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1. Introduction

Carbon nanotubes (CNTs) have attracted much attention as
the electrical conducting filler for conducting polymer nano-
composites, as they are capable of dissipating electrostatic
charges and shielding devices from electromagnetic radiation.
Significant research efforts have been directed toward the syn-
thesis and characterization of CNT–polymer nanocomposites
to further improve their functional and mechanical properties
and thus to identify other potential applications. The percola-
tion threshold of CNT-reinforced polymer nanocomposites is
much lower than for composites containing conventional con-
ducting fillers, such as metallic particles, carbon black, or car-
bon fibers, because of the high aspect ratio and high specific
surface area of CNTs. The percolation threshold of carbon
black ranges normally from approximately 3 to 15 wt %, and
the threshold for metallic powders is often above 60 wt %,
which is at least one order of magnitude higher than for CNTs.

To date, there has been no apparent consensus on the perco-
lation threshold values for CNTs. For example, the values re-
ported in the literature for typical CNT–epoxy nanocomposites
vary from 0.002 to over 4 wt %[1–9] depending on the type of
CNTs and the processing techniques used to produce the nano-
composites. Many different CNT dispersion techniques have

been employed, including sonication, ball milling, shear
mixing, and the use of dispersants or surfactants, along with dif-
ferent functionalization methods such as oxidation, amino-
functionalization, silane-functionalization, and polymer graft-
ing.[10–13] The effects of several processing parameters, such as
shear rate, stirring temperature, curing conditions, and applied
external electric field, on the electrical properties of nanocom-
posites have also been studied.[1,2] The large variation in the re-
ported percolation threshold values indicates that the disper-
sion states and other properties of CNTs affected by different
processing conditions are important in determining the electri-
cal properties of CNT–polymer nanocomposites.

For short carbon-fiber- or graphite-nanoplatelet (GNP)-rein-
forced polymer nanocomposites, the aspect ratio of the filler is
the most dominant factor according to experimental and theo-
retical models.[14,15] In our previous study,[15] an analytical mod-
el was developed based on the average interparticle distance
concept to predict the percolation threshold of conducting
polymer composites containing disc-shaped graphite nanopar-
ticles with high aspect ratios. The parametric study suggested
that the thickness and diameter of the fillers were important
factors that determined the percolation threshold of conduct-
ing nanocomposites. Several theoretical studies have also fo-
cused on the percolation threshold of CNT-reinforced polymer
nanocomposites, including an excluded volume approach and a
numerical simulation,[16–18] which were originally proposed for
carbon-fiber-reinforced polymer nanocomposites.[19] The CNT
agglomerates were modeled as close-packed bundles of CNT
cylinders with large diameters and identical lengths. This
approximation is a simplification of the experimentally
observed CNT agglomerates and does not take into considera-
tion the waviness and 3D entanglement of CNTs. A two-para-
metric model was also proposed that considers the CNT ag-
glomerates as spherical inclusions to study the effect of CNT
agglomeration on the elastic properties of CNT-reinforced
composites.[20]
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Critical factors that determine the percolation threshold of carbon nanotube (CNT)-reinforced polymer nanocomposites are
studied. An improved analytical model is developed based on an interparticle distance concept. Two dispersion parameters are
introduced in the model to correctly reflect the different dispersion states of CNTs in the matrix—entangled bundles and well-
dispersed individual CNTs. CNT–epoxy nanocomposites with different dispersion states are fabricated from the same constitu-
ent materials by employing different processing conditions. The corresponding percolation thresholds of the nanocomposites
vary over a wide range, from 0.1 to greater than 1.0 wt %, and these variations are explained in terms of dispersion parameters
and aspect ratios of CNTs. Important factors that control the percolation threshold of nanocomposites are identified based on
the comparison between modeling data and experimental results.
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This paper is part of a larger project on the development of
conducting polymer composites containing nanoscale fillers,
such as GNPs and CNTs. In this paper, critical parameters are
identified based on theoretical analysis and experimental re-
sults that determine the percolation threshold of CNT-rein-
forced polymer nanocomposites. A new approach is devised to
model the effect of the CNT dispersion state and aspect ratio
on percolation threshold, which is verified by experimental
measurements.

