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Abstract

Frequency dependent investigations of conductivity and dielectric permittivity have been performed on composites of polypropylene (PP)
containing different amounts of 2, 3.5, and 5 wt% of multiwalled carbon nanotubes (MWNTSs) in the melt and during crystallization. The
experiments were performed in a measurement slit die containing two dielectric sensors in plate—plate geometry, which was flanged to the outlet
of a single screw laboratory extruder. AC conductivity and the related complex permittivity were measured in the frequency range from 20 Hz to
10° Hz after stopping the extruder (recovery after shearing) and during cooling (non-isothermal crystallization). For a sample with a MWNT
content of 2 wt% the AC conductivity shows a tremendous increase with time after shearing was stopped. This conductivity recovery is explained
by the reorganization of the conducting network-like filler structure, which was partially destroyed by the shear. The reformation kinetics of filler
clusters is assumed to be due to a cooperative aggregation. For conductive fillers in a thermoplastic matrix the kinetics of cooperative aggre-
gation is coupled to the electrical percolation. The reorganization of the percolation network can be related to reformation of (i) the local contact
regions between the nanotubes (separated by polymer chains) and (ii) to the reorientation of nanotubes oriented in the shear flow. The conduc-
tivity recovery is less pronounced for samples with MWNT concentrations well above the percolation threshold. During cooling of the melt to
temperatures below crystallization a significant decrease in the conductivity and permittivity was detected. This is consistently expressed in the
conductivity and permittivity spectra and can be explained by reduction of the amorphous phase (high ion mobility) on expense of the crystalline
phase and/or by crystalline regions in the contact region between tubes.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

During the last years polymer composites based on carbon
nanotubes (CNTs) have attracted much interest in developing
new materials. In many investigations the property enhance-
ment potential was studied by looking at electrical, mechanical,
thermal and other properties (see reviews in Refs. [1—3]). It was
found that due to the fibrous shape of the conductive filler
electrical percolation in polymer based composites can occur
at extremely low CNT contents, as low as 0.0025 wt% for
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MWNT in epoxy [4], 0.15—0.1 wt% for MWNT in polyimide
prepared by in situ polymerization [5], or 0.05 vol% for
MWNT melt mixed into polypropylene [6].

It was also found that the mechanical properties can be en-
hanced by adding low CNT amounts, especially modulus and
strength but also toughness [7—9]. In addition, also other prop-
erties like thermal stability, fire behavior, wear behavior and
others can be influenced favourably by using CNT as additives
[10—12]. Whereas in earlier studies mainly solution based
preparation and in situ polymerization of polymers in the
presence of nanotubes were used, now also melt mixing of
nanotubes into polymeric matrices plays an increasing role
[2,6,13—15]. This method can be regarded to be the preferred
method for industrial application of carbon nanotube—polymer
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composites for bulky materials. The issue of dispersion of syn-
thesized nanotube agglomerates, and in case of single walled
carbon nanotubes (SWNT) of SWNT bundles, is crucial for
exploiting the extraordinary electrical and mechanical proper-
ties of CNT in composites. In industrial applications, dispersion
is usually performed in extruders and it is of interest which state
of dispersion can be reached during the shear and elongation
stresses acting during melt processing.

Recently, our group reported on investigations with dielectric
(conductivity) spectroscopy on solid polycarbonate—multi-
walled carbon nanotube (MWNT) composites prepared by
melt mixing for characterization of content and the state of
nanotube dispersion [16]. This study demonstrates the sensitiv-
ity of conductivity spectroscopy for the investigation of polymer
composites containing CNT and provides a strong indication
that the nanotubes are separated at their contacts by polymer
chains. These local contact regions can create considerable
contact resistance and contact capacitance. More recently, our
group reported on a combined melt rheological and dielectric
investigation [17] of the influence of the polymer chains in
this contact region between CNT on the mechanical and electri-
cal properties. From both dielectric and rheological measure-
ments, it was concluded that the percolation network formed
by CNT in a polymer matrix has to be considered as a combined
network built by nanotubes which are separated by local contact
regions with polymer chains in-between. Therefore, the me-
chanical deformation during melt processing (here: extrusion)
is expected to have a strong influence on the (conducting) filler
network. This behavior is known from carbon black filled
polymer composites. Since the reformation of the filler network
(recovery of conductivity) takes considerably longer than the
usual processing time (several minutes) of polymer processing,
this structural recovery is of large importance for the final prop-
erties of the polymer composites after solidification. The refor-
mation of the filler network takes place in the melt, so it is
important to understand its origin and kinetics. For the final
properties of conductive polymer composite, it is also important
how the actual structure of the filler network is frozen-in during
crystallization and vitrification.

