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ABSTRACT: In this work, electrical conductivity and
thermo-mechanical properties have been measured for car-
bon nanotube reinforced epoxy matrix composites. These
nanocomposites consisted of two types of nanofillers, single
walled carbon nanotubes (SW-CNT) and electrical grade
carbon nanotubes (XD-CNT). The influence of the type of
nanotubes and their corresponding loading weight fraction
on the microstructure and the resulting electrical and me-
chanical properties of the nanocomposites have been inves-
tigated. The electrical conductivity of the nanocomposites
showed a significantly high, about seven orders of magni-
tude, improvement at very low loading weight fractions of
nanotubes in both types of nanocomposites. The percolation
threshold in nanocomposites with SW-CNT fillers was
found to be around 0.015 wt % and that with XD-CNT fillers
around 0.0225 wt %. Transmission optical microscopy of the

nanocomposites revealed some differences in the micro-
structure of the two types of nanocomposites which can be
related to the variation in the percolation thresholds of these
nanocomposites. The mechanical properties (storage modu-
lus and loss modulus) and the glass transition temperature
have not been compromised with the addition of fillers
compared with significant enhancement of electrical proper-
ties. The main significance of these results is that XD-CNTs
can be used as a cost effective nanofiller for electrical appli-
cations of epoxy based nanocomposites at a fraction of SW-
CNT cost. VC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 116:
191–202, 2010
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INTRODUCTION

There is a growing demand for low cost materials in
the microelectronic devices industry,1 and as a result
there is significant research going on in the polymer
based nanocomposites for a wide range of properties
such as electrical, thermal, mechanical, and magnetic
properties.2-8 What makes the polymers attractive
host material is their light weight, the fracture tough-
ness and the tensile strength. In addition, one can eas-
ily modify the physical properties of the polymer by
using fillers and still keep some of the excellent inher-
ent properties. For example, the conducting polymer
composites are made by the addition of conductive
fillers into an insulating polymer matrix. Introduction

of fillers such as carbon black and iron powder has
long been pursued by researchers to modify the elec-
trical properties of the polymers.9,10 However, such
fillers tend to degrade the modulus, the strength, and
the glass transition temperature of the nanocompo-
sites. One of the promising filler material is consid-
ered to be the carbon nanotubes (CNT)s since they
provide good thermal and electrical properties at low
loadings compared with carbon black or other metal-
lic reinforcements.11,12

The effect of the aspect ratio, the aggregate size,
and the dispersion process as a result of functionaliza-
tion has been reported to affect the percolation limits
of nanocomposites.11-24 Gojny et al.11 experimentally
found that the aspect ratio of the filler, its dispersibil-
ity and the ability to agglomerate are crucial parame-
ters for the realization of conductive response at low
filler contents and that an increase in the aspect ratio
leads to a lower percolation threshold. Li et al.16

reported similar observation that higher aspect ratio
leads to a lower percolation threshold and also devel-
oped an analytical model based on interparticle
distance concept to explain the effect of dispersion
state and aspect ratio of nanotubes on the percolation
threshold. Seidel and Lagoudas22 modeled per-
colation threshold and effective conductivity using
micromechanics and reported that lower aspect ratio
for multiwall CNT (MW-CNT) leads to higher
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percolation threshold while higher aspect ratio for
single walled CNT (SW-CNT) leads to lower percola-
tion threshold. It was also reported that about an
order of magnitude increase in aspect ratio results in
large increase in effective conductivity of the nano-
composites after percolation. Improvement in disper-
sion of nanotubes in polymer matrix has been
reported to improve electrical and mechanical proper-
ties of the nanocomposites.13,14,15,17,20 Aggregation of
nanotubes due to van der Waals interactions and
shear forces during mixing has been reported to cause
a drop in electrical conductivity.11,21,23 Sandler et al.25

reported ultra-low electrical percolation threshold of
about 0.005 wt % for epoxy matrix nanocomposites
with CVD grown aligned MW-CNTs. The electrical
conductivity of the nanocomposites with aligned
MW-CNTs was found to be an order of magnitude
lower than that with entangled MW-CNTs. Owing to
high aspect ratio and good dispersion, nanotubes can
reach conductivity thresholds at lower loading levels
and can create networks that facilitate electron
transport.

In addition to the aspect ratio and the dispersion,
several studies have shown that various processing
parameters affect the properties of the resulting nano-
composites.14,15,16,18,26-29 Martin et al. in 200418

reported the effect of stirring rates, shear forces and
curing temperatures on epoxy matrix nanocomposites
with 0.01 wt % of CVD grown MW-CNTs. They sug-
gested high stirring rates and shear forces for separat-
ing nanotubes in the initial phase and then, after add-
ing hardener, use of high curing temperatures to
enhance the mobility of nanotubes resulting in a bet-
ter network formation of nanotubes.

