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Destruction and formation of the carbon nanotube network in polymer melts have been investigated by
a combination of conductivity spectroscopy and dynamic-mechanical analysis for polycarbonate (PC)
containing multiwalled carbon nanotubes. The combined setup allows simultaneous time-resolved
measurements of electrical conductivity, dielectric permittivity and dynamic shear modulus. Further-
more, well-defined shear deformations can be applied to the samples. After annealing the samples well
above glass transition short shear deformations were applied to the melt. These deformations lead to
a decrease of the conductivity by about 6 orders of magnitude and of the real part of the shear modulus
(G0) by a factor of 20. In the rest time after the shear deformation a complete recovery of the conductivity
and G0 modulus was observed. The changes in conductivity and G0 were assigned to destruction and
reformation of agglomerates, which are assumed to be conductive spherical objects containing loosely
packed nanotubes. For a quantitative description of the time dependent electrical conductivity a simple
model combining cluster aggregation and electrical percolation is applied.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

It is known over decades that filling of electrically insulating
polymers even with small amounts (only few percent) of con-
ducting particles results in an increase of the electrical conductivity
of composites by orders of magnitude and can lead to a mechanical
reinforcement [1–3]. Carbon nanotubes (CNTs) as fillers were found
to improve electrical and mechanical properties of polymer
matrices similar to carbon black (CB) particles with the advantage
that for building up the conductive percolation network much
lower weight content of CNT is needed [4–11]. This is related to the
high aspect ratio (ratio between length and diameter) of CNT
(about 100–1000) compared to more spherical CB particles. This
geometrical advantage as well as the huge nanotube stiffness and
their high thermal and electrical conductivities makes CNT-based
materials attractive for new applications. Therefore, carbon nano-
tube–polymer composites belong to a fast-developing field of
material science, which is in close contact with the industrial needs.

The enhancements of thermal, electrical and mechanical char-
acteristics of nanotube–polymer composites are attributed to the
formation of a network of interconnected filler particles which can
either conduct heat and electrical current or relax mechanical
x: þ49 6151 29 2855.
.
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stress without a large matrix deformation [1–3]. Studies on ther-
moplastic polymers, melt compounded with both singlewalled
(SWNT) and multiwalled carbon nanotubes (MWNTs), show elec-
trical percolation at concentrations ranging from 0.05 vol% towards
5 wt% [4–15]. The percolation concentrations were found to depend
strongly on the nanotube length, diameter, degree of purification,
bundling, type of matrix polymer and on the processing of the
composite (e.g. temperature and mixing conditions, for example,
see Refs. [12,14,16]). All these factors result in a wide variation in
electrical conductivity and other material properties of the finished
plastic products and appear to be one of the major restraints for
a broad market acceptance of this new class of polymer
nanocomposites.

Some years ago, our group reported on the influence of the
extrusion conditions on the electrical conductivity of poly-
carbonate–MWNT mixtures using conductivity spectroscopy [11].
The conductivity measurements have shown the influence of screw
speed and mixing time on the dispersion of the nanotubes. We
assumed that even small geometrical changes in the local contact
regions between the nanotubes – which are usually separated by
polymer chains – can lead to considerable changes in the contact
resistance and contact capacity. More recently it was shown by
time-resolved conductivity measurements during isothermal
annealing of pressed plates (polypropylene containing 2 wt%
MWNT) that the thermal treatment above the melting temperature
leads to an increase of the conductivity by about 10 orders of
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magnitude in 10 h [16]. This is an indication of the formation of
a conductive network in the melt during annealing. A similar
conductivity recovery was observed in a slit die for polypropylene
containing 2 wt% MWNT which was flanged to the outlet of an
extruder, after stopping extrusion for some time [17]. For a similar
in-line setup, we found such conductivity recovery as well for
polycarbonate and polyamide at different melt temperatures [18].
Zhang et al. [19] found a similar conductivity recovery during melt
annealing of polyethylene/poly(methyl)methacrylate blends con-
taining carbon black and carbon fibres in one of the phases. Using
a combined rheological-dielectric setup the conductivity recovery
was detected after a short shear deformation (shear rate dg/
dt¼ 1 s�1 for 10 s) for MWNT in polycarbonate in a well-defined
laboratory experiment [20]. The decrease of the electrical conduc-
tivity with increasing shear rate was first reported by Kharchenko
et al. [21] for polypropylene containing MWNT. Obrzut et al. also
observed a shear-induced conductor–insulator transition of CNT in
PP melts during shear [22]. These experiments have been per-
formed under steady shear conditions. They also reported on
a conductivity recovery after steady state shearing (dg/dt¼ 6.3 s�1)
was stopped. Using polarized light-scattering experiments on
a weakly elastic melt, Hobbie et al. [23] showed 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. More
recently, Hobbie and Fry [24] measured the rheological properties
of carbon nanotubes suspended in low-molecular-mass poly-
isobutylene using a polysuccinimide dispersant over a range of
nanotube volume fractions. Using controlled strain rate and
controlled stress measurements of yielding in shear flow, they
proposed a universal scaling of both the linear viscoelastic and
steady-shear viscometric responses.

