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ABSTRACT: The percolation threshold of carbon nano-
tubes (CNTs)/epoxy resin composites was simulated in
the Bruggeman’ Effective-Medium Theory based on
experiment. Both distinct percolation effect and low per-
colation threshold in the aligned CNTs/epoxy compo-
sites were predicted. With the CNTs loading larger than
the percolation threshold, the critical exponent of
CNTs/epoxy composites rises rapidly with the increase
of aspect ratio of CNTs. It is shown that the electrical
conductivity of composites presents distinct aeolotro-
pism, the percolation threshold is sensitive relative to

the tiny change of the orientation factor, the aspect ratio,
and the structure of CNTs in the composites matrix. The
simulated results are consistent with the experimental
results basically, and the discrepancy between simulated
results and experimental results has been interpreted
reasonably. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci
124: 647-653, 2012
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INTRODUCTION

There has been intense interest in the use of compo-
sites made of an insulating matrix and conductive
fillers which electromagnetically shield and prevent
electrostatic charging of electronic devices.'™ In
addition, epoxy resin is well established as advanced
composites, displaying a series of interesting charac-
teristics, which can be adjusted within broad boun-
daries. It is widely used in applications ranging
from microelectronics to aerospace. Recent experi-
mental studies show that the addition of a small
amount of carbon nanotubes (CNTs) in a polymer-
based composite could result in a substantially large
enhancement of the electrical conductivity.” "
Moreover, the nonlinear dependence of the electrical
conductivity on CNT volume fraction was experimen-
tally found,® ' whereas the conventional theoretical
predictions fail to explain the experimental results.
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However, to develop CNTs/polymer composites
with high performance, main problems and challeng-
ing tasks rest with creating a good dispersion, well
alignment, and strong interface between bonding of
CNTs and the polymer matrix, forming a structural
frame and an electrical conducting path, and increas-
ing the electrical condu(:tivi’cy.m'15 In this research,
effective medium theory (EMT) was generalized to
investigate the percolation threshold of the CNTs/ep-
oXy composites.

PERCOLATION SIMULATION FOR CNTS/EP-
OXY COMPOSITES

The effective medium approximations (EMAs) are
analytical models that describe the macroscopic
properties of a medium based on the properties and
the relative fractions of its components, and it is
derived to investigate the effective linear and non-
linear responses of two-component composites. As
we know, the derivations of both approximations of
the Maxwell-Garnett’s approximation and the Brug-
geman’s EMA were based on the assumption that
the granular inclusions are spherical and ellipsoidal
in shape, which is not suitable for the CNTs/epoxy
composites. To eliminate this deficiency, a new mod-
eling approach has been presented based on EMA.
In this modeling, for simplicity, we assume that
epoxy resin with volume fraction 1 — f is spherical
in shape, while the CNTs with volume fraction f are
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orientated homogeneously in the matrix. Second, the
CNTs, modeled by ellipsoids with a large eccentric-
ity, can be regard as orientated bars with large
aspect ratio approximately.

To construct the EMA, it could be assumed that the
embeddings of both component 1 and component 2 in
the composite matrix are replaced by a fictitious homo-
geneous one with conductivity equal to the effective
conductivity . The polarization factor (Py,P,) pro-
duced in the granular inclusions made of component 1
and component 2 with 6; and 65 can be written as'®
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where d; is the depolarization factor of the granular
inclusions made of component 1 and component 2
along three-symmetric axes and can be used to
describe the shape of the granular inclusions. Note
that the sum rule d, + d, + d. = 1 must be satisfied.

The effective linear conductivity ¢ can then be
determined by imposing the consistency require-
ment that the arithmetic average of the polarization
over different types of granular inclusions must
vanish, i.e.

Py + (1 )P, = 0. 3)

In the CNTs/epoxy composites, when granular
inclusions made of the CNTs are randomly orien-
tated bars with large aspect ratio (d, =d, =1 —d./2)
and epoxy resin is perfectly spherical in shape (i.e.,
dy =d, =d, =1/3), eq. (3) reduces to
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which is an effective medium approximation with
dipole-dipole interaction (EMADD).

