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a b s t r a c t

The influence of aspect ratio of multiwalled carbon nanotube (MWCNTs) on rheological and electrical
properties of MWCNT/polypropylene (PP) composites has been studied. Owing to the pre-grinding for
MWCNTs and the efficient twin-extruder mixing, the dispersion of MWCNTs of different aspect ratios in
the PP matrix is all uniform and homogeneous. With incorporation of 10 wt% MWCNTs with an aspect
ratio of 167, an electrical conductivity of 1.2 S/cm could be achieved. A concept of “gel-like behavior” is
introduced to investigate the MWCNT network formation within the composites. The rheological
percolation threshold (cpG’) and the gel content (cg) of different MWCNT/PP composites are derived by
applying the power law scaling and the WintereChambon method, respectively. It is revealed that the
composites containing MWCNTs with the largest aspect ratio have the lowest cpG’ and cg values.
Furthermore, the electrical conductivities of composites are measured and the electrical percolation
thresholds (cps) are obtained. The difference in gel content among different aspect ratios as well as the
difference between rheological and electrical percolation thresholds is discussed.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Electrically conductive polymer composites (CPCs) have attrac-
ted extensive research interest because of their wide applications in
electronic, aerospace andmilitary areas. Owing to the high electrical
conductivity and large aspect ratio, multiwalled carbon nanotubes
(MWCNTs) are able to form an interconnected network throughout
a polymer matrix at a low content, which promotes an effective
transfer of their superior electrical properties to thematrix polymer,
making them ideal nanofillers to fabricate CPCs. The CPCs show
a sudden increase in electrical conductivity at a critical MWCNT
content, which is generally referred to as the electrical percolation
threshold. Recently, more and more efforts have been spent on
fabricating MWCNT/polymer composites with lower percolation
thresholds in a large scale via melt compounding for practical
applications [1,2]. It has been known and found that the percolation
threshold can be influenced by various factors including i) type [3],
viscosity [4], and molecular weight [5] of a polymer matrix, ii)
synthesis method [6], geometry [7], aspect ratio [8], and modifica-
tion [9] of MWCNTs and iii) processing parameters like screw rate
[10,11] and mixing time and temperature [12]. In short, any factor

that affects the dispersion ofMWCNTs and the formation ofMWCNT
network can influence the electrical percolation threshold. There-
fore, it is of great importance to investigate the formation and
density of MWCNT network for controlling the electrical perfor-
mance of CPCs.

In addition to electrical characterization, dynamic rheological
tests can also be employed to detect the MWCNT network in
composites. With increasing MWCNT content in a composite,
a composite melt undergoes a typical liquid-to-solid transition at
low frequencies, indicating the emergence of an MWCNT network.
The MWCNT content at which this transition occurs is defined as
the rheological percolation threshold. A power law relation is
generally used to determine the threshold of rheological percola-
tion based on the values of storage modulus (G0) [3,13e15]. The
electrical percolation threshold can be estimated by measuring the
rheological counterpart because both of them reflect the formation
of an MWCNT network, though these two values are different,
depending on the specific composite system. Bose et al. melt-mixed
MWCNTs with 50/50 cocontinuous blends of polyamide 6 (PA6)
and acrylonitrileebutadieneestyrene (ABS) and found that the
electrical and rheological percolation thresholds were w3e4 wt%
and w1e2 wt%, respectively [8]. McClory et al. studied the influ-
ence of screw speed on the electrical and rheological percolations
of MWCNT/high-impact polystyrene (HIPS) composites. They
revealed that the electrical percolationwas located atw1e3 wt% of

* Corresponding author. Tel.: þ65 6790 6285; fax: þ65 6791 1859.
E-mail address: mlli@ntu.edu.sg (L. Li).