It is the idea of this study to investigate the influence of shear
and crystallization on the electrical and dielectric properties of
CNT—polymer composites, with special focus on structural
changes in the contact region between tubes. In the case of shear
experiments the main interest is the kinetics of conductivity
recovery after shear. Apart from scientific interest, the influence
of mechanical stress or strain on the conductivity is of large
practical interest for processing of CNT—polymer composites,
since different volume elements can experience different
thermal and mechanical prehistory during extrusion or melt
injection. The extraordinary decrease in electrical conductivity
with increasing shear rate was reported on nanotube-filled
polypropylene [18]. However, in this study only steady shear
flow was applied and no recovery experiments have been per-
formed. In order to achieve conditions which are similar
to melt processing, our experiments were performed in a slit
die designed for in-line conductivity spectroscopy. This slit
die was flanged to the outlet of a laboratory extruder.

Although it is well known that carbon nanotubes can act
as specific nucleating agents in semi-crystalline polymers
[19—22], studies on the influence of the crystalline phase on
the structure of the CNT—polymer composite using conductiv-
ity spectroscopy are not yet reported in literature. In order to
follow the changes of the frequency dependent conductivity
(AC conductivity) and the dielectric permittivity during crys-
tallization of the melt, in a second experiment the slit die
was cooled below the crystallization temperature of polypro-
pylene after the shear effects are relaxed. This can be consid-
ered as a model experiment for understanding the behavior of
a CNT—polymer composite during injection molding. Similar
non-isothermal crystallization experiments followed by AC
conductivity measurements have been recently reported by
some of us using poly(ethylene glycol) inside a test tube [23].

The conductivity recovery experiments are explained by
reformation of a conductive filler network after breakdown of
this structure and (possibly) orientation of dispersed nanotubes
by shear flow. The reformation kinetics of the filler network is
discussed in the framework of recovery of viscoelastic proper-
ties in filled elastomers, see e.g. Refs. [24,25], which was
recently extended to the kinetics of modulus recovery in poly-
ethylene with nanofillers, see Ref. [26] and references therein.
The kinetics of forming new conductive contacts between CNT
after breakdown of the network-like structure under shear can
be interpreted as a cooperative reformation of a hierarchy of
complex structures. This can be related to the “‘regulation in
complex systems” (see e.g. Ref. [27]), known e.g. from
autocatalytic reactions in chemistry or structure and reactivity
of enzymes in biology. However, for conductive networks the
structural kinetics has to be coupled to the percolation theory
(see e.g. Refs. [16,23] and references therein) containing ele-
ments with different conductivities and/or permittivities.

The results of the crystallization experiments are also dis-
cussed in the framework of electrical percolation, where con-
ductivity and permittivity of the matrix and the contact regions
between nanotubes are changing during formation of a less
conductive crystalline phase.

2. Experimental
2.1. Materials and composite preparation

The nanotubes used in this study were multiwalled carbon
nanotubes (MWNTs) supplied as a PP masterbatch containing
20 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
multiwalled carbon nanotubes is at least 10 pm after produc-
tion with CVD, such that the aspect ratio is about 1000 [28].
In a previous processing step this masterbatch was diluted
with polypropylene Moplen HF500N (Basell Polyolefins)
using a ZSK-30 extruder (Coperion Werner & Pfleiderer) at
200—220 °C in order to get MWNT contents of 2, 3.5, and
5 wt%, which correspond to 1.03, 1.80, and 2.57 vol% assuming
a MWNT density of 1.75 g/cm® [29]. Mixing was performed
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at a rotational speed of 250 rpm and a throughput of 10 kg/h
starting from granular premixtures. After the mixing, the
extruded material was granulated.