The process of covalent and noncovalent function-
alization has been suggested as one of the options
for better dispersion of nanotubes.11,16,30-34 Covalent
functionalization using silane has been reported to
give good dispersion by Thakre et al.,32 without sig-
nificant effect on the mechanical properties. The

chemical modification of the nanotube surface
through covalent functionalization results in reduc-
tion of the aspect ratio along with the formation of
sp3 carbons on nanotube surface, which decreases
the electrical conductivity of the nanotubes.11,16,32

Therefore, as-received nanotubes have been used in
this research without any functionalization, as this
work is focused on the electrical properties.
As seen from the literature, the electrical conduc-

tivity has been significantly improved by addition
of nanotubes and very low electrical percolation
limits have been reported for nano-
composites with single walled and multi-walled
nanotubes.2-5,7,11,13-18,12,20,21,25,35-46 However, the cost
comparison with cheaper reinforcement particulates
does not proportionately favor the use of
nanotubes.
The electrical grade CNT (XD-CNT) ,(� $50 per

gram) produced by a high yield process is much
cheaper than SW-CNT (� $350–$1000 per gram);
however, the difference in mechanical and electrical
properties of nanocomposites consisting of these
nanofillers is not known. Thus, the purpose of this
article is to examine the electrical and the mechani-
cal properties of XD-CNT and SW-CNT filled epoxy
matrix nanocomposites. Section 2 below describes
the materials, the nanocomposites preparation and
the details of the characterization methods. Results
from electrical conductivity measurements and
mechanical tests along with transmission optical
microscopy and scanning electron microscopy for
studying dispersion are presented in Section 3,
followed by discussion in Section 4 and conclusions.

EXPERIMENTAL PROCEDURE

Materials

Conductive grade XD-CNTs and HiPCO processed
SW-CNTs were obtained from Carbon Nanotechnology

Figure 1 Transmission electron microscopy images of XD-CNTs and SW-CNTs.
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Inc. (now Unidym), Houston, Texas47 and Rice Univer-
sity. The XD-CNTs consisted of a mixture of single
walled, double-walled, and multi-walled nanotubes
along with carbon black and metallic impurities,47,48 as
shown in the transmission electron microscopy image
of typical XD-CNTs in Figure 1. The SW-CNTs consists
of bundles of nanotubes (individual SW-CNT diameter
1–1.4 nm47). The epoxy resin used was EPON 862 along
with aromatic diamine curing agent Epicure W, pur-
chased from Resolution Performance Products.

Nanocomposite preparation

The nanocomposite samples were prepared using a
cast molding method. Three weight percents (0.015
wt %, 0.0225 wt %, and 0.03 wt %) of SW- and XD-
CNTs were used to make nanocomposites, labeled
hereafter as the epoxy/SW and the epoxy/XD nano-
composites, respectively. The nanotubes were dis-
persed in a mixture of solvents (ethanol-20 mL and
toluene-15 mL) for 1 hour in an ultrasonicator bath
(50 kHz). Epoxy resin was then added to nanotube-
solvent solution and subjected to magnetic stirring
on a hot plate (at about 60�C), until most of the sol-
vent had evaporated. The time required for solvent
evaporation was about 30 min under full vacuum.
Epicure W curing agent was added to the solvent
free epoxy-nanotube mixture at a proportion of 100 :
26.4 by weight. Further mixing was performed man-
ually, followed by magnetic stirring. The mixture
was degassed for removing air bubbles until the so-
lution stops showing any bubbles, and this process
required variable time based on viscosity of solution.
Degassing was followed by casting into a custom-
made mold, made out of aluminum.

A two step curing procedure was used with initial
temperature set at 121�C for 2 h. followed by 175�C
for another 2 h. The samples were left in the oven
for a few hours after the curing cycle for post curing
with gradual decrease of temperature. A control ep-
oxy specimen was processed using the same
method, and solvent was added to the neat resin
without any CNTs to investigate the effect of addi-
tion and evaporation of the solvent on the electrical
conductivity, storage modulus, and glass transition
temperature of the control epoxy panel. Specimens
were cut from the different sections of each nano-
composite panel. Rectangular specimens (30 � 8 � 2
mm3) were cut for the dynamic mechanical testing,
and square specimens (20 � 20 mm2) were cut for
the electrical conductivity measurements. The top
and the bottom faces were polished with 600 SiC pa-
per and a thin layer (� 100 nm) of silver was depos-
ited by metal evaporation on each face to be used as
electrodes. Transmission optical microscopy was
performed on the square specimens used for electri-
cal measurements, before the silver electrode deposi-

tion. Scanning electron microscopy was performed
on fracture surfaces, which were obtained by crack-
ing cooled specimens using nitrogen gas.

