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The Influence of Carbon
Nanotube Aspect Ratio
on Thermal Conductivity
Enhancement in
Nanotube–Polymer Composites
We report and model a linear increase in the thermal conductivity (j) of polymer composites
incorporated with relatively low length/diameter aspect ratio multiwalled carbon nanotubes
(CNTs). There was no evidence of percolation-like behavior in the j, at/close to the theoreti-
cally predicted threshold, which was attributed due to the interfacial resistance between the
CNT and the polymer matrix. Concomitantly, the widely postulated high thermal conductiv-
ity of CNTs does not contribute to the net thermal conductivity of the composites. Through
estimating the interfacial resistance and the thermal conductivity of the constituent CNTs,
we conclude that our experimental and modeling approaches can be used to study thermal
transport behavior in nanotube–polymer composites. [DOI: 10.1115/1.4025047]
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1 Introduction

CNTs are considered an excellent choice for fillers in polymers,
e.g., over that of conventional fillers, such as carbon black par-
ticles [1], due to (a) inherently superior mechanical, electrical,
and thermal properties, as well as (b) their large length (L) to di-
ameter (d) aspect ratio (AR), which could enable reinforcement,
through connectivity at a smaller volume [2]. Consequently, the
mechanical attributes of polymers could still be retained, while
bringing forth a significant modulation of the physical properties
through composite formation. Consequently, such nanotube–poly-
mer composites have been advocated for a variety of applications,
including, thermoelectrics [3], electromagnetic shielding [4,5],
electronic packaging [6], thermal metamaterials [7], etc.

It has previously been concluded by Shenogina et al. [8]
through theoretical analysis (based on the finite element method
(FEM) and molecular dynamics) that the low thermal conductivity
(j) contrast (of less than 104) between the matrix and the filler
precludes a strong percolation threshold effect. A linear variation
of the thermal conductivity with volume fraction was conse-
quently predicted based on effective medium theory [9]. While
the interfacial resistance between fibers and matrix was consid-
ered, the value was an order of magnitude higher than the experi-
mentally determined values (around 7:5� 108ðm2KÞ=W from
Huxtable et al. [10] and our results), which may have precluded
the observation of percolation.

Single-walled carbon nanotube (SWCNT)-epoxy composites
were studied in Biercuk et al. [11], where the SWCNTs were
reported to be oriented randomly. An increase in j was the
reported as a function of added SWNT weight content with a
125% increase at 1 wt. % SWCNTs. The random orientation was
thought to be the reason for the j increase at a lower weight per-
centage compared to previous studies where the nanotubes were
aligned perpendicular to the direction of current flow. However,

the effects of interfacial resistance between the nanotubes were
not considered, as will be done in our paper.

While an increase in the thermal conductivity in the nanotube–
polymer composites was observed in Bonnet et al. [12] a percolation
threshold was not observed. Instead, after subtracting the contribu-
tion of the polymer matrix (PMMA in their case), the conductivity
variation was fit to a scaling law. A major issue with this paper is
that it does not again consider the influence of the interfacial resist-
ance. A thermal conductivity contrast ratio of 10 between the filler
and the matrix was thought to be adequate for observing percolation
related effects. The fits of our data to their model equation implied a
thermal conductivity of �1.3 W/(m K) for the carbon nanotubes,
orders of magnitude smaller than what is commonly accepted.

While a variety of techniques have been used for the experimental
measurement of the thermal conductivity (j) of nanostructure incor-
porated polymer composites, either steady state or transient 3x-
based techniques [13] seem to be most common. In this paper, we
report results obtained through the use of the former methodology.

