallel to the strain,

S0, can be derived considering the effect of the

polarization-dependence of Raman spectrum and the

Poisson’s contraction effect such that20

S0 ¼

ðp

0

cos4h� cos2h� � sin2hð Þdh
ðp

0

cos4hdh
� Sð0Þ; (1)

where v is the Poisson’s ratio of the matrix, h is the angle

between the nanotube and the strain direction, and S(0) is the

shift rate measured for a randomly distributed composite

when the strain axis is parallel to the laser polarization.

Substituting v¼ 0.35 for the epoxy resin into Eq. (1) gives

S0¼ 1.3 � S(0). This suggests that if all nanotubes were

aligned perfectly along the strain direction (Fig. 2(b)), the

shift rates would be about 30% higher than those shown in

Fig. 2(c). The dependences of Raman band upon the strain

for perfectly aligned nanotubes derived using Eq. (1) are

shown in Fig. 2(d), and the values for S0 estimated using Eq.

(1) are listed in Table I.

The nanotube powders were heated in an air atmosphere

using the hot stage. Fig. 3(a) shows the dependence of

FIG. 1. Raman spectra of DWCNTs and the host SWCNTs.

FIG. 2. Schematic diagrams of nano-

composites containing (a) randomly

distributed and (b) perfectly aligned

nanotubes; (c) Measured G0-band fre-

quencies as a function of strain for the

composites in which a random distri-

bution of the nanotubes was found and

(d) derived response of the G0-band to

the strain for perfectly aligned

nanotubes.
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Raman frequencies for the components of the G0-band as a

function of temperature for both types of nanotube powders.

The G0-band was seen to shift to lower wavenumber with

increasing temperature, which is due to the softening of both

the inter-tube interaction and the carbon-carbon bonds, and

the temperature-induced perturbation in the electronic

structure.21–25 It was noted the D- and G-bands also shifted

to lower-frequencies with the increase of temperature.

However, the G0-band was most sensitive to external pertur-

bation and was thus used to measure the coefficient of ther-

mal expansion. The temperature coefficient of the Raman

bands, defined as dx/dT, can be obtained from the slope of

linear fitting over the entire temperature range. This was

found to be �0.021 cm�1/K and �0.023 cm�1/K for the G
0

1

and G
0

2 of the DWCNTs, respectively, while a relatively

higher value, of �0.029 cm�1/K, was observed for the

G0-band of the SWCNTs. The higher temperature coeffi-

cients of SWCNTs than those of DWCNTs, suggests that

the DWCNTs, which were prepared by annealing the

C60@SWCNT peapods at 1573 K, are more stable than the

host SWCNTs.26,27

The epoxy/CNT composites were also heated up using a

hot stage and Fig. 3(b) shows the G0-band frequency as a

function of temperature for the nanocomposites. The xG0 of

nanotubes in composites is found to decrease approximately

linearly with the temperature up to �373 K, after which an

abrupt increase of �2.5 cm�1 is observed. The temperature

coefficient of nanotubes in the composites, defined as

vC¼ dxG0/dT, is obtained by fitting the data linearly in the

293–373 K range. As the temperature exceeds 403 K, the xG0

tends to decrease again, but at a lower shift rate.

The glass transition temperature of the epoxy matrix was

measured using differential scanning calorimetry (DSC) and

the Tg values determined from the first heating are 385 K and

387 K for the epoxy/DWCNT and epoxy/SWCNT, respec-

tively (see Fig. S2 in the supplemental material19). The inflex-

ion in xG0 in the 383–403 K range is thus attributed to the

glass transition of matrix where the epoxy resin enters into a

rubbery state. The close correlation between the Raman band

shift data in Fig. 3(b) and DSC data in Fig. S2 suggest that the

Raman method could be a useful technique to determine the

Tg of an epoxy resin matrix.

When a nanotube composite is heated up, as well as the

effect of heating which softens the carbon-carbon bonds and

leads to a decrease of xG0, the mismatch of CTE between the

matrix and nanotubes also induces strain which in turn gives

rise to a downshift of the G0-band. The apparent downshift

of xG0 at a temperature T, DxG0, in the temperature range of

293–373 K (i.e., before the breakdown of the interface) can

be considered as a summation of the thermal and strain

effects, which can be expressed as

DxG0 ¼ DxT
G0 þ DxS

G0 ; (2)

where DxT
G0 ¼ vF�DT is the shift of xG0 induced by temper-

ature only and DxS
G0 is the shift of xG0 induced by

thermal-strain. It is noted that the temperature coefficient of

the G
0

2 position of the epoxy/DWCNT is significantly lower

than that of G
0

1. This suggests that the thermal strain induced

by the mismatch of CTEs is transferred from the outer wall

to the inner wall at a low efficiency, an effect similar to that

of the external strain.12 To a first approximation, the CTE of

epoxy resin, aE, and the CTE of the fillers, aF, can both be

assumed to be constants in the temperature range

293–373 K. The parameter DxS
G0 is then given by

DxS
G0 ¼ S0 � aE � aFð Þ � DT: (3)

The parameter S0 is used here instead of S(0) as the matrix is

thought to expand isotropically and all nanotubes were paral-

lel to the strain direction. Eq. (2) can be rearranged as

aF¼ aE � vC � vFð Þ=S0; (4)

which allows the CTE of nanotubes to be determined.