Contents lists available at SciVerse ScienceDirect

Polymer

journal homepage: www.elsevier .com/locate/polymer

0032-3861/$ e see front matter � 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.polymer.2012.12.058

Polymer 54 (2013) 1218e1226

1
LGES 1062 

LGES v. MRD 
IPR2024-01005



MWCNT at a screw speed of 100 rpm and increased to w3e5 wt%
when the screw speed was increased to 150 rpm [16]. The higher
screw speeds (150 rpm) induced relatively higher shear forces on
the molten composites, but the larger shear thinning effect within
the extruder contributed to a more agglomerated MWCNT/HIPS
morphology, leading to an increased electrical percolation.

On the other hand, the liquid-to-solid transition in a composite
melt can also be considered as a physical gelling process [17].
Recently, some researchers studied the physical gelling behavior in
CNT/polymer composites using the WintereChambon method
[18e20], which is a classical method used to explore the charac-
teristic of physical or chemical gels. As compared with the power
law relation method, the WintereChambon method can not only
accurately determine the gel content (cg) but also quantitatively
derive the gel strength Sg and exponent n, providing an effective
way for detecting the MWCNT network and structure of compos-
ites. The gel content is supposed to be relevant to the rheological
and electrical percolation thresholds, which may not be exactly the
same. Therefore, it is interesting to further investigate the differ-
ence between gel content and percolation threshold, as well as
their relationship with the MWCNT network formed in a polymer
matrix.

We have previously studied the influence of MWCNT modifi-
cation and melt annealing on the electrical properties of MWCNT/
polypropylene (PP) composites [9,21]. In this study, we prepared
MWCNT/PP composites containing MWCNTs with different aspect
ratios by melt mixing. The influence of the aspect ratio of MWCNT
on the rheological percolation and gel-like behavior was examined.
The power law scaling and WintereChambon method were
employed to determine the rheological percolation thresholds and
gel contents of the composites respectively. Then, the electrical
properties of the composites were measured and the electrical
percolation thresholds were compared with the rheological
percolation thresholds and gel contents.

2. Experimental

2.1. Materials

Isotactic PP (M ¼ 190,000) from SigmaeAldrich (USA) with
a density of 0.9 g/cm3 was used as the matrix. Three different types
of multi-wall carbon nanotubes (MWCNTs) with different aspect
ratios were used. The first type of MWCNTs, purchased from Cheap
Tubes Inc (USA), had the outer diameter of 8e15 nm and length of
10e50 mm. The second one was purchased from Iljin Nano Tech
(Korea), and had the outer diameter of 10e15 nm and length of
10e20 mm. The third one (outer diameter of 5e20 nm and length
of 1e10 mm) was purchased from Bayer Material Science AG.
Sodium dodecylbenzene sulfonate (SDBS) was purchased from
Fluka.

2.2. Preparation of composites

All the MWCNTs were ground into fine powder using an agate
mortar and then dried at 80 �C for 12 h before use. For melt mixing,
PP was first added into a counter-rotating twin-screw micro-
compounder (Haake MiniLab) at 200 �C, and then MWCNTs were
gradually added into the PP melt. After adding all MWCNTs, the
mixture was mixed at 50 rpm for 15 min. Then, the mixedMWCNT/
PP composites were injection molded at 200 �C using a mini
injection machine (Haake MiniJet), into test samples with a square
sheet dimension of 20 mm side length and 1 mm thickness. Before
tests, all the molded samples were annealed at 200 �C for 30 min in
an oven with N2 as purge gas.