Nanocomposite characterization

Electrical conductivity (AC) measurements were per-
formed using Novo-Control Broadband Dielectric
spectrometer at room temperature with voltage am-
plitude of 1.0 V over a frequency range from 0.01
Hz to 10 MHz. Dynamic Mechanical Analyser (RSA-
3, TA Instruments) with a three-point bend module
was used to measure the storage and the loss modu-
lus at a constant frequency of 1 Hz. The temperature
was ramped up to 200�C from the room tempera-
ture, at a constant temperature ramp rate of 2�C/
min. A ratio of the storage and the loss modulus,
given as tan d, provided information on the glass
transition temperature. For both types of characteri-
zation (electrical conductivity and mechanical), at
least three samples were tested for each nanocompo-
site, and an average is reported along with standard
deviation. Transmission optical microscopy (TOM)
was performed using the Nikon Stereo Photomicro-
scope and Scanning electron microscopy (SEM) was
performed using the JSM-7500F cold emission micro-
scope to characterize the microstructure of the nano-
composites, to elucidate the relationship between the
resulting properties and the types and loading levels
of the CNTs.

RESULTS

Electrical conductivity

An electrically nonconductive polymer matrix can be
made conductive by the formation of conductive
pathways of filler particles, when the filler content
exceeds a critical volume fraction, known as the per-
colation threshold. The percolation threshold is char-
acterized by a sharp rise in the electrical conductiv-
ity as a function of the volume fraction (or weight
fraction) of the filler particle content for low frequen-
cies which is identified from frequency independent
response of electrical conductivity using AC
measurements.
The electrical conductivity measurement as a func-

tion of frequency has been shown in Figures 2 and
3, for XD- and SW-CNTs, respectively. For low CNT
loadings (less than 0.0225 wt % for XD-CNTs) the
conductivity is frequency dependent, i.e., it increases
with increasing frequency similar to that of the neat
epoxy and the control epoxy. It should be noted that
the control epoxy sample showed similar frequency
dependence to the neat epoxy, indicating that the
addition of the solvents during the processing did
not affect the epoxy electrical conductivity. In the

CARBON NANOTUBE-EPOXY NANOCOMPOSITES 193

Journal of Applied Polymer Science DOI 10.1002/app



vicinity and above the percolation threshold (0.0225
wt % for epoxy/XD and 0.015 wt % for epoxy/SW)
the conductivity becomes frequency independent.
The AC measurements allow measuring electrical
conductivity as a function of frequency. The insulat-
ing (or nonpercolated) specimens show frequency
dependent response. As soon as conductive net-
works form in the nonconducting material, such a
transition from nonconductive to conductive mate-
rial, is represented by frequency independent
response. There can be frequency dependent
response at higher frequencies for not fully perco-
lated specimens. In relation to the neat and the con-
trol epoxy, there was about seven to eight orders of
magnitude increase in the conductivity at 0.01 Hz
for epoxy/XD- and epoxy/SW nanocomposites.
Above the percolation threshold, the conductivity
continues to increase but only marginally, i.e., about
two orders of magnitude for epoxy/XD nanocompo-
sites (0.03 wt %) and about one order of magnitude
for epoxy/SW nanocomposites (0.03 wt %).

To compare the electrical conductivities of epoxy/
XD and epoxy/SW nanocomposites as a function of

weight fraction of nanotubes, Figure 4 has been plot-
ted using electrical conductivity data from Figures 2
and 3 at low frequency of 0.01 Hz. The scatter in
data has been plotted in Figure 4; however, the error
bars are overlapped by the size of each data point.
The difference in percolation thresholds can be
observed in both nanocomposites from the semi-log
plots. For epoxy/SW nanocomposites, percolation
occurs at a lower weight fraction (0.015 wt %) than
that for epoxy/XD nanocomposites (0.0225 wt %)
and corresponding frequency independence is con-
firmed from Figures 2 and 3. The vertical dotted
lines in Figure 4 points to various weight fractions
of XD- and SW-CNTs. Postpercolation increase for
epoxy/SW nanocomposites has been observed to be
from about 1E-7 S/cm for 0.0225 wt % to about 1E-6
S/cm for 0.03 wt % of SW-CNTs, while for epoxy/
XD nanocomposites, from about 1E-7 S/cm for
0.0225 wt % to about 1E-5 S/cm for 0.03 wt % of
XD-CNTs. Additional data points corresponding to
XD-CNTs weight fraction of 0.07 wt % and 0.15 wt
%, and 0.07 wt % for SW-CNTs have been plotted in
Figure 4 to show that the increase in conductivity
becomes smaller after certain weight fraction, as
indicated by the plateau in the conductivity curve
after percolation. Frequency dependence of conduc-
tivity of nanocomposites is sensitive to correspond-
ing microstructure formation of conducting net-
works and can be related to the percolation state of
the nanofillers within the nanocomposite.