The temperature coefficients vC and vF, and the strain

coefficients S0 determined for different nanotubes are listed in

Table I. To measure the aE, a PRD-166 alumina fiber which

TABLE I. The strain and temperature coefficients of the Raman bands of the fillers and the CTEs calculated for the CNTs.

Material S0 (cm�1/%) vF (cm�1/K) vC (cm�1/K) aF (K�1)

SWCNT �18.9 6 1.2 �0.029 6 0.002 �0.129 6 0.01 (1.9 6 0.6)� 10�5

DWCNTa �14.4 6 0.7 �0.021 6 0.002 �0.093 6 0.01 (2.1 6 0.7)� 10�5

PRD-166 fibers þ12 6 0.3 �0.154 6 0.001 �0.079 6 0.001 (9.0 6 1.9)� 10�6

aThe values are for the outer wall of the DWCNTs.

FIG. 3. G0-band frequencies as a func-

tion of temperature for: (a) nanotube

powders and (b) epoxy/CNT

composites.
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has a CTE of 9� 10�6 K�1 (Ref. 14) was embedded in the

same epoxy resin. The alumina fiber exhibits intense and nar-

row fluorescence bands at around 14 400 cm�1, called the R1

and R2 peaks, due to the presence of a small amount of Cr3þ

ion impurity. It is known that the R bands shift to higher

wavenumber when subjected to tensile strain and shift to

lower wavenumber upon heating.28,29 A series of in-situ fluo-

rescence characterisations of the single alumina fiber and the

epoxy/alumina were performed and the variation of the R1

peak position against the strain and temperature was fitted by

linear functions (see Figs. S3–S6 in the supplemental mate-

rial19). The strain and temperature coefficients obtained for

the PRD-166 fiber are also listed in Table I. Substituting the

coefficients and CTE of the alumina fiber into Eq. (4) gives a

aE of 7.2� 10�5 K�1, which agrees well with the data pro-

vided by the epoxy resin supplier. This suggests our method is

reliable in determining the CTE of thin polymers films, which

is particularly useful when bulk samples needed for CTE mea-

surement with other techniques cannot be prepared (e.g., thin

insulating layers used in high density electronic packaging).

The good agreement also validates our method for determina-

tion of the CTE of nanotubes.

Substituting all values into Eq. (4) gives a mean CTE of

2.1� 10�5 K�1 for the outer wall of the DWCNTs and

1.9� 10�5 K�1 for the SWCNTs. A large amount of theoret-

ical and experimental work has been carried out to determine

the CTE of nanotubes1–6,30 but there is no unanimous agree-

ment on even the sign (i.e., expansion or contraction) or the

magnitude of the change of nanotube length against the tem-

perature. The positive CTEs found for both DWCNTs and

SWCNTs in this study are in qualitative agreement with the-

oretical work.4,31 The thermal expansion behaviour of the

DWCNTs found here is also in approximate agreement with

the finding by Abe et al.,5 where a value of

(þ0.75 6 0.25)� 10�5 K�1 was determined by XRD meas-

urements. It is found that the CTE of DWCNTs was virtually

unchanged (within experimental error) compared to the host

SWCNTs, a phenomenon which has also been reported

before.5 It should be stressed; however, research work on

thermal expansion has so far been carried out only with

nanotube powders. If nanotubes are to be incorporated into

polymer composites for practical applications, the processing

and environment surrounding the nanotubes may perturb the

thermal behaviour of the nanotubes significantly.32 Jiang

et al. predicted that the CTE of nanotubes can be as high as

2.0� 10�5 K�1 when strong interactions with substrates are

present,2 which is close to our experimental values. Our

work demonstrates a method of in-situ characterisation of

the thermal expansion of nanotubes in composites.

In summary, the CTEs of SWCNTs and DWCNTs

have been determined using Raman spectroscopy, by taking

into account of both the strain and temperature effects on

the Raman band frequency of nanotubes in composites.

Both types of nanotubes show a positive thermal expansion,

with coefficients of 1.9� 10�5 K�1 for SWCNTs and

2.1� 10�5 K�1 for DWCNTs at room temperature. The

CTE of the SWCNTs was virtually unchanged upon the

introduction of inner wall nanotubes. The method outlined

in this study can be used to determine the CTE and Tg of

polymers, and may also be extended to evaluate the thermal

behaviour of other carbon nanomaterials such as graphene

and graphene oxide.
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