
Conductive Polymer Tape Containing Highly Oriented
Carbon Nanofillers

H. Deng,1 R. Zhang,1 E. Bilotti,1 J. Loos,2 T. Peijs1,2

1Centre for Materials Research, School of Engineering and Materials Science, Queen Mary University of London,
Mile End Road, E1 4NS London, United Kingdom
2Eindhoven Polymer Laboratories, Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands

Received 27 June 2008; accepted 15 October 2008
DOI 10.1002/app.29624
Published online 25 March 2009 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: The effect of the orientation of carbon fillers
with different aspect ratios on the resistivity and morphol-
ogy of conductive polymer composites (CPCs) based on
polypropylene was investigated in this study. Multiwall
carbon nanotubes (MWNTs) and carbon black (CB) were
used as conductive fillers. The CPCs were made by melt
compounding, hot pressing, and solid-state drawing. The
alignment of the filler was observed after solid-state draw-
ing. The resistivity of the composites increased with the
draw ratio at relatively low carbon filler loadings (<20 wt
%), whereas it remained unchanged at a high filler loading
(20 wt % CB). Orientation-promoted anisotropy of the con-
ductive network was observed in both the morphology
and resistivity. MWNTs were found to be better at main-

taining a percolating network under large deformations
than CB because of their larger aspect ratio and their
entangled network structure. The experimentally obtained
resistivity was analyzed with percolation theory, and this
indicated that the initial three-dimensional conductive net-
work was deformed into a two-dimensional network after
solid-state drawing for the composites containing CB. The
three-dimensional network was found in isotropic CPCs
containing MWNTs with the same analysis. Theoretical
analysis using excluded volume theory was in good agree-
ment with results obtained experimentally. VVC 2009 Wiley
Periodicals, Inc. J Appl Polym Sci 113: 742–751, 2009
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INTRODUCTION

Polymer composites reinforced with carbon nano-
tubes (CNTs) have been investigated extensively
over the last decade. Bulk composites reinforced
with CNTs have been investigated with respect to
mechanical, thermal, electrical, and other proper-
ties.1–3 The processing methods used are mainly so-
lution-based in situ polymerization and melt
compounding. The mechanical reinforcement poten-
tial of CNTs in bulk polymer composites is high, but
the theoretical strength of CNTs is approached only
if a high level of dispersion, interfacial interaction,
and alignment of nanofillers is achieved in oriented
systems such as polymer fibers and tapes.4–6 In a
recent study by Wang et al.,4 it was demonstrated
that very high reinforcing efficiencies of single-wall
nanotubes are possible when these nanotubes are
embedded in highly oriented tapes.

Conductive polymer composites (CPCs) are con-
ventionally made by the addition of carbon black
(CB), metal powder, or carbon fiber into a polymer
matrix. Even with the polymer matrix being an insu-

lator; the conductivity of the composites can demon-
strate a sudden jump when a critical filler content is
reached. This phenomenon is often described as per-
colation.7 The percolation threshold of composites
has been shown both experimentally and theoreti-
cally to decrease with the filler aspect ratio.8–11

CNTs have become some of the most interesting fill-
ers for CPCs. Their large aspect ratio and excellent
conductivity can lead to bulk CPCs with percolation
thresholds as low as 0.0025 wt %.12–14

Oriented polymer fibers have been an important
topic of research since the 1970s.15,16 Much research
on oriented polymers has led to successful commer-
cial products, including Kevlar,17 Dyneema,15,18 and,
more recently, single polymer composites such as
Curv19,20 and PURE.21–28 Solid-state drawing is the
most common and efficient way of achieving orien-
tation in flexible chain polymers. The drawing of
CNT–polymer composites was first considered by
Ajayan et al.29 as a method of aligning CNTs. Since
then, polymer fibers containing CNTs have been
extensively studied. Similar to polymer molecules,
CNTs provide much more effective reinforcement
when they are uniaxially aligned versus isotropic or-
ganization in bulk composites.1,3,4,6 Similarly to their
mechanical behaviors, it is also thought that oriented
CNT networks should improve thermal and
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electrical transport properties in that particular
direction.4 Few works have been published on con-
ductive oriented polymer fibers containing CNTs.
Some investigations of oriented polymer fiber have
involved the use of vapor-grown carbon fibers.30

