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Abstract
Investigations on electric conductivity and dielectric permittivity have been performed during melt processing of polycarbonate (PC) and
polyamide 6 (PA6) containing different amounts of multi-walled carbon nanotubes (MWNT). For the experiments a measurement slit die con-
taining two electrodes in capacitor geometry was flanged to the outlet of a twin-screw extruder. AC conductivity and the related complex per-
mittivity were measured in the frequency range from 21.5 to 106 Hz for different processing conditions (melt temperature and throughput) and
after stopping the extruder. It was found that the conductivity dropped down to values typical for the matrix polymer when the extrusion started.
After the extruder was stopped the conductivity shows an increase of up to eight orders of magnitude with time. This conductivity recovery in the
rest time after mechanical deformation was found to be faster for increasing melt temperature or samples with higher CNT concentration. The
increase of the conductivity in the quiescent melt is explained by reorganization of the conductive network-like filler structure, which was e at
least partially e destroyed under mechanical deformation. The reformation kinetics of the conductive network after mechanical deformation is
considered to be an agglomeration process, which can be approximated by a combination of cluster aggregation and percolation theory.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Due to the high aspect ratio and the extraordinary electrical
and mechanical properties of carbon nanotubes (CNTs), the
addition of low levels of them into polymers can enhance ma-
terial properties considerably [1e8]. This is especially the
case for electric conductivity and mechanical strength. Today,
first CNTepolymer composites are commercially available on
the market. However, a major restraint in a broad market
acceptance of this new class of polymer composites is the
wide variation in electric conductivity and other material prop-
erties of the finished plastic products as function of the pro-
cessing conditions and the matrix polymer. Moreover, broad
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property variations can occur within the very same plastic
part itself.

Some years ago, we reported on dielectric investigations of
pressed polycarbonate plates containing multi-walled carbon
nanotubes (MWNT) done at room temperature [8]. The sam-
ples were prepared by melt mixing with different contents of
MWNT and by varying the screw speed and mixing time.
This study demonstrated the sensitivity of dielectric or con-
ductivity spectroscopy for investigation of polymer compos-
ites containing CNT. The composition dependence of the
electric conductivity could be described by a percolation
threshold. Furthermore, a strong indication was found that
the nanotubes are separated at their contacts by polymer
chains. These local contact regions can create a considerable
contact resistance and contact capacity. In addition, a first in-
dication of the influence of the extrusion conditions on the
electric conductivity has been reported. The dielectric ‘‘off-
line’’ measurements revealed the influence of screw speed
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and mixing times on dispersion of the CNT. More recently, we
could show by time-resolved conductivity measurements dur-
ing isothermal annealing of pressed plates (polypropylene with
2 wt% MWNT) that the thermal treatment above the melting
temperature leads to an increase of the conductivity by about
eight orders of magnitude in about 5 h [9]. This was a clear in-
dication for the built-up of a conductive network structure.

In order to study the influence of shear and thermal history
on electrical properties in more detail model experiments have
been performed on polycarbonate (PC) melt containing
0.6 vol% MWNT by combined rheological and AC conductiv-
ity measurements [10]. The conductivity spectra were re-
corded during isothermal annealing at 260 �C after a short
shear deformation (ts¼ 10 s, dg/dt¼ 1 rad/s) applied to the
composite melt. The recovery of the conductivity after shear
was attributed to the reformation of the conductive CNT net-
work destroyed e at least partially e by the shear deforma-
tion. Based on cluster aggregation and percolation theory
a simple model for the conductivity recovery of the conductive
filler network in polymer melts has been proposed and was
used to fit the data [10]. In the following the term ‘‘cluster ag-
gregation’’ is used synonymically for the agglomeration of
nanotubes.

A similar conductivity recovery was found for polypropyl-
ene containing 2 wt% MWNT, measured in a slit die which
was flanged to the outlet of an extruder, after the extruder
was stopped [11]. It was also shown that the time needed for
the reformation of the filler network (and related to this, recov-
ery of conductivity) from about 10 min to several hours con-
siderably exceeds the usual processing times for injection
moulding (below 60 s) or extrusion (below 10 min). This has
of course consequences for polymer processing.

