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Investigation on the effect of melting and crystallization of polypropylene (PP) on the conductive
network of multi-wall carbon nanotubes (MWNTs) and carbon black (CB) in MWNT/PP and CB/PP
composites is performed. The conductive networks formed by fillers with different aspect ratios (MWNTs
and CB) are compared during melting and cooling experiments. The network is found to be deformed
during melting and re-constructed again due to the re-agglomeration of fillers during isothermal
annealing of the melt. Both deformation and re-construction of the network result in a substantial
increase/decrease of the thermal resistivity of MWNT/PP and CB/PP composites. For the modelling of the
dynamic network reformation three different approaches are tested: classic percolation theory, general
effective medium theory (GEM) and Fournier equation.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer composites reinforced with carbon nanotubes (CNTs)
have been investigated extensively since the last decade. Bulk
composites reinforced with CNTs have been investigated regarding
mechanical, thermal, electrical and other properties as reviewed in
[1–4]. The processing methods utilized are mainly solution based, in
situ polymerization and melt compounding. The mechanical rein-
forcement potential of CNTs in bulk polymer composites is high, but
the theoretical strength of CNTs is only approached if a high level of
dispersion, interfacial interaction and alignment of nanotubes is
achieved in oriented systems such as polymer fibres and tapes [3,5].

Lately, the activity in exploiting exceptional properties of CNTs in
polymer composites has focused on conductive polymer composites
(CPCs). CPCs are conventionally made by adding carbon black, metal
powder or carbon fibre into a polymer matrix [6,7]. Even with the
polymer (or ceramic [8]) matrix being an insulator; the conductivity
of the composites can demonstrate a sudden jump when a critical
filler content is reached. This phenomenon is often described as
percolation [9,10]. The percolation threshold of composites has been
shown both experimentally and theoretically to decrease with
increasing the filler aspect ratio [11–13]. CNTs have become one of
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the most interesting fillers for CPCs, since their large aspect ratio and
excellent conductivity [4] can result in exceptional low percolation
thresholds [14–16].

In order to process CPCs into desired shape, composites have to
undergo processing steps such as: injection moulding, spinning or
stretching. During these processes the conducting networks are
deformed to different extents. Some studies have been carried out
in order to investigate the influence of processing conditions on the
conducting network [17–20]. It is shown that conductive networks
can be reformed in the melt for CPCs filled with both MWNTs
[17,18,21–26] and CB [27–30].

Real-time tracing of the dependence of electrical resistivity
during isothermal heat treatment on isotropic CPC containing CB is
carried out by Wu et al. [27]. In this research, an interesting delay of
percolation time in CPC is found: a percolation time is needed for
the composites to be annealed above their glass transition
temperature in order to form a conductive network. They concluded
that percolation is delayed by the bulk mobility of the polymer layer
around CB particles. Therefore, the formation of a conductive
network by conductive fillers in a polymer matrix is greatly influ-
enced by thermodynamic interactions between filler and matrix
[30,31]. Thus, the polymer matrix viscosity, moulding temperature
and time during processing plays an important role on the final
resistivity. Research in this area on MWNT/polymer composites
[17,18,21,22] has shown similar effects. A model based on re-
aggregation of MWNTs in the melt is proposed to explain the re-
construction of the conductive network in a polymer melt. It was
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Fig. 1. Sketch of experimental setup for inline measurement of the effect of annealing
on electrical resistivity of CPC.

Fig. 2. TEM picture of the fillers used in this study, (a) CB and (b) MWNTs as received.
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found that a high MWNT content in the matrix results in a strong
network, thus, a thermal treatment has less effect on resistivity
changes in these CPCs compared to CPCs containing less nanotubes.
Previously, similar re-aggregation of MWNTs in a polymer matrix
has been reported by our group [32]. Another issue Alig et al.
pointed out in their studies is the thermo-mechanical history of the
CPC which plays a significant role on the final resistivity of the
specimen. Therefore, in the present study the thermo-mechanical
history for all investigated CPCs was identical.