Scanning electron microscopic (SEM) images of cryofrac-
tured surfaces prepared from granules of the PP masterbatch and
the sample with 2 wt% MWNT are shown in Fig. 1. A XL30
ESEM-FEG (Philips) operating at high vacuum mode was used.

DC measurements of volume conductivity at room temper-
ature were performed using a Keithley Electrometer 6517A on
plates with a thickness of 0.35 mm. The plates were pressed at
220 °C, the granules were hold for 3 min in the press, and
a pressure of 10 bar was applied for 1 min before the sample
was cooled between two cold metal blocks. The results
revealed that the sample containing 2 wt% MWNT
(9.3 x 107> S/m) is close to the percolation threshold, whereas
the MWNT in the other two samples (5.3 x 1072 S/m for
35wt% and 0.41 S/m for 5 wt%) are clearly above that
threshold. Neat PP showed a conductivity of about 10~'7 S/m.

2.2. In-line experiments

For the in-line experiments the premixed nanocomposite
material was extruded using a single screw laboratory extruder
(KE 19, Brabender OHG) into the measurement slit die until the
melt channel was filled [30,31]. This slit die was equipped with di-
electric sensors which are arranged in plate—plate geometry. The
melt temperature was about 220 °C and the screw speed was
40 rpm. The throughput under these conditions is about 500 g/h.
Taking the cross-section of the melt channel of 4 x 20 mm? into
account and assuming a melt density of 800 kg/m’ this results
in a shear rate of approximately 2 s ' at the channel walls.

In order to investigate the time dependent changes (in AC
conductivity) under quiescent melt conditions the extruder
was stopped for the measurements of the dielectric spectra.
The melt temperature was tried to hold for 1200 s at about
220 °C. The initial melt temperature measured at the wall of
the die was about 225 °C and was decreasing during this
experiment to about 210 °C which is considered to be ‘““pseudo-
isothermal’’. All frequency spectra were recorded continuously
from low to high frequencies needing about 30 s for a full
frequency sweep. For more clarity only selected spectra are
shown (see Figs. 5 and 10 below) where the time and the

temperature at which the frequency sweeps were finished are
assigned to the curves.

For studying the dielectric behavior upon cooling and crys-
tallization the heating of the slit die was stopped and the melt
was cooled down freely to room temperature until crystalliza-
tion and delamination of the material from the wall occurred.
During cooling dielectric spectra were recorded down to tem-
peratures of about 100 °C. It could be ensured that the material
was in contact with the sensor within the temperature range
discussed in this paper.

2.3. Dielectric measurements

The measurement slit die equipped with dielectric sensors
shown in Fig. 2 was recently developed to monitor the ex-
trusion of conductive polymer composites [30,31]. The sensors
(electrode diameter: 8 mm) were mounted face to face in the
melt channel with a distance of 4 mm. The air capacitance
was calculated by a finite element simulation of the electrical
field for the actual sensor geometry, resulting in a value of
0.09 pF. An Agilent LCR bridge HP4284A was used to mea-
sure parallel capacitance C, and tané in a frequency range
from 20 Hz to 1 MHz. The real parts of the complex permittiv-
ity ¢ and conductivity ¢’ spectra are obtained from the air
capacitance and the measured values of C,, and tan 6, respec-
tively. The lower conductivity limit of the LCR bridge is about
1077 S/m. Therefore, for neat PP no reliable values could be
obtained by this setup.

In addition to the dielectric sensors the measurement slit
die contains two pressure transducers for the determination
of the mean and difference pressure, so that the die can be
used as in-line theometer. The design of the channel is based
on a rheometric measuring die from Brabender (Germany).
Two ultrasonic transducers (the data are not discussed in this
paper) are placed between the pressure transducers.