The notable contribution of our work consists in the investigation
of a particular aspect of nanotube geometry, i.e., aspect ratio, on the
thermal conductivity enhancement of nanotube constituted polymer
composites. We have then been able to show that the diameter varia-
tion and related bundling would have less of a significance compared
to the length variation. Our study has also indicated the dominating
influence of the nanotube–polymer interface and how the constituent
temperature drop mediated through the interfacial resistance pre-
cludes thermal conductivity enhancement due to the nanotubes. We
have been successful in obtaining a definitive value for the interfacial
resistance, Rint ¼ 9 �108 ðm2KÞ=W, in addition to verifying an
increase in the j due to increasing CNT filler content (Fig. 1).

2 Synthesis of Test Samples

Multiwalled CNTs (MWCNTs), functionalized with –COOH
groups, were dispersed into a reactive ethylene terpolymer (RET;
Elvaloy 4170; DuPont, Inc.) for composite synthesis. For the
reported experiments, two varieties of MWCNTs with similar
lengths (of �1.6 lm) with different diameters (45.0 6 14.1 nm
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and 23.0 6 6.3 nm) leading to aspect ratios of �35 and �70,
respectively, were used. The geometrical parameters were meas-
ured using a Philips XL30 ESEM (environmental scanning elec-
tron microscope). The particular polymer, RET, was chosen due
to the presence of the epoxide constituent, which bonds with the -
COOH group on the MWCNT forming robust ester-bonds, as was
confirmed through Fourier-transform infrared spectroscopy
(FTIR) [4,14]. For the composite synthesis, the RET was dis-
solved in toluene and heated at 60 �C for 2 h. The functionalized
MWCNTs were also dispersed in toluene and ultrasonicated (in a
Sonics VCX-750) to assure uniform mixing for 10 min. The
MWCNT dispersion was then added to the RET solution and reso-
nicated for 1 h. To remove excess solvent, the mixture was stirred
for 2 h and subsequently poured in glass dish and degassed in vac-
uum (�1 mTorr pressure) for 12 h. We ensured the curing of the
polymer through our processing treatments as per the manufac-
turer’s recommendations. Details related to such treatments have
been indicated previously by Park et al. [4]. The application of a
vacuum serves for degassing of the polymer sample during the
curing process. Subsequently, a hot press (from Carver, Inc.) was
used to compress the composites into various thicknesses, typi-
cally of �1.5 mm.

Composites with a maximum MWCNT filler fraction (f) �10%
were used as larger f rendered the composites brittle. However, if
the f could somehow be further increased, entangling of CNTs
could also occur. Consequently, we have implicitly considered
that such effects are negligible. As discussed later in the paper,
the relatively large extent of the interfacial layer and the magni-
tude of the interfacial resistance may preclude the observation of
effects of nanostructure entanglement.

A uniform dispersion of the MWCNTs was recorded across the
cross section of our composite (through considering SEM micro-
graphs of sample sections at various magnifications and length
scales ranging from 1 lm to 1 mm). Such homogeneous dispersion
was necessary to ensure repeatable property measurements with
high fidelity.

3 Steady State Heat Conductivity Measurement

We used an experimental setup following and conforming to
American Society for Testing and Materials (ASTM) standards
E 1225 and D 5470 [15,16], as laid out in Fig. 2. The measure-
ments were carried out in a vacuum chamber (�5 mTorr) to mini-
mize convective heat losses. The test composite sample was
placed in between two stainless steel bars (4 cm long), with
jSS ¼ 16 W=ðmKÞ, fitted with three K-type thermocouples (TCs)
each. A fourth TC was situated at 1 mm from the edge. Forty

AWG gauge (0.08 mm diameter) TC wires were used to minimize
the conductive heat loss. Bars were chosen with a specific length,
per ASTM standards, to keep the thermal resistance (equal to the
length/thermal conductivity ratio) of the bars equal to the thermal
resistance of the samples, resulting in equal temperature drops
across the reference bars and the sample. A cartridge heater on the
top served as a heat source, while an aluminum cylinder at the
bottom served as a sink. Care was taken to polish surfaces of the
reference bars, in contact with the sample, to ensure good contact
as well as to minimize the radiative losses. (We estimated the con-
vective and radiative heat flux losses to be at the most 10% of the
total conductive heat flux.) A uniform 15 in.-lb torque was
impressed on the samples for reliable measurements. A dial gauge
(with 25 lm accuracy) was used to measure the sample thickness.
Steady state conditions were ensured through requiring the tem-
perature measurement fluctuations to be less than 0.1 K over
10 min.