2.3. Characterization

The length and diameter of the MWCNTs after mixing with PP
were measured using a transmission electron microscope (TEM,
JEOL JEM-2010). A certain amount of MWCNT/PP composites was
heated up to 600 �C under nitrogen purge to remove the PP matrix,
and then the residual MWCNTswere obtained. Approximately 2mg
of MWCNTs were dispersed into 20 ml of 0.1 wt% SDBS aqueous
solution by a bath sonication for 5 min. Several drops of this
dispersion were dripped onto a copper grid and dried naturally.
MWCNTs remaining on the copper grid were observed under TEM.
The magnifications used were 10,000e15,000 times, and 150
lengths were measured for each sample of MWCNTs. The
morphological characterization of the composites was carried out
using field emission scanning electron microscopy (FESEM, JEOL
JSM-6700F). Samples were fractured in liquid nitrogen, and sput-
tered with gold before observation. Rheological measurements
were performed on a rotational rheometer (ARES) with the molded
samples (F25 mm � 1 mm). A parallel plate geometry (25 mm
diameter) with a gap of 1 mm was used. In a dynamic frequency
sweep from 0.1 to 100 rad/s at a proper strain within the linear
viscoelastic region, the storage modulus G0, loss modulus G00 and
complex viscosity h* were measured at 200 �C for the different
composites. Through-plane electrical conductivity of the compos-
ites was measured in accordance with ASTM D4496. Samples with
a known cross-sectional area and thickness were placed between
two copper electrodes and the direct current (DC) resistance was
measured using a Fluke 110 multimeter. The surfaces of the sample
in contact with the electrodes were covered with carbon paper in
order to reduce errors in conductivity measurement due to micro-
roughness of sample surfaces. It was ensured that the surface area
of the electrodes exceeded the cross-sectional area of the samples.
The lowest limit of the measurement was 1 � 10�9 S/cm.

3. Results and discussion

3.1. Aspect ratio and dispersion state of MWCNTs

The aspect ratio of an individual CNT is the ratio of its length to
diameter, which is an important parameter affecting the properties
of a polymer composite filled CNTs. In order to evaluate the real
value of MWCNT aspect ratio, the MWCNTs embedded in the
composites were collected by completely removing the polymer
in the composites at 600 �C in nitrogen [21,22]. The diameters
and lengths of three types of MWCNTs were measured under
TEM observation and average values were obtained based on 150
measurements. Then the aspect ratios of the MWCNTs were
calculated. Fig. 1 displays the histograms of length distribution
of MWCNTs. The representative TEM images of different MWCNTs
are shown in Fig. 2. The diameters of three kinds of MWCNTs were
within a similar range and their different lengths led to distinct
aspect ratios, as summarized in Table 1. In the following discussion,
three MWCNTs are named in terms of their respective aspect ratio,
e.g. MWCNT51, MWCNT84 and MWCNT167.

Since a uniformandhomogeneous dispersion of nanotubes in the
matrix is crucial to themacroscopic properties of the composites, the
dispersion state of nanotubes in these composites was examined by
observing the fractured surfaces of the composites using FESEM. A
set of FESEM images of different MWCNT/PP composites containing
3wt%MWCNTs under differentmagnifications are shown in Fig. 3. It
is clearly observed that, for all three different MWCNT/PP compos-
ites,most ofMWCNTs are homogeneously dispersed in the PPmatrix
with a small amount of loose aggregates only. We believe that the
loose aggregates would take a trivial effect on composite properties
as comparedwith the large amountofdispersednanotubes. Fromthe
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images of a lowmagnification (�10,000, A1, B1 andC1), it is observed
that the dispersion state of the pristineMWCNT51 in the PPmatrix is
better than that in our previous work [9,21], which should be
attributed to the pre-grinding of MWCNTs before melt mixing. From
the images at the high magnification (�30,000, A2, B2 and C2), we
clearly observe the partially pulled out and broken MWCNT
segments which were formed during fracture. However, it is hard to
view the differences in the length among MWCNTs with different
aspect ratios from the FESEM images because most of the MWCNTs
were embedded in the PP matrix.