3. Results and discussion
3.1. Conductivity and permittivity recovery after shear flow

The first conductivity spectra for polypropylene—carbon
nanotube composites recorded during about 120 s after the

Fig. 1. SEM images of cryofractured surfaces prepared from granules of the PP masterbatch containing 20 wt% MWNT (a) and the sample with 2 wt% MWNT

used for the conductivity spectroscopy (b).
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Fig. 2. Measurement slit die equipped with two dielectric sensors, two pressure
transducers and two ultrasonic transducers.

extruder was stopped are shown in Fig. 3 for all three CNT con-
centrations. It is obvious from the conductivity spectra and
shape of the curves (see e.g. Ref. [16]) that the sample contain-
ing 2 wt% MWNT is close to the percolation threshold, whereas
the samples with 3.5 and 5 wt% are above that. Comparing these
spectra with the volume conductivity data measured at room
temperature on pressed plates (values named in Section 2.1) it
is seen that the general trends are similar. However, the conduc-
tivity values measured in the melt at 220 °C immediately after
stopping the extruder are lower as compared to the values
obtained on solidified samples. It should be mentioned that the
absolute difference depends strongly on both the prehistory of
the solidified samples and the actual state of the melt.
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Fig. 3. Conductivity spectra for polypropylene—carbon nanotube composites
with different MWNT contents recorded at about 120 s after the extruder
was stopped. The temperature of the slit die was about 225 °C. The actual
amount of MWNT is indicated in the figure.
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Fig. 4 shows the time dependence of the conductivity mea-
sured at a frequency of 1 kHz for the polypropylene—carbon
nanotube composites containing 2, 3.5, and 5 wt% MWNT,
respectively, after the extruder was stopped. The initial melt
temperature (measurement at the wall of the die) was about
225 °C and changed only slightly to about 210 °C during the
observation time (1200 s). Therefore, the measurements in
this interval were considered to be almost ‘‘pseudo-
isothermal” since the decrease in the conductivity of the
polymer matrix is negligible in this small temperature range.

It can be seen that the conductivity for the sample with
2 wt% MWNT increases tremendously with time, whereas the
changes for the samples containing 3.5 and 5 wt% MWNT are
not that significant.

The corresponding changes in the permittivity and conduc-
tivity spectra for the sample containing 2 wt% MWNT are rep-
resented in Fig. 5a and b versus frequency, whereas Fig. 6a and
b shows the values at 10 kHz versus annealing time, respec-
tively. The increase in the low frequency conductivity (the
conductivity at f=1kHz is taken for the DC conductivity)
by about four orders of magnitude as seen in Fig. 4c and of
the permittivity at 1 kHz by a factor of 100 (see Fig. 5a) can
be explained by reformation of the conductive MWNT
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Fig. 4. Time dependence of the conductivity measured at a frequency of 1 kHz
for three polypropylene—carbon nanotube composites containing 2, 3.5, and
5 wt% MWNT, respectively, recorded after the extruder was stopped.
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Fig. 5. Frequency dependence of permittivity (a) and conductivity (b) for the
composite with 2 wt% MWNT during pseudo-isothermal annealing after stop-
ping the extruder (temperature range from 226.3 °C to 210.3 °C, only selected
spectra are shown). As an example, the fitted curve for ¢’ (as described in the
text) is shown for r =280 s.

structure. Possibly, the nanotubes rearrange to form a hierarchy
of conductive structures on a mesoscopic scale (clusters of dif-
ferent shapes and sizes). At the same time, the polymer chains
in the contact region between the tubes which have been dis-
rupted by the shear field rearrange on a local length scale and
form nanoscopic bridges. In addition to the local reformation
in the contact regions, the reorientation of the tubes that
oriented before in the shear flow has to be taken into account.
The lower significance of shear induced breakdown and refor-
mation of the conductive network for samples with higher
MWNT content (see Fig. 4a and b) can be explained by the
higher amount of remaining percolation passes after shear
and/or elongational deformation.