Conductivity of composites enhanced in the
orientated direction along with the orientation of
CNTs improved. According to effective aspect ratio n
varied in the orientated direction along with the dif-
ferent orientation of CNTs, n was defined as n = I-cos
0/r. The depolarization factor was written as follows:

_ 1 { I-cosO/r
(I-cos0/r)* —1 (l-cose/r)z—ll

xln(l-cos@/r-i— (l-cosG/r)2—1>—1} (5)

where 0 is the angle of the CNTs with orientated
direction, | and r are length and radius respectively.
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Based on the above calculation, it is obvious
that there exists distinct relationship between the
conductivity and the CNTs content of CNTs/epoxy
composites, as well as the relationship of the
percolation threshold with the aspect ratio and the
orientation factor of CNTs. In addition, the critical
exponent of CNTs/epoxy composites appears natu-
rally during simulation.

EXPERIMENTAL DETAILS FOR THE
ELECTRICAL CONDUCTIVITY MEASUREMENT

As shown in Figure 1, the purified quasi-straight
CNTs with average diameter of 1.2-1.5 nm and
lengths about 600-2000 nm used in this research
were produced by an anode arc-discharge method
in our laboratory. The CNTs/epoxy resin compos-
ite was prepared using solution casting method.
The nitric acid treated CNTs were dispersed in
ethanol and sonicated for 30 min first. The compo-
sites were prepared by mixing CNTs/ethanol solu-
tions with different CNTs weight fractions into
bisphenol-A type epoxy resin (E-51). The mixtures
were then sonicated for 2 h to remove air bubbles
and allow evaporation of the superfluous solvent.
Hardener N,N-dimethylbenzylamine (BDMA) was
added into the nanotube/epoxy mixtures in two
steps by a total specified resin-hardener weight ra-
tio of 1 : 0.23. The half BDMA was added into the
nanotube/epoxy mixtures before stretching to pre-
vent the mixture being too sticky or too fragile.
The mixture was sonicated and stirred at 1500 rpm
simultaneously again for 1 h to produce uniformly

distributed nanotube composites. Another half
BDMA was added after repeated stretching
process.'!

The fabricated semidried CNTs/epoxy as
described above was stretched along one direction
at a draw-ratio of 50 every time before it was dried,
and then folded it along the same direction and
stretched repeatedly for 100 times at ambient
atmosphere manually to achieve a good alignment
and dispersion. The stretching speed was about
0.05 m/s and the full stretching process last about
30 min.

All samples were remained in the vacuum at a
room temperature for 7 days before the electrical
testing. The specimens we adopt were about 50 mm
length, 10 mm width, and 2 mm thickness, and the
end of the cross-section areas were painted with
conductive silver to provide good contact with the
specimen. The electrical measurement results were
obtained from measurements of DC resistance
between two terminals using a multimeter with a
range of resistance from 20 Q to 20 MQ.

To investigate the alignment degree, the Herman
factor of CNTs in electrospun fibers was calculated
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Figure 1 A TEM image of the purified quasi-straight
CNTs.

based on the polarized Raman spectra with the spec-
imen stage at 0°, 30°,60°, and 90° with respect to the
excitation polarization direction. As shown in Figure
2(a), the Raman peaks at 192 cm™!, 1350 cm ™' and
1593 cm ! associated with the radial breathing mode
(RBM), D-band, and G-band, respectively. A large
decrease in the intensity of the peaks can be
observed when the specimen stage is rotated from

-1

Normalized intensity at 1593 cm

Intensity (a.u.)

0 500 1000 1500 2000
Raman shift (cm')

parallel (y = 0°) to perpendicular (y = 90°) to the
polarization direction which suggests an obvious
predominant orientation of CNTs along the fiber
axis.

The intensity of the G-band (1593 cm ') as a
function of angle was used to quantify the degree
of nanotube alignment, based on the theoretical
curve for perfectly aligned single-wall carbon
nanotube (SWNT) and fiber bundle, where inten-
sity is proportional to cos 4. Due to the electro-
static charge accumulation on composite fibers, the
partially disorder arrangement can be found in
surface of fibers layer to some extent, which can
influence the intensity of the polarized Raman
spectra peaks and the calculation of orientation
degree of CNTs in base. According to hypothesis
that the CNTs orientation follows the Lorentzian
distribution, the intensity of a Raman peak at a
given angle, \, between specimen stage the and
polarization axes, can be represented by

0143 V43
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where 0; is the angle between the fiber axis and the
incident excitation polarization. 0, is the angle
between the CNTs and fiber axis. C is a parameter
that gives the maximum intensity when 6; = 0 and
0, = 0. Ay, A, are the full width at half maximum
(FWHM) of the distribution of CNTs. As shown in
Figure 2(b), performing a least of squares fit of equa-
tion above to the experimental data yields a best fit
value of A, = 12°, which mean the Herman’s factor
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Figure 2 (a) Raman spectra of an quasi-aligned CNTs/epoxy with the specimen stage at 0°, 30°, 60°, and 90° with
respect to the excitation polarization direction. (b) The effect of fiber angle, |, on the normalized Raman intensity at
1593 cm ™! (G-band) for CNTs/epoxy. The lower dashed line represents the relationship between relative intensity and
fiber angle for perfect or unidirectional alignment of both CNTs and composite.
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TABLE 1
Parameters of the Simulations