Since the kinetics of destruction and reformation of the
conductive CNT network in the polymer melt is extremely im-
portant for the understanding (and simulation) of extrusion and
injection moulding processes and prediction of the final prop-
erties of the plastic parts, we present here a systematic study of
the influence of processing parameters (melt temperature and
throughput) on the conductivity of the melt. Furthermore, we
extended the in-line experiments to a twin-screw extruder
with an advanced sensor design having a higher resolution. Fi-
nally, we used our combined model for cluster aggregation and
percolation [10] to describe the in-line measured conductivity
recovery curves.

2. Experimental
2.1. Materials and composite preparation

2.1.1. Polycarbonate (PC)
The nanotubes used in this study were multi-walled carbon

nanotubes (MWNT) supplied as a PC masterbatch containing
15 wt% MWNT from Hyperion Catalysis International Inc.
(Cambridge, USA). The MWNT were produced by chemical
vapour deposition (CVD) and have diameters of approxi-
mately 10 nm. According to the supplier, the length of the
MWNT after production with CVD is above 10 mm, therefore
the aspect ratio is about 1000. Using a Haake PTW16/25 twin-
screw laboratory extruder (Thermo Electron Corporation, Wal-
tham, USA) with d¼ 16 mm and L/D¼ 25 the masterbatch
was melt mixed into PC of the same type. Mixing was per-
formed at rotational speeds between 100 and 325 rpm and
throughputs between 0.3 and 2.7 kg/h starting from granular
pre-mixtures. The frequency dependent measurements of con-
ductivity and dielectric permittivity have been performed on
polycarbonate (PC) melts with 0.5, 0.875 and 2 wt%
MWNT. The processing temperatures were 260, 250, 240
and 230 �C.

2.1.2. Polyamide 6 (PA6)
The PA6 masterbatch containing 20 wt% of MWNT was

also provided by Hyperion Catalysis International Inc. The
MWNT were identical to those used in the PC masterbatch.
The masterbatch was melt mixed into PA6 of the same type
by using the Haake PTW16/25 twin-screw laboratory extruder.
Mixing was performed at a rotational speed of 175 rpm and
a throughput of 1.3 kg/h starting from granular pre-mixtures.
The measurements of conductivity and dielectric permittivity
have been performed using PA6 melts containing 0.7, 1.3
and 2.7 wt% MWNT. The processing temperatures were
270, 260 and 250 �C.
2.2. In-line experiments
For the in-line experiments the CNTepolymer composites
were extruded into the measurement slit die which was flanged
to the outlet of a Haake PTW16/25 twin-screw extruder. The
die is equipped with dielectric sensors (arranged in platee
plate geometry, see below), pressure and temperature sensors.
In order to investigate the time dependent changes of AC con-
ductivity under quiescent melt conditions, the extruder was
stopped for some time. The melt temperature was controlled
by electric heating of the measurement die. This allowed us
to guarantee isothermal conditions within �3 K. Two pressure
transducers allow the determination of the mean and differ-
ence pressure so that the die can be used as in-line rheometer
as well.
2.3. Dielectric measurements
The measurement slit die equipped with dielectric sensors
shown in Fig. 1a and b was recently developed to monitor
the extrusion of conductive polymer composites. The sensors
were redesigned compared to the sensors described in Refs.
[12,13] in order to improve the capacitance and thus the reso-
lution of conductivity and permittivity measurements.

The new sensors (plateeplate geometry: 16� 95 mm) were
mounted face to face in the melt channel with a distance of
4 mm, equal to the thickness of the channel (Fig. 1a). The
air capacity was calculated by a finite element simulation of
the electric field for the actual sensor geometry, resulting in
a value of 3.2 pF. An LCR bridge (HP4284A, Agilent) was
used to measure parallel capacitance Cp and tan d in the fre-
quency range from 21.5 to 1 MHz with three points per decade



Fig. 1. Measurement slit die equipped with two dielectric sensors (four wire measurement), two pressure transducers and two temperature sensors. The left figure

shows the open slit die and the right figure shows the slit die with sensors and electric heating.
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(equidistant in logarithmic scale). The measuring voltage was
1 V. All frequency spectra were recorded continuously starting
from low to high frequencies. The total measuring time for
a full frequency sweep was about 30 s.