The aim of this paper is to study the kinetics of destruction and
reformation of a conductive CNT network in a polymer melt by
simultaneous time resolved measurements of electrical conduc-
tivity and dynamic shear modulus during thermal annealing and
after well-defined (short) shear deformations. For a quantitative
description of the conductivity recovery after shear deformation
a combined model of cluster aggregation and electrical percolation
was developed [20]. For the agglomeration of CNT a second order
kinetics was used, which was proposed for agglomeration of filler
particles in a polymer matrix by Heinrich et al. [25]. The idea of
conductive filler agglomeration was reported before by Schüler and
co-workers [26,27] for reactive epoxy mixtures containing carbon
black.

Here we performed studies on polycarbonate filled with 0.6 vol%
of MWNT, which is close to the concentration of electrical perco-
lation. We expect that besides its practical interest for polymer–
Fig. 1. Transmission electron micrographs from PC–MWNT plates with 0.6 vol% MWNT: (a
265 �C and (b,c) conductive state (sDC¼ 5�10�4 S/cm) with nanotube agglomerates presse
CNT composites, this study may contribute to the understanding of
agglomeration of fillers in polymer melts in general.

2. Experimental

2.1. Sample characterization and preparation prehistory

Polycarbonate composites filled with 0.6 vol% (corresponding to
0.875 wt%) of multiwalled carbon nanotubes (MWNTs) were pre-
pared by melt dilution of a masterbatch containing 15 wt% MWNT
(Hyperion Catalysis International, Cambridge, MA) using a DACA
Microcompounder (DACA Instruments, Goleta, USA) as described in
Ref. [13]. The extruded strands were compression molded into
sheets with a thickness of about 600 mm at 265 �C for about 1 min
at 50 kN [20]. The nanotubes were originally produced by chemical
vapor deposition and typically consist of 8–15 graphite layers, with
diameters of 10–15 nm and a length distribution between 1 and
10 mm. A transmission electron microscopic image of a PC–MWNT
composite similar to that in our investigations is seen in Fig. 1a
(reproduced from Ref. [20]). This image shows that the nanotubes
in the samples before annealing are quite well-dispersed and have
a curved shape. However, some nanotube orientation parallel to the
surface induced by the squeeze flow and some minimal aggregation
as seen in the lower right area cannot be excluded completely. More
detailed studies of agglomeration have been performed recently on
pressed plates of PC–MWNT composites [28]. Although the nano-
tubes are well-dispersed and their volume concentration is above
the theoretical percolation threshold [29] for the given aspect ratio,
the DC conductivity for this sample at room temperature is below
10�16 S/cm, which is close to the conductivity of the polymer ma-
trix. Pressing the material at higher temperature (T¼ 300 �C) with
otherwise same pressing conditions results in considerable nano-
tube agglomeration (see Fig. 1b, reproduced from Ref. [20]). Sur-
prisingly, the electrical conductivity of this sample is by 12 orders of
magnitude higher (5�10�4 S/cm) than that of the sample pressed
at lower temperature showing well dispersed nanotubes [20]. It
could be assumed that the considerably lower viscosity of the
polymer matrix at 300 �C leads to a faster diffusion of the nano-
tubes and accelerates their agglomeration. Therefore, the formation
of conductive agglomerates (Fig. 1c and explanation in 3.3.) is
considered to be a key process for understanding the dependence
of electrical conductivity on thermal and mechanical prehistory. It
has to be stated that in a two-dimensional (2D) cut of a 3D
structure close to percolation it is not possible to see through going
pathways formed by nanotubes (or agglomerates) directly in the
TEM. So it is not surprising that only separated agglomerates or
groups of agglomerates can be seen in Fig. 1.
) non-conductive state (sDC< 10�16 S/cm) with well-dispersed nanotubes, pressed at
d at 300 �C.
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2.2. Combined rheological and dielectric setup