Aspect ratio Volume fraction

Critical exponent

Orientation factor

500 0.005%
0.05%
0.1%
1000 0.005%
0.05%
0.1%
1500 0.005%
0.05%
0.1%

1.5 1 0.89 0.3
2 1 0.89 0.3
2.5 1 0.89 0.3
1.5 1 0.89 0.3
2 1 0.89 0.3
2.5 1 0.89 0.3
1.5 1 0.89 0.3
2 1 0.89 0.3
2.5 1 0.89 0.3

of CNTs in composites equals 0.89, as well as an
excellent orientation uniformity of CNTs along the
fiber axis.

RESULTS AND DISCUSSION
Percolation threshold for electrical conductivity

The transition from an insulating to a conducting
composite as a function of filler concentration is
known as percolation and the critical concentration
at which this drop occurs is called percolation
threshold.*"”™"* According to this theory, the mecha-
nism of electrical conduction of CNTs/epoxy com-
posites is the formation of the conductive network
which is made up of conductive inclusions in the
direct contact. In this research, the CNTs network
provides the three-dimensional conductive paths in
CNTs/epoxy composites.

The volume conductivity data were fitted to a
power law in terms of volume fraction of CNTs. The
conductivity is linear with f — f. in a logarithmic
scale and the relationship is described by the equa-
tions below

c=A(f -f.), (6)
log o =log A + tlog(f — fo). (7)

where o is the conductivity of the composites, f is
the volume fraction of the CNTs in the composites,
fc is the critical volume fraction, A and t are fitted
constants.

We can simulate the relationship between the con-
ductivity and the orientation factor by substituting
the eq. (5) into eq. (4), and the cosine of the angle of
the CNTs with orientated direction was used as the
orientation factor. Table I contains the parameters of
the simulations. According to the calculated results
of Raman spectra (Fig. 2), the orientation factor
which used in simulations was 0.89. The simulated
result shown in Figure 3 reveals that a low CNTs
volume fraction can lead to a dramatic increase in
the electrical conductivity of CNTs/epoxy compo-
sites in the CNT aligning direction, but the electrical
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conductivity of CNTs/epoxy composites in the
transverse direction is scarcely reinforced. The inset
figure demonstrates a distinct percolation effect.

The DC volume conductivity of CNTs/epoxy
composites as a function of CNTs concentration was
plotted in Figure 4. Both the experimental and
simulated results indicate the intensive anisotropy in
the aligned CNTs/epoxy composites as shown in
Figures 3 and 4.

To determine the percolation threshold of the
composites, the first derivative of the logarithmic
electrical conductivity plots (o5 %—]‘2) along the CNTs
aligning direction was calculated, and the result is
plotted as a function of CNTs content in Figure 5.""
The CNTs contents corresponding to the highest
absolute derivative was taken as the percolation
threshold." The experimental percolation thresholds
for CNTs/epoxy composite in the CNTs aligning
direction is 0.05 vol %. Moreover, the same tech-
nique was adopted to calculate the percolation
threshold in simulation process, as shown in
Figure 6. The theoretic percolation threshold of
CNTs/epoxy composite is 0.035 vol % when the
aspect ratio of CNTs is 500. We used the minimum
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Figure 3 Simulated curve of conductivity of CNTs/epoxy
with different orientation factors vs. the volume.
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Figure 4 Experiment curve of DC volume conductivity
vs. CNTs content of CNTs/Epoxy composites. A: Along
the stretching direction, (B): perpendicular to.

numerical value for the length of the CNT was
shortened with stirred, stretched and other process.
The minimum length of CNT was about 600 nm, so
the 500 aspect ratio was adopted.

Theoretical predictions and experimental values of
the critical exponent, ranging from 1.3 to 3.1 have
been reported.” To determine the percolation
threshold, the curve of critical exponent with various
orientation factors versus the aspect ratio of CNTs
was achieved by fitting the simulative data using eq.
(7), as shown in Figure 7.