The percolation threshold in these studies was found
to be relatively high: 5 wt % for CNTs and 15 wt %
for vapor-grown carbon fibers in highly oriented
(draw ratio up to 15) polymer fibers.30,31 During the
spinning of CNT–polymer composites, the lowest re-
sistivity occurs for slightly aligned, rather than iso-
tropic, CNT networks, as shown by Du et al.32

In comparison with the very low percolation
threshold reported for isotropic bulk polymer com-
posites (typically < 1 wt %),12–14,33 a percolation
threshold of around 5 wt % is high for CNT–poly-
mer composites. Such an increase in the resistivity
(or percolation threshold) during fiber drawing or
spinning has been reported in the literature: highly
drawn fibers containing CNTs have much higher re-
sistivity than identical isotropic materials before
drawing.31,33,34 Morphological evidence has shown
that the probability of multiwall carbon nanotubes
(MWNTs) forming a network is reduced by draw-
ing, and it is thought that a certain amount of a con-
ducting network is vital to maintain the conductive
network when the composites are stretched.31,33

This study was carried out to gain insight into the
formation of a conductive network during a highly
oriented CPC fabrication process and to draw a sys-
tematic comparison between conductive nanofillers
with different aspect ratios through a combination of
electrical, morphological, and theoretical studies. In
this study, CPCs were fabricated through the melt
compounding of MWNTs or CB with a polypropyl-
ene (PP) matrix. The formation of a conductive net-
work during composite tape fabrication was studied
with scanning electron microscopy (SEM). Highly
oriented CNT bundles were observed in the oriented
polymer tapes. The change in the resistivity with the
draw ratio was investigated. Classical percolation
theory and excluded volume theory were used to
analyze the experimental results obtained.

EXPERIMENTAL

Materials

MWNTs (Nanocyl 7000) were kindly provided by
Nanocyl S.A. (Belgium). These MWNTs had a diam-
eter of 10 nm, a length of 1.5 lm, and a surface area
of 250–300 m2/g.35 The PP was an ethylene–polypro-
lene copolymer (weight-average molecular weight ¼
320 kg/mol, melt flow index ¼ 5.5 g/min).The con-
ductive CB was Printex XE-2, a highly structured CB
supplied by Grolman, Ltd. (United Kingdom). A full
characterization study of several CBs, including

Printex XE-2, was carried out by Pantea et al.,36 and
they showed that Printex XE-2 has good conductiv-
ity in comparison with other CBs because of its large
surface area (910 m2/g).

Composite preparation

MWNTs or CB was melt-blended with PP (as pel-
lets) in a microextruder (Explore Micro 15, DSM) at
200�C and 200 rpm for 10 min. The extruded strand
was then cut and hot-pressed into sheets 150 lm
thick at 200�C for 5 min. Rectangular samples of
5 mm � 20 mm were then cut from these sheets and
subsequently hot-drawn into tapes with different
draw ratios (i.e., drawn tape length/original tape
length). Drawing was conducted on an Instron
(Bucks, United Kingdom) 5584 equipped with an
environmental chamber at a crosshead speed of 50
mm/min at 120�C.