Transmission optical microscopy

The difference in percolation thresholds and the
effects of higher loading of nanotubes for these
nanocomposites can be related to the formation of
microstructure as a result of differences in the types
of nanotubes. Figure 5 compares the microstructures
of the epoxy/SW and epoxy/XD nanocomposites at

Figure 2 Log-log plot of electrical conductivity of the
epoxy/XD nanocomposites as a function of frequency for
various loading weight fractions of XD-CNTs.

Figure 3 Log-log plot of electrical conductivity of the ep-
oxy/SW nanocomposites as a function of frequency for
various loading weight fractions of SW-CNTs.

Figure 4 Semi-log plot of electrical conductivity as a
function of loading weight fractions of CNTs for epoxy/
XD and epoxy/SW nanocomposites.
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various CNT loading levels. The darker regions in
the TOM micrographs represent the presence of
nanotube bundles and the lighter regions represent
the surrounding epoxy matrix. Figure 5(a,c,e) shows
the dispersion of SW nanotube bundles in epoxy/
SW nanocomposites and Figure 5(b,d,f) shows the
dispersion of XD nanotubes in epoxy/XD nanocom-

posites. As it can be seen, the formation of micro-
structure and percolating networks is indeed differ-
ent for the same weight percents of XD- and SW-
CNTs. As the weight fraction of CNTs is increased
for epoxy/XD nanocomposites, the nanotubes tend
to form bigger clusters, unlike in epoxy/SW
nanocomposites.

Figure 5 Transmission optical microscopy images of epoxy/SW and epoxy/XD nanocomposites for different weight frac-
tions of CNTs.
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Figure 5 shows that the amount of agglomeration
with increased loading weight fraction is higher in
epoxy/XD nanocomposites (b,d,f), than in epoxy/
SW nanocomposites (a,c,e). The micrograph in Fig-
ure 5(f) is seen to be almost opaque due to big
agglomerates formed by XD-CNTs.

Scanning electron microscopy

SEM studies on fracture surfaces were performed to
study the morphological differences in the epoxy/
XD and epoxy/SW nanocomposites.

As seen from Figure 6(a,b), the SW-CNTs are
more homogeneously distributed as compared with
XD-CNTs for 0.03 wt % specimens. Similar observa-
tions were made in Figure 5, i.e., XD-CNTs tends to
agglomerate more with increasing weight fractions,
resulting in lesser degree of homogeneity compared
with SW-CNTs. Figure 6(c,d) represents images at
higher magnification to study the network formation
and aspect ratio of the nanotubes. Figure 6(c) for ep-
oxy/SW nanocomposite shows longer length nano-
tube bundles (higher aspect ratio) as compared with
Figure 6(d) for epoxy/XD nanocomposites. Also a
homogeneous SW-CNT network formation is visible

in Figure 6(c) as compared with agglomeration of
XD-CNTs and possibly presence of some impurities
in Figure 6(d).

Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) measurements
were performed to find the storage modulus (E0), the
loss modulus (E00) and the glass transition tempera-
ture (Tg), and the results are summarized for neat

Figure 6 Scanning electron microscopy images of epoxy/SW and epoxy/XD nanocomposites at low magnification (a,b)
and high magnification (c,d).

TABLE I
DMA Measurements for Epoxy/SW and Epoxy/XD

Nanocomposites (E0 and E00 Reported at 30�C)

E0 (GPa) E00 (MPa) Tg (�C)

Epoxy 2.8 � 0.3 91.6 � 12.3 129 � 0.1
Epoxy/SW nanocomposites
0.015 wt % 2.5 � 0.1 101.6 � 22.1 141 � 1.2
0.0225 wt % 2.7 � 0.1 110.0 � 23.2 148 � 2.0
0.03 wt % 2.9 � 0.4 131.5 � 21.5 149 � 1.6
Epoxy/XD nanocomposites
0.015 wt % 3.0 � 0.1 173.4 � 9.3 140 � 7.0
0.0225 wt % 2.8 � 0.2 117.9 � 7.0 149 � 1.0
0.03 wt % 3.3 � 0.2 175.1 � 65.4 133 � 1.4
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epoxy, epoxy/SW, and epoxy/XD nanocomposites
in Table I.