Non-isothermal annealing of CPCs containing CB was studied by
Zhang et al. [28]. A positive temperature coefficient (PTC) and
negative temperature coefficient (NTC) in resistivity of composites
during melting is observed. The PTC effect is explained by the
melting of the crystalline phase of the matrix. The transformation
of crystalline into amorphous phase is associated with a significant
volume expansion of the matrix. It results in an increased inter-
particle distance of the conductive fillers and reduces the proba-
bility for the electrons to tunnel between the particles in the
expanded conductive network. In contrary the NTC effect is
thought to be due to the re-aggregation of conductive fillers in
a polymer melt as explained above.

The effect of crystallization of a polymer matrix on the electrical
conductivity of MWNT/polypropylene composites was investigated
by Alig et al. [17]. They reported that DC conductivity of the CPC
decreases by more than one order of magnitude during crystalli-
zation. It is explained by the reduction of the amount of amorphous
phase in which ion conductivity is the dominating mechanism.

It is the purpose of this study to investigate the effect of melting,
thermal annealing and crystallization on the conductive network in
isotropic CPCs. MWNTs and CB are used as conductive fillers while
inline electrical measurement is used to monitor the state of the
conductive network during thermal annealing. Three different
percolation models coupled to the cluster agglomeration approach
are used to fit and explain the experimental results.

2. Experimental

2.1. Materials and composite preparation

MWNTs (Nanocyl� 7000) used in this study were kindly
provided by Nanocyl S.A. (Belgium). The MWNTs were produced by
catalytic carbon vapor deposition (CCVD) process with diameter
approximately 10 nm and length of 1.5 mm, its surface area is in the
range of 250–300 m2/g according to the supplier [33]. The conduc-
tive carbon black (CB) used is Printex� XE-2 which is a highly
structured CB supplied by Grolman Ltd. A study by Pantea et al. [34]
of several CBs demonstrated that CPCs based on Printex� XE-2
showed a high level of conductivity compared to other CBs due to
their high surface area (910 m2/g). The polypropylene used in this
study is a random ethylene–polyprolene co-polymer with 2%
ethylene and 98% propylene. It is produced by Basell (Adsyl 5C39F:
Mw¼ 320 kg/mol, MFI¼ 5.5 g/min, polydispersity is 4.3). MWNTs or
CB are melt compounded with PP in a micro-extruder (DSM Explore
Micro 15) at 200 �C, 200 rpm for 10 min. The extruded strand is then
cut and hot pressed into sheets of 150 mm thick at 200 �C for 5 min.
Samples of 5 mm� 20 mm are then cut from these sheets and then
placed in an oven for inline electrical measurements. The experi-
mental setup is schematically shown in Fig. 1.

2.2. Composite characterization

TEM
The morphology of primary CB and MWNTs aggregates is

examined by transmission electron microscopy (TEM) using a JEOL
JEM-2010 TEM in order to understand their internal structure
before their incorporation into the polymer matrix. Specimens
were prepared by dispersing CB and MWNT powders in ethanol
using ultra-sonication. The specimens were picked up by a copper
grid, and left for solvent to evaporate. The aggregates of CB and
MWNTs that remained on the copper grid were studied in TEM. The
mean size of the CB particles was estimated to be of 50 nm, while
the primary agglomerate size extends to 600 nm (Fig. 2a). MWNTs
are mostly separated from primary bundles and have diameters of
about 10 nm (Fig. 2b).

SEM
Scanning electron microscopy (SEM) studies of the morphology of

MWNT and CB conductive networks in CPC are carried out on a JEOL
JSM-6300F SEM using high accelerating voltage. As demonstrated by
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Loos et al. [35], MWNTs or CB in a polymer matrix material are
charged to give an enriched secondary-electron current, making SEM
a valuable tool for studying the nanofiller networks in CPCs. In Fig. 3a,
the structure of the conductive network in CB/PP with 15 wt.% CB is
shown. The spherical agglomerates of CB seem to cover the whole PP
matrix creating a 3D conducting network. In Fig. 3b a large MWNT
island of approximately 10 mm consisting of interconnected
agglomerates of around 1 mm is presented for the CPC with 5.3 wt.%
MWNT. It should be noted that both TEM and SEM studies show the
2D representative of a 3D conductive network where some of the
underlying interconnected paths cannot be seen.