2. Experimental Measurements

2.1. Size Distributions and Morphologies of CNT
Agglomerates

Figure 1 shows the histograms of CNT agglomerate sizes mea-
sured by a particle size analyzer. In this study, size is defined as
the ‘effective diameter of CNT agglomerates’ and is given as the
corresponding mean value ± one standard deviation after disper-
sion in a solvent by using the methods described in Table 1; the
agglomerate size was measured before the CNTs were embedded
in an epoxy resin. When comparing the CNT agglomerates dis-

persed according to Condition A to those CNTs processed ac-
cording to Condition B, the mean particle size decreased from
136 lm for the as-received CNTs to 34.7 lm, suggesting break-
age of CNT agglomerates by ultrasonication. When using Condi-
tion C for dispersion, the mean particle size was further reduced
to 290 nm and exhibited a bimodal distribution with two peaks lo-
cated at 214 and 412 nm. Under Condition D, the mean size was
reduced to 110 nm with a more distinct bimodal distribution, and
the corresponding peak values were 58 and 342 nm. It is noted

that the number fraction of particles in the second peak was very
small compared to the fraction of particles found in the first peak
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Figure 1. Size distributions of CNT agglomerates produced according to
a) Condition A, b) Condition B, c) Condition C, and d) Condition D, be-
fore being embedded in an epoxy resin.

Table 1. Processing methods (Conditions A, B, C, and D) used to disperse
CNTs and the corresponding percolation thresholds.

Condition Dispersion method
Percolation threshold

[wt%/vol%]

A As-received CNTs + epoxy

Shear mixing for 30 min at 3000 rpm

0.4/0.26

B CNTs dispersed by ultrasonication for

1 h in acetone + epoxy

Ultrasonication for 2 h at 60 °C

0.1/0.06

C UV/ O3 treatment of CNT for 1 h and

ultrasonication for 2 h in acetone +

epoxy

Shear mixing for 30 min at 3000 rpm

0.25–0.3/0.16–0.19

D CNTs were ball milled for 2 h,

ultrasonicated in toluene for 1 h,

and UV/O3 treated for 2 h, followed by

silane treatment [13] + epoxy

Ultrasonicated for 2 h at 60 °C

No percolation
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(99.88 % vs. 0.12 %). We suspect, however, that some particles
were even smaller than 40 nm, which is the lowest limit detect-
able by the particle size analyzer used in this study.

The corresponding transmission electron microscopy (TEM)
images (Fig. 2) of the CNT agglomerates obtained by using the
above processing conditions displayed the nanoscale disentan-
glement of CNTs. There was a systematic reduction in the
packing density or ‘degree of entanglement’ that occurred in

the order Condition A, Condition B, Condition C, Condi-
tion D. The CNTs processed according to Condition A were so
tightly entangled that the localized CNT content was much
higher than for CNTs dispersed by the other conditions. If the
composites were made from these CNTs, there might be iso-
lated CNT-rich regions along with a vast majority of composite
volume that would be largely un-reinforced or resin-rich. Con-
ditions B, C, and D led to disentangled CNTs, as shown in Fig-
ure 2, with an associated reduction in the size distribution of
CNT agglomerates (Fig. 1). All of these observations suggest
that under Conditions B, C, and D, the CNT agglomerates were
disentangled, and the corresponding aspect ratios decreased
because of the gradual breakage of CNTs.

2.2. Morphologies of CNT–Epoxy Nanocomposites

The fractured surface morphologies of 0.1 wt % CNT–epoxy
nanocomposites shown in the scanning electron microscopy
(SEM) images in Figure 3 provide some insight into the nano-

scale dispersion state of CNTs. Large CNT agglomerates were
obtained from Conditions A and B, whereas these agglomer-
ates were almost completely absent for the composites pro-
duced by Conditions C and D. For Condition C, although en-
tangled CNT bundles were not observed, the dispersion state
was not as uniform as for Condition D. These observations are
in agreement with a reduction in agglomerate size (Fig. 1) and
disentanglement (Fig. 2).