CNT have been reported to improve the mechanical
properties of nanocomposites,6,13,26,32-34,41,49 however,
the reported weight or volume fractions were much
higher (50–100 times) than the ones used in this study.
For such extremely low weight fractions of nanotubes
used in our study, minimal change is expected in the
mechanical properties. The storage modulus and loss
modulus values are reported in Table I for measure-
ments at 30�C, whereas the modulus values during
complete temperature sweep, starting from room tem-
perature to well above glass transition, is shown in
Figure 7. The effect of different weight fractions of SW
and XD nanotubes on the storage modulus, E0 [Fig.
7(a,b)], and the loss modulus, E0 [Fig. 7c,d)], and the

tan d curves (glass transition temperatures, Tg is
measured corresponding to the peak), [Fig. 7(e,f)] and
comparison with neat epoxy is shown in Figure 7. The
storage modulus does not show any significant
improvement or degradation as compared with neat
epoxy for epoxy/SW as well as epoxy/XD nanocom-
posites and lies within the scatter observed from
standard deviations.
Higher weight fractions have not been reported in

this work, as the focus of this article is on the perco-
lation thresholds and the postpercolation behavior of
the electrical conductivity and its correlation to mor-
phology of dispersed nanotubes. However, the loss
modulus and the glass transition temperature meas-
ured from the DMA test can give some information
about the dispersion state of the nanotubes

Figure 7 DMA results for epoxy/SW and epoxy/XD nanocomposites. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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throughout the specimen and the effect of localized
dispersion state on the overall transition behavior
from glassy to rubbery state. The changes in loss
modulus are related to the changes in energy dissi-
pation mechanisms, and the change in glass transi-
tion temperature is related to the mobility of poly-
meric chains during the transition from glassy to
rubbery state.

As seen from Figure 7(a) and Table I, the storage
modulus for epoxy/SW nanocomposites is compara-
ble to the neat epoxy modulus and lies within the
standard deviation. However, the storage modulus
for epoxy/XD nanocomposites seems to be slightly
increased, especially for 0.03 wt % XD-CNTs.

The loss modulus values at room temperature
showed an increase for epoxy/SW as well as for ep-
oxy/XD nanocomposites, as shown in Figure 7(c,d).
The increase in loss modulus is prominent for all
specimens, even after accounting for the scatter in
the standard deviations. These shifts are likely to be
due to the increased energy dissipation in the form
of heat as a result of nanotube-nanotube friction.
Energy dissipation due to crack initiation or crack
growth does not seem possible, because extremely
small load was applied during the DMA tests. As
seen from Figures 5 and 6, SW as well as XD nano-
tubes exist in the form of bundles and friction
between nanotubes seems to be a plausible reason
for an increase in energy dissipation at room tem-
perature, leading to an increase in loss modulus.

Figure 7(e) shows that the glass transition temper-
atures increased by about 10�C for 0.015 wt % and
about 17 to 20�C for 0.0225 and 0.03 wt % SW-CNTs,
respectively, as compared with neat epoxy. The Tg
increase for epoxy/XD nanocomposites [Fig. 7(f)]
was about 10�C for 0.015 wt % and about 20�C for
0.0225 wt %, but insignificant change of about 3�C

for 0.03 wt % XD-CNTs as compared with the neat
epoxy. The increase in Tg for such small weight frac-
tions seems to be related to the localized dispersion
state of nanotubes in epoxy matrix. Polymeric chains
start moving during the transition process from
glassy to rubbery state. The presence of nanotube
bundles, as seen from Figures 5 and 6, act as a hur-
dle for movement of molecular chains of polymer at
temperatures near Tg, which in turn leads to an
increase in the glass transition temperature.

DISCUSSION

There are several parameters, like dispersion state,
aspect ratio, processing method, aggregate size, pres-
ence of impurities, and ratio of metallic-semicon-
ducting nanotubes, etc., that affect the percolation
threshold and the postpercolation electrical conduc-
tivity. The effect of aspect ratio, interparticle distance
between nanotubes and nanotube agglomeration is
discussed in the following sections. In addition, the
experimental percolation thresholds have been com-
pared with the theoretical percolation thresholds for
the nanocomposites obtained from a power law
model.