The above experimental configuration allowed for the assump-
tion of a one-dimensional heat conduction equation to be
employed by ensuring uniform heat source and sink and by having
length of setup larger than the cross-section dimensions, from
which the jcomp was calculated from the sample surface tempera-
tures Ttop and Tbottom and the average heat flux qavg from

jcomp ¼ qavg

t

Ttop � Tbottom

(1)

Fig. 1 Scanning electron microscope (SEM) image indicating
uniform dispersion of MWCNTs in polymer matrix

Fig. 2 Schematic representation of experimental setup for the
thermal conductivity (j) measurement of the nanotube–polymer
composite. The heat flux, (q), was deduced from the TC record-
ings in the top and bottom stainless steel bars. Typical values
of average heat flux (qavg) observed was �3500 W/m2.
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The experimental setup was calibrated with Pyrex 7740 and Tef-
lon PTFE samples, where j was determined to be 1.14 6 0.08 W/
(m K) and 0.23 6 0.01 W/(m K), respectively, and compares to
within 65% of published values [17,18].

We have taken into account both systematic and random errors
in our experiment. Systematic errors arise from the TC measure-
ments for temperatures. We take into account a 0.75% uncertainty
from the specifications of our TC (from Omega, Inc.) in our tem-
perature measurement. Using this uncertainty (u(T)), we then cal-
culate the uncertainty in the heat flux (u(q)) in the reference bars
and the extrapolated temperatures of the top and the bottom surfa-
ces of the sample. Subsequently using these calculations, we can
calculate the uncertainty in thermal conductivity (uðjÞ) by the
following:

uðjÞ ¼ qavgt

Ttop

uðTtopÞ
� �2

þ qavgt

Tbottom

uðTbottomÞ
� �2

þ t

Ttop � Tbottom

uðTqavg
Þ

� �2

The estimate of random errors was done through standard devi-
ation values of measurements of three samples for each of the
CNT volume fraction.

4 Results and Discussion

We observed a linear increase in jcomp with increasing volume
fraction of MWCNTs shown in Fig. 3. Initial understanding of
such an increase was attempted, using the thermal conductivities
and volume fractions of the nanotubes (CNT) and the polymer
(poly) matrix (i.e., jCNT; jpoly and fCNT, fpoly, respectively)
through a relationship of the type: jcomp ¼ jCNT � fCNT

þ jpoly � fpoly. However, such a formulation suffers from the lack
of precise knowledge of jCNT and ignores possible filler–matrix
interfacial contribution. The latter would preclude the use of sim-
ple mixture rules predicated on effective medium-based
approaches [19]. Using an excluded volume method [2], we calcu-
lated a critical volume fraction (fcrit) for percolation from

fcrit ¼
E½Vex�NCNT

4

3
þ 2ARþ 1

2
AR2

1

6
þ 1

4
AR

� �
(2)

For the derivation of equation above (explained in more detail
in Pfeifer et al. [2]), we used an excluded volume percolation
theory based model to estimate the theoretical critical volume per-
colation threshold, fcrit, of the CNTs, as a function of L. For this,
we assumed that the ith CNT has a volume, vi, in a polymer/insu-

lating matrix of unit volume. Now, if the percolation threshold
corresponds to the connectivity of a number of CNTs (¼NCNT),
then the odds of not selecting any CNT (corresponding to a point
in the matrix) would be