The combined rheological and dielectric measurements were
performed in a rheometer (ARES, Rheometrics Scientific). Both
rheometer plates (plate–plate geometry) have been replaced by
ring electrodes connected to a frequency response analyser Solar-
tron SI 1260 for the dielectric measurements. In Fig. 2 the ring-
shaped PC–MWNT sample between the ring electrodes, with an
inner diameter of 18 mm and an outer diameter of 25 mm, and the
experimental set-up are schematically given. For the dielectric/
rheological measurements, rings with the dimensions of the elec-
trodes were cut from the pressed plates (thickness of 0.6 mm) of
the PC–MWNT composites. Such particular ring design allows
transient shear experiments with almost constant shear rate
through the sample volume.

The dielectric measurements were performed in a frequency
range between 1 kHz and 1 MHz. A frequency of f¼ 1 kHz was
taken to be representative for the DC conductivity (see below). The
data were recorded and processed using the WinDETA software
available together with the frequency response analyser Solartron
SI 1260 from Novocontrol (Germany). The temperature was
controlled by hot nitrogen flow in order to prevent oxidation of the
composite under heating.
2.3. Electrical and mechanical measurements

In the first step, the as-received samples were annealed for 2 h
at 230 �C in order to achieve an almost defined morphology of the
conductive network. Two hours have been chosen as the annealing
time, since no significant degradation by thermogravimetric anal-
ysis was detected. Then transient shear was applied to the molten
samples. In order to study the destruction and the recovery process
of the conductive filler network, two different shear regimes were
applied to the polymer–CNT melts. In the first experiment, a short
shear deformation with shear rate of dg/dt¼ 1 rad/s was applied
for 10 s (‘‘single shear’’). In the second experiment a ‘‘double shear’’
pulse consisting of a short pre-shear of 10 rad/s for 1 s followed by
a second shear pulse (dg/dt¼ 1 rad/s for t¼ 10 s) after 6 min was
applied to the melt. The double pulse experiment allows a stronger
destruction of the conductive CNT network (see below). In the rest
time after shear the electrical conductivity and shear modulus of
the composite melt were simultaneously measured. In order to get
a sufficient time resolution most of the experiments were per-
formed with a fixed frequency of 1 kHz for dielectric measurements
and 1 rad/s for dynamic-mechanical measurements. Dielectric and
mechanical spectra were acquired with lower time resolution in the
frequency ranges 1 kHz to 1 MHz and 0.3–100 rad/s, respectively.
Fig. 2. Schematic representation of the combined setup for simultaneous dielectric
and dynamic-mechanical measurements. The ring shaped polymer–nanotube sample
is inserted between two ring electrodes.
The dynamic-mechanical measurements were performed in
a time-sweep mode with strain amplitude of 1%. Experiments with
different strain amplitudes have shown that the influence of an
oscillatory shear deformation of 1% on the electrical conductivity
is negligible. Other pre-experiments with long-time intervals
between the dielectric measurements (with no electric field)
indicated that the AC-electrical field with an amplitude of 1 V does
not induce any CNT rearrangement either.

3. Results and discussion

3.1. Electrical conductivity

Fig. 3a and b presents the time evolution of the DC conductivi-
ties of two identical PC–MWNT samples containing 0.6 vol% MWNT
measured for the ‘‘single’’ and ‘‘double shear’’ experiments, re-
spectively. The time region t< 7200 s represents isothermal
annealing of the fresh samples at 230 �C for 2 h. After annealing the
DC conductivities for both samples are similar and reach values of
about 10�4 S/cm.

At t z 7200 s the ‘‘single shear pulse’’ or the ‘‘double shear
pulse’’ was applied. During this time, in both shear experiments the
DC conductivities decrease by about 6 orders of magnitude and
almost reach the conductivity of the polymer matrix (<10�10 S/cm
at T¼ 230 �C). This indicates the destruction of conductive network
paths.

