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Abstract

Electrical properties of single wall carbon nanotube (SWNT) reinforced polyimide composites were investigated as a function of

SWNT concentration. AC and DC conductivities were measured, and the frequency behavior of the specific admittance was
investigated. The experimental conductivity was found to obey a percolation-like power law with a relatively low percolation
threshold. The current-voltage measurement results exhibited a non-ohmic behavior, indicating a quantum tunneling conduction

mechanism. Analytical modeling and numerical simulation using high aspect ratio, rigid, spherocylinders as models for the SWNT
were carried out to aid in understanding these results. The predictions were in good agreement with the experimental results.
Published by Elsevier Ltd.
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1. Introduction

Polyimides are widely used in applications ranging
from microelectronics to aerospace. Due to their insu-
lating nature, significant accumulation of electrostatic
charge may result on their surface, causing local heating
and premature degradation to electronic components or
space structures. This work describes a single wall car-
bon nanotube (SWNT) reinforced polyimide composite
with a level of electrical conductivity sufficient to permit
electrostatic discharge, as well as mechanical and ther-
mal properties superior to that of the base polymer.
Over the past decade, great strides have been made in

exploiting the unique combination of electronic and
mechanical properties of carbon nanotubes (CNT) [1,2].
Several publications document the progress made in
fabrication and characterization of CNT nanocompo-
sites [3–6]. Unfortunately, it is difficult to draw definite
conclusions about electrical conductivity from these
published studies because the reported levels of CNT
loading required to achieve a percolation concentration
(i.e. an appreciable increase in electrical conductivity)
vary widely, ranging from less than 1 to over 10%. Two
reasons could account for these differences: (1) the CNT
bundles are not sufficiently dispersed in the polymer
matrix, and (2) experimental difficulties may result in
inaccurate detection of the onset of conductivity. Diffi-
culty in obtaining homogeneously dispersed CNT
nanocomposites arises from the non-reactive nature of
the CNT surface and the unavoidable bundle formation
due to van der Waals attraction during synthesis. Most
published work have focused on chemical modification
of the CNT to improve dispersion through functionali-
zaton oxidization, melt mixing, and compounding [3–5].
However, successful dispersion remains elusive. The
resulting bundling yields a larger effective diameter of
the conductive inclusions. As a result, the aspect ratio
appears reduced. The outcome is the first case where
increased loading levels are required to successfully
achieve percolation. In the second case, instrument sen-
sitivity and sample preparation issues may be masking
an initial percolation transition at very low loadings.
This paper seeks to address these percolation issues

through a combination of experimental and computa-
tional methods. Using a method developed in this lab
[7], composite films were prepared with a very high
degree of CNT dispersion. The electrical properties of
these films were then systematically characterized, using
both DC and AC specific measurement techniques.
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Finally, these results were interpreted using both an
analytical percolation theory model and numerical
simulations. The experimental and theoretical results
corroborate to suggest a percolation transition at extre-
mely low loading levels of CNT.
2. Experimental