3.2. Rheological behavior of the MWCNT/PP composites

Dynamic rheological analysis is widely used to investigate
polymer blends and polymer composites. The rheological charac-
terization of different MWCNT/PP composites was carried out with
the aim to elucidate the influence of MWCNT contents and aspect
ratio on the formation of an MWCNT network. Fig. 4 and fig S1 in
Supporting Information show the variation of storage modulus
(G0) and loss modulus (G00) as a function of angular frequency (u) for
different MWCNT/PP composites. Taking Fig. 4A and fig S1A as an
example, at 200 �C and in the low u zone, neat PP exhibits a typical
terminal behavior, in which G0 and G00 followed the scaling laws:
G0wu1 and G00wu2, due to full relaxation of PP chains. With addi-
tion of MWCNT51, both G0 and G00 gradually increase in magnitude
and showed a deviation from the terminal behavior, which gives
rise to the appearance of a G0 plateaus in the low u zone, indicating
the increased elastic response of the composites. As the content of
MWCNT51 further increases, both G0 and G00 become almost inde-
pendent of u at low u, implying a transition from a liquid-like to
solid-like viscoelastic behavior. This is because the long-range
polymer chain relaxation in the composites was substantially
constrained by the presence of MWCNTs. In contrast, MWCNTs did
not influence short-range dynamics of the polymer chains signifi-
cantly [13], accounting for the weakly affected rheological behavior
at high u. The other two composites reveal the similar evolution of
G0 and G00, but the deviation from the terminal behavior of each
sample occurrs at different MWCNT contents.

Phase angle (d) is quite sensitive to the liquid-to-solid transition
for a heterogeneous polymeric system. Therefore, the van Gurpe
Palmen plot is employed to study the structural changes of poly-
mer composites, where the phase angle is plotted against the
complex modulus (jG*j). This method was used to roughly estimate
the rheological percolation of the composites containing inorganic
fillers in someprevious reports [3,15,23]. Fig. 5 shows the vanGurpe
Palmen plots for various samples. For neat PP which could
completely relax at 200 �C, the value of d is close to90� in the low jG*j
region. The deviation of d from 90� in the high jG*j region suggests
the elastic response of polymer chains, resulting from a network
structure in the polymer melt. For MWCNT/PP composites, contin-
uous descending of the d versus jG*j curves with increasingMWCNT
content is clearlyobserved, suggesting the increase of elastic portion
of the composites. Further loading of MWCNTs results in the
appearance of a dmaximum at a certain intermediate jG*j due to the
formation of a pseudo-solid-like MWCNT network. For a heteroge-
neous composite system, the d response above 45� suggests
a viscous flowwhile that below 45� is indicative of an elastic one. In
Fig. 5A and B, d values of both MWCNT51/PP and MWCNT84/PP
composites incipiently decrease below 45� with addition of 3 wt%
MWCNT, indicating that the liquid-to-solid transitions probably
occurred between 1wt% and 3wt% ofMWCNTcontent,whereas this
transition occurred between 0.5 wt% and 1 wt% for MWCNT167/PP
composites (Fig. 5C). The van GurpePalmen plots demonstrate the
approximate MWCNT content region where a liquid-to-solid tran-
sition occurs, and the estimated MWCNTcontents for the transition
are in fair agreement with those evaluated from G0 curves discussed
above (Fig. 4).

From the experimental results, it is known that after the
MWCNT content reaches the so-called ‘percolation threshold
value’, a stiff MWCNT 3D network will be formed to induce
a sudden liquid-to-solid transition in the composites. To illustrate
the influence of MWCNT aspect ratio on the rheological percolation
behavior, we used a power law scaling method to attain the
percolation values. At a fixed u, a power law dependence of G0 on
the MWCNT content exists, which is near the percolation threshold
in these composites.
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Fig. 1. Length distribution of different MWCNTs: (A) MWCNT51, (B) MWCNT84 and (C)
MWCNT167.
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G0f
�
c� cpG0