The recovery of DC conductivity (t> 7200 s, Fig. 3) for both
experiments differs substantially. Fig. 4 compares the conductivity
recovery for both shear regimes (data from Fig. 3a and b) more in
detail. Although both curves have similar shape, the recovery
kinetics for the sample with the short pre-shear (double shear
experiment) is considerably slower than that for the single shear
experiment. After a long recovery period (>5 h) the DC conduc-
tivities for both samples reach a level of about 10�3 S/cm (not
shown), which is restricted by the initial concentration of the
nanotubes in the composite. Although the MWNT concentration of
the sample is constant, the shape of the DC conductivity curves
versus time for both experiments looks similar to a percolation
curve for varying contents of conductive filler. This ‘‘dynamic’’
percolation was recently discussed by us in terms of cluster
aggregation [20].

The single shear experiment is expected to break down the
nanotube network only gradually by rupture of the contacts be-
tween the conducting network parts and/or nanotube orientation.
For this experiment only a moderate destruction of the nanotube
network is assumed. One may speculate that the distance between
nanotubes or agglomerates of nanotubes is relatively small and
pieces of the conductive network are almost homogeneously dis-
tributed in the polymer matrix. Thus the reformation process is
relatively fast. However, if the network structure undergoes abrupt
and strong shear like in the double shear experiment, CNTs (or
pieces of the conducting network) are expected to be separated by
longer distances and their spatial distribution becomes less ho-
mogeneous. The slower conductivity recovery for the ‘‘double shear
experiment’’ can be understood in terms of diffusion controlled
reformation of the conducting network parts (e.g. CNT and/or
clusters) in a viscous surrounding. Therefore, it is reasonable to
assume the same mechanism for the network recovery in both
cases with only difference in the recovery speed (or reaction rate
[20]) of the agglomeration process. These assumptions are used in
Section 3.3 for modelling the conductivity recovery.

The assumption of a ‘‘dynamic percolation’’ is supported by the
frequency dependence of the real parts of the complex conductivity
s0 and permittivity 30 given in Fig. 5a and b. These spectra were
measured with low time resolution after single shear pulse. In
order to obtain reasonable spectra no significant change of the
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conductivity (and the underlying percolation structure) should
occur in the time interval necessary for the acquisition of one
spectrum (minimum 40 s). This is fulfilled only for the spectra
recorded at later times after shear and only those spectra are
shown.

Two characteristic quantities can be determined from the con-
ductivity spectra measured during the recovery process: (i) the DC
conductivity sDC versus time (see Fig. 3) and (ii) the cross-over
frequency uc¼ 2pfc (see Fig. 5). The latter indicates the transition
from the DC plateau to power law behaviour s0(u) f un (for details
see Ref. [11] and references therein). Assuming that the frequency
dependence of the conductivity can be described by charge carrier
diffusion on percolation clusters and that the characteristic fre-
quency uc(¼ 1/sx) is inversely proportional to the characteristic
time sx, which is needed for a charge carrier to traverse a cluster of
correlation length x, uc is related to the filler concentration p as
follows (see references in Ref. [11]):

ucðpÞfjp� pcjndw : (1)

The exponent dw is the effective fractal dimensionality of the
random walk (‘‘diffusion exponent’’) and n is the exponent of the
concentration dependence of the correlation length. The numerical
value of the correlation length exponent for 3D percolation was
found [30,31] to be n y 0.88. The value of uc decreases with con-
centration below percolation (p< pc) and increases above perco-
lation (p> pc). This can be used for the detection of the percolation
threshold pc. For the analysis of the experimental spectra during
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conductivity recovery after shear, at each moment a different
structure of the conducting network – which is represented by
a certain conductivity spectrum – has to be assumed. If one now
replaces the CNT content in the percolation theory by the actual
content of conducting agglomerates contributing to the electrical
percolation path (p h pA), the volume fraction of conducting
agglomerates pA(t) becomes a function of time. The agglomerates
can be assumed to evolve from a cluster aggregation process [20]. In
such a system, the evolution of the cross-over frequency with time
uc(t) can be used as an indicator for the dynamic percolation
transition.
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In Fig. 5a, showing the real part of the complex conductivity s0 as
a function of time (conductivity recovery time after single shear at
230 �C), short arrows indicate the cross-over frequencies fc (¼uc/
2p). Although the ‘‘slowing down’’ of fc below the percolation
threshold cannot be identified in our experiment, the increase of fc
for recovery times between 100 s and 6 min is indicating a system
with increasing content of conductive sites (here increasing content
of conductive agglomerates) for p> pc. For longer recovery times
(t> 6 min) a second process (step-like increase) dominates the
conductivity spectra. We relate this process to a Maxwell–Wagner
polarisation due to additional capacities appearing in the system.
From the tremendous increase in the dielectric permittivity
(Fig. 5b) in the same time interval, one can assume that the large
number of small capacitors formed at the CNT–polymer–CNT
contacts is responsible for this process. A similar process was found
for carbon black in rubber and was related to capacitors formed by
the bound rubber [32]. The increase of the low frequency permit-
tivity (open symbols in Fig. 5b) deviates from the theoretically
expected behaviour above percolation and was explained pre-
viously by the formation of microcapacitors in the contact region
between CNTs [11].