DSC
Differential Scanning Calorimetry (DSC) study is conducted in

Mettler Toledo DSC 822e at a heating rate of 10 �C/min from 20 �C to
200 �C for all the CB and MWNT concentrations. The crystallization
and melting curves provide information on thermal behaviour of
the composites as well the influence of nanotubes on the crystal-
lization of PP matrix.

Inline electrical measurement
Automated inline direct current (DC) electrical measurement

setup is shown in Fig. 1. Voltage scan is chosen to be 1 V to avoid
a strong electrical current through the sample. In order to minimize
a constant electrical field on the sample, 300 ms internal voltage
(0 V) is applied for every 700 ms (1 V). Silver paint is applied on
both ends of the sample to insure good contact. High temperature
resistance polymer coated copper wire is used in the oven to
Fig. 3. SEM picture of the hot pressed composites, (a) 15 wt.% CB/PP and (b) 5.3 wt.%
MWNT/PP.
connect the sample with electrodes and wires outside. The spec-
imen is kept on a PTFE plate during the experiment to maintain its
shape. The thermal couple reads the temperature of the air close to
the surface of the sample as shown in Fig. 1.

Rheology
A rheological study is carried out in a TA Instruments Advanced

Rheometer 2000 equipped with a TA Instruments environmental
test chamber. The measurements were carried out in dynamic
mode and 25 mm parallel plate geometry with a gap setting of
1 mm under liquid nitrogen atmosphere. A strain amplitude of 0.5%
was chosen to be within the linear range. Frequency sweep was
carried out between 0.02 and 625 rad/s.
3. Results and discussion

3.1. Morphology and thermal properties of the composites

The morphology of the CB and MWNT fillers and CB/PP and
MWNT/PP composites is investigated with TEM and SEM,
Fig. 4. DSC curves for CB/PP composites, (a) crystallization curves, (b) melting curves.



Fig. 5. DSC curves for MWNT/PP composites, (a)crystallization curves, (b)melting
curves.

Fig. 6. Temperature profile of the oven in Fig. 1. Please note that isothermal annealing
is performed until a stable current data is obtained, thus, the overall annealing time for
each specimen might be slightly different.
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respectively, as shown in Figs. 2 and 3. Due to the large aspect ratio of
nanotubes (see Fig. 2b), the networks formed by MWNTs are more
likely to be entangled than the networks based on CB. As shown in
Fig. 3, MWNTs are mainly dispersed as small bundles in the polymer
matrix, while CB is dispersed in the form of primary aggregates. It
was shown in a previous study that the conductive network formed
by MWNTs is more stable under large deformations than the
network formed by CB due to stronger physical entanglement
between MWNTs as a result of their large aspect ratio [20]. It is
expected that the deformation of the network during melting and
crystallization should also reflect this high degree of the entangle-
ment of filler particles constituting the conductive network.

The thermal properties of the composites characterized by DSC
are shown in Figs. 4 and 5. The crystallinity of the PP used in this
study is relative low (21–30%) compared with PP homopolymer,
which is typically between 35–50% [36–38]. Both of the fillers are
acting as nucleation agents for the PP polymer matrix during crys-
tallization, resulting in an increase of the crystallization temperature
for composites compared to the neat matrix (see Fig. 4a and Fig. 5a).
However, further increase of the filler content has no obvious effect
on the crystallization temperature of the composites. As the co-
polymer has a wide melting peak (see Fig. 4b and Fig. 5b), the melting
temperature peak was shifted from 134.6 �C to near 145 �C indi-
cating that both CB and MWNT fillers have changed the structure of
polypropylene crystallites preventing them from melting at lower
temperatures. The whole temperature range of melting peaks
remains unchanged (from 80 �C to 160 �C) before and after adding
different amounts of fillers to the matrix. For both CB/PP and MWNT/
PP composites no significant change was detected in the crystallinity
value compared to the neat polymer matrix. The melting tempera-
tures of the CB/PP and MWNT/PP composites are similar for different
filler content assuming a similar start of the melting process in a non-
isothermal experiment. Isothermal annealing of the composites was
done at 165 �C, well above their melting point.