ð1� fcritÞ ¼ ð1� v1Þ
1� v1 � v2

1� v1

� �
1� v1 � v2 � v3

1� v1 � v2

� �
� � �

� � � 1� v1 � v2 � � � � � vNCNT

1� v1 � v2 � � � � � vNCNT�1

� �
¼ 1� NCNT

XNCNT

i¼1

vi

NCNT

Implying that fcrit ¼ NCNTE½v�. Here, E[v] denotes the expected
value or ensemble average of the CNT volume. It is to be noted
that we have assumed that the CNTs were impenetrable. We then
use the identity E½v� ¼ ððE½Vex�NCNTÞ=E½Vex�Þ E½v�=NCNTð Þ, where
Vex is defined as the excluded volume: the space circumscribed
around the CNT by the center of another CNT, whereby both
CNTs contact each other but do not overlap. For isotropically ori-
ented, spherically capped stick like objects of diameter (d) and
length (L), which we take to be akin to CNTs,
E½Vex� ¼ 4p

3
d3 þ 2pd2Lþ p

2
dL2. In addition, for the CNT modeled

as a capped cylinder, E½v� ¼ p
6

d3 þ p
4

d2L. For infinitely thin cylin-
ders of deterministic length, Monte-Carlo simulations were used
to estimate E½Vex�NCNT of �1.4 [20]. For a given aspect ratio
(AR ¼ L=d), the theoretical fcrit would then be as depicted in Eq.
(2).

Consequently, we calculated fcrit� 0.016 (¼1.6%) for samples
AR of 35 and for fcrit� 0.009 (¼0.9%) for AR of 70 were esti-
mated. However, such thresholds are not apparent in the experi-
mental observations of Fig. 3. We then sought to systematically
understand the relative importance and contributions of the (a)
polymer matrix, (b) polymer–CNT filler interface, and (c) the
CNT geometry on jcomp, to explain our findings.

It had been previously discussed by Bonnet et al. [12] that the
matrix contribution could be subtracted to delineate the CNT con-
tribution in the composite. Consequently, the difference
Dj ¼ jcomp � jpoly � ð1� f Þ could be studied for observing CNT
filler effects. We tried to analyze our data using this model to
explain the thermal conductivity enhancement with increasing
CNT filler content. With our data, as presented in Fig. 3, and plot-
ting the Dj against ðf � fcritÞ=ð1� fcritÞ, the thermal conductivity
of the CNTs was deduced to be �1.3 W/(m K), which seemed
unrealistically low. We had to then conclude that the Bonnet
model, which posits percolation does not hold true for our
experiments.

We suspect the possibly large contribution from the CNT–poly-
mer interface, which may yield such low values for jCNT and pre-
clude percolation-like phenomena. Indeed, it was previously
noted [8] that the smaller thermal conductivity contrast between
the CNT and polymer matrix, which could be orders of magnitude
lower than the contrast in their respective electrical conductivity
values, could preclude the observation of percolation. The relative
contributions of the interfacial resistance would be a function of
the filler geometry and, at a given volume fraction, could be more
pronounced in lower AR fillers. Indeed, previous work has indi-
cated a proportionally larger j enhancement in polymer–CNT
composites through the use of larger AR fillers [21]. A tempera-
ture drop over the interfacial layer, which for a given heat flux
would yield a proportional interfacial thermal resistance Rint

[22,23], would reduce the effective composite conductivity.
We modeled the CNT–polymer matrix interface, through a unit

cell as shown in Fig. 4. Such an approach assumes that the envi-
ronment around each CNT in the composite is substantially identi-
cal and may be accurate with compositions outside the percolation
threshold volume fraction [9]. We also assume no heat storage in
the composite or interface, a finite interfacial layer thickness, heat
flux continuity across the interface, and a finite temperature dis-
continuity proportional to the heat flux across the interface. We
employ a cylindrically shaped unit CNT, with jcell