The real parts of the complex conductivity s0 and permittiv-
ity 30 spectra are obtained from the air capacitance and the
measured values of Cp and tan d, respectively. The lower
conductivity measurement limit of the LCR bridge with the
setup described is about 4� 10�14 S/(m Hz), resulting in
8� 10�11 S/cm at the lowest measurement frequency of
20 Hz. Therefore, for neat PC no reliable conductivity values
could be obtained by this setup.

3. Results and discussion
Fig. 2. Time dependence of the conductivity ( f¼ 21.54 Hz) of polycarbonate

with 0.875 wt% MWNT measured during extrusion and after the extruder was

stopped. The three extrusionestopeannealing sequences (from left to right)

represent experiments at 250, 240 and 230 �C, respectively. The screw speed

and the throughput for all three temperatures were n¼ 175 min and 1.4 kg/

h, respectively.
3.1. Carbon nanotubes in polycarbonate

3.1.1. Influence of melt temperature
In order to investigate the influence of temperature on the

AC conductivity of the sheared and quiescent melt, extru-
sionestopeannealing experiments were performed on a melt
of polycarbonate containing 0.875 wt% of MWNT at different
temperatures. During the extrusion the turning speed and
throughput were kept constant at 175 rpm and 1.4 kg/h, re-
spectively. After at least 20 min of extrusion at a certain tem-
perature, the extruder was stopped in order to investigate the
melt under quiescent conditions. Fig. 2 shows an example
for such extrusionestopeannealing cycles with melt tempera-
tures of 250, 240 and 230 �C.

The real part of the specific conductivity (at 21 Hz) is plot-
ted versus the processing time. During the extrusion, the con-
ductivity is very small and close to the measurement limit of
the setup. However, the measured values are in the order of
magnitude of the conductivity of the pure polymer melt. After
the extruder was stopped, the shear rate in the melt becomes
zero and the conductivity increases by about eight orders of
magnitude. Once the extruder is switched on again, the con-
ductivity drops down in a very short time interval, which is ex-
plained by a fast destruction of the conductive network by the
shear and/or elongational flow. It can be seen from Fig. 2 that
the speed of the recovery process is temperature dependent.
This is visualized for representative temperatures in Fig. 3,
where the conductivity is plotted versus the recovery time,
i.e. the time after stopping the extruder. Conductivity values
below 10�10 S/cm are not shown, because those values are be-
low the experimental limit of our setup. The recovery process
is considerably faster for the higher temperatures. This can be
attributed to the decreasing melt viscosity as the temperature
of the melt increases. Interestingly, a two-step recovery
process was observed for all temperatures. Although the
mechanism of the conductivity recovery in polymereCNT
composites is still in discussion we address the first (fast) pro-
cess to contact formation by de-orientation or translational dif-
fusion of well dispersed nanotubes, whereas the second (slow)
process is related to a cluster aggregation mechanism. For
a model description see Section 4.

Conductivity spectra acquired during the recovery process
for the PC/MWNT composite (0.875 wt% CNT) extruded at
T¼ 260 �C are shown in Fig. 4. The small arrows indicate
the crossover frequency fc, which is defined as the transition
between two frequency ranges: in the low frequency range



Fig. 3. Influence of temperature on the conductivity recovery ( f¼ 21.54 Hz)

in polycarbonate containing 0.875 wt% MWNT after the extruder was stopped

at t0.

Fig. 4. Time dependence of the conductivity spectra of PC with 0.875 wt%

MWNT during reformation of the conductive network at 260 �C after the

extruder has been stopped at t0.
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( f< fc), which is determined by the resistivity of the matrix
and the CNT network, the conductivity is nearly frequency in-
dependent. The high frequency range ( f> fc) is mainly deter-
mined by the internal capacitances, thus the conductivity
increases with increasing frequency. Assuming charge carrier
diffusion in a self-similar conductive network or a random net-
work of complex impedances this frequency region is charac-
terized by a power law s0fun with the exponent n. For details
see references in Ref. [8].

As it can be seen in Fig. 4, the crossover frequency rises up
during the recovery process. In the framework of percolation
theory (references in Ref. [8]), the crossover frequency is pre-
dicted to increase with increasing filler content, if the system is
above the percolation threshold. Therefore we can conclude
for recovery times above 540 s that the system is already
percolated.
Fig. 5. Conductivity recovery ( f¼ 21.54 Hz, T¼ 260 �C) in polycarbonate

containing different amounts of MWNT after the extruder was stopped at t0.