The most basic description of the orientation
factor, a critical parameter in the application of poly-
mer composites, is the probability distribution func-
tion which will give us a measure of the state of
CNTs orientation at that location.”! Thus one can
define ¢(0,¢)sinpdpdd which describes the probabi-
lity of a CNTs being orientated between the specific
angles 6 and 0 + 40, and angles ¢ and ¢ + deo.

g
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SWNTs volume fraction (vol.%)

Figure 5 Experimental curve of DC volume conductivity
increased ratio vs. the volume fraction of CNTs.
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Figure 6 Simulated curve of DC volume conductivity
increased ratio vs. the volume fraction of CNTs with as-
pect ratio of 500 and orientation factor of 1.

Here, sin @d@d6 is the increment in area on the sur-
face of the unit sphere. In this article, we define the
corresponding orientation factor as the average of
the second Legendre polynomial of orientation of
embedded rods,

2n T
o= [ [[3eoo-3|ocersinodone
0 0

The isotropic case can be given by orientation fac-
tor = 0, and the orientated alignment can be given
by orientation factor = 1. The critical exponent
deduced from EMT is in reasonable agreement with
both experimental results and other theoretical pre-
dictions. It revealed distinctly a strong dependence
of the critical exponent on the aspect ratio of CNTs

=¢= orientation factor=1
== orientation factor=0.7
== orientation factor=1/3

g
2]
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M
o0

Critical exponent {a.u.)
N
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Aspect ratio of SWNTs {au.)
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Figure 7 Curve of critical exponent with different orien-
tation factor vs. the aspect ratio of CNTs.
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with the CNTs loading larger than the percolation
threshold.

The influence of the aspect ratio and
the orientation factor on percolation threshold

In terms of the present model, the percolation
threshold with the aspect ratio of 1000, 1500, and
2000, respectively, were plotted as a function of the
orientation factor in Figure 8. It is obvious that the
percolation threshold is more sensitive to the orien-
tation factor of CNTs at the smaller aspect ratio and
is less sensitive to the aspect ratio of CNTs with
larger orientation factor. The reason is that the prob-
ability of the intersection between CNTs becomes
lower for high anisotropy so as to affect the percola-
tion threshold in composite systems.

The dependence of percolation threshold with dif-
ferent orientation factors on the aspect ratio of CNTs
was well predicted in Figure 9. It reveals distinctly
that the percolation threshold depends on the aspect
ratio of CNTs strongly and falls rapidly with the
increase of aspect ratio of CNTs. Furthermore, it can
be found that with the CNTs larger aspect ratio, the
percolation threshold of composites tends to become
less dependent on the orientation factor, which can
be used to interpret a great deal of discrete results
about the low threshold of composites containing
CNTs discovered so far.

The simulated predictions were in agreement with
the experimental results; however the noticeable dis-
crepancy between them exists. The electrical conduc-
tivity of orientated CNTs/epoxy composites given
by our model exceeds the experimental value along
the aligning direction of CNTs. In the experimenta-
tion, the percolation threshold is much higher than
the value given by our simulation. This discrepancy
may be attributed to the following factors. One

0.014,
£ 0.012|
o
§ ey —=-aspect ratio=1000
g 0.008} —o—aspect ratio=1500
F —4-aspect ratio=2000
E 0.006
2
< 0.004
5
8 0.002}
n 1 1
0 0.2 04 0.6 08 1

SWNTs orientation factor {a.u.)

Figure 8 Variation of percolation threshold with aspect
ratio for different orientation factor.
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Figure 9 Variation of percolation threshold with orienta-
tion factor for different aspect ratio.
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reason is definitely that our model did not include
the real state of the dispersion and the orientated
alignment of CNTs along the aligning direction, e.g.,
the magnitude of CNTs agglomerates and the disor-
der degree of CNTs alignment were not taken into
account. Furthermore, the electrical conductivity and
the aspect ratio of CNTs should be discrete; however
fixed values of the electrical conductivity and the as-
pect ratio of CNTs were adopted in the simulation.

CONCLUSIONS

The results demonstrate distinct percolation effect
and very low percolation threshold in the CNTs/ep-
oxy composites. The percolation threshold is relative
to the orientation factor and the aspect ratio of
CNTs in the composite matrix strongly. The simu-
lated percolation threshold of the orientated CNTs/
epoxy composites is 0.035 vol % when the aspect
ratio of CNTs is 500. The critical exponent of CNTs/
epoxy composites rises rapidly with the increase of
aspect ratio of CNTs with the CNTs loading larger
than the percolation threshold. Although the simu-
lated results are not consistent with the experimental
results absolutely, a same tendency is represented in
both over plots.
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