2.1. Synthesis and processing

Purified laser ablated single wall carbon nanotubes
(SWNT) were obtained from Rice University. An aro-
matic colorless polyimide, CP2 [8], was selected as a
polymer matrix. The SWNT-CP2 composites were pre-
pared by in situ polymerization under sonication. The
density of pure CP2 is about 1.4 g/cm3, and the calcu-
lated density of the SWNT have been reported ranging
from 1.33 to 1.40 depending on chirality [9]. Consider-
ing unavoidable error (5% in SWNT concentration) in
preparation of the SWNT-CP2 solutions and the error
margin (8% in lattice parameter) in calculation of
SWNT, the weight fraction of SWNT was assumed to
be the volume fraction without further correction. The
diamine and dianhydride used to synthesize the CP2
were 1,3-bis(3-aminophenoxy) benzene (APB) and
2,2-bis(3,4-anhydrodicarboxyphenyl) hexafluoropropane
(6FDA), respectively. SWNT dispersed in anhydrous
dimethyl formamide (DMF) was used as a solvent for
the CP2 poly(amic acid) synthesis. The entire reaction
was carried out with stirring, in a nitrogen-purged flask
immersed in a 40 kHz ultrasonic bath until the solution
viscosity increased and stabilized. Sonication was ter-
minated after 3 h and stirring was continued for several
hours to form a SWNT-poly(amic acid) solution. Acetic
anhydride and pyridine were used as catalysts to che-
mically imidize the SWNT- poly(amic acid). The
SWNT-polyimide solution was cast onto a glass plate
and dried in a dry air-flowing chamber. Subsequently,
the dried tack-free film was thermally cured in an air-
circulating oven to obtain solvent-free freestanding
SWNT-polyimide film. A series of SWNT-CP2 nano-
composite films were prepared with SWNT concentrations
ranging from 0.01 to 1.0 vol.%. Glass transition tem-
peratures of the films were determined by differential
scanning calorimetry (DSC) using a Shimadzu DSC-50
at a heating rate of 10 �C/min. Optical properties were
evaluated with a Perkin Elmer Lambda 900 UV/vis/
NIR spectrophotometer. Mechanical properties were
measured by a dynamic mechanical thermal analyzer
(DMTA, Rheometrics). Thermal stability was investi-
gated by dynamic thermogravimetric analysis (TGA,
Seiko) at a heating rate of 2.5 �C/min in air. A summary
of these results is included in this paper, and a more
detailed analysis appears in previous publications
[7,10,11].
2.2. Electrical measurements

DC volume and surface conductivities of the compo-
sites were evaluated according to ASTM D257 using a
Keithley 8009 resistivity test fixture and a Keithley 6517
electrometer. The composites were 2.54 mm in diameter,
and varied in thickness from 20 to 40 mm.
AC conductivity and admittance as a function of fre-

quency were measured using a HP 4284 LCR meter.
The nanocomposite can be modeled as a resistor and
capacitor in parallel. The admittance Y of such a system
is defined as:

Y ¼ Y 0 þ jY 00 ¼ ð1=RpÞ þ j2�fCp ð1Þ

where Rp is the resistance of the composite, Cp is the
capacitance, and f is the frequency of measurement. The
specific admittance y is calculated from the modulus of
Y ( Yj j), and is used to compare the frequency behavior
of the composites:

y ¼ Yj j
t

A

� �
ð2Þ

where t is the thickness of the composite andA is the area
of the electrodes. Current-voltage measurements were
performed at room temperature under DC field as a
function of SWNT concentration. Temperature depen-
dence of the conductivity of the SWNT-CP2 composites
was probed under AC field at 20 Hz using a Sun Sys-
tems environmental chamber over the temperature
range of 25–150 �C.
3. Results

3.1. Synthesis and processing

SWNT-CP2 composites were prepared by in situ
polymerization in the presence of sonication. No sig-
nificant change in the glass transition temperature of the
SWNT-CP2 composites was observed, indicating that
the polyimide condensation reaction was not adversely
affected by the incorporation of SWNT and sonication.
Transmission electron micrographs (TEM) revealed
that thin SWNT bundles were dispersed uniformly
throughout the whole polymer matrix [7,10,11]. The
diameter and length of SWNT were approximately 1.4
nm and 3 mm, respectively [11]. The average thickness of
the bundles ranged from 2 to 12 nm according to TEM
and magnetic force micrographs [10,11]. Significant
improvement in mechanical and thermal properties of
the SWNT-CP2 composites resulted from the incor-
poration of SWNT [7]. The storage modulus of the
composites increased linearly with increasing SWNT
concentration, reaching a 65% improvement at 1.0
vol.%. The temperature at 5 wt.% loss, measured by
TGA, showed an increase of 35 �C at 1.0 vol.%. The
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optical transparency of the composites remained high at
loading levels up to 1.0 vol.% [7]. This combination of
structural, thermal, and optical properties makes these
composites ideal for space structures applications.