Figure 4 presents the micro- and macroscopic morphologies
of 0.05 wt % CNT–epoxy nanocomposites, illustrating the over-
all distributions of CNTs in the matrices obtained from differ-
ent processing conditions. For Condition A (Fig. 4a and e),
several isolated large CNT agglomerates were observed, which
covered only a small portion of the total area because the
CNTs were entangled very tightly and the CNT agglomerates
were present in a small localized area (consistent with Fig. 2a).
For Condition B (Fig. 4b and f), the CNT agglomerates cov-
ered a larger area, indicating that the entanglement of CNTs
became much looser than under Condition A because of the
added ultrasonication step (consistent with Fig. 2b), which al-
lowed for the easier formation of conducting networks. For
Condition C, although the disentanglement of CNTs was satis-
factory at the nanoscale (Figs. 2c and 3c) and a large area was
covered by CNTs, the corresponding micro- and macroscopic
dispersion states (Fig. 4c and g) were poorer than for Condi-
tion B. It is believed that the disentangled CNTs, without suffi-
cient surface functional groups, tend to re-agglomerate because
of van der Waals and Coulomb attractions. A proper surface
treatment, such as the treatment supplied by Condition D, can
introduce electrostatic repulsion and achieve a stable CNT dis-
persion in the epoxy. The re-agglomeration process is known to

Adv. Funct. Mater. 2007, 17, 3207–3215 © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.afm-journal.de 3209

(a) (b)
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Figure 2. TEM images of CNT agglomerates dispersed according to Condi-
tions A, B, C, and D described in Table 1 (scale bar = 0.2 lm).

(a) (b)

(c) (d)

Figure 3. SEM images of 0.1 wt % CNT–epoxy nanocomposites dispersed
according to Conditions A, B, C, and D described in Table 1 (scale
bar = 1 lm).
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be time-dependent,[21] and thus for Condition C, it happened
most likely during the degassing process when the mixture was
held for several hours at 80 °C. Under Condition D, the size of
the CNT agglomerates was the smallest among all of the condi-
tions studied (Fig. 1d), and the CNTs exhibited satisfactory dis-
entanglement (Figs. 2d and 3d), leading to barely visible ag-
glomerates under the optical microscope (Fig. 4d and h). It
should be noted here that the composite samples prepared ac-
cording to Conditions A and D were almost transparent al-
though the sample processed according to Condition D was
slightly darker than when Condition A was followed (Fig. 4a
and d). However, the reasons for these observations are totally
different for the two conditions: the transparency of the Condi-
tion A sample was a reflection of the majority of the area being
unfilled because of the tight entanglement of CNTs, whereas
the transparency of the Condition D sample arose from the
very good dispersion of CNTs at both the nano- and micro-
scopic scales.

The dispersion of CNTs in polymer matrices has been stud-
ied extensively in recent years. Judging from the above expla-
nations on the morphologies of CNT–epoxy nanocomposites, it
is obvious that dispersion states of CNTs in the epoxy matrix
can be totally different depending on the magnification or
scale. It should be noted, however, that the previous studies of-
ten confusingly used the term ‘uniform’ dispersion or ‘good’
dispersion to describe the CNT dispersion states without any
distinction between those dispersions observed under different
magnifications. It is important to clearly define the dispersion
of CNTs based on the different scales before any related dis-
cussion is made. For conventional composites, ‘dispersion’ is
defined as an ‘even distribution’ of fine particles in a matrix me-
dium. In contrast, for CNT–polymer nanocomposites, ‘disper-
sion’ has two aspects: i) ‘disentanglement’ of CNT bundles or
agglomerates, which is a ‘nanoscopic dispersion’, and ii) ‘uni-
form distribution’ of individual CNTs or their agglomerates

throughout the nanocomposites, which is more of a ‘micro- and
macroscopic dispersion’.

2.3. Electrical Conductivities

The electrical conductivities of the nanocomposites prepared
by using the four different conditions are presented in Fig-
ures 5 and 6, and the corresponding percolation thresholds de-
termined from the DC conductivity plots are summarized in
Table 1. The DC electrical conductivity varied significantly de-

pending on the processing conditions. The percolation thresh-
old of the composite prepared by Condition A was high
(0.4 wt %) because the large, tightly entangled, CNT agglomer-
ates made it difficult to form conducting networks at low filler
contents. The sample prepared by Condition B had the lowest
percolation threshold, 0.1 wt %, because of the loosely en-
tangled and uniformly distributed CNT agglomerates. The mi-
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Figure 4. Transmission mode optical microscopy images of 0.05 wt % CNT–epoxy nanocomposites for Conditions A through D at different magnifica-
tions.
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Figure 5. DC electrical conductivities of nanocomposites as a function of
CNT content.