�b0
G (1)

where G0 is the storage modulus, c is the MWCNTmass fraction, cpG’
is the threshold of the rheological percolation, and bG’ is the critical
exponent. Since G’ is more sensitive in the low zone, the G0 values at
0.5 rad/s of various MWNCT/PP composites were selected and
plotted as a function of MWCNT content in Fig. 6A. An expected
power law relationship between G0 and cecpG’ at the onset of the
rheological percolation is depicted in Fig. 6B and the determined
percolation value and exponent for each composite are listed in
Table 2. The percolation threshold values of MWCNT51, MWCNT84
and MWCNT167/PP composites are 1.64 wt%, 1.19 wt% and 0.35 wt
%, respectively, suggesting that a higher MWCNT aspect ratio leads
to a lower percolation value. The derived bG’ values locate in a small
range from 2.24 to 2.48, which seems to be irrelevant to the aspect
ratio of MWCNTs. Indeed, bG’ ¼ 2 is a typical experimental value for
networks of stiff fibers [24]. The bG’ values ranging from 1.5 to 3,
which were obtained experimentally, have been reported for CNT/
polymer composites [3,25]. bG’ may be affected by the testing
temperature and frequency.

With further increasing MWCNT content above the percolation
threshold, a 3-D MWCNT network throughout the polymer matrix
is gradually formed and becomes dense. We found that the
formation and evolution of the MWCNT network in a polymer
matrix was quite similar to a physical gel, like the typical physical
gelling system, poly(vinyl chloride) (PVC)/dioctyl phthalate (DOP)
[26], in which the formation of crystalline segments of PVC
molecular chains was essential to construct a cross-linked network.
The nanotube entanglement, van der Waals forces among nano-
tubes, and interaction between the polymer chains and nanotubes
are possible factors responsible for the network formation in an
MWCNT/PP composite. To study the gel-like behavior ofMWCNT/PP
composites and the influence of MWCNT aspect ratio, the well-
established Winter and Chambon method is employed to analyze
the rheological data and to derive the gel content (cg), relaxation
exponent (n) and gel strength (Sg) for each composite. Winter and
Chambon experimentally found that the shear relaxation modulus
of critical gels exhibited a simple power-law relaxation [27,28]:

GðtÞ ¼ Sgt�n (2)

The gel strength and relaxation exponent characterize the
critical gel. G0 and G00 obey a generalized scaling law at the gel point:

G0ðuÞwG00ðuÞwun 0 < n < 1 (3)

or

G00ðuÞ
G0ðuÞ ¼ tand ¼ tan

�np
2

�
(4)

A system with n equal to 1 is regarded as a purely viscous gel,
whereas n equal to 0 means a purely elastic gel. The characteristic
frequency-independence of tan d in the vicinity of the gel point has
been widely proved for chemical and physical gels and used to
determine the gel point [29]. Since the dynamic shear moduli G0

and G00 are given by

G0ðuÞ ¼ u

ZN

0

GðtÞsinðutÞdt (5)

G00ðuÞ ¼ u

ZN

0

GðtÞcosðutÞdt (6)

the storage modulus and loss modulus scale with frequency at the
gel point and the relationship are then expressed as follows

G0ðuÞ ¼ G00ðuÞ
tan

�np
2

� ¼ SgunGð1� nÞcos
�np
2

�
(7)

where G(1 � n) is the gamma function.
To determine the gel point, we have to observe a frequency-

independent point of tan d from a multifrequency plot of tan
d versus MWCNT content. Fig. 7 shows the plots for different
MWCNT/PP composites at 200 �C. The general trend is a gradual
decrease in tan d with increasing MWCNT content. In each plot, all
the curves pass through a common point at an MWCNT content,
which is defined as the gel point. Apparently, the accurate determi-
nation of the gel point for each composite suggests that theWintere
Chambonmethod is applicable toheterogeneous composite systems.
The cg values, which can be read straightly from the abscissa of
the convergence point, are 1.92 wt%, 1.34 wt% and 0.7 wt% for
MWCNT51/PP, MWCNT84/PP and MWCNT167/PP composites,
respectively. Given a gel point and the corresponded tan d values, the
relaxation exponent could be simply calculatedusingEquation (4). In
general, they are related to the fractal dimension and reflect the
degree of compactness of the network. A smaller n value states for
the formation of a more elastic gel [26,30]. For example, the n values
of most chemical gels were reported to be 0.56 [31], and 0.45e0.5

Fig. 2. TEM images of (A) MWCNT51, (B) MWCNT84 and (C) MWCNT167.