The data for 0.875 wt% MWNT correspond to Fig. 3.
3.1.2. Influence of CNT concentration
Similar startestop experiments were performed with poly-

carbonate melts for various contents of MWNT. After
extrusion for at least 20 min at 260 �C, 175 rpm, and a through-
put of 1.4 kg/h the extruder was stopped. The recovery of the
conductivity (21 Hz) after stopping the extruder is shown in
Fig. 5. Again, conductivity values below the experimental
limit are not shown. For all concentrations the conductivity
during extrusion is below this limit. Obviously, the recovery
process is as faster the higher the concentration of CNT in
the melt is. This can be explained by the higher probability
for nanotubes or cluster contacts. In contrast to Fig. 3, the final
values of the conductivities are different, which can be under-
stood considering the different CNT contents. Even for as low
CNT content as 0.5 wt%, a fairly high conductivity level can
be reached after 50 min of recovery. Again a two-step process
could be observed for 0.5 and 0.875 wt% CNT content.

3.1.3. Influence of throughput
Experiments to investigate the influence of the mass

throughput were performed using PC with 0.875 wt%
MWNT. During the extrusion the temperature and screw speed
were kept constant at 260 �C and 175 rpm, respectively. Three
extrusionestoperecovery experiments were performed with
throughputs of 0.7, 1.4 and 2.7 kg/h. In order to replace old
material in the die by freshly extruded material for all through-
puts in a similar way (i.e. to guarantee the same amount of ex-
truded material), the extrusion times before stopping were
chosen to be 40, 20 and 10 min. The recovery of conductivity
for these experiments is shown in Fig. 6. The speed of the
recovery process increases with increasing throughput.

In order to understand this result, we have to differentiate
between the influence of throughput inside the extruder barrel
(shear and elongation) and in the measurement slit die (only
shear). Whereas the shear rate in the slit die increases with in-
creasing throughput, the total amount of shear inside the ex-
truder depends on torque, screw speed and throughput. As
mentioned above, in our experiments the screw speed was
kept constant. The specific mechanical energy (SME) um ¼
ð2putÞ= _m, where u is the screw speed (rev/s), t is the torque
(Nm) and _m is the throughput, is considered to be the relevant
quantity characterizing the degree of network destruction



Fig. 6. Conductivity recovery ( f¼ 21.54 Hz, T¼ 260 �C) in a polycarbonatee

carbon nanotube composite containing 0.875 wt% MWNT for different

throughputs after the extruder was stopped at t0.
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inside of the barrel. Since the torque increases only slightly
with increasing throughput, the SME decreases with increas-
ing throughput. This leads to a lower level of destruction of
the conductive network and consequently to faster conductiv-
ity recovery. Although, a similar trend is expected for the shear
induced destruction in the slit die, this contribution is consid-
ered to be of second order (see Section 4).
3.2. Carbon nanotubes in polyamide 6

3.2.1. Influence of temperature
The results obtained for PA6/MWNT composites in the ex-

trusionestoperecovery experiments are similar to those for
the PC/MWNT composite. As an example, Fig. 7 shows the
recovery of the electric conductivity in the rest time after
the extruder was stopped for a PA6/MWNT composite with
2.7 wt% MWNT (screw speed 175 rpm and throughput
1.3 kg/h) for three different melt temperatures. As for the
PC/MWNT composites, the recovery kinetics becomes faster
with increasing temperature.
Fig. 7. Temperature dependence of the conductivity recovery ( f¼ 21.54 Hz,

T¼ 270 �C) in PA6 containing 2.7 wt% MWNT after the extruder was stopped

at t0.
In contrast to the PC/MWNT composites, the starting value
of electric conductivity s0ðt0Þ, corresponding to the electric
conductivity measured during the extrusion, is in the order
of 10�4 S/cm, which is much higher than the values observed
for PC/MWNT composites and only one process can be seen.
Based on conductivity measurements on pure PA6, the high
conductivity of the composite can be attributed to the higher
intrinsic conductivity of the matrix polymer. This possibly
masks the first recovery process, which was found for the
PC at short times.

3.2.2. Influence of CNT concentration
In Fig. 8 the conductivity recovery is shown for different

contents of MWNT in PA6 after extrusion at 270 �C,
175 rpm and 1.3 kg/h. As for the PC/MWNT composite, the
recovery is significantly faster for higher concentrations.
This can be again explained by the increasing probability for
CNT or cluster contacts. As it already has been seen, the start-
ing value of conductivity is relatively high due to the intrinsic
conductivity of the matrix polymer.