FU
LL

P
A
P
ER

J. Li et al./The Percolation Treshold of Carbon Nanotubes

 16163028, 2007, 16, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.200700065 by U
niversity O

f M
assachusetts, W

iley O
nline Library on [09/06/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

4



croscopic distribution of CNTs obtained from Condition C was
the least uniform even though the nanoscopic disentanglement
of CNTs was quite satisfactory (Fig. 3c), resulting in a moder-
ate percolation threshold value (0.25–0.3 wt %). Although
CNTs from Condition D exhibited the best dispersion state at
both the nano- and microscales, no apparent percolation
threshold was observed, even with a 1 wt % CNT content. A
plausible explanation is that the CNTs were severely damaged
and broken into very short pieces during the combined ball-
milling, ultrasonication, and silanizing treatment steps,[13] re-
sulting in a large reduction in the CNT aspect ratio. It follows
then that the very low aspect ratio observed for the CNTs ob-
tained from Condition D and the silane coating, which acted as
the physical barrier to electrical conduction, became the predo-
minant factors that controlled the entire electrical conduction
behavior of the nanocomposite. This result suggests that if the
CNT aspect ratio is too low, the formation of conduction net-
works requires a very high CNT content, no matter how the
CNT dispersion state is; this result is also seen for other con-
ventional conducting polymers containing short carbon fibers
or carbon black.

Figure 6 shows the frequency dependency of AC conductiv-
ities of nanocomposites with varying CNT contents, which indi-
cates the overall connectivity of the conducting network. It is
interesting to note that below the percolation threshold, the
AC conductivity increased linearly with frequency because of

dielectric loss. When the CNT content was
approximately in the percolation transi-
tion range where both isolated CNTs and
tunneling conduction pathways existed in
the composites, the AC electrical conduc-
tivity became a constant up to a certain
frequency value, above which the conduc-
tivity increased linearly with frequency.
Above the percolation threshold, the
ohmic conduction pathway took over, and
the AC conductivity remained constant
over the entire frequency range studied.
The percolation threshold values deter-
mined were in agreement with those ob-
tained from the DC conductivity measure-
ments (as listed in Table 1).

3. Theoretical Analysis

3.1. Improved Interparticle Distance
(IPD) Model with Two Descriptive
Dispersion Parameters

Based on the average IPD approach,[15]

the composite is divided into cubic ele-
ments with length L, each containing one
conductive particle in the center, and the
total number of cubic elements is equal to
the total number of particles. Here, the
conductive particles could be either a sin-

gle CNT or a bundle of CNTs, depending on the dispersion
state

Vtotal

L3 � Vfiller

n VCNT
�1�

where Vtotal is the total volume of composites, Vfiller is the total
volume of filler, VCNT is the volume of the individual CNT, and
n is the number of CNTs in an agglomerate (i.e., n = 1 in the
case of a perfect dispersion). The conducting fillers were as-
sumed to be homogeneously distributed within the matrix and
perfectly bonded to the polymer. Two extreme cases were con-
sidered for the dispersion of CNTs within the polymer matrix:
i) all of cylindrical CNTs are perfectly dispersed in the matrix
(Fig. 7a) and ii) all of the CNTs are present in the form of ag-
glomerates (Fig. 7b). Suppose that the individual CNT is cylin-
drical with length l and diameter d, and the CNT agglomerate
exists in the form of a sphere of diameter D with a higher con-
centration of CNTs than the average filler content. For a per-
fect dispersion where all CNTs are present in the form of indi-
vidual cylinders, the filler volume fraction, P, is given by[15]