3.2. DC electrical measurements

The DC volume conductivity results are plotted in
Fig. 1 as a function of SWNT concentration. The con-
ductivity of the pristine CP2 polyimide was about
6.3�10	18 S/cm. A sharp increase of the conductivity
value was observed between 0.02 and 0.1 vol.%, where the
conductivity changed from 3�10	17 to 1.6�10	8 S/cm.
At loading levels in excess of 0.1 vol.%, the conductivity
increased only moderately. At 0.5 vol.%, the con-
ductivity was 3�10	7 S/cm, ten orders of magnitude
higher than the value at 0.02 vol.%. This behavior is
indicative of a percolation transition. Percolation theory
predicts that there is a critical concentration or perco-
lation threshold at which a conductive path is formed in
the composite causing the material to convert from a
capacitor to a conductor. Fig. 1 indicates that the per-
colation threshold for this material resides between 0.02
and 0.1 vol.%. It is noted that at 0.1 vol.%, the con-
ductivity level exceeded the antistatic criterion of thin
films (1�10	8 S/cm), which is the targeted application
for these composites.
In order to determine the critical volume concen-

tration, the volume conductivity data was fitted to a
power law in terms of volume fraction of SWNT. Fig. 2
shows that a good fit was achieved between the experi-
mental data (triangles) and the fit function (straight
line), with a correlation factor R=99.9%. The con-
ductivity is linear with (v	vc) in a logarithmic scale and
the relationship is described by the equation below:

� ¼ Aðv	 vcÞ
t

ð3Þ

where � is the conductivity of the composite, v is the
volume fraction of the SWNT in the composite, vc is the
critical volume fraction (volume fraction at percola-
tion), A and t are fitted constants. A best fit to the data
resulted in a value for A of 1�10	6 S/cm and t of 1.5
when vc was assumed to be 0.05 vol.% (percolation
threshold value). To our knowledge, this value of the
percolation threshold is the lowest reported so far for a
polymer-SWNT composite. Theoretical predictions of
the critical exponent, t, range from 1.6 to 2.0 [12,13]
while experimental values between 1.3 and 3.1 have
been reported [12]. The critical exponent of the present
composite system is in reasonable agreement with both
experimental and theoretical predictions. Theoretically,
the value of the constant A should approach the con-
ductivity of the SWNT. In the present case, however, A
was lower than expected. To address this deviation and
further probe the conduction mechanism in the SWNT-
CP2 composites, measurements of the current-voltage
(I–V) characteristics were made. Results show that at
SWNT loadings in excess of 0.1 vol.%, non-linear I–V
relationships are observed (Fig. 3). This non-ohmic
behavior is most likely due to a tunneling mechanism.
Fig. 1. DC electrical conductivity variations with SWNT volume concentration (1 V).
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Conduction may occur by electron hopping from a
nanotube to an adjacent one when they are close
enough. Above percolation, conductive paths are
formed through the composites due to quantum tun-
neling effects where the distance between the conductive
inclusions is such that electron hopping can occur. Per-
colation theory assumes that paths are made up of con-
ductive inclusions in direct contact. However, in the
case of quantum tunneling, a contact resistance exists
within the conductive path, in this case between two
Fig. 2. Percolation equation fit to the experimental data (DC conductivity data from Fig. 1).
Fig. 3. DC current-voltage behavior of SWNT reinforced polyimide at three different concentrations.
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adjacent SWNT, which decreases the effective con-
ductivity of the SWNT [14,15]. The value of A is
reduced since the SWNT do not form a network by
physical contact. It is reasonable to expect that at much
higher SWNT loading, a second threshold would be
achieved where the SWNT inclusions contact directly,
eliminating the contact resistance. In that case, A would
approach the conductivity of the SWNT.
The DC surface conductivity showed a similar beha-

vior to the DC volume conductivity, with an overall
lower conductivity (Fig. 4). The percolation threshold is
higher in the surface measurement than the volume
measurement. It is possible that a skin-layer effect may
exist where a preferential alignment of the SWNT on
the surface reduces the probability of inter-SWNT con-
tact, thus increasing the value of the critical volume
concentration. Additional experiments are needed to
confirm this conjecture.