4. Modeling of conductivity recovery

When considering shear dependent destruction and recov-
ery of the conductive network in the extrusion die, one should
take into account that there is no constant shear rate over the
channel’s cross-section of the measurement slit die. This is dif-
ferent to model experiments performed by us, using a rheome-
ter with ring-shaped electrodes to study the recovery process
under well-defined conditions [10,14].

In fact, the shear rate in the measurement slit die reaches its
maximum value at the channel walls, whereas the shear rate in
the centre of the channel is zero. Therefore, one can expect
higher conductivities in the centre of the channel. Our sensor
configuration consists of two capacitor plates, measuring an
average value over the cross-section of the channel. In order
to describe such an experiment quantitatively, the channel
can be modeled by multiple layers with different conductivi-
ties. Because of the lack of data on the shear rate profile this
Fig. 8. Conductivity recovery ( f¼ 21.54 Hz, T¼ 270 �C) in PA6 for different

contents of MWNT after the extruder was stopped at t0.
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was not possible here. Since the conductivity of a serial con-
nection of impedances is mainly determined by the element
with the lowest conductivity, we assume for the following dis-
cussion that the measured conductivity is mainly determined
by the outer layers. These layers experience the highest shear
rates by flowing through the slit die. However, it is noteworthy
here that the shear deformation in the slit die is small compared
to the deformation of the conductive network by shear and elon-
gation inside of the extruder. Since the resulting destruction of
the CNT network is a superposition of both (i) destruction in
the extruder barrel and (ii) in the slit die, we assume the defor-
mation by the extruder screw to be the dominant effect. This is
supported by the result in Section 3.1.3.

As stated above, two conductivity recovery processes are
evident for PC/MWNT composites: (i) a fast process with
low step height and (ii) a slower process with high step height.
Since the origin of the first one is not yet understood, we will
concentrate in the following on the slow recovery process. Be-
cause the content of conductive filler material does not change
with time, it seems to be impossible to describe the conductiv-
ity recovery in the framework of classical percolation theory.
Nevertheless, the system undergoes a change from a non-per-
colated state with very low conductivity (dominated by the
matrix conductivity) to a well-percolated state with high con-
ductivity. Because of the time dependence, this phenomenon is
sometimes called ‘‘dynamic percolation’’.

In order to model the electrical recovery, we take into ac-
count the following experimental findings:

- It seems that systems with well separated CNT exhibit
only a very low conductivity [10,14,15].

- During the recovery process the electric conductivity
always increases [9,10,14].

- Electron micrographs show the appearance of agglomer-
ates during the recovery process [10,14,15].

- Samples containing many agglomerates are found to be
more conductive than those samples that are well dis-
persed [10,14,15].

These experimental findings for CNT are in agreement with
earlier findings by Schueler et al. [16,17] and Sandler et al.
[18] for carbon black and CNT dispersed in epoxy resins
and time-resolved experiments by Zhang et al. [19] on poly-
mer blends containing carbon black and carbon fibers. There-
fore it seems that the formation of agglomerates during the
recovery process is crucial for the increase of conductivity.
Clusters are considered to form larger agglomerates by a clus-
ter aggregation process. We assume here that well dispersed
individual nanotubes do not contribute considerably to the
electric conductivity of the composite, whereas the agglomer-
ates do so. For the latter we assume a more intimate contact
between the CNT. The mechanism for that is not yet
understood.

For the formation of an infinite filler network in elastomers
as well as in polypropylene Heinrich et al. [20] proposed a sec-
ond order kinetics. This idea is transferred here to the agglom-
eration process in polymereCNT composites:
dNA

dt
¼ kN2

T; ð1Þ

where k is the reaction rate, NT is the number density of
particles that agglomerate, and NA is the number density of ag-
glomerates per unit volume. The particles which agglomerate
are considered to be agglomerates of smaller size (clusters) or
individual CNT. We should note that the second order kinetics
is an oversimplified assumption, since the cluster aggregation
is rather a hierarchical process on several length scales where
clusters and agglomerates of different size interact. Therefore,
the reaction rate and all other parameters are apparent quanti-
ties representing an average over different length and time
scales. Heinrich et al. (see Ref. [20]) proposed thermodynamic
driven nonlinearities related to ‘‘regulation in complex sys-
tems’’ to be an alternative description.