3.2. Recovery of the shear modulus

The dynamic-mechanical properties of the composite melts af-
ter shear deformation were measured in parallel with the dielectric
measurements in order to find a correlation between the recovery
of the electrical conductivity and the mechanical properties. The
real part G0 of the complex shear modulus (G*¼G0 þ iG0) measured
at u¼ 1 rad/s as a function of the rest time after shear is shown in
Fig. 6 for the two shear regimes (single and double). The circles
represent the modulus recovery after single shear deformation
(10 rad in 10 s), whereas the squares represent the G0 data after
double shear deformation (short pre-shear of 10 rad in 1 s and
second shear of 10 rad in t¼ 10 s, with 6 min of rest in-between).

The double sheared sample shows a slower recovery and lower
value of the storage modulus G0 than the sample sheared moder-
ately (single shear). This trend is similar to the recovery kinetics of
the DC conductivities (see Fig. 4) and can be also explained by
different degrees of destruction of the CNT network. The shape of
the two curves, however, is similar. In order to understand the
modulus recovery, the dynamic mechanical spectra G0(u) were
measured for different recovery times in the oscillation frequency
range from 0.3 to 100 rad/s with a small strain amplitude (see
Section 2.3). Fig. 7 shows the time evolution of the G0 spectra after
single shear.
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For the explanation of the composition-dependent changes in
rheological data of polymer–CNT composites a rheological perco-
lation threshold is often assumed [33–35]. An alternative de-
scription of the changes of rheological properties induced by the
formation of a filler network embedded in a viscoelastic liquid is
the so-called ‘‘liquid–solid-like transition’’ [36]. Some time ago, we
discussed the rheological data of a polymer melt filled with carbon
nanotubes in terms of three types of network structures [13]: (i) the
temporary polymer–polymer network formed by entanglements,
(ii) the carbon nanotube network and (iii) the combined carbon
nanotube–polymer network. A similar description was given in
Ref. [35]. At moderate deformations no significant topological
restraints between nanotubes are expected. Furthermore, the
nanotubes in a polymer melt are assumed to be separated in their
contact region by polymer chains and not really touch each other.
Therefore, for small strain amplitudes the contribution of the
geometrical CNT network (ii) to the rheological properties can be
almost neglected. For this assumption the shear modulus can be
described as a mixture of the modulus of the polymer matrix
(entangled polymer chains) and that of the combined carbon
nanotube–polymer network [13]. This assumption will be used in
Section 3.4 for modelling of the data.

3.3. Modelling of conductivity recovery

In order to understand the recovery of the nanotube network
after shear and the related conductivity behaviour in polymer melts
a simple model was recently proposed [20] by combining two ap-
proaches: the classical percolation theory for conductive/insulating
systems and a model for cluster aggregation. Since agglomerates
were experimentally observed in the composites (Fig. 1c) such an
approach seems to be reasonable. In order to keep the advantages
of the percolation theory – which assumes a homogeneous distri-
bution of conductive filler particles – and to describe the time
dependent change of conductivity for a fixed CNT content, a time
dependent agglomerate concentration was introduced. These
agglomerates are assumed to be conductive objects formed by
loosely packed nanotubes. At their contact areas the nanotubes
(inside these agglomerates) are assumed to have distances in the
nanometer range which allows electron tunnelling. This was also
proposed for carbon black polymer composites by several authors
(see Ref. [37] and references therein). The strong dependence on
distance explains the different conductivities of agglomerates and
of the matrix containing well dispersed nanotubes.

The formation of the agglomerates in a polymer matrix is
a complex process at different length scales. The driving force is
assumed to be a combination of strong dispersive interactions be-
tween filler particles and polymer chains and depletion interaction
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between adjacent particles [37]. The latter is an attractive force of
entropic origin which arises from the difference in free energy of
the surrounding polymer matrix and the chains between two filler
particles. The competition of both interactions (here: depletion and
CNT–polymer interaction) leads to the characteristic gap (see also
Section 3.1) at the filler particle contacts. In order to describe the
agglomeration process we used a kinetic equation of second order
(‘‘collision of two particles’’). We are aware that this is an over-
simplification. For instance at late stages the growth of a network
should follow rather first order kinetics. Alternatives would be a set
of hierarchical equations or a spinodal decomposition into CNT-
poor and CNT-rich phases. Furthermore, the destruction of the
conductive network during shear is not yet considered.