P � Vfiller

Vtotal
� VCNT

L3 �
pd2l

4

� cos 2h� � � �l 	 IPD�
3 �2�

where h represents the angle between the CNT and the direc-
tion of preferred orientation, and the angular brackets 〈〉
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Figure 6. Frequency dependence of the AC conductivity of nanocomposites produced by a) Condi-
tion A, b) Condition B, c) Condition C, and d) Condition D.
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denote the orientation average. For a 3D random distribu-
tion,[22]

cos 2h
� � � 1

3
�3�

When IPD is equal to or less than 10 nm, electron hopping oc-
curs, resulting in a rapid increase in the electrical conductivity
of the composite, according to the tunneling mechanism,[23]

and the filler content P becomes the percolation threshold Pc.
Thus, IPD = 10 nm was taken as the criterion for the calcula-
tion of percolation thresholds. As the CNT length l is much
longer than 10 nm, l >> IPD. Thus, combining Equations 2 and
3 gives

Pc≈
pd2l

4

�1

3
l�3

� 27pd2

4l2 �4�

Conversely, if all CNTs are present as agglomerates, Pc is given
by

Pc �
Vfiller

Vtotal
� nVCNT

L3 �5�

To understand how the dispersion state and aspect ratio of
CNTs affect the percolation threshold of nanocomposites, two
descriptive dispersion parameters are introduced: e is the local-
ized volume content of CNTs in an agglomerate, and n is the
volume fraction of agglomerated CNTs

e � nVCNT
pD3

6

(P < e < 1) (6)

n �

�
Vtotal

L3

i�1
niVCNT

Vfiller
(when ni ≥ 2) (0 < n < 1) (7)

A higher e value corresponds to more tightly entangled CNTs
in an agglomerate, and thus the CNT agglomerates cover a
smaller area on the microscopic scale (Fig. 4). The highest val-
ue of e is 1, which corresponds to the state where CNT agglom-
erates are closely packed such that no polymer matrix is able

to penetrate into the localized area.
Meanwhile, a higher n means that the por-
tion of CNTs in the form of agglomerates
is higher, indicating that fewer individual-
ly dispersed CNTs exist on the nanoscale
(Fig. 3). The highest value of n is 1, which
is the state where all CNTs present are ag-
glomerated. Contrastingly, in the case of a
perfect dispersion, no agglomerated CNTs
exist (at the lowest value, n= 0), and the
localized CNT concentration is the same
as the entire nanocomposite (at the lowest
value, e= P). The upper limits, e= 1 and
n = 1, are undesirable, whereas the lower

limits, e= P and n = 0, are favorable for achieving an ultralow
percolation threshold for the nanocomposites. It should be
noted that e and n describe only the ‘degree of CNT entangle-
ment’, which is defined as the ‘nanoscopic dispersion’ in two
different ways: i) e describes how tight the entanglement is and
ii) n presents how many individual CNTs are entangled in an
agglomerate. A nonuniform distribution was not specifically
considered in this model because the overall distribution was
assumed to be homogeneous. Incorporating Equation 6 into
Equation 5 and considering D>>IPD at the percolation thresh-
old, we obtained a simplified equation that depicts the percola-
tion thresholds of nanocomposites with all CNTs in the ag-
glomerated form

Pc � nVCNT

L3 �
e pD3

6

�D 	 IPD�3 ≈
ep
6

�8�

In practical nanocomposites, however, both individual, per-
fectly dispersed CNTs and CNT agglomerates exist (Fig. 7c).
Thus, the percolation threshold of these nanocomposites can
be expressed by

Pc �
nep
6

	 �1 � n�27pd2

4l2 �9�

3.2. Parametric Study

Parametric studies were conducted to evaluate the effect of
the two dispersion parameters, e and n, and the aspect ratio of
CNTs on the percolation threshold of CNT-reinforced polymer
nanocomposites. Figure 8 presents the percolation thresholds
predicted based on Equation 9, where the two dispersion pa-
rameters were varied simultaneously.