Table 1
Length, diameter and aspect ratio of various MWCNTs in MWCNT/PP composites.

Sample Length (mm) Diameter (nm) Aspect ratio

MWCNT51 0.66 � 0.11 13 � 3 51
MWCNT84 1.23 � 0.21 14 � 2 84
MWCNT167 1.84 � 0.37 11 � 2 167
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[32], On the other hand, relatively big values of nwere observed for
the physical gels, whose gel strengths were relatively weak: 0.67e
0.76 [29], 0.56e0.89 [26], 0.85e0.89 [33], and 0.56e0.89 [34]. The
gel-like behavior of the MWCNT/PP composites originates from
a combination of MWCNT entanglement and interaction between
MWCNTs and polymer chains, both of which are physical interac-
tions. Hence, the n values we obtained for the MWCNT/PP compos-
ites are comparable with those of the physical gelling systems.

The physical strength of a gelling system at the gel point can be
described by gel strength defined by Equation (2). Although there is
not a prepared sample exactly located at the gel point, we still can
obtain the G0(u) value at the gel point by plotting G0(u) and G00(u)/
tan (np/2) against MWCNT content, because the presence of
a crossover of G0(u) and G00(u)/tan (np/2) is certainly indicated by
Equation (7). Fig. 8 shows an example of this plot for MWCNT167/
PP composite, in which all crossover points appear at the gel point
of cg ¼ 0.7 wt%, which is consistent with the value attained above
(Fig. 7C). Using the G0 value at any crossover point and Equation (7),
Sg values were calculated to be 606 Pa sn, regardless of which point
of crossover was used. The Sg values of the other composites are
listed in Table 2. Among these composites, MWCNT167/PP has the

lowest n and the highest Sg values, approving that MWCNT167
performs better in enhancing the strength of the MWCNT network
in the polymer matrix. Viewing from the theoretical simulations in
the previous studies [35e37] for MWCNT/polymer systems, it is
known that a percolation of nanotubes can be achievedwith a large
aspect ratio of CNTs at an extremely low content. A simulation done
by Kyrylyuk et al. discovered that the percolation behavior of CNT/
polymer system is very sensitive to the nanotubes with great
lengths, and even small quantities of longer nanotubes lead to
much lower percolation thresholds [35]. We revealed that the gel
strength of MWCNT/PP at the gel point was also strongly related to
the aspect ratio of MWCNTs, providing an insight view of this
unique gel-like system. There are two dominant interactions when
the composite system reaches the gel state. Firstly, the individually
dispersed nanotubes may act as bridges among neighboring poly-
mer random coils or crystalline zones so as to make formation of
a network constructed by the polymer-MWCNT pairs. Secondly,
nanotubes can entangle one another to develop an MWCNT
network. Apparently, longer nanotubes are in favor of making the
two interactions stronger, thus not only promoting the formation of
an MWCNT network but also increasing its strength.

Fig. 3. FESEM images of different MWCNT/PP composites containing 3 wt% MWCNTs under different magnifications, (A) MWCNT51, (B) MWCNT84 and (C) MWCNT167.
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3.3. Electrical conductivity of MWCNT/PP composites

To further understand the influence of MWCNT aspect ratio on
composite’s structure and properties, we examined electrical
conductivities of various MWCNT/PP composites. Our previous
studies have proved that electrical conductivities of MWCNT/PP
composites directly prepared bymelt mixing and injectionmolding
were relatively low due to the disruption of MWCNT connections.
Annealing above melt temperature of the composites for a certain
time could increase conductivities to equilibrium values [21].
Fig. 9A shows the electrical conductivities as a function of MWCNT
content for three composites after annealing at 200 �C for 30 min.