The theory of the electrical percolation gives the following ex-
pression for the DC conductivity above the percolation threshold pc

as a function of filler concentration (for example, see Refs. [11,20,37]
and references therein):

sDC ¼ s0A

�
pA � pc

1� pc

�t

; p > pc: (2)

where pA is the volume concentration of the conductive agglom-
erates contributing to the percolation network, t¼ 2 is an exponent
usually taken for 3D system [38–44], and s0A is the conductivity of
agglomerates formed by CNTs. The DC conductivity below the
percolation threshold pc as a function of agglomerate concentration
is given by:

sDC ¼ s0M

�
pc � pA

pc

��s

; p < pc: (3)

where s0M is the conductivity of the polymer matrix. For fitting the
data a value of s¼ 0.73 has been taken from literature [39,45–47].
An alternative equation for the dependence of the electrical
conductivity on conductive filler concentration was proposed by
Fournier et al. [48] and was successfully applied to polymers con-
taining CNT [49–51]. However, since this equation seems to be
rather empirical we do not follow this route here.

The growth of the conductive network was considered as an
agglomeration process in which two particles T, which do not
contribute to the total conductivity, interact and create a conduc-
tive (spherical) agglomerate A. This leads to a time-dependent
volume concentration pA(t) in Eqs. (2) and (3).

For formation of a (infinite) filler network in elastomers
Heinrich et al. [25] proposed a second order kinetics. This idea is
transferred here to the agglomeration process in polymer–CNT
composites:

dNA

dt
¼ kN2

T ; (4)

where NT and NA are the numbers of particles T and A, respectively,
per unit volume (number density), and k is the reaction rate. For an
agglomeration of two particles T the boundary condition
NT(t)¼NT0� 2(NA(t)�NA0) has to be fulfilled. NT0 and NA0 are the
starting number densities of particles T and agglomerates A, re-
spectively. By solving Eq. (4) together with the condition for NT(t)
one obtains the number density of agglomerates A as a function of
time:

NAðtÞ ¼ NA0 þ
NT0

2

�
1� 1

1þ 2ktNT0

�
; (5)

A similar equation can be written for the volume concentration of
agglomerates A by rescaling the number densities NT(t) and NA(t) by
the factors of VT and VA, which are the effective volumes occupied
by a particle T and a spherical agglomerate A, respectively. Finally,
the re-scaled Eq. (5) for volume concentrations is:
pAðtÞ ¼ pA0 þ ðpAN � pA0Þ
�

1� 1
0

�
; (6)
1þ 4k tðpAN � pA0Þ

with the modified reaction rate constant k0 ¼ k/VA and the final
value ðt/NÞ for the volume concentration of the agglomerates
pAN. Assuming that finally all nanotubes belong to one of the ag-
glomerates, the parameter pAN can be calculated as the ratio of the
total volume concentration of nanotubes in the sample, pNT, and the
volume concentration of nanotubes inside an agglomerate, pNT,Aggr:
pAN¼ pNT/pNT,Aggr. Eqs. (2) and (3), with pA from Eq. (6), describe
the electrical conductivity of a system with increasing volume
concentration of agglomerates.

Fig. 8a shows the experimental DC conductivities versus time for
the single and double shear experiments in a log–log scale together
with the fitting curves for pA(t)< pc (dashed line) and for pA(t)> pc

(solid line) using Eqs. (2), (3) and (6). In our fitting procedure all
data for pA(t)< pc and pA(t)> pc as well as for both curves (single
and double shear) were fitted simultaneously using a combined
non-linear fitting procedure (Altaxo).