3.3. AC electrical measurements

Fig. 5 shows the AC conductivity as a function of
SWNT concentration. The AC results confirm the per-
colation behavior. At concentration levels below the
percolation threshold, a strong frequency dependence of
the conductivity is observed, but as the concentration
ratio increases, the frequency dependence disappears.
The specific admittance was plotted in Fig. 6 as a func-
tion of frequency at various SWNT concentrations. At 0
and 0.02 vol.%, the specific admittance increased line-
arly with the frequency in a logarithmic scale, exhibiting
a typical capacitor behavior. At loadings in excess of 0.1
vol.%, the composites exhibited a conductive behavior,
where the specific admittance is nearly independent of
frequency (in logarithmic scale). This result is in excel-
lent agreement with the findings from the DC con-
ductivity measurements, and further confirms that the
critical volume fraction is between 0.02 and 0.1 vol.%.
The effect of temperature on the conductivity is com-

plex since a number of factors affect the behavior of the
composite, namely the temperature dependence of the
SWNT electrical conductivity, the temperature depen-
dence of the CP2 electrical conductivity, the thermal
conductivity of the SWNT, and the thermal con-
ductivity of the CP2. Inspection of Fig. 7 shows that the
conductivity of both CP2 and 0.02 vol.% SWNT+CP2
increases slightly with temperature, as may be expected
for an insulator. The conductivity of the 0.5 vol.%
SWNT+CP2 is fairly constant with temperature, with a
slight decrease at 125 and 150 �C. This composition is
above the percolation threshold at room temperature.
As the temperature increases, it is surmised that the
distance between two adjacent SWNT remains stable
initially due to a combination of thermal expansion of
both the SWNT and the CP2. As the temperature
further increases, the average distance between the
inclusions increases, resulting in a lowering of the
conductivity as the contact resistance increases.
Fig. 4. DC surface and volume conductivity as a function of SWNT volume concentration [open triangle: volume conductivity (S/cm); closed

triangle: surface conductivity (S)].
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Fig. 5. AC electrical conductivity variations with SWNT volume concentration (measured at 1 V).
Fig. 6. Specific admittance vs. frequency for 0, 0.02, 0.1, 0.2 and 0.5 vol.% SWNT (measured at 1 V).
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4. Modeling and simulation

4.1. Analytical model

Analytical models capable of predicting the percola-
tion threshold of high aspect ratio cylindrical particles
embedded in a noninteracting matrix have been devel-
oped and applied to microscale particles [16–22]. The
applicability of this approach to nanoscale systems is
described in this section. The nanotubes are modeled as
capped cylinders of radius r and length l, in the limit of
very high aspect ratio (r/l<<1). The volume of these
particles is then:

Vcyl ¼
4

3
�r3 þ �lr2 ð4Þ

The excluded volume of an object may be defined as
the region of space into which the center of another
similar object may not penetrate. For capped cylinders,
this volume is expressed as [16–23]:

Vex ¼
32

3
�r3 þ 8�lr2 þ 4 l2rhsin �ð Þi ð5Þ

where the hsin(�)i term describes the degree of align-
ment of the rods, � being the angle between two rods.
This term ranges from �

4 for the isotropic samples of
interest here to 0 for aligned samples [21]. For isotropic
suspensions of capped cylinders, it has been predicted
that the percolation threshold (i.e. the critical number
density of capped cylinders at percolation) scales as the
inverse of the excluded volume [17]:

�c / Vexð Þ
	1

ð6Þ
It has further been shown that this proportionality
becomes exact in the limit of r/l!0 [18]. Therefore, the
total volume of capped cylinders, at percolation is:

Vc ¼ �cVcyl ð7Þ

Dividing Eq. (7) by the total volume of the sample cell
yields the volume fraction at percolation:

�c ¼ �cVcyl=Vtot ð8Þ

In this expression, Vtot is the total volume of the
sample, which will be rescaled to 1 in the calculations
that follow. The nanotubes used in this work have an
approximate radius and length of 0.7 nm and 3 mm,
respectively, yielding an aspect ratio (l/2r) over 2140.
The corresponding r/l ratio is 0.00023, which is suffi-
ciently close to 0 for the percolation threshold approx-
imation given in Eq. (8) to be reliable. The thickness of
the films used in the experimental work described above
was 45 mm, which is rescaled to 1. After rescaling the
length and radius of the cylinders and applying Eqs.
(4)–(8) above, the critical volume percentage was pre-
dicted to be 0.023%, which is about one half of the
experimental value.
As noted in earlier sections, thin SWNT bundles exist