The electrical conductivities of the composites strongly depend on
MWCNT content and aspect ratio. The MWCNT167/PP composites
have electrical conductivities almost 60 times higher than those of
MWCNT51/PP composites as the former nanotube has a 3.3 times
larger aspect ratio than the latter one. Some studies have man-
ifested that intrinsic electrical conductivities of MWCNTs also affect
the electrical performance of composites. However, it is difficult for
us to isolate MWCNTs into individual ones and measure their
conductivity. In order to apart from the influence of intrinsic
conductivities of MWCNTs, we evaluated the electrical conductivity
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of MWCNTs indirectly by assessing their structural qualities via
Raman spectroscopy, inspired by the relationship between struc-
tural defects and conductivities of MWCNTs [38]. fig S2 shows the
Raman spectra of three kinds of MWNCTs. The disorder transition
mode (D band) at around 1321 cm�1 and the characteristic
tangential stretch mode (G band) at around 1573 cm�1 are
observed for all MWNCTs. The ID/IG ratios of MWCNT51, MWCNT84
and MWCNT167 are 1.62, 1.49 and 1.58 respectively, which seem
quite close, indicating the similar structural qualities of these
MWCNTs. Therefore, it is believed the high electrical conductivity of
MWCNT167/PP is mainly attributed to the dense conductive

network resulted from the large aspect ratio of MWCNT167. Addi-
tionally, we reviewed electrical conductivities of MWCNT/PP
composites reported in the recent literature and summarized these
conductivities in Fig. 10. It is found that the maximum electrical
conductivity of MWCNT/PP composites was 0.1 S/cm at 5 wt% [39].
The electrical conductivity of 1.2 S/cm at 10 wt% in this work is
significantly higher than the previously reported values of MWCNT/
PP composites [39e48].
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Fig. 6. (A) Storage modulus (G0) at an angular frequency of 0.5 rad/s for the MWCNT/PP
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mass fraction. Inset is the percolation parameters of respective MWCNT/PP composites.

Table 2
Rheological percolation and gel content parameters MWCNT/PP composites.

Composites Rheological
percolationa

Gel contentb

(wt. %) (vol. %)c (wt. %) (vol. %)c Tan dd nd Sg (Pa sn)

MWCNT51/PP 1.64 0.85 1.92 0.99 6.01 0.895 233
MWCNT84/PP 1.19 0.61 1.34 0.69 3.28 0.812 467
MWCNT167/PP 0.35 0.18 0.70 0.36 2.30 0.740 606

a Obtained by power law scaling method.
b Obtained by Winter and Chambon method.
c Calculated using densities of 0.9 g/cm3 for PP and 1.75 g/cm3 for embedded

MWCNTs.
d Tan d and n values at gel content.
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In Fig. 9A, the three curves all show a typical percolation
behavior. A power law relation is used to determine the electrical
percolation threshold:

s ¼ �
c� cps

�bs (8)

where s is the electrical conductivity, c is the MWCNT mass
content, cps is the percolation threshold of electrical conductivity,
and bs is the critical exponent. The percolation parameters were
determined by iteratively varying cps, until the best linear fit of log s
versus log (c � cps) was obtained. Fig. 9B presents the percolation
curves and the percolation parameters for the MWNCT/PP
composites. Form the logelog plot, it is manifested that the scaling
law is applicable for a very broad range of CNT content from 0.5 to
10 wt%. The cps values of these composites are 2.11 wt%, 1.51 wt%
and 0.44 wt% for MWCNT51/PP, MWCNT84/PP and MWCNT167/PP
composites, respectively. The obtained bs values seem to be inde-
pendent of the nanotube’s aspect ratio, and are within the range
most often found for CNT/polymer composites [2].