Effect of aspect ratio and distance between
nanotubes

Nanotubes tend to agglomerate due to van der
Waals interactions, particularly in absence of any
surface modification through chemical functionaliza-
tion. As a result of bundling, the conductive inclu-
sions have a larger effective diameter which yields a
reduced aspect ratio. Thus, increased weight/vol-
ume fraction of nanotubes is required to achieve the
percolation. As seen from SEM images in Figure
6(c,d), the aspect ratios of nanotube bundles for XD-
CNTs are seen to be smaller as compared with the
aspect ratios of SW-CNT bundles. Due to the pres-
ence of larger diameter MW-CNTs in the bundle for-
mation of XD-CNTs, it is expected that the conduc-
tive inclusions of XD-CNTs will have a larger
effective diameter as compared with conductive
inclusions of SW-CNT bundles. The outcome is the
reduction of the effective aspect ratio for XD-CNT
bundles, as observed from Figure 6. The lower per-
colation threshold for epoxy/SW nanocomposites
compared with that with epoxy/XD nanocomposites
indicates an agreement with Gojny et al.,11 Seidel
and Lagoudas,22 and Li et al.16 for comparison
between SW and MW-CNTs embedded epoxy ma-
trix nanocomposites.
A simplified approach has been taken for analyz-

ing the electrical conductivity results using two pos-
sible differences between SW- and XD-CNTs. Firstly,
the change in surface area to volume ratio with

Figure 8 Change in the distance between nanotubes
surfaces, d, as a function of change in nanotube volume
percent for two different nanotube diameters in an ideal
case study.
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respect to change in nanotube aspect ratios and sec-
ondly, the change in the distance between nanotube
surfaces surrounded by an epoxy interphase as a
function of nanotube diameter and nanotube volume
fraction. XD-CNTs consist of a mixture of MW-CNT,
SW-CNT, and other carbon/metallic impurities. SW-
CNTs are smaller diameter CNTs as compared with
MW-CNTs and also SW-CNTs are observed to be
usually longer than MW-CNTs. The surface area to
volume ratio is a function of radius of the conduc-
tive inclusions. For smaller diameter conductive
inclusions, the surface area or volume ratio is higher
compared with larger diameter conductive inclu-
sions. Thus, the interface area available for charge
conduction is higher for smaller diameter conductive
inclusions. In the case of smaller diameter (high
aspect ratio) SW-CNTs, higher surface area to vol-
ume ratio results in greater ability for charge con-
duction, resulting in lower percolation thresholds. In
the case of XD-CNTs, the surface area to volume
ratio is smaller due to the presence of MW-CNTs
and also due to bigger conductive inclusions formed
by agglomeration. Thus, the observation of higher
percolation threshold can be inferred qualitatively.

The diameter of nanotubes can also have an effect
on the electrical conductivity, as the distance
between nanotube surfaces changes in case of an
ideal homogeneous dispersion, for the same length
and weight fraction of nanotubes. Here, a simplified
geometrical approach can be used for a qualitative
discussion of the results. The volume fraction can be
assumed to be close to the weight fractions used in
this study, because of the almost similar densities
for the epoxy matrix (� 1.2 g/cc) and the nanotubes
(� 1.3 g/cc). If two different nanotube diameters are
considered, e.g., 1 and 10 nm (1 nm representing
SW-CNT and 10 nm representing XD-CNT), in an
ideal case of well aligned and homogeneously dis-
persed nanotubes, one can plot the distance between
nanotube surfaces as a function of change in volume
fraction of nanotubes, as shown in Figure 8. The dis-
tance between nanotube surfaces is calculated by
approximating a concentric cylinder consisting of a
nanotube surrounded by the matrix. The ratio of the
radius of the nanotube and the matrix cylinder is
proportional to the volume fraction of the nanotube
to the matrix material. As seen from Figure 8, for
the same volume percent of nanotubes, the distance,
d, between 1 nm diameter nanotubes is smaller com-
pared with 10 nm diameter nanotubes. Thus, for the
same volume percent of nanotubes in a nanocompo-
site, the distance between nanotubes’ surfaces
increases with increasing nanotube diameter. So
these observations indicates a possibility for easier
electron hopping in case of epoxy/SW nanocompo-
sites due to smaller diameter nanotube bundles and
thus lower separation between nanotubes, resulting

in the lower percolation threshold compared with
the epoxy/XD nanocomposites.
Figure 8 represents ideal condition for aligned,