Composite characterization

Morphological studies were carried out on a JEOL
JSM-6300F scanning electron microscope to investi-
gate the formation of a conductive network during
tape fabrication. A high accelerating voltage was
applied for the SEM study. MWNTs or CB in the
polymer matrix material was charged to give an
enriched secondary electron, as demonstrated by
Loos and coworkers.37,38 SEM imaging of cross sec-
tions of cut samples (in longitudinal and transverse
directions) was performed. The as-prepared nano-
composite samples were sectioned with an ultrami-
crotome (Ultracut E, Reichert-Jung).
The morphology of CB and MWNTs fillers was

examined with a JEOL JEM-2010 transmission elec-
tron microscope. Specimens were prepared by the
dispersion of CB and MWNT powders in ethanol
with ultrasonication. The specimen was picked up
with a copper grid, and the solvent was allowed to
evaporate. The nanoparticles that remained on the
copper grid were studied with transmission electron
microscopy (TEM).
Direct-current electrical resistivity was measured

for the composites at different stages of processing.
A two-point method with a voltage scan from 1 to
10 V was conducted for the resistivity measure-
ments. Silver paint was applied to both ends of the
sample to ensure good contact. As a result, contact
resistance was negligible in comparison with sample
resistance. The dimensions of the sample were not
uniform in this study as the thickness and width
varied with the draw ratio. The resistance was meas-
ured with an Agilent 6614C programmable voltage
source in combination with a Keithley 6485 picoam-
meter (Keithley Instruments Inc. Ohio, USA). All
equipment was interfaced with a computer to record
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the current–voltage curve to calculate the resistivity.
All current–voltage curves were linear in this study.
For a specimen with a resistivity higher than 106 X
m, electrical resistivity was not measurable, and the
tapes were considered nonconductive. At least three
specimens were measured for each group of experi-
ments, and the average value was reported.

RESULTS AND DISCUSSION

Morphology

The morphology of the composites and fillers was
investigated with SEM and TEM, as shown in Fig-
ures 1–3. It is worth mentioning that SEM was used
in a high accelerating voltage mode for Figures 1
and 2; thus, the morphology of the conductive net-
work is shown in three dimensions so that the nano-
particle network underneath the polymer matrix can
be observed.37,38 Figure 1 shows the formation of a

conductive network for both MWNTs and CB in the
polymer matrix during tape fabrication. Most of the
MWNTs are dispersed as complex entangled net-
works in the polymer matrix. CB is dispersed as rel-
atively large aggregates in comparison with
individual particles. Slightly aligned MWNT bundles
are found on the surface of the as-extruded compos-
ite strand [Fig. 1(a)], and this is probably caused by
shear during extrusion. Highly aligned MWNTs and
CB networks are achieved by solid-state drawing
(draw ratio ¼ 8), as shown in Figure 1(c,f). Figure 2
shows the cross-section morphology of a CPC tape
with MWNTs. The MWNT bundles are highly ori-
ented and are distributed evenly through the tape.
However, the dispersion of MWNTs in the polymer
matrix is still relatively poor as most of the tubes are
dispersed as bundles.
A TEM study of MWNTs and CB (as received) was

carried out to demonstrate the difference in the aspect
ratio between the fillers, as shown in Figure 3.

Figure 1 SEM pictures of PP composite surfaces containing 5.3 wt % MWNT [(a) as-extruded strand, (b) hot-pressed
film, (c) solid-state drawn tape (draw ratio ¼ 8)] or 15 wt % CB [(d) as-extruded strand, (e) hot-pressed film, and (f) solid-
state drawn tape (draw ratio ¼ 8).
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MWNTs are thought to be more efficient than CB in
forming a conductive network in polymer matrices
because of their higher aspect ratio. The large overlap
length between adjacent MWNTs and their entangled
network structure is the key to keeping the conduct-
ing network intact under large deformations.