3.2. Electrical resistivity of the composites in melting/crystallization
experiments

Fig. 6 shows the temperature program for the oven in Fig. 1. The
annealing time for the composites with different filler content in
the following experiments are chosen according to the time needed
to achieve a stabled individual resistivity. The annealing time at
targeted temperature may vary for each specimen. The oven is
switched off when a stable conductivity/resistivity value was
obtained. Finally, the data recording is stopped after reaching room
temperature for the specimen.

Inline electrical measurements are conducted during the whole
thermal program on isotropic CPCs containing MWNTs or CB as
shown in Figs. 7 and 8. The oven temperature is targeted at 165 �C
until cooling begins (see Fig. 6). For each of the resistivity curves,
except for the highest filler contents of CB and MWNTs, a peak was
detected at a certain time during isothermal annealing. Similar
effects of a decrease in resistivity are also known as positive
temperature coefficient (PTC) while a resistivity increase is known
as negative temperature coefficient (NTC) [28]. The increasing in
resistivity is explained by dilution of the conductive filler network
into the polymer melt from the amorphous phase in a semi-crys-
talline polymer. The conductive network is thus expanded in the
melt which leads to a drastic decrease in the probability of the
electron tunnelling between the parts of the expanded conductive



Fig. 7. Inline electrical measurement of isotropic MWNT/co-PP film at different MWNT
content. The arrows indicate where the oven starts to cool down to room temperature.
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network and could result in an increase of the composite resistivity.
Such a jump in resistivity due to melting detected between 500 s
and 850 s after starting the experiment is observed in Figs. 7 and 8
for both MWNT/PP and CB/PP composites, respectively. A prom-
inent peak is observed for each curve except for the highest filler
contents. The position of the peak along the time scale corresponds
to the complete expansion of the network. The re-aggregation of
MWNT or CB clusters was assumed to start here. Re-organisation of
the conductive network in the melt has already been described in
literature [18,27]. MWNT or CB clusters show strong ability to
aggregate and build up connections between the broken network
parts in the melt due to the complex interactions between them
and with polymer matrix. It was also noticed for PP composites that
the crystallization of the polymer matrix increases the overall
resistivity due to freezing the conductive network in the amor-
phous phase and interruption of the contacts between conductive
phases. However this effect is negligible for the resistivity of CPC
containing large amounts of filler, because the conductive networks
have been strongly built in the matrix.

An interesting conductivity behaviour (a local drop, marked with
* in Fig. 7) of the MWNT/PP composites (absent for CB/PP compos-
ites) can be observed shortly before the complete melting of the
polymer matrix. The following explanation could be preliminary
Fig. 8. Inline electrical measurement of isotropic CB/co-PP film at different CB content.
The arrows indicate where the oven starts to cool down to room temperature.
proposed: at the beginning of the melting process small deforma-
tions and shifts in the polymer matrix could lead to densification of
the nanotube network and the same deformation will break the
connections in CB networks. This may indicate again that the
entangled structure of MWNTs has a higher potential to maintain
contacts during deformation (see inset in Fig. 9). Such a weak effect
can be seen only for low MWNT concentrations when the fine per-
colative network is very sensitive to small morphological changes.

Another important difference in the position of the resistivity
peaks for MWNT/PP and CB/PP can be noticed. With increasing
MWNT content (Fig. 7) the resistivity peaks shift to longer times in
contrast to the resistivity peaks for the CB/PP (Fig. 8) which do not
show a distinct peak shift.

The peak shift observed in the case of MWNTs means that
maintained contacts are longer during melting and expansion of
the polymer matrix compared to CB networks.

In order to have a closer look at the difference between the
conductive networks built up from MWNT and CB two resistivity
curves were plotted together in Fig. 9: for the MWNT/PP composite
with 2.3 wt.% MWNT and CB/PP with 5.0 wt.% CB. A schematic
presentation of MWNT and CB clusters is given as an inset.

Both concentrations (2.3 wt.% MWNT and 5.0 wt.% CB) provide
identical final values of the resistivity of the composites, although,
the concentration ratio MWNT/CB is a factor of 0.5. The curves have
the same kinetics of the network reformation what follows from
their shape in the later time frames (after 742 s). This supports the
idea of the cluster aggregation mechanism for network formation
for both MWNT and CB fillers.

However, the most important difference is reflected in the
resistivity peaks corresponding to w573 s for MWNT/PP and
w743 s for CB/PP composites. Comparing the two resistivity plots,
one can see that MWNTs are able to keep contacts in the network
during annealing for about 170 s longer than the CB particles.