The fitting parameters for both single and double shear are
presented in Table 1. Assuming that the agglomerates are spherical
objects, the percolation threshold pc was fixed to 20 vol%. The ex-
ponents s and t were fixed to values of 0.73 and 2, respectively (see



Table 1
Fitting parameters for the combined cluster aggregation/percolation model with
fixed critical exponents (s¼ 0.73 and t¼ 2)

Experiment pAN

(vol%)
pA0

(vol%)
k0 (s�1) pc

eff

(vol%)
s0M (S/cm) s0A (S/cm)

Single shear (30) 19.85 2.05 10�3 (20) 8.13 10�12 1.32 10�2

Double shear (30) 19.58 2.38 10�4 (20) 8.13 10�12 1.32 10�2

Single and double shear experiments were fitted together. The parentheses indicate
that the parameters were fixed during the fitting procedure.
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above). The volume content of the agglomerates for long recovery
times was estimated from Fig. 1c (white circles) to be about 30 vol%
and also set fixed in the fitting procedure. This results in a volume
content of 2 vol% of nanotubes in the agglomerates and corre-
sponds to an agglomerate conductivity of s0A of 10�2 S/cm [13],
which is close to the value resulting from the fit. The pA0 and k0

values are different for single and double shear. It should be noted
that the quality of the fit is nearly independent of the actual choice
of pc and pAN.

The agreement between the modelled curves and the experi-
mental data (Fig. 8a) is satisfactory for both single and double shear
experiments. Although the choice of the parameters includes some
arbitrariness, this supports the idea of combination of a kinetic
equation for filler agglomeration and electrical percolation. While
assuming for both experiments the same nanotube packing density
and the same conductivity of agglomerates, different values of k0

were obtained from the fit. Since the matrix viscosity should be
identical for both experiments this difference is surprising. How-
ever, different shear conditions may result in different spatial
distribution of agglomerates which lead to different kinetics of the
network formation process.

The DC conductivities (from Fig. 8a) are plotted in Fig. 8b as
a function of the calculated agglomerate concentration pA(t). This
plot looks similar to those commonly presented for the electrical
percolation transition in DC conductivity as a function of filler
content [11]. Here the concentration of conductive elements (ag-
glomerates) changes not because they were added to the polymer
matrix, but their concentration is increasing by an agglomeration
process. The overlap of the experimental data in the ‘‘master plot’’
(Fig. 8b) supports the consistency of our simple model for different
shear prehistory.

The quality of the fit (not shown) can be improved by setting the
exponents s and t as free fit parameters. The corresponding values
are given in Table 2 for single and double shear. It should be stated
here that using the equation proposed by Fournier et al. [48] the
data could be also fitted with sufficient quality.
3.4. Modelling of rheological recovery

In the following section we make an attempt to extend the
cluster aggregation idea to the recovery of the shear modulus. From
the comparison of Figs. 3 and 6 it is obvious that the DC conduc-
tivity changes by several orders of magnitude, whereas G0 increases
only over one order of magnitude. At a first glance this discrepancy
can be explained by different mechanisms: (i) charge carrier
transport for electrical conductivity and (ii) mechanical momentum
transfer for rheological properties. The first mechanism needs close
Table 2
Fitting parameters for the combined cluster aggregation/percolation model with free ex

Experiment pAN (vol%) pA0 (vol%) k0 (s�1) p

Single shear (30) 19.53 7.00� 10�3 (
Double shear (30) 18.73 7.27� 10�4 (

Single and double shear experiments were fitted together. The values in parentheses we
electrical contacts of about 10 nm (for hopping or tunnelling) [52]
between the conductive network parts, while the second mecha-
nism needs a viscous coupling between tubes, agglomerates and
polymer chains. Here we try to model the mechanical properties by
‘‘solid-like’’ filler particles in a polymer matrix. The ‘‘filler particles’’
are assumed to be identical to the conductive agglomerates and to
follow the same kinetics. The idea to model the modulus recovery
after shear by formation of contacts between filler particles was
proposed by Heinrich et al. [25] for elastomers and polyethylene
with fillers. However, it was not possible here to fit the data in Fig. 6
by a linear dependence between the number density of agglom-
erates (given by Eq. (5)) and the modulus increase. Therefore, we
tested different mixing laws (see references in Ref. [53]) for the
polymer–agglomerate composite.

The upper and lower bounds, restricting the dependence of the
modulus G* on the volume fraction of the filler, are given by
a ‘‘parallel’’ model (Voigt) as:

G* ¼ ð1� fAÞG*
P þ fAG*

A; (7)

and by a ‘‘series’’ model as:

1=G* ¼ ð1� fAÞ=G*
P þ fA=G*

A; (8)

where fA (hpA) is the volume fraction of the agglomerates. GA
* is

the shear modulus of the agglomerates and GP
* is the modulus of the

polymer phase. At 230 �C, GA
* and GP

* were taken to be 3300 and
50 Pa, respectively. GA

* was extrapolated from the rheological data
in Ref. [33] at 1 rad/s and 260 �C for CNT content of about 2.5 wt%.
The CNT concentration inside an agglomerate was taken as
constant.