Solving Eq. (1) using the boundary condition NTðtÞ ¼
NT0 � 2ðNAðtÞ � NA0Þ, where NT0 and NA0 are the starting
concentrations of agglomerating particles and agglomerates,
respectively, we get the number density of agglomerates as
function of time:

NAðtÞ ¼ NA0 þ
NT0

2

�
1� 1

1þ 2ktNT0

�
ð2Þ

The result is a time dependent number concentration of con-
ducting agglomerates. In order to calculate the electric con-
ductivity of the composite, we can now use the percolation
theory, describing the dependence of conductivity on the ag-
glomerate content. Thus we effectively ‘‘map’’ the dynamic
agglomeration process due to CNTeCNT and CNTepolymer
interactions to the static picture of percolating spherical ag-
glomerates. This allows us to keep the percolation equation,
which assumes a random distribution of conducting species
and exclude interactions between them. The following expres-
sions were used:

sDC ¼ sM

�
pC� pA

pC

��s

; pA < pC ð3Þ

sDC ¼ sA

�
pA� pC

1� pC

�m

; pA > pC ð4Þ

Here, pA is the effective volume concentration of the agglom-
erates, pC is the volume concentration of agglomerates at the
percolation threshold, m and s are critical exponents, and sM

and sA are the conductivities of the matrix and of the agglom-
erates, respectively. Assuming a spherical shape of the ag-
glomerates the percolation threshold for them is expected to
be in the range between 10 and 30 vol%.

In order to relate the volume concentration in Eqs. (3) and
(4) to the number density used in Eqs. (1) and (2), one has to
multiply the number densities by the volumes VT of the ag-
glomerating particle and VA of the agglomerate, respectively.
Replacing pTðtÞ ¼ NTðtÞVT and pAðtÞ ¼ NAðtÞVA in Eq. (2)
one finally gets
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pAðtÞ ¼ pA0þ ðpAN � pA0Þ
�

1� 1

1þ 2k0tpT0

�
; ð5Þ

with the modified reaction rate constant k0 ¼ k=VT and the fi-
nal value ðt/NÞ for the volume concentration of the agglom-
erates, pAN. Assuming that finally all nanotubes are
agglomerated, the parameter pAN depends on the ratio of the
total volume concentration of nanotubes in the sample, pNT,
and the volume concentration of nanotubes inside an agglom-
erate, pNT,Aggr:

pAN ¼
pNT

pNT;Aggr

ð6Þ

The fitting of our conductivity data based on this concept is il-
lustrated in Fig. 9. The measurement values (open squares),
representing the conductivity recovery of PC/0.875 wt%
MWNT, are identical to those of Fig. 3 for T¼ 260 �C. As al-
ready discussed in Section 3.1.1, two processes can be clearly
differentiated. We address the cluster aggregation to the pro-
cess at longer times. The fitting parameters are given for
both processes at the end of this section.

In the first 5 min, a strong and fast increase in the electric
conductivity (fast process) is observed, which then flattens
off. Although no final explanation for this first process can
be given, one can interpret this as a reorientation of individual
nanotubes aligned (oriented) by the shear flow. The orientation
in the slit die would cause a lower electric conductivity per-
pendicular to the shear direction. After the extruder is stopped,
this orientation may relax back. Alternatively, the first process
is the formation of a weak conductive network of homoge-
neous dispersed nanotubes, which phase separate afterwards
(second process) in a CNT-rich (agglomerates) and CNT-
Fig. 9. Modeling of the conductivity recovery after stopping the extruder by

combination of an agglomeration model with percolation theory and a simple

relaxation equation at early times. Squares are experimental values of PC with

0.875 wt% at T¼ 260 �C. The calculated volume concentration of conductive

agglomerates is indicated by dotted line. Percolation theory is used to calculate

the conductivity below pC (dashed line) and above pC (solid line) from the time

dependent agglomerate concentration. The first increase of conductivity is fit-

ted by a simple relaxation equation (dash-dot-dot line). Details of the models

and the parameters are given in the text.
poor phase. In order to fit the data of the first process we
used an empirical relaxation function (dash-dot-dot line):

s¼
�
s1;inf � s1;0

�h
1� exp

�
� ðt=t1Þb

�i
þ s1;0; ð7Þ

where s1;inf , s1;0, t1 and b are empirical parameters. The
values for the fit in Fig. 9 are s1;inf ¼ 1:5� 10�7 S=cm, s1;0

¼ 10�11 S=cm, t1¼ 600 s and b¼ 1.5.
Simultaneously, the agglomeration (second process) starts.