In order to get an idea on the mechanism of reformation of
the conductive percolation network in the quiescent melt, in
Fig. 7 the conductivity at 10 kHz was plotted in a double-
logarithmic plot. Although it is somewhat difficult to find the
exact time where the melt starts to rest (after stopping the ex-
truder, the flow does not stop immediately and the time inter-
val for recording the spectra results in an additional time error
in the range up to 100 s), the curve tends to level off for long
rest (annealing) times. Such a behaviour can be described by
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Fig. 6. Permittivity (a) and conductivity (b) at 10 kHz for the composite with
2 wt% MWNT versus annealing time after stopping the extruder (temperature
range from 226.3 °C to 210.3 °C).

a combination of percolation theory and network recovery
as it was discussed in Ref. [26] for carbon black networks.
In order to study this in more detail, better defined offline ex-
periments with a laboratory rheometer equipped with a dielec-
tric plate geometry are in progress. The first results confirm the
findings for the slit die geometry.

The conductivity spectra as shown in Fig. 5 were analyzed
quantitatively in the frame of percolation theory. Therefore
some of the basics are summarized in the following paragraph.
It has been established, both theoretically and experimentally,
that near the critical concentration ¢, the DC conductivity and
the static permittivity show power-law behavior [36—42]:

UDCEU,((paf:O)OC((pC_¢>7S’ ¢<¢C (1)
toc=d'(p.f =0)x (0 —9.)', ©> 0. )
&= (o, f=0)xlp— |, ¢<o. 0> 0, (3)

where fis the measurement frequency. The critical exponents s
and ¢ are assumed to be universal, i.e. they depend only on the
dimension of the percolation system and not on the details of
cluster geometry [32,36—42]. The real part of the conductivity
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Fig. 7. Double-logarithmic representation of conductivity at 10 kHz for the
composite with 2 wt% MWNT versus recovery time (data from Fig. 6).

near the percolation threshold was also predicted to follow
a power-law [39—41]:

' (f) " (4)

The currently accepted values for the critical exponent n
[32—35] in 2D (d=2) and 3D (d=3) are 0.5 and =0.72
for the equivalent circuit model, and =0.34 and =0.6 for
anomalous charge carrier diffusion, respectively. The equiva-
lent circuit model [36—44] assumes a random mixture of
capacitors and resistors forming the percolation clusters. In
the charge carrier diffusion model [45—53], it is assumed
that for frequencies f < f. the charge carriers can explore dif-
ferent clusters within one period, i.e. the diffusion is normal.
For frequencies above f. the charge carriers visit only parts
of the percolation cluster within one period and anomalous
diffusion at the fractal percolation clusters takes place. This
critical frequency f, also follows a power law:

1 V..
foox—oc|p — @ ™ (5)
T

where v is the critical exponent related to the cluster size
[33,34] and d,, is the effective fractal dimension of the random
walk. The correlation time 7; is the time needed by the charge
carriers to transverse (“‘explore’’) a percolation cluster of the
correlation length £.

From the experimental curves in Fig. 5 the DC conductivity
opc, the cross-over frequency f., and the exponent n of the
power-law function at high frequencies have been estimated.
To obtain these three parameters a non-linear curve fitting pro-
cedure was applied to fit the ¢’ versus f data. The following
function was used:

/ _ J 0pc |f <fe
Y )_{onc(f/fc)" Iy

The fitting was done in OriginLab Origin®, using a Y-script
of the following form:

y=SDC;

if (x>=FC) y=SDC* (x/FC) "N;

In this script, SDC, FC, and N are the parameters corre-
sponding to opc, f. and n. The dependent variable is y (con-
ductivity), and the independent variable is x (frequency).

As an example, the fitted curve for ¢’ is shown in Fig. 4 for
t =280s. The parameters resulting from this fit are opc =
1.0E-4 £5.2E-6 S/m, f.=7632+1485Hz and n=0.395+
0.013. Due to the limited frequency range and the time shift
between the frequency points of one spectra the fit was only
possible between t=170s and =380 s. Between =280 s
and ¢ =360 s the spectra could not be properly recorded due
to balancing problems of the LCR bridge so that data analysis
for this time interval was not possible. At times above 400 s
after stopping the extruder an additional relaxation process,
most probably originating from polarization of the micro-
capacitors formed by the bound rubber, is dominating the
conductivity spectra and prevent the analysis in the frame of
a simple percolation picture.