For spherical particles included in a matrix the Kerner model
[54] can be applied. According to this model the modulus of the
composite is given by:

G* ¼ G*
A

fPG*
P þ ðgþ fAÞG*

A

ð1þ gfAÞG*
P þ gfPG*

A

; (9)

where g¼ 2(4� 5n)/(7� 5n) and n¼ 0.37 is Poisson’s ratio of the
composite. A model which predicts phase inversion at intermediate
compositions was developed by Budiansky [55]:

fP

1� 3
�

G*
P

G* � 1
�þ fA

1� 3
�

G*
A

G* � 1
� ¼ 1; (10)

where 3¼ 2(4� 5n)/15(1� n).
As mentioned above, the properties of a two-phase composite of

any geometry will lie between the parallel and the series models.
Kerner model is close to the series model, whereas the Budiansky
model yields a drastic change (phase inversion) in the mixing law
over a small fA range.

The curves for the real part of the shear modulus calculated by
different mixing models (Eqs. (7)–(10)) are plotted in Fig. 9 together
with the experimental shear modulus G0 (from Fig. 6). The time axis
in Fig. 6 is re-scaled by the concentration of agglomerates pA (hfA)
using Eq. (6) with the parameters given in Table 1.

It can be clearly seen that none of the models yields a satisfac-
tory approximation of the experimental data. However, there
ponents s and t

c
eff (vol%) s t s0M (S/cm) s0A (S/cm)

20) 1.32 3.04 2.33� 10�12 7.30� 10�2

20) 1.32 3.04 2.33� 10�12 7.30� 10�2

re fixed during the fitting procedure.
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seems to be a transition from the series to the parallel model at
about 20 vol% of agglomerates. This may indicate a transition from
a rheological behaviour dominated by the polymer matrix to a
behaviour dominated by the filler network.

4. Summary and conclusions

In this paper a combined investigation of the electrical and
rheological properties of PC–MWNT melts was performed using
simultaneous dielectric and mechanical measurements during
annealing of the as-received samples and in the rest time after
different shear deformations. The shear deformation applied to the
annealed composites containing 0.6 vol% MWNT leads to a tre-
mendous decrease in the DC conductivity by 6 orders of magnitude
as well as modulus decrease by a factor of 20 (i.e. down to the
values of the polymer matrix). The decreases in the electrical
conductivity and G0 are explained by a destruction of the filler
network. The following recovery of both electrical and mechanical
properties is attributed to the re-formation of the network of
interconnected nanotube agglomerates. The agglomeration of
nanotubes was assumed to be a key process defining physical
properties of polymer/MWNT melts.

The reformation of the conductive network was described by
a combination of cluster aggregation and percolation theory.
Within this model, the electrical conductivity recovery was
explained as a dynamic percolation of conductive nanotube ag-
glomerates of spherical shape. Following this assumption, the
conductivity recovery curves for different shear prehistory could be
reduced to one ‘‘master curve’’ by replacing the time axis by the
calculated agglomerate concentration. The idea of cluster aggre-
gation was applied to the recovery of the shear modulus as well.
The agglomerates are assumed to act here as ‘‘solid-like’’ filler
particles in the polymer matrix. Different mechanical mixing laws
were tested: series, parallel, Kerner and Budiansky models. How-
ever, none of these models yields a satisfactory approximation of
the rheological data.

In conclusion, combined rheological and conductivity mea-
surements provide new experimental information for better un-
derstanding of the agglomeration kinetics in polymer melts
containing carbon nanotubes. The methodological approach can be
extended to other nanofillers in polymers as well. For more quan-
titative understanding of the influence of mechanical deformations
on the electrical and rheological properties it is also necessary to
investigate the network destruction in detail. Furthermore, the
proposed cluster aggregation kinetics together with the dynamic
percolation picture, and the mechanical mixing laws are only first
attempts to describe the time dependence of electrical and rheo-
logical properties. An alternative to cluster aggregation would be
a spinodal decomposition into a CNT-rich and a CNT-poor phase.
Those alternative models should be tested in future.
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[13] Pötschke P, Abdel-Goad M, Alig I, Dudkin S, Lellinger D. Polymer 2004;45:

8863–70.
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