Electrical properties of the CPCs

The electrical resistivity of tapes containing MWNTs
or CB as a function of the draw ratio is shown in
Figure 4. The resistivity for 5.3 wt % MWNT loaded
composites increases rapidly with increasing draw
ratio. However, the resistivity remains nearly con-
stant for composites containing 20 wt % CB at draw
ratios ranging from 3 to 13. The resistivity of compo-
sites containing 10 or 15 wt % CB significantly
increases with the draw ratio. The increase in resis-
tivity during drawing is believed to be caused by
the breakdown of local contacts in the conductive
network. The resistivity of the specimen is no longer
measurable for the setup used in this study when
the draw ratio exceeds 8 or 10 for composites con-
taining 10 or 15 wt % CB, respectively. The resistiv-
ity of the drawn tapes with low MWNT loadings
(1.44, 1.82, 2.3, and 3.1 wt %) is not measurable with
the experimental setup used in this study. This

study is focused on relatively low MWNT contents
(� 5.3 wt %), as large amounts of MWNTs result
in poor filler dispersion and poor composite
processability.
To conclude this resistivity study on composite

tapes, the conductive network formed by either CB
or MWNTs was deformed to a certain draw ratio.
The resistivity of composite tapes at different draw
ratios demonstrated the ability of different carbon
nanofillers to form conducting networks. MWNTs
have been found to form much stronger conducting
networks in terms of maintaining these networks
during stretching. Because the CB used in this study
has a larger surface area than MWNTs, it demon-
strates the importance of the filler aspect ratio rather
than the surface area for maintaining a percolating
network in highly oriented tapes.
Upon drawing, it can be expected that electrical

anisotropy will be stimulated by the alignment of
the polymer chains and CNT. The development of
anisotropy in electrical resistivity upon drawing is
shown in Figure 5. The anisotropy index is defined
as RTransverse/RLongitudinal, where RTransverse and RLon-

gitudinal are the resistivity of the CPC in the trans-
verse direction and the resistivity of the CPC in the
longitudinal direction with respect to the drawing
direction, respectively. It is considered an index

Figure 2 SEM pictures of a cross section of solid-state drawn PP tape with 5.3 wt % MWNT (draw ratio ¼ 20): (a) per-
pendicular to the drawing direction (transverse) and (b) parallel to the drawing direction (longitudinal).

Figure 3 TEM pictures of (a) MWNTs and (b) CB used in the study.
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used to describe the anisotropy of the conductive
network to give some information on the orientation
of the filler itself and the network that it forms.
Clearly, the higher the anisotropy index is, the more
anisotropic the conductive network is.

As shown in Figure 5, anisotropy can be observed
in both MWNT- and CB-filled composite systems.
Anisotropy is more pronounced in MWNT-filled
composites because of the alignment of the high-as-
pect-ratio fillers induced by the drawing process. In
contrast, CB, possessing a lower aspect ratio, does
not show such significant alignment during the
drawing process [see Fig. 1(f)]. However, also in the
case of CB, the conductive network still develops
some level of anisotropy, as shown in Figures 1(f)
and 5. Another issue to be noted in Figure 5 is that a
high CB content leads to a stable anisotropy index
with increasing draw ratio. This indicates the pres-

ence of a more stable conductive network upon de-
formation. Similar effects can be expected for CPCs
containing MWNTs in high loadings (> 5.3 wt %),
but there are no data available in that loading range
in this study.
The percolation threshold was investigated for

composites containing MWNTs or CB (Fig. 6). For
composites containing MWNTs, the percolation
threshold is 1.5 wt %, between 3.1 and 5.3 wt %, and
greater than 5.3 wt % for tapes with draw ratios of
1, 8, and 13, respectively. No precise percolation
threshold value could be obtained for oriented tapes
containing MWNTs on the basis of the current data.
It can be considered to be between 3.1 and 5.3 wt %
as no measurable resistivity data were observed at
loadings less than 5.3 wt %. In the case of CB, the
percolation threshold is around 3.2, 10, and 20 wt %
for draw ratios of 1, 8, and 13, respectively. Clearly,
the percolation threshold increases more with the
draw ratio for composites containing CB than for
those incorporating MWNTs.

Figure 4 Longitudinal (along the drawing direction) elec-
trical resistivity of oriented PP tapes containing MWNTs
or CB in different draw ratios.