The results of this analysis versus annealing time are sum-
marized in Fig. 8. It is seen that opc is increasing, f, is slightly
increasing, and »n is decreasing with annealing time after shear-
ing was stopped.
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Fig. 8. Changes in the DC conductivity opc (a), the cross-over frequency f. (b),
and the power n of the frequency dependence of the AC conductivity (c) for
the composite with 2 wt% MWNT during annealing. The fits are obtained
from the conductivity spectra as shown in Fig. 5.
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The features for all three quantities can be described in
a percolation picture by a gradual change of the difference
between the effective concentration of electrical active filler
particles (or bonds) and the (idealized) percolation threshold,
assuming that all conductive sites or bonds contribute. In
this picture the reduction of the conductivity by shear can be
explained by a reduction of conductive links (which is identi-
cal to a reduction of the effective amount of conductive filler
particles) by rupture of the CNT contacts due to mechanical
deformation. Therefore, the time development of opc, f,
and n in Fig. 8 is a representation of the partial recovery of
the idealized percolation structure for the given concentration.
The simultaneous increase in opc and f. is an indication that
the system is above the percolation threshold (Egs. (2) and
(5)). The decrease in # is related to an increasing distance to
the threshold. Since Egs. (4) and (5) hold only close to the per-
colation threshold a conclusion on the type of percolation is
difficult. The variation from about 0.7 to about 0.3 is in the
range of the predicted critical exponents for 2D or 3D.

Up to here, our discussion was focused on the conductivity
data. However, the dielectric permittivity ¢’ and its static (low
frequency) value & show a similar recovery during the rest
time. The assumption of a combined nanotube—polymer—
nanotube network (highly conductive nanotubes are separated
in their local contact regions by polymer chains) as discussed
in one of our previous papers (see Ref. [17]) is supported by
the high permittivity values (about 10°, see Figs. 5a and 6a)
for the almost recovered percolation network above the perco-
lation threshold.

Since the &'(f — 0) becomes very small well above the
threshold (see Eq. (3)) these high permittivity values can only
be explained by assuming small capacitors at the tube contacts.

In this picture, the shear stress is expected to destroy the
CNT—polymer—CNT contact regions leading to a tremendous
increase in the contact resistance and a decrease in the contact
capacitance C even for slight increase in the local tube dis-
tance d (C ~ 1/d).

In this context it has to be taken into consideration that
the carbon nanotubes can orient along the flow direction.
Recently, Hobby et al. [54] showed using polarized light-
scattering experiments on a weakly elastic melt that the tubes
orient along the direction of flow already at low shear stresses,
with a transition to vortices alignment above a critical shear
stress. For highly elastic polymer solutions the tubes are found
to orient with shear field at high shear fields. Although these
investigations were performed at very dilute systems (mass
fraction of MWNT of 1.7 x 107°) using MWNT with an
extremely large aspect ratio and large persistence length (1—
10 pm), this effect cannot be excluded for our systems
(smaller tube length, larger curvature and higher melt viscos-
ity). This orientation of the CNT is not included in actually
used percolation models assuming isotropic distribution and
orientation of the fillers. For an electrical field perpendicular
to the flow direction, the orientation of the tubes would act
like an effective reduction of the aspect ratio. This would shift
the percolation threshold for measurements perpendicular to
the main axis of the tubes to higher concentration.

3.2. Cooling and crystallization

After investigation of the effect of annealing, the heating of
the extruder die was stopped and the cooling and crystalliza-
tion behavior were studied. Fig. 9 shows the permittivity and
conductivity at 1 kHz for the composite with 2 wt% MWNT
during cooling from 180 °C to 120 °C. The values at 1 kHz
can be taken to be representative for the DC conductivity
opc and static permittivity ¢'s. The drastic decrease in permit-
tivity and conductivity at about 140 °C indicates the crystalli-
zation of the sample.