We see that for a CNT aspect ratio of 200 (Fig. 8b), the per-
colation threshold would change three orders of magnitude
when the two dispersion parameters, e and n, are varied simul-
taneously from 0.01 to 0.3. Similarly, when the CNT aspect ra-
tio is 2000 (Fig. 8a), the percolation threshold would change
four orders of magnitude for the same range of dispersion pa-
rameters. It is interesting to note that when there is a sufficient
number of entangled CNTs, approximately e ≥ 0.1 and n≥ 0.1,
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Figure 7. Cartoons of CNT-reinforced polymer nanocomposites containing a) perfectly dispersed
cylindrical CNTs, b) CNTs all in the form of agglomerates, and c) a mixture of individual CNTs and
agglomerates.
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Figure 8a and b become almost identical above the contour
value of Pc = 0.1 vol %. These observations indicate that when
the CNT aspect ratio is high, greater than about 200 for exam-
ple, the CNT dispersion parameters, e and n, determine the per-
colation threshold. The variation of Pc below the contour
Pc = 0.1 vol % (Fig. 8a and b) also indicates that if the aspect
ratio were increased from 200 to 2000, the percolation thresh-
old would be reduced only when the CNTs were successfully
disentangled (i.e., both e and n≤0.1). In order to obtain an ultra-
low percolation threshold on the order of 10–3 vol %, both a
very high aspect ratio and sufficient disentanglement of CNTs
are required (Fig. 8a). For example, there were reports of ultra-
low percolation thresholds in the range of 0.0021–0.0039 wt %
for epoxy nanocomposites containing as-grown, aligned, disen-
tangled, relatively straight, high-aspect-ratio, multiwalled
CNTs[1,3] and 0.0052–0.0085 vol % for epoxy nanocomposites
containing well-dispersed, relatively straight, single-walled
CNTs.[9]

When the aspect ratio is reduced to 20, the percolation
threshold jumps to 1–10 vol % regardless of the dispersion
states of CNTs, indicating that the aspect ratio becomes the
predominant factor. It should be noted that an aspect ratio of
20 and a percolation threshold of 1–10 vol % are typical of
some short carbon-fiber-reinforced polymer composites. It was
found for a CNT–epoxy nanocomposite[8] that when the CNT
aspect ratio was reduced from 417 to 83 and 8.3, the corre-
sponding percolation threshold increased from 0.5 to 1.5 and
>4 wt %, respectively. When ball milling was used to disperse
CNTs,[4,5] the percolation threshold increased significantly be-
cause the ball milling process severely damaged CNTs, reduc-
ing their aspect ratio. In some cases (Condition D and [8]), a
clear percolation threshold where the electrical behavior ex-
hibits a sharp transition from insulating to electrically conduct-
ing could not be observed for the range of CNT loadings stud-
ied. A further increase in CNT content may allow one to
observe a percolation threshold, but a CNT content that is too
high is undesirable because the associated increase in the vis-
cosity of the composite mixture would make processing ex-
tremely difficult.

The above parametric study can shed light onto how one can
optimize the CNT processing conditions to reduce the percola-
tion threshold of CNT–polymer nanocomposites. Both a high
aspect ratio and disentanglement of CNTs on the nanoscale
give rise to low dispersion parameters, e and n, which are
essential for achieving a low percolation threshold. However,
many dispersion and functionalization techniques inevitably
break the CNTs into smaller pieces, reducing the aspect ratio.
It has been shown that broken CNTs with very low aspect
ratios are the most detrimental to forming conducting net-
works even though they can give rise to good dispersions, as in-
dicated for the samples processed according to Condition D.
There exist critical aspect ratios of CNTs where the percolation
threshold increases rapidly with decreasing aspect ratio de-
pending on the degree of entanglement (i.e. dispersion parame-
ters).

Adv. Funct. Mater. 2007, 17, 3207–3215 © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.afm-journal.de 3213
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Figure 8. Effect of the dispersion parameters, e and n, on the percolation
threshold of CNT-reinforced polymer nanocomposites for aspect ratios
a) l/d = 2000, b) l/d = 200 and c) l/d = 20.
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4. Comparison of Modeling Data to Experimental
Results

Figure 9 presents the effect of aspect ratio on the percolation
thresholds predicted from Equation 9 with varying dispersion
parameters, which are compared to the experimental data col-
lected from the literature as well as from the results obtained