homogeneously distributed and well dispersed
CNTs. From Figure 8, the separation distance
between SW-CNTs is about 18 nm for 1 vol % of
SW-CNTs, and for 10 vol % CNTs, the separation
distance is about 4 nm. The real nanocomposites
have randomly oriented bundles of nanotubes. Also,
the local volume fraction can be significantly higher
than the global volume fraction of nanotubes due to
bundling of nanotubes, in which case the distance
between SW-CNTs can be shorter than 18 nm (from
Fig. 8). However, the exact distance required for
electron hopping is not known, but, it is known that
electron hopping is one of the mechanisms for
increasing electrical conductivity in the nanocompo-
site specimens, and present argument shows the
effect of nanotube diameter on the distances
required for electron hopping. In case of XD-CNTs,
the separation distances are much greater, as seen
from Figure 8, which indicates bleak possibility for
electron hopping mechanism. However, XD-CNTs
also contain some proportion of SW-CNTs and thus
introducing a possibility for electron hopping mech-
anism. This will help in reducing the percolation
threshold for XD-CNTs reinforced nanocomposites.
This provides a possible explanation for small differ-
ence in the percolation thresholds between SW-
CNTs and XD-CNTs reinforced nanocomposites, as
observed from the experimental results in this study.
Seidel and Lagoudas22 reported the formation of

conductive networks as the principle cause for the
large increase in effective conductivity for MW-
CNTs, whereas both the formation of conductive
networks and electron hopping lead to a large
increase in conductivity at very low SW-CNT con-
centrations. The percolation threshold was reported
to be lower for SW-CNT as compared to MW-CNT.
This experimental results for percolation threshold
validates the modeling results from Seidel and
Lagoudas.22 However, due to the presence of SW-
CNTs in the mixture of XD-CNTs, the difference in
the percolation thresholds between SW-CNT and
XD-CNT is not large as compared with modeling
results. As seen from TOM micrographs in Figure 5
and SEM micrographs in Figure 6, the conductive
network formation with increasing weight fraction
of CNTs is more prominent (dense network) in the
case of XD-CNTs, as compared with SW-CNTs, due
to XD-CNT agglomeration. The dense network of
nanotubes brings more nanotubes in direct physical
contact, which could be a positive attribute for post-
percolation electrical conductivity. This can be inter-
preted qualitatively, as the main reason for the
larger increase in postpercolation electrical conduc-
tivity for XD-CNTs, by about two orders of
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magnitude for 0.03 wt % XD-CNTs, as compared
with one order of magnitude increase for 0.03 wt %
SW-CNTs.

Effect of agglomeration of nanotubes

In case of the MW-CNTs, multiple graphene layers
are separated by 0.34 nm with van der Waals inter-
action between the layers, in addition to the interac-
tion with other surrounding entities. The number of
carbon atoms per unit length is more for a MW-
CNT as compared with a SW-CNT.

Considering an isolated MW-CNT and a SW-CNT,
each carbon atom on a MW-CNT has more number
of carbon atoms to interact with surrounding spe-
cies, i.e., MW-CNTs or SW-CNTs or other carbon
impurities, as compared with an atom on a SW-
CNT. This leads to higher van der Waals interaction
forces between MW-CNT and surrounding species,
i.e., MW-CNTs or SW-CNTs or other carbon impur-
ities. Hence, MW-CNTs have a tendency to form
bigger agglomerates and as in case of XD-CNTs
(which is a cocktail of MW-CNTs, SW-CNTs, and
other impurities), the same phenomenon is
observed, as can be seen from the Figure 5.

The effect of interaction forces (van der Waals
forces) between nanotubes on the percolation thresh-
old has been studied by Grujicic et al.50 through ana-
lytical and numerical modeling. They reported that
the interaction between nanotubes due to van der
Waals forces increased the percolation threshold as
compared with nanotubes without interaction forces.
Also it was seen from their numerical model that
the nanotubes tended to agglomerate in an attempt
to align themselves when interaction forces were
introduced between the nanotubes (Fig. 4).50 The an-
alytical percolation model predicted similar behavior
of increased percolation threshold by introduction of
interaction forces between nanotubes. The predic-
tions of the model are in good agreement with our
experimental observation of higher percolation
threshold for epoxy/XD nanocomposites and
agglomeration of XD nanotubes.

In addition to higher van der Waals forces
between MW-CNTs, the tunneling resistance, as
shown by Li et al.38 for higher diameter nanotubes
is lower and the cutoff thickness for tunneling dis-
tance is shown to be 1.8 nm. Therefore, MW-CNTs
with 0.34 nm distance between inner layers would
have comparatively greater electron tunneling as
compared with SW-CNTs, thus leading to higher
postpercolation conductivity for the nanocomposites.
Before percolation, formation of conducting network
will govern the percolation threshold value. The XD-
CNTs form bigger agglomerates resulting in inho-
mogeneous distribution through out the specimen
and poor physical contact during network formation

as compared with corresponding weight fraction of
SW-CNTs (as seen from SEM and TOM images).
Hence, SW-CNTs are expected to percolate earlier;
however, postpercolation conductivity of XD-CNTs
is expected to be higher as seen from our results.