The corresponding spectra for o’(w) and ¢'(w) are depicted
in Fig. 10. The conductivity spectra show the typical cross-
over behavior from a DC conductivity plateau at low frequen-
cies to a power-law dependence of ¢’ (e.g. charge carrier
diffusion in a percolation structure).

As shown in Fig. 9b, the DC conductivity decreases by
more than one order of magnitude in the temperature interval
of crystallization. This can be explained by the reduction of
the amount of amorphous phase (where ion conductivity is
the dominating conduction mechanism) on expense of the
almost non-conducting crystalline phase. Usually the charge
carriers are trapped in or at the surface of the crystalline lamel-
lae. Furthermore, the conducting passes become restricted by
the growth of crystalline lamellae and spherulites. This results
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Fig. 9. Permittivity (a) and conductivity (b) at 1 kHz for the composite with
2 wt% MWNT during cooling from 180 °C to 120 °C.
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Fig. 10. Frequency dependence of permittivity (a) and conductivity (b) for the
composite with 2 wt% MWNT recorded during cooling and crystallization.
The actual temperatures at the end of each measurement run are indicated
in the figure (only selected spectra are shown).

in a fractal structure for the remaining amorphous phase [23]
which is possibly bridged by the nanotubes.

Since the nanotubes act as nuclei for crystallization, an
insulating transcrystalline layer around the CNT may form.
However, from measurements of conductivity alone (integrat-
ing over a large volume) it cannot be differentiated between
these possible mechanisms.

The decrease in the low frequency permittivity (see Fig. 10a)
during crystallization can also be related to the decreased con-
ductivity of the amorphous phase in an indirect manner (e.g.
by decrease in the conductivity in the contact regions). A
more detailed interpretation of the permittivity spectra taking
surface polarization and relaxation processes into account is
possible (see Ref. [23]), but would be rather arbitrary for the
accuracy of the data measured in a technical setup.

In order to achieve a more quantitative analysis of the con-
ductivity spectra recorded in the temperature interval of crys-
tallization, in Fig. 11 the values for opc, f;, and n as extracted
from Fig. 10 are shown. While opc is decreasing continuously
with decreasing temperature, n and possibly f. pass through
a minimum.

Such behavior is typical for a system passing a critical point
(see Egs. (1)—(5). At the percolation composition p., the
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Fig. 11. Changes in the DC conductivity opc (a), the cross-over frequency f.
(b), and the power n of the frequency dependence of the AC conductivity (c)
for the composite with 2 wt% MWNT during cooling from 180 °C to 120 °C.
The fits are obtained from the conductivity spectra as shown in Fig. 10.

cross-over frequency f. is expected to approach zero (the
charge carriers have to explore the “infinite cluster’” which
needs ‘““infinite time’’), whereas n should approach its critical
value at p. corresponding to the dimension of the lattice.
Due to the time interval needed for one frequency sweep (of
about 30 s) and the fast crystallization kinetics, the critical
slowing down in f. cannot be resolved in detail. However,
the minimum in f, at about 138 °C seems to indicate the per-
colation threshold for the effective concentration of fillers (or
contacts). Assuming now that the exponent of the frequency
dependence of ¢’ (see Eq. (4)) is related to a situation close
to the threshold, the exponent of about 0.4 is in the order of
the accepted values for 3D anomalous charge carrier diffusion
(n = 0.34—0.6 for 2D and 3D). The values for the equivalent
circuit model vary between 0.5 for 2D and 0.72 for 3D.
Although the estimation of f, and n is somewhat arbitrary,
the following conclusions can be drawn in the frame of the
percolation theory: (i) the system changes during crystalliza-
tion from a situation above the percolation threshold to a
conductivity below p. and (ii) the time dependent “effective
percolation concentration” is due to morphological changes
in the semi-crystalline structure of the composite, since the
MWNT concentration does not change in the process of
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crystallization. The second conclusion supports the assump-
tion that the electrical percolation network has to be con-
sidered as a combination of nanotubes and polymer in the
contact regions between nanotubes. The crystallization of the
polymer matrix alone, i.e. without changes in the conductivity
of ““polymeric synapses” between the tubes, would only
decrease the total conductivity, but cannot explain a “passing
through” of the percolation threshold for a constant CNT
content. In other words, the change of state of “polymeric syn-
apses’’ acts like a change of the “‘effective content” of con-
ducting sites, by decreasing the conductive bonds between
tubes and/or clusters. Following the discussion given above for
the breaking of ‘“‘conductive bonds’’ by shear, one can assume
here a reduction of “‘conductive bonds” by structural changes
(crystallization) of the chains in the contact region.