in this study. The dispersion parameters, e and n, were assumed
to be identical to simplify the predictions. As expected, the
higher the dispersion parameters, the higher the percolation
threshold. At low aspect ratios, the percolation threshold de-
creased in a linear fashion with increasing aspect ratio. As the
aspect ratio increased further, the percolation threshold gradu-
ally increased and reached a plateau. The transition occurred
over a range of critical aspect ratios that depend on the disper-
sion parameters. For example, for e = n = 0.01, the transition oc-
curred in the aspect-ratio range 750–1500; and for e = n = 0.05, it
occurred between 100 and 300. For aspect ratios above the crit-
ical range, the percolation threshold became almost constant
and independent of aspect ratio and varied only with the dis-
persion parameters (e.g., for a near-perfect dispersion
e = n = 0.01, the percolation threshold varied between 10–2 to
10–3 vol %, and for e = n = 0.05, it increased from 0.1 to
1 vol %). The existence of this critical range of
aspect ratios implies that there are predominant
factors determining the percolation threshold,
and the predominant factor changes from the as-
pect ratio to the degree of entanglement with in-
creasing aspect ratio of CNTs. It is interesting to
note that no matter how well the CNTs were dis-
entangled, the percolation threshold could not be
lowered below 1 vol % if the aspect ratio was
lower than 50. This observation is consistent with
the discussion in Section 3.2.

A comparison to the experimental data further
verified the applicability of this model. To identi-
fy the effect of the aspect ratio and dispersion
states of CNTs on percolation threshold, percola-

tion thresholds of composites made from similar constituent
materials (i.e., epoxy and entangled multiwalled CNTs) were
compared to predicted values. For the data shown in Figure 9,
percolation threshold values reported in wt % were converted
to the equivalent vol % by assuming a CNT density of
1.8 g cm–3.[10] Because of the entanglement of CNTs within the
polymer matrix, measuring the CNT lengths with any accuracy
using a microscope was not a trivial task. It was thus not sur-
prising that the aspect ratios of the CNTs after processing were
not generally available in the literature except for the data
found in [8]. In an effort to approximate the corresponding as-
pect ratios, three observations reported in the literature[6,7] and
the current study, including the aspect ratios of as-received
CNTs, the processing methods applied, and the TEM morphol-
ogies, were carefully analyzed. Ultrasonication and ball-milling
techniques were found to reduce the length of CNTs,[11] while
magnetic agitation, shear mixing, and chemical modification
did not. The aspect ratios and the corresponding percolation
thresholds obtained are listed in Table 2 along with the pro-
cessing conditions applied for the dispersion of CNTs.

The comparisons given in Figure 9 indicate that the predic-
tion, in general, agreed well with the experimental results with
respect to the dispersion methods applied. The shear mixing
(Condition A) did very little to disentangle CNT agglomerates,
leading to dispersion parameters from 0.05 to 0.1. For Condi-
tion B, ultrasonication resulted in the disentanglement of CNT
agglomerates to a certain extent while reducing the aspect ra-
tio, which decreased the percolation threshold, yielding disper-
sion parameters ranging between 0.01 and 0.05. For Condi-
tion C, although the disentanglement was quite satisfactory,
both of the dispersion parameters were about 0.05 because of
the nonuniform distribution of CNTs. The experimental data
taken from the literature were also analyzed based on the pro-
cessing information. When CNTs were processed by mild oxi-
dation, surfactant, ultrasonication, and two-roll milling,[6] the
nanoscale dispersion was good, as confirmed by TEM and
SEM images, and the dispersion parameter was approximately
0.01. For CNTs dispersed in methanol by magnetic stirring,[7,8]

the percolation thresholds were relatively high due to the in-
adequate disentanglement of CNT agglomerates and gave rise
to dispersion parameters near 0.1. The arrow with a dashed line
in Figure 9 represents the results from Condition D of the
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Figure 9. Effect of aspect ratio on the percolation threshold of CNT-rein-
forced polymer nanocomposites with varying dispersion states. Experi-
mental data: Conditions A, B, C and D in the present study �; � [6]; � [7]
and � [8].

Table 2. Experimental data used in Figure 9 for various CNT–epoxy nanocomposites.

Reference Aspect ratio Processing method Percolation threshold [vol%]

[6] 300 Oxidation, surfactant, sonication 0.017–0.077

[7] 1000 Magnetic agitation 0.6

[8] 417 Magnetic agitation 0.4

[8] 83 Magnetic agitation 1.2

[8] 8 Magnetic agitation No percolation

Condition A 2000 Shear mixing 0.26

Condition B 500 Sonication 0.06

Condition C 200 UV/Ozone, sonication and shear

mixing

0.19

Condition D <50 Ball Milling, sonication, UV/Ozone,

silane

No percolation
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present study and from [8], where the aspect ratios of the CNTs
used in these studies were too low to show obvious percolation
for the CNT contents employed. The above explanations to-
gether with the experimental studies presented in Section 2
confirm the validity of the model presented here for establish-
ing a correlation between the percolation thresholds of CNT–
polymer nanocomposites, the corresponding aspect ratios, and
the degree of CNT disentanglement.