The local minimum (marked with *) in the resistivity of MWNT/
PP which can be attributed to the MWNT network densification at
the beginning of melting, does not appear for CB.

The interaction between MWNTs in the network is much
stronger than between spherical CB, due to physical entanglement
and the higher aspect ratio of the nanotubes. Consequently, CB
clusters are more likely to break apart upon deformation. This
geometrical advantage makes MWNTs more attractive conductive
fillers to create conductive percolating networks that have to resist
large deformations as often encountered during polymer process-
ing [20].
Fig. 9. Evolution of the resistivity curves for MWNT/PP with 2.3 wt.% MWNT and CB/PP
with 5 wt.% CB with time during non-isothermal and isothermal experiment. Inset
shows the schematic presentation of the MWNT and CB clusters.
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All the specimens here underwent the same thermal history
before melting and cooling, which is important since the thermal
and electrical behaviour depends very much on the thermal history
of the CPC. Based on that fact another interesting difference
between MWNTs and CB composites should be discussed. By
comparing the beginning and the end of the each curve in Figs. 7
and 8 (only CPCs containing small amounts of filler are considered
here), the resistivity of the CPC filled with MWNTs is found to
decrease after melting and crystallization while for CPC based on CB
it remains nearly the same. The entangled and more stable network
of MWNTs is believed to be responsible for this behaviour. Since all
the composites have the same thermal history, the entangled
networks formed by MWNTs are more resistant to thermal
annealing during hot pressing (where re-aggregation occurs and
local contacts between conductive clusters are repaired [26]) than
networks formed by CB. Therefore, the melting and cooling process
after hot pressing can lead to further perfection of the network.

3.3. Melt viscosity of the composites

To confirm that the effect described above is indeed caused by
the morphological difference between MWNT and CB networks, the
rheological properties of CPCs and neat polymer are investigated.
The dynamic viscosity measured at 200 �C is plotted as a function of
frequency in Fig. 10. The dynamic viscosity of CPCs based on CB and
Fig. 10. Frequency dependence of dynamic viscosity of (a) CB/PP, (b)MWNT/PP.
neat polymer are shown in Fig. 10a. The CPCs containing 20 wt.%,
15 wt.%, 10 wt.% and 5.0 wt.% CB reveal strong shear thinning
effects, where the neat polymer shows only a small frequency
dependence. Clearly the additional CB content in PP has increased
the complex viscosity at all frequencies investigated. The effect of
CB is most pronounced at low frequencies. This is in agreement
with the established literature [39,40].

Fig. 10b shows the dynamic viscosity of CPCs based on MWNTs
and neat PP. The CPC containing 5.3 wt.% MWNT shows strong
shear thinning effect, whereas the frequency dependence is much
weaker for CPCs containing 3.08 wt.%, 2.30 wt.%, 1.80 wt.%,
1.44 wt.% MWNTs and neat PP. The additional MWNT content in PP
has increased the complex viscosity at all frequencies investigated.
However, the effect of MWNT is most pronounced at low
frequencies. This is similar with the effect for CB shown in Fig. 10a.

By comparing Fig. 10a with b, there is little difference between
5.3 wt.% MWNT and 5.0 wt.% CB in the polymer matrix in terms of
viscosity. However, there is indeed some difference in conductivity
when composites containing the same amount of MWNT or CB
filler are compared, as the higher aspect ratio of MWNTs results in
higher conductivity. In the case of conductivity, properties are
mainly determined by CNT–CNT networks in the system, whereas
viscosity properties are determined by three different networks or
interactions in the system [39]: CNT to CNT, polymer to CNT, and
polymer to polymer. Therefore, in the case of a reduction in aspect
ratio of the conductive filler (as in the case of replacing 5.3 wt.%
MWNT with 5.0 wt.% CB), the conductive network is significantly
affected, but the viscosity is not. In the current study, we compare
two systems with similar viscosity (5.3 wt.% MWNT versus 5.0 wt.%
CB) and the peak shift (as shown in Figs. 7–9) is still observed.
When two systems with different viscosities (e.g. 2.3 wt.% MWNT
and 5.0 wt.% CB, as shown in Fig. 9) are compared, the peak shift is
also observed as indicated in the text. Therefore, the peak shift and
the shape of the peaks (shown in Figs. 7–9) reported in this paper
occur at different viscosities. They are caused by the fundamental
difference between CB networks and MWNT networks, and they
are not significantly influenced by viscosity of the system.
3.4. Modelling of conductivity recovery