4. Summary and conclusions

In this paper, frequency dependent conductivity measure-
ments were presented on multiwalled carbon nanotube—
polypropylene composites in the molten state. Both annealing
of the MWNT—PP samples in the melt after shear stress and
crystallization and solidification behaviour were studied. A
slit die with dielectric sensors designed for in-line monitoring
of polymer processing was applied to monitor carbon nano-
tube-filled polypropylene during extrusion, during annealing
without shear and during crystallization. The main results can
be summarized as follows:

(1) The percolation threshold of MWNT in melt mixed poly-
propylene composites was found to depend dramatically
on the prehistory. For a sample containing 2 wt% MWNT,
the DC conductivity in the sheared melt at 220 °C is less
than 1077 S/m, whereas the value in the annealed melt
(20 min after stopping the extruder) increased to about
1.4 x 107* S/m. The DC conductivity of a plate measured
at room temperature and prepared by pressing the compos-
ite granules at 220 °C is 9.3 x 107> S/m. This effect is less
pronounced for samples with 3.5 and 5 wt% MWNT which
are clearly above the percolation threshold. The difference
in conductivity values can be explained by a strong depen-
dence of the “‘effective number of conducting bonds” on
the arrangement of the nanotubes and clusters in the matrix
as well as on the arrangement of the polymer chains in the
gaps between the tubes. All these effects depend strongly
on the thermo-mechanical prehistory of the sample.

(2) The DC conductivity and the static permittivity were found
to increase with annealing (rest time after shear was
stopped) of the melt for the sample with 2 wt% MWNT.
This behavior is consistently expressed in the AC conduc-
tivity and permittivity spectra, which were analyzed in
the frame of percolation theory. The annealing behavior
of CNT—polymer composites was found to be similar to
the behavior of carbon black polymer composites and
is addressed to breaking and reformation of (micro-)
capacitors and resistors formed at the nanotube—nanotube
contacts.

(3) The reformation kinetics cannot be explained by transla-
tional or rotational diffusion of nanotubes alone. The
power-law-like behavior for long rest times is addressed
to a cooperative structure formation in complex systems
(e.g. cluster—cluster aggregation). Since the dimension
of the nanotube spans from several nanometer (diameter)
to several micrometer (length), the kinetics is expected
to couple to relaxation processes at different time scales.

(4) The crystallization has been found to have a significant
effect on the conductivity and permittivity of CNT—
polymer composites. At CNT contents near p., the
decrease in conductivity due to crystallization is more pro-
nounced than for samples with a CNT content well above
pe- The influence of crystallization on the dielectric and
conductivity spectra cannot only be explained by changes
of conductivity and permittivity of the matrix. For expla-
nation of the changes in the cross-over frequency and
the exponent of the frequency dependence a percolation
picture has to be used, taking into account the changes
of conductivity and capacitance in the contact region due
to crystallization.

The results presented here clearly show that dielectric con-
ductivity spectroscopy is a viable method for the characteriza-
tion of the interplay between processing condition, structure of
the conducting network, and dielectric properties of melt pro-
cessed CNT—polymer composites. Furthermore, it was shown
that the in-line application of these methods yields a useful
tool for monitoring the electrical and dielectric properties of
CNT—polymer composites during processing.

Experiments on CNT—polymer composites by using a com-
bination of rheometer (plate—plate geometry) with dielectric
spectroscopy (the plates of the rheometer act as the capacitor
plates) are in progress. From these experiments it is expected
to get a deeper and more quantitative understanding of the
coupling between shear induced network rearrangements and
dielectric properties.
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