5. Conclusions

Experimental and theoretical studies were used to identify
critical factors that determine the percolation thresholds of
CNT-reinforced polymer nanocomposites. CNT–epoxy nano-
composites with different dispersion states were produced by
using four different processing conditions, and their electrical
properties were characterized. Several techniques were em-
ployed to investigate the nano-, micro- and macroscopic disper-
sion states of CNTs in the matrix.

An improved model with two descriptive dispersion parame-
ters was proposed to predict the percolation threshold of CNT
nanocomposites based on average interparticle distances. We
found that percolation thresholds varied from 0.1 wt % to
>1 wt % with different processing techniques, which produced
different nano-, micro- and macroscopic dispersion states and
CNT aspect ratios. Furthermore, the critical factors determin-
ing the percolation threshold of CNT–polymer nanocomposites
include i) the aspect ratio of CNTs, ii) disentanglement of
CNT agglomerates on the nanoscale, and iii) the uniform distri-
bution of individual CNTs or CNT agglomerates on the micro-
scopic scale. The model formulated in this study can be used to
establish the correlations between percolation threshold, dis-
persion state, and CNT aspect ratio. A parametric study was
performed, which illustrated how one could optimize the CNT
processing conditions to reduce the percolation threshold of
CNT–polymer nanocomposites.

There is a critical value of the CNT aspect ratio, above which
the two dispersion parameters become crucial while allowing
the percolation threshold to vary several orders of magnitude.
In contrast, below this value the percolation threshold increases
rapidly with decreasing aspect ratio. To verify the applicability
of the present model, comparisons were made between the pre-
dicted results and the experimental data collected from the lit-
erature and this study. Good agreement was obtained from com-
paring processing methods and dispersion parameters.

6. Experimental

Four different batches of CNT-reinforced epoxy nanocomposites
with different dispersion states were fabricated by using four different
processing conditions, as listed in Table 1. The composites were made
from epoxy (Epon 828, supplied by Shell Chemical) and multiwalled
CNTs and prepared by a chemical vapor deposition method with a pur-
ity of carbon content more than 95 wt % (supplied by Iljin Nanotech,
Korea). The diameters and lengths ranged from 10 to 20 nm and from
10 to 50 lm, respectively. After the CNTs were dispersed in epoxy, the
mixtures were degassed, and a curing agent, 1,3-phenylenediamine

(mPDA, supplied by Sigma-Aldrich), was added to the mixture in the
ratio of 14.5:100 by weight. The composite was molded into a flat plate
and cured at 80 °C for 2 h, followed by post curing at 150 °C for 3 h.

The size distributions and morphologies of CNT agglomerations
were characterized by using a particle size analyzer (COULTER LS
230) and a transmission electron microscope (JEOL 2010F), respective-
ly. The dispersion states of CNTs on the fractured surfaces of nanocom-
posite were also examined with a scanning electron microscope
(JEOL-6700F). The electrical conducting networks on the polished
nanocomposite samples 0.4 mm thick were visualized using the trans-
mission mode of an optical microscope.

DC conductivity of nanocomposites with varying CNT contents were
measured based on the four-probe method using a resistivity/Hall mea-
surement system (Bio-Rad HL5500PC). As the lowest limit of the elec-
trical conductivity measured by using the resistivity/Hall measurement
system was 10–8 S cm–1, the electrical conductivity of nanocomposites
lower than this limit was measured with a programmable curve tracer
(Sony Tektronix 370A), whose lowest limit was 10–13 S cm–1. AC con-
ductivity of the nanocomposites was measured with a precision LCR
meter (Hewlett Packard 4284A) in the frequency range of 20–105 Hz.
Specimens were polished on both sides to a thickness of 1 mm, and sil-
ver paste was applied to minimize the contact resistance between the
composite sample and the electrodes.
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