To investigate the influence of MWCNT aspect ratio on rheo-
logical and electrical percolations, we compared these threshold
values and gel contents with the theoretically estimated values.
Theoretically, the percolation is related to the aspect ratio a of
fillers. For randomly orientated ideal monodispersed penetrable
rods with aspect ratios much larger than 1, the critical volume filler
fraction for percolation can be well approximated by the following
equation [35,49]:

4p ¼ 1
2a

(9)

Considering the densities of 0.9 g/cm3 for PP and 1.75 g/cm3 for
embedded MWCNTs, the relationship between a and CNT weight
content (cp) can be expressed as follows:

cp ¼ 1:754p

1:754p þ 0:9
�
1� 4p

� ¼ 35
36aþ 17

(10)

The estimated percolation values by Equation (10) are plotted in
Fig. 11, to compare with all the experimental values of the
composites. It is shown that gel contents are higher than the
rheological percolation values but lower than the electrical perco-
lation values. The differences among these values should originate
from the different stages of nanotube network formation. As we
discussed above, the occurrence of rheological percolation is
contributed from not only an MWCNT network but also a polymer-
MWCNT network. When the distance between two nanotubes is
smaller than the gyration radius of a polymer chain in the molten
state (about dozens of nanometers), the nanotubes can be con-
nected by random coils of polymer chains and restrict the polymer
chainmobility [13,23,25]. As a result, rheological percolation can be
achieved when a nanotube network is partially but not completely
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constructed. In other words, it may correspond to a structure of
MWCNT/PP composites with a nanotube network at the infant
stage. Therefore, the lowest content of nanotubes is required to
reach the rheological percolation. On the other hand, the gel
contents resemble the geometrical percolation. At this stage, the
MWCNT network become denser and the MWCNT/PP composites
became more elastic. In the case of electrical percolation, only the
MWCNT network contributes to emergence of conductance, so the
network stems from nanotube network only. The nanotubes must
directly contact with each other or locate within the distances
smaller than the hopping distance of electrons, which is in the
range of a few nanometers. Consequently, it requires more nano-
tubes to finally approach to the electrical percolation.

4. Conclusions

In summary, we fabricated MWCNT/PP composites containing
three kinds of MWCNTs with different aspect ratios via melt mixing
and studied the influence ofMWCNTaspect ratio onpercolation and
gel-like behavior of the composites. FESEMconfirmed thatMWCNTs
were dispersed uniformly and homogeneously in the PP matrix
owing to the pre-grinding for MWCNTs and the efficiency of twin-
extruder mixing. In order to detect the structure of composites
and the formation of MWCNT network, we conducted the dynamic
rheological measurements for the MWCNT/PP composites with
different MWCNT contents. With increasing MWCNT content, the
composites showed a typical transition from a liquid-like to a solid-
like viscoelastic behavior. By utilizing the power law scaling and the
WintereChambon method, the rheological percolation thresholds
(cpG’) and gel contents (cg) of different composites were obtained,
respectively. It was revealed that the composites containing
MWCNTs with the largest aspect ratio had the lowest cpG’ and cg
values. On the other hand, the electrical conductivities of compos-
ites were also tested and the electrical percolation thresholds (cps)
were obtained. Based on these results, the differences among gel
content, rheological and electrical percolation thresholds were
discussed and explained by the different stages of MWCNT network
formation. Additionally, the incorporation of MWCNTs with larger
aspect ratio could make composites have higher electrical conduc-
tivity in contrast to those with smaller aspect ratio MWCNTs. With
addition of 10wt%MWCNT167, an electrical conductivity of 1.2 S/cm
could be achieved, which is higher than the values previously re-
ported for the MWCNT/PP system.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.polymer.2012.12.058.
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