in the composites and are uniformely distributed
throughout. To evaluate the importance of bundling,
the calculation was repeated for a group of seven tubes
in a hexagonal arrangement. In this case the effective
radius was taken to be 21 Å (2.1 nm), which is the
radius of the original tube plus the diameter of one of
the flanking tubes (see Fig. 8). This reduces the aspect ratio
to about 715 and increases the r/l ratio to 0.0007, which is
still close to 0. For this case the volume percentage at
Fig. 7. Temperature behavior of the volume conductivity (at 0, 0.02 and 0.5 vol.%) (measured at 1 V).
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percolation is predicted to be 0.070%, which is in very
good agreement with the experiment. Repeating the
calculation for a bundle of 19 tubes further increases the
critical volume concentration to 0.116%. Fig. 8 illus-
trates these three cases in the vicinity of the percolation
threshold (0 to 0.2 vol.%). The predicted percolation
concentrations are shown as solid lines along with the
experimental results. It can be seen that the experi-
mental results lie between the single cylinder and seven-
cylinder arrangements, indicating that the SWNT are
dispersed within the CP2 as very thin bundles made up
of a few tubes.

4.2. Numerical simulation

To augment the analytical calculations presented
above, numerical simulations have also been performed
to determine the critical rod density. As above, the
simulation cell size and rod dimensions were rescaled to
give a unit volume. The centers of mass of the cylinders
were placed randomly within the cell, insuring that no
more than half of the cylinder extended beyond the
boundary. Orientations were generated by taking the
center of mass as the origin a unit sphere and generating
a point randomly on the surface, using the method
described in [24]. The random unit vector was then
rescaled to give the appropriate length for the cylinder.
The cluster structures were handled using a modified
version of the efficient tree-based union/find algorithm
[25]. Two rods were considered touching if the distance
of closest approach of their axes was less than 2r.
Newly inserted cylinders were allowed to overlap
existing ones, which neglects the hard core repulsion
actually found in the real samples. As a result, it was
anticipated that the calculated percolation threshold
would be overestimated.
Fig. 8. Comparison between experimental results and analytical predictions in the vicinity of the percolation threshold.
1644 Z. Ounaies et al. / Composites Science and Technology 63 (2003) 1637–1646



Simulations using the model described above were
carried out by starting with an empty cell and adding
cylinders until a percolating cluster was formed. Perco-
lation was defined as the point at which two opposite
walls of the cubic simulation cell were connected by a
continuous cluster of cylinders. For any cylinders found
to be partially outside of the cell, only the enclosed
fraction was considered in the volume fraction calcula-
tion. Statistics were collected by performing 1000 inde-
pendent runs. One representative percolating cell is
shown in Fig. 9. Note that the cylinder radii have been
artificially enlarged to improve visibility.
The predicted critical volume percentage from these

calculations is 0.74%, which is significantly larger than
what was predicted by the analytical calculations or
found in the experimental study. As mentioned above,
one reason for this error is the use of ‘soft’ cylinders (i.e.
no hard core repulsion), which allows regions of space
to be occupied by parts of more than one cylinder. This
has the effect of increasing the total volume of space
considered occupied by particles, while the cell volume
remains constant. The net effect is an elevation of the
predicted volume percent of cylinders at percolation.
Other factors contributing to the error could be the use
of an insufficient number of trials to generate the pre-
dicted threshold and the constraint that the cylinders
are rigidly linear, rather than curved as is observed
experimentally. These issues will be treated more fully in
a future publication. Nevertheless, the overestimated
value (0.74%) predicted by this numerical simulation
was still significantly lower than the experimental values
reported in the literature [16–18,20].
5. Conclusion

Electrical properties of SWNT reinforced polyimide
composites were studied using both DC and AC
measurement techniques. The conductivity in these
composites results from the formation of conducting
paths to the polymer by the SWNT. The measured
conductivity could be described by a percolation-like
power law equation with a percolation threshold of 0.05
vol.% SWNT. The percolation equation is valid at
concentrations above the percolation threshold and
only in the vicinity of 0.05 vol.%. Depending on the
concentration of SWNT, it is possible to tailor the con-
ductivity of the composite over many orders of magni-
tude. Agreement between analytical and experimental
analysis points to a bundling of SWNT within the
matrix.
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