Figure 5 Anisotropy index (RTransverse/RLongitudinal) of PP
tapes containing MWNTs or CB as a function of the draw
ratio, showing higher anisotropy for MWNT composites.

Figure 6 Percolation thresholds of composites containing
(a) CB or (b) MWNTs at different draw ratios, with lower
values for MWNT composites.
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Comparison with theory

Classical percolation theory

The increasing conductivity (1/resistivity) of com-
posite materials with increasing conductive filler
content can be described by a scaling law according
to classical percolation theory:

r ¼ r0ðP� PcÞt (1)

where r0 is a scaling factor, Pc is the percolation
threshold of the CPC, r is the conductivity of the
CPC, and P is the content of the filler in the CPC.7 t
is an exponent that depends on the dimensionality
of the conductive network. It is expected to vary
with different materials, with calculated values of
t � 1.3 and t � 2.0 in two and three dimensions,
respectively. Therefore, the percolation threshold of
CPCs can be determined accurately, and information
on the dimensionality of the conducting network can
be obtained before and after drawing through the
fitting of classical percolation theory to experimen-
tally obtained conductivity data.

Percolation threshold Pc and exponent t have been
calculated with eq. (1) (see Fig. 7). Isotropic
MWNT/PP systems give t � 3 and Pc ¼ 1.2 wt %.
The t value is relatively high, and this can be inter-
preted as a broad distribution of tunneling resistance
within a three-dimensional network.39 For isotropic
composites containing CB, t � 2.0 and Pc ¼ 3.2 wt %
have been calculated, whereas for composites with a
draw ratio of 8, t � 1.3 and Pc ¼ 10 wt % have been
calculated. It is clear that exponent t decreases from
2 to 1.3 when composites containing CB are drawn
from an isotropic state to an oriented state (draw ra-
tio ¼ 8). This indicates that the conductive network
has been deformed from a three-dimensional ran-
dom network into a two-dimensional network
according to classical percolation theory. The perco-
lation threshold increases from 3.2 to 10 wt % when
composites containing CB are drawn from their iso-
tropic state to an oriented state at a draw ratio of 8.
Comparing the percolation thresholds of composites
containing MWNTs and those containing CB, we
observe much lower percolation thresholds for both
isotropic and oriented systems based on MWNTs.
As discussed earlier, the high-aspect-ratio MWNTs
clearly form a more entangled network than CB and
therefore maintain conductivity upon drawing.

Excluded volume theory

To model the effect of the filler aspect ratio and filler
orientation on the percolation threshold of CPCs, an-
alytical models such as excluded volume theory8 can
be used. The excluded volume of an object is
defined as the region of space that the center of

another similar object is not allowed to enter if over-
lapping of these two is to be avoided.40 It is capable
of predicting the percolation threshold of high-as-
pect-ratio cylindrical particles embedded in a nonin-
teracting matrix, as shown in Figure 8.
It has been extensively used to describe both

microsize and nanosize composite systems.8,11,40–45

Figure 7 Percolation threshold (Pc) values of (a) isotropic
composites containing MWNTs, (b) isotropic composites
containing CB, and (c) oriented composites (draw ratio ¼
8) containing CB.
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Here, the nanotube and CB clusters are modeled as
capped cylinders of diameter W and length L, as
shown in Figure 9. The excluded volume (hVei) is
expressed as follows:8

hVei ¼
4p
3
W3 þ 2pW2Lþ 2WL2h sin ci (2)

where c is the angle between the two cylinders in
contact with each other and hsin ci is calculated to
be p/4 for randomly oriented cylinders.40 The values
of hsin ci for oriented systems with maximum dis-
orientation angles of 0, 30, 45, and 90� are 0, 0.44,
0.60, and 0.78 ¼ p/4, respectively.8 Thus, the
excluded volume of an isotropic system can be writ-
ten as follows:

hVei ¼
4p
3
W3 þ 2pW2Lþ p

2
WL2 (3)

It was shown by Celzard et al.8 that the percola-
tion threshold of an infinitely thin cylinder system is
expressed as follows:

1� exp � 1:4V

hVei

� �
� /c � 1� exp � 2:8V

hVei

� �
(4)

The volume of the MWNTs (hVi) is written as fol-
lows:

hVi ¼ p
6
W3 þ p

4
W2L (5)

Hence, the percolation threshold of such a high-
aspect-ratio filler system can be calculated according
to eqs. (2)–(5) (Fig. 10).

As shown in Figure 10, some of the results
reported in the literature12,13,46 lie well below the
percolation threshold predicted by excluded volume
theory. In such systems, particle movement and
reaggregation are allowed to induce the formation of
a conductive network.47 These systems can be
defined as systems with a kinetic percolation thresh-
old.46 Other data31,39,45,48–52 fit the theory quite well
and are defined as systems with a statistical percola-
tion threshold46 in which the conductive phase is
randomly dispersed.

Effect of waviness of MWNTs

All the theoretical work previously introduced deals
with straight and rigid cylinder-shaped rods. How-
ever, this is clearly not the reality in CPCs based on

Figure 9 Model considered in this study for (a) MWNTs
and (b) CB clusters.

Figure 10 Theoretical percolation threshold for aligned
and isotropic composite systems (the shadowed area)
according to Celzard et al.8 together with experimental
data reported by Potschke et al.,50 Sandler et al.,13 Brying
et al.,12 Kovacs et al.,46 Bin et al.,31 Zhang et al.,39 Ounaies
et al.,45 Musumeci et al.,49 Regev et al.,51 Seo and Park,52

and Kharchenko et al.48

Figure 8 Randomly dispersed, cylinder-shaped, high-
aspect-ratio rods in a matrix as described by Celzard et
al.8 [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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CNTs. MWNTs have a relatively large aspect ratio
and are flexible. The entangled structure that they
form in the polymer matrix (see Fig. 1) is compli-
cated and makes them more difficult to be modeled
than rigid rods. Some efforts have been made by
Dalmas et al.10 and Berhan and Sastry53 regarding
this issue, and the results from Dalmas et al. show
that the percolation threshold is not significantly
influenced when the aspect ratio of the fiber is above
100. For wavy fibers, the percolation threshold
increases when the aspect ratio is below 100. In con-
trast to the work of Dalmas et al., the results gener-
ated by Berhan and Sastry suggest something
different. Therefore, the percolation threshold of
high-aspect-ratio wavy fibers is expressed as fol-
lows:

/wavy ¼ /straight=a (6)

where a < 2 depends on waviness only and /wavy

and /straight are the theoretical percolation thresholds
for CPCs with wavy fibers and straight fibers,
respectively.

Therefore, excluded volume theory, describing
rigid and straight fibers, is used in this study as
results reported in the literature for fiber waviness
have shown a negligible effect on the percolation
threshold. Through the fitting of the experimental
data with excluded volume theory, the effects of the
filler aspect ratio and filler orientation on the perco-
lation threshold of CPCs could be obtained. With
the dimensions of MWNTs (W ¼ 10 nm, L ¼ 1.5
lm),35 the percolation threshold for MWNT systems
can be calculated with eqs. (2)–(5) to be between
0.46 and 0.91 vol % (MWNT density ¼ 1.75 g/
cm3).54 Clearly, this theoretical value fits the experi-
mental data of 0.62 vol % (equivalent to 1.2 wt %)
for our composites quite well. The effect of fiber
waviness is not considered this study because of the
complexity of the network structure.