The dotted line in Fig. 9 represents the volume concentration
of agglomerates, calculated from Eq. (5) using pA0¼ 0 vol%,
pT0¼ 0.49 vol%, pAN¼ 24.6 vol%, and k0 ¼ 0.0096 s�1. At
a recovery time of 8 min, the volume concentration of the ag-
glomerates reaches the percolation concentration of 20 vol%.
For shorter times, the conductivity was calculated using Eq.
(3) with sM¼ 10�11 S/cm and s¼ 0.73 (dashed line). Above
the percolation threshold, the conductivity was calculated us-
ing Eq. (4) with sA¼ 3 S/cm and m¼ 2 (solid line). An ag-
glomerate concentration of about 20 vol% at the percolation
threshold would correspond to percolation of spherical spe-
cies. However, since some of the fitting parameters are covar-
iant and the conductivity in the slit die is taken as an average
value, the good agreement between the fitting curve and the
data is rather a qualitative support for our agglomeration
picture than a quantitative parameter determination.

5. Summary and conclusions

In this paper, we presented frequency dependent conductiv-
ity measurements on MWNT/polycarbonate and MWNT/poly-
amide 6 composites in the molten state during extrusion and
after the extruder was stopped. The measurements were ob-
tained using a measurement slit die flanged to the outlet of a
laboratory twin-screw extruder, equipped with dielectric, pres-
sure and temperature sensors. Both composites have shown
distinctive recovery behavior of the electric conductivity, after
the extruder was stopped and the melt comes to rest.

The main results can be summarized as follows:

(1) Due to mechanical deformation (shear forces and elonga-
tional flow) the conductivity of the investigated melts is at
a very low level during the extrusion. We attribute this to
the disruption of the nanotube contacts in the shear field
and (partially) to the orientation of the nanotubes. On
larger length scales this leads to a destruction of conduc-
tive clusters, and finally of the conductive network.

(2) The conductivity was found to increase with annealing
(rest time after the extruder was stopped) of the melt.
This behavior is addressed to reformation of local nanotu-
beenanotube contacts by translational diffusion and/or
reorientation of the nanotubes. Simultaneously, the nano-
tubes start to form agglomerates, which further increase
the electric conductivity. This can be considered to be
a phase separation in a CNT-rich and a CNT-poor phase.

(3) The speed of the recovery process increases with increas-
ing temperature due to the lowered viscosity of the melt
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(and thus increased mobility of the nanotubes). Further-
more, the recovery process is faster for increasing CNT
content, presumably because of the decrease of average
particle-to-particle distance of agglomerating species.

(4) The reformation kinetics can be described by a simple
model using a second order kinetic equation for a cluster
aggregation process combined with the percolation theory
that is applied here to the conductive agglomerates. The
percolation theory relates the time dependent volume con-
centration of the agglomerates to the time dependent con-
ductivity of the quiescent melt. Alternatively the time
dependence of the conductivity can be described by a spi-
nodal decomposition into a CNT-rich and a CNT-poor
phase, where the CNT-rich phase is equivalent to the
agglomerates.

The results presented here clearly show that dielectric con-
ductivity spectroscopy is a viable tool for the characterization
of the interplay between processing conditions and dielectric
properties of melt processed CNTepolymer composites.
From the results of this study one can conclude that there is
no simple relation between the processing conditions and the
conductivity of the final parts. Too many processing steps,
influencing the conductivity, are lying in-between. In each of
those steps, the kinetics of destruction and reformation of
the conductive network structure has to be known.

Experiments on CNTepolymer composites using a combi-
nation of a commercial rheometer with ring-shaped plates with
dielectric (conductivity) spectroscopy are in progress [14].
From these experiments it is expected to get a more quantita-
tive understanding of the coupling between shear induced net-
work rearrangements and dielectric properties. Despite the
understanding of conductivity recovery it is necessary to
consider the network destruction in more detail.
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