t and jcell
l as the

Fig. 3 Experimentally measured values of jcomp with increas-
ing volume fraction of CNTs. Circle symbols denote the values
for composites with MWCNTs of AR 5 35, while the star sym-
bols denote the values for composites with MWCNTs of
AR 5 70.
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equivalent thermal conductivity values along transverse (cross-
sectional) and longitudinal axes. The net thermal resistance along
this unit cell was computed through the addition of individual
thermal resistances of the (i) two interfacial layers (Rint) on either
end, together with that from the (ii) CNT, (¼ L=jCNT or d=jCNT),
and yields for the equivalent thermal conductivity

jcell
t ¼ jCNT

1þ 2Rint

d
jCNT

(3)

jcell
l ¼ jCNT

1þ 2Rint

L
jCNT

(4)

Subsequently, by following the approach of Nan [24] and Nan
et al. [25], who also assumed such an effective medium-based
theory, the jcomp relative to the polymer matrix conductivity
(jpoly) was expressed using

jcomp

jpoly

¼ 3þ f ðbx þ bzÞ
3� fbx

(5)

where

bxð¼byÞ ¼
2ðjcell

t � jpolyÞ
jcell

t þ jpoly

(6)

bz ¼
jcell

l

jpoly

� 1 (7)

The data shown in Fig. 5 were fitted using Eqs. (4)–(7) and
yielded an Rint of 9� 10�8ðm2KÞ=W. Such a value was compara-
ble to the 8:3� 10�8ðm2KÞ=W, estimated for single-walled CNTs
encased in cylindrical micelles of sodium dodecyl sulfate surfac-
tant [10,26] and to that calculated for SWCNTs through molecular
dynamics-based simulations [27]. The Rint could then mask/curtail
the connectivity of the CNTs. Such influence was seen through
the relative insensitivity of the experimental fits (Fig. 5) to values
of jCNT ranging from 50 W/(m K) to 500 W/(m K). However, we
observed maximal r2 values, of around 0.97 and 0.98 for AR 35

and AR 70, respectively, samples with a jCNT ¼ 500 W=ðmKÞ.
Further increasing jCNT has negligible effect.

Given the close correspondence of the determined Rint to previ-
ous experiments and the reasonable value of jCNT, we can con-
clude that our approach can be used to study thermal transport
behavior in nanotube–polymer composites. However, the implicit
assumption of a uniform environment for all the constituent CNTs
could hold only up to a certain range of CNT filler volume frac-
tion [28]. Moreover, as discussed previously, the nanotube–poly-
mer matrix interface, which has been posited for precluding
percolation, is not explicitly considered in effective-medium
theories.

To further understand the role of the interface, we propose a cir-
cuit model for thermal transport through the nanotube–polymer
composite, as shown in Fig. 6. We assume two parallel paths: one
through the interface/CNT/interface and another through the poly-
mer matrix. The thermal resistance per unit area in the former
path (Rtotal) is the sum of the thermal resistances of CNT (RCNT)
and the two interfacial resistances (Rint). For the polymer matrix
(i.e., Rpoly) � 5� 10�6ðm2KÞ=W computed over the length of the
nanotube. Through comparison of the Rtotal=Rint ratio, with chang-
ing jCNT, it was observed that the ratio tends to 1, after a jCNT of
�100 W/(m K) (Fig. 7). Consequently, we do not see any further
enhancement in the value of jcomp as the interface resistance is
much more dominant and the CNT contribution is effectively cut
off.

As it was observed, the increase of the jcomp seems to be inde-
pendent of AR (Fig. 3), we probed this aspect through an individ-
ual consideration of the respective lengths and diameters, which
contributes to jcell

l and jcell
t , respectively (Fig. 4). Comparing the

modeled j values in Figs. 8 and 9, we see that increasing the AR
of composites by increasing the length of MWCNTs has a greater
effect on the increase in the jcomp than by changing the diameter.
This can also be attributed to the length being at least 2 orders of
magnitude bigger than the diameter. Thus, comparing the experi-
mental results to the modeled lines in Figs. 8 and 9, we see that a
diameter-induced variation of the AR had less of an influence on

Fig. 4 A unit cell of a CNT with surrounding interface layer was
used as a constituent to model the nanotube–polymer
composite

Fig. 5 Modeling jcomp, using jCNT as a fitting parameter. Circle
symbols indicate experimental values for composites consti-
tuted of MWCNTs with an average AR of 35.