For the CB system, the percolation threshold of a
perfectly sphere-shaped filler has been calculated
to be between 14 and 26 vol % with eqs. (2)–(5)
(CB diameter ¼ 30 nm55). However, the percolation
threshold values reported in the literature range

from 0.06 to 39 vol %. The large differences in the
percolation threshold depend on the structure of
the CB and the composite processing condi-
tions.41,56 CB is distributed in the polymer matrix
in aggregated form,57 and hence this aggregated
structure should be considered in the percolation
threshold theory. The size of the aggregates is
noticed to be different for similar CB systems
under different processing conditions. This is
explained by reaggregation of CB aggregates.56 If
the CB aggregates (as shown in Fig. 9) are consid-
ered cylindrical shapes in a matrix,8 the size of the
aggregates can be calculated with the aforemen-
tioned method and the experimentally obtained
percolation threshold value. The theoretical results
together with the experimental data for the MWNT
system are listed in Table I. The observed CB clus-
ter size for this study is shown in Figure 11 and
matches the calculated value (1270–2640 nm) tak-
ing into account that most of the network observed
by SEM is buried in the polymer matrix.
Finally, the theoretical percolation thresholds,

calculated with eqs. (2)–(5), are compared with the
experimental data (Fig. 12). The isotropic CB and
MWNT data fit quite well the theoretical predic-
tions. Comparing the data obtained in this study

TABLE I
Theoretical Predications Based on Excluded Volume Theory Versus

the Experimental Data8

Type of filler

P (vol %)

Diameter (nm) Length (nm)Experimental Calculated

CB (Printex XE 2) 1.62 — 30 1270–2640
MWNTs (Nanocyl 7000) 0.62 0.46 � /c � 0.91 10 1500

The lengths for the CB system were calculated, whereas the diameter and length of
the MWNTs were obtained from the supplier.35

Figure 11 SEM of 3 wt % CB/PP composites showing
local conductive networks on a cold fracture surface.
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with previous data reported in the literature (see
Fig. 10), we find that the viscous PP (or polycar-
bonate50) matrix does not seem to allow much
reaggregation of the conductive fillers during melt
processing. The percolation threshold is much
lower when filler reaggregation is allowed in low-
viscosity polymer matrices (e.g., epoxy12,13,54). The
percolation threshold of the oriented systems lies
well within those of a perfectly aligned system and
a system with a maximum disorientation angle of
30�, and this agrees well with data reported in the
literature (see Figs. 10 and 12).

CONCLUSIONS

The morphology and electrical resistivity of PP com-
posites filled with MWNTs and CB have been stud-
ied. Highly oriented MWNTs have been observed
after solid-state drawing, together with a highly
organized CB network. The resistivity of the compo-
sites has been observed to increase with the draw ra-
tio at relatively low carbon filler loadings, whereas it
remains nearly unchanged with an increasing draw
ratio for CPCs containing a large amount of fillers
(20 wt % CB).

According to classical percolation theory, conduc-
tivity exponent t decreases from 2 to 1.3 after com-
posites containing CB are drawn into tapes with a
draw ratio of 8. This indicates the formation of a
two-dimensional conducting network during tape
fabrication. On the other hand, t is found to be 3 for
isotropic composites containing MWNTs, and this

could indicate a three-dimensional network with a
large distribution of tunneling resistance.
According to excluded volume theory, the percola-

tion threshold of oriented systems (for both MWNTs
and CB) lies between the values predicted for sys-
tems having a maximum filler disorientation angle
of 0–30�.
In short, it can be concluded that the percolation

threshold of oriented CPCs tapes is relatively high
because of distortion of the percolating network
upon solid-state drawing (MWNTs, between 3.1 and
5.3 wt %; CB, � 10 wt %). As such, alternative
approaches are needed for the development of con-
ductive fibers that combine high polymer orientation
through solid-state drawing with good conductivity
at relatively low filler contents.58,59

The authors thank Nanocyl S.A. (Belgium) for providing
MWNTs for this study. Technical assistance with the SEM
study from Zofia Luklinska and Mick Willis is also
acknowledged.
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