Comparison with theoretical percolation threshold
using power law model

The theoretical percolation threshold in composite
materials has been given by the following power
law model35,51:

r ¼ AðV � VcÞt (1)

where r is the electrical conductivity, V is the filler
volume fraction, Vc is the critical volume fraction
(volume fraction at percolation) and A and t are per-
colation parameters. The filler volume fraction, V, is
selected for the conductive nanocomposites and the
critical volume fraction, Vc, is varied such as to
obtain best power law fit. The volume fractions in
eq. (1) are replaced with weight fractions used in the
experimental study. Since the matrix and the nano-
tube densities are about the same, the volume frac-
tions and the weight fractions would be almost
same. The value for t has been reported from 1.30 to
3.10 as per Ounaies et al.51 and from 0.87 to 1.79 as
per Grujicic et al.50 The value of A should ideally
converge to the electrical conductivity of the nano-
tubes.51 However, the value of A is usually found to
be much lower than the theoretical electrical conduc-
tivity of nanotubes (� 1000 S/cm22). One of the rea-
sons for lower value for A is due to the presence of
contact resistance within the conductive path, i.e.,
between two adjacent nanotubes, which decreases
the effective conductivity of the nanotubes. At low
weight percents of nanotubes, a physical contact
between nanotubes, which is required to form paths
between conductive inclusions in direct contact, is
absent. Thus, the value of A is found to be much
lower than expected. Power law fitting of the log r
versus log (V-Vc) yielded best fit for 0.0225 wt % of
XD-CNTs with fitting parameters, A and t, being
7.0E-04 and 1.02, respectively. Ounaies et al.51

reported values for A of 6.7E-04 and t of 1.38 for
their nanocomposites (percolation at 0.5 wt %).
Grujicic et al.50 presented percolation results for

interacting versus noninteracting nanotubes through
analytical and numerical modeling. The interaction
was considered by the presence of van der Waals
forces between the nanotubes. The value of t was
reported to be 0.87 and 1.17 for noninteracting and
interacting nanotubes, respectively. The correspond-
ing value of A was 1.6E-06 for noninteracting nano-
tubes and 2E-05 for interacting nanotubes. It seems
that the value of fitting parameters, t and A,
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increases with increasing interaction of nanotubes.
The variations in reported A and t values in litera-
ture are expected to be due to different processing
methods, dispersion state of nanotubes, bundle sizes,
and interaction between nanotubes and with impur-
ities. It is estimated by the power law model that the
percolation for epoxy/XD nanocomposites occurs
around 0.0225 wt %. So the theoretical predictions
from the power law model are in good agreement
with our experimental results.

The theoretical results for SW-CNTs also showed
good agreement with the experimental results.
Power law fitting yielded A of 2.6E-03 and t of 2.04
for Vc of 0.016 wt % SW-CNTs. This seemed to be
the best fit possible after consideration of a lot of
various critical weight fractions. The increased value
of A indicates better physical contacts in the forma-
tion of conductive network, yielding higher effective
conductivity of SW-CNTs as compared to XD-CNTs.
An increase in the value of t may represent better
interaction between SW-CNTs at low volume frac-
tions as compared with XD-CNTs. The theoretical
prediction of percolation threshold for SW-CNTs is
in good agreement with experimental observation of
percolation threshold, i.e., close to 0.015 wt %, for
epoxy/SW nanocomposites.

CONCLUSIONS

A processing method was developed for preparing
nanocomposites containing varying weight fractions
of SW-CNTs and XD-CNTs, whose electrical and
mechanical properties are investigated in this work.
The results are presented with respect to the varia-
tion of the microstructure as observed from trans-
mission optical microscopy and scanning electron
microscopy. Electrical percolation threshold for ep-
oxy/SW nanocomposites (0.015 wt %) is found to be
lower than the percolation threshold for epoxy/XD
nanocomposites (0.0225 wt %). The increase in elec-
trical conductivity after percolation is found to be
higher for XD-CNTs by an order of magnitude as
compared with SW-CNTs at 0.03 wt % of nanotubes.
The major enhancement of the electrical conductivity
is achieved without compromising the storage mod-
ulus with the addition of either SW- or XD-CNTs.
The main finding of this work is that a significant
improvement in the electrical conductivity has been
achieved for both epoxy/SW and epoxy/XD nano-
composites as compared with neat epoxy by about
seven to eight orders of magnitude at percolation
and about eight to 10 orders of magnitude postper-
colation. The improvement for epoxy/XD nanocom-
posites comes at a much lower cost than epoxy/SW
nanocomposites, even after considering additional
weight fraction of XD-CNTs due to the differences
in the percolation threshold.
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