Fig. 6 Equivalent circuit model for thermal transport in a
nanotube–polymer composite. The top branch indicates the
two interfaces in series with a CNT, while the bottom branch
models heat flow through the polymer matrix.

Fig. 7 Ratio of the thermal resistance from the nanotube and
two interfaces: (Rtotal) to the interfacial resistance, (Rint), as a
function of the intrinsic thermal conductivity of the CNT: jCNT
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the jcomp variation, in accordance with experiments. Conse-
quently, the experimentally observed jcomp would be more related
to a diameter variation.

It has been previously discussed [29] that the contribution of
the chemical bonding between –COOH functionalized CNTs and
an epoxy resin matrix may lead to a higher enhancement in the j
with a lower thermal interfacial resistance, compared to when the
CNTs were dispersed in a nonepoxy-based resin, e.g., cynate
ester. However, the bond heterogeneity (i.e., the ester linkage)
would yet be manifested as a finite interfacial resistance with
lower j than that of the CNTs. Such low value for Rint is 2 orders
of magnitude lower compared to that found for vertically aligned
thermally conductive functionalized multilayer graphene sheets
[30], where an Rint � 5� 10�6ðm2KÞ=W was reported. Generally,
it is not surprising that even an interfacial layer with
Rint � 10�7ðm2KÞ=W may preclude the beneficial effects of
CNTs, as this may correspond to an interfacial thickness, tint of
the order of� 30 nm with j� 0.3 W/(m K), i.e., through Rint

(¼ tint=j). Consequently, it can be inferred that the interface is (a)
not confined to a bond length and/or (b) has a j value smaller than
that of the polymer matrix.

5 Conclusions

An investigation of heat transport characteristics in polymer
composites, constituted of CNT fillers of two different aspect
ratios, indicated a linear increase in the composite thermal con-
ductivity proportional to the CNT volume fraction. There was a
lack of predicted percolation behavior in the conductivity
enhancement, as often observed in electrical conductivity meas-
urements. In our used volume fractions (higher CNT filler content

made the composites brittle), the CNTs do not form a percolation
network due to the large interfacial thermal resistance with the
polymer matrix. Consequently, CNTs, which have been posited to
possess high thermal conductivity are effectively shielded and do
not contribute significantly to the composite conductivity. The ex-
perimental data were fit satisfactorily through the use of an effec-
tive medium-based theory, considering the specific roles of the
CNT and the interface in addition to the geometric parameters
comprising the filler aspect ratio. Given the close correspondence
of the determined interfacial resistance, Rint, to previous experi-
ments and the reasonable value of jCNT� 500 W/(m K), we con-
clude that our experimental and modeling approaches can be used
to study thermal transport behavior in nanotube–polymer
composites.

Acknowledgment

We would like to thank Tom Chalfant and Isaiah Freerksen for
help in fabrication of the setup. We are also thankful for insightful
discussions with Prof. Renkun Chen, Max Aubain, Steve Pfeifer,
Mark Hoefer, Robert Mifflin, and Byung-Wook Kim.

Nomenclature

j ¼ thermal conductivity
q ¼ heat flux
t ¼ thickness of sample being tested

T ¼ temperature
CNT ¼ carbon nanotube

R ¼ thermal resistance
f ¼ volume fraction

AR ¼ aspect ratio of carbon nanotube
L ¼ length of carbon nanotube
d ¼ diameter of carbon nanotube

SWCNT ¼ single-wall carbon nanotube
MWCNT ¼ multiwall carbon nanotube
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