As it was discussed above, melting of the polymer composite can
lead to the destruction of the nanotube network and the conduc-
tivity drop (or appearance of the resistivity peak) due to the loss of
Fig. 11. Conductivity of CPCs containing MWNTs at different loadings and modelling of
the conductivity recovery process using the: (1)cluster aggregation model combined
with classical percolation theory, (2)Fournier equation and (3)GEM (see text for detail).



Fig. 12. Conductivity of CPCs containing CB at different loadings and modelling of the
conductivity recovery: (1) cluster aggregation model combined with classical perco-
lation theory, (2)Fournier equation and (3)GEM (see text for detail).
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contacts between the network parts. During annealing, conduc-
tivity demonstrates a strong recovery effect with time (especially
for low filler contents). This effect can be attributed to the re-
construction of the conductive network specific for polymer melts.
In order to understand this process a simple picture was recently
proposed by combining two approaches: (1) a model for aggrega-
tion of clusters and (2) the classical percolation theory for insu-
lating/conductive systems [17,18].

The growth of the conductive network in polymer melts was
considered as a process of agglomeration of the filler particles
producing conductive sphere-like clusters. Those clusters (or
agglomerates) occupy a much larger effective volume than fully
dispersed nanotubes. At some volume concentration (close to that
for percolation of spherical objects) the interconnected agglomer-
ates create conductive pathways inside the polymer matrix leading
to a drastic conductivity increase. This phenomenon is sometimes
referred as dynamic percolation [22,29,41] and is more pronounced
for low filler concentrations because of the large conductivity
increase at the insulator–conductor transition [18,21,42].

For the modelling of the agglomeration process of nanotube
clusters a second order kinetics was used [18,22,42]. This idea was
first introduced by Heinrich et al. [42] for the formation of filler
networks in elastomers. The solution of the kinetic equation gives
a time dependent volume concentration of growing agglomerates:

pAðtÞ � pA0 þ ðpAN � pA0Þ
�

1� 1
1þ 4ktðpAN � pA0Þ

�
; (1)
Table 1
Summary of the parameters of fitting.

Composite s0A, S/m pAN, vol.% pA0, vol.%

Classical percolation
MWNT/PP, 1.44 wt.% 5� 10�2 47 20.85
MWNT/PP, 2.3 wt.% 5� 10�2 61 20.85
CB/PP, 5 wt.% 5� 10�2 65 20.85
Fournier
MWNT/PP, 1.44 wt.% 0.05912 30 20
MWNT/PP, 2.3 wt.% 0.78715 30 21
CB/PP, 5 wt.% 0.71128 30 20
GEM
MWNT/PP, 1.44 wt.% 68.92 30 21
MWNT/PP, 2.3 wt.% 75.683 30 21
CB/PP, 5 wt.% 98.43 30 18.3
where pA0 and pAN are values of the starting and final (for t/N)
volume concentration of the agglomerates, respectively, and k is the
reaction rate.

The classical theory of the electrical percolation gives the
following expressions for the DC conductivity above (Eq. (1)) and
below (Eq. (2)) the percolation threshold pC as a function of the
volume concentration of filler [18,21,43]:

sDC ¼ s0A

�
pA � pC

1� pC

�t

; p > pC; (2)

sDC ¼ s0M

�
pC � pA

pC

��s

; p < pC; (3)

where s0A and s0M are the conductivity values of the nanotube
agglomerates and polymer matrix, respectively, pA is the time
dependent volume concentration of conducting filler (agglomer-
ates) given by Eq. (1), pC is the percolation threshold, t¼ 2 and
s¼ 0.73 are usually taken for 3D system.

Eqs. (2) and (3), with pA given by Eq. (1) describe the evolution of
the electrical conductivity of a polymer melt with time due to
increasing volume concentration of nanotube agglomerates. The
classical percolation theory, however, does not describe well insu-
lator–conductor transitions in real two-component systems
[21,44,45]. In Eqs. (2) and (3) at the concentration pA(t)¼ pC the
conductivity sDC / 0 or N, respectively. Experimentally, the
conductivity measured over time does not undergo any break down.

A better fit for the dynamic percolation phenomena can be
obtained by combining cluster aggregation kinetics (Eq. (1)) with
a semi-empirical equation proposed by Fournier et al. [44] and
successfully applied to polymers containing CNTs [44–47]:

log sDCðtÞ ¼ log s0A þ
log s0M � log s0A

1þ expðbðpAðtÞ � pCÞÞ
(4)

where b is the empirical parameter which directs the change in
conductance across the percolation threshold. This equation is
based on the Fermi-Dirac distribution which describes the non-
conductor to conductor transition.

One more equation for the description of the conductivity
change in the percolation transition is given by the combined
percolation and general effective medium (GEM) theories [48–50]:

ð1� pAðtÞÞ
s1=s

0M � sDCðtÞ1=s

s1=s
0M þ AsDCðtÞ1=s

þ pA
s1=t

0A � sDCðtÞ1=t

s1=t
0A þ AsDCðtÞ1=t

¼ 0 (5)

where A ¼ ðð1� pCÞ=pCÞ.
In this section we try to test all three approaches: (1) classical

percolation theory for insulator–conductor transition (Eq. (2)),
(2)empirical Fournier equation (Eq. (4)), (3)and the general effective
k, s�1 pC, vol.% s0m, S/m Parameter

1.7� 10�4 20.8 – –
2.57� 10�3 21 – –
1.7� 10�3 21 – –

b
0.0012 20 10�12 88.349
0.0012 20 10�12 144.98
1.3� 10�6 20 10�12 84100

A
0.00042 20 10�12 3.76
0.00684 20 10�12 3.76
0.0041 20 10�12 4
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medium theory (Eq. (5)) combined with the cluster aggregation
model (Eq. (1)) in order to fit the electrical conductivity (1/resis-
tivity) behaviour during melting and annealing of PP composites
filled with MWNTs and CB. Figs. 11 and 12 show the results of the fit
for the PP/MWNT composites filled with 1.44 wt.% and 2.3 wt.%
MWNTs and 5.0 wt.% CB, respectively.

Comparing Figs. 11 and 12 one can see that all three models fit
the data with different success. For a very drastic conductivity
increase (like in Fig. 11 for 1.44 wt.% MWNTs) good fits are given by
both classical percolation and GEM theory. Here, the empirical
Fournier model does not work well. However, for the conductivity
evolution having part of the curve with linear time dependence
(curve for 2.3 wt.% MWNTs in Fig. 11 and for 5.0 wt.% of CB in
Fig. 12) the best fit is provided by the empirical Fournier equation.
The fit parameters for the three models are given in Table 1. The
percolation concentration for the clusters was set to be 20 vol.%
close to that for spherical objects [18]. Some further discussion on
the physical meaning of the reaction rate k and other parameters
can be found elsewhere [18].

4. Conclusion

The effect of melting and re-crystallization of a polypropylene
matrix on conductive network formation of MWNTs and CB in CPCs
is investigated. The deformation and the re-construction of the
conductive networks in MWNT/PP and CB/PP was monitored
during non-isothermal and isothermal experiments using inline
electrical measurements. Increasing filler content is shown to
stabilize the conductive networks preventing them from break
down during melting of the composite. MWNTs form a more
entangled and stable network compared to CB due to their large
aspect ratio. This leads to a time delay in the appearance of the
resistivity peak during melting of the MWNTs based CPCs which is
not the case for CB filled CPCs.

The aggregation of the MWNTs as well as CB into sphere-like
agglomerates is considered to be a main process in the formation of
the conductive network in a polymer melt. The network re-
construction process during isothermal annealing is explained by re-
aggregation of the conductive filler agglomerates. For the modelling
of the dynamic network reformation three different approaches are
tested: (1) classic percolation theory, (2)general effective medium
(GEM)theory and (3)Fournier equation. All three approaches were
combined with the cluster aggregation model in order to describe
time dependent electrical properties of the composite melts.
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