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In this work the rheological and electrical properties of semi-dilute carbon nanotube
(CNT)–epoxy suspensions have been discussed. The suspensions are produced using two
types of industrially available CNTs (Nanocyl 3150 and 7000) and using two different dis-
persion techniques, namely 3-roll milling and sonication. In-situ optical microscopic anal-
ysis and electrical conductivity measurements have been conducted. It is shown that
despite using CNTs with similar aspect ratios, the dispersability of the raw material and
the time stability of the suspensions are quite different. Additionally, viscosity measure-
ments are used to evaluate the initial dispersion quality and time stability.

� 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

By filling electrically insulating polymers with small
amounts of conductive particles, the electrical conductivity
of the system can be increased by some orders of magni-
tude due to network formation of the fillers throughout
the matrix [1–3]. The formation of such a conductive net-
work can be understood by using the percolation theory
which describes the relationship between the filler content
and electrical conductivity [4]. In the case of carbon nano-
tubes (CNTs), much evidence in literature cites the strong
influence of production techniques and process parameters
on the final electrical properties of CNT based composites
[5–9].
. All rights reserved.

; fax: +49 40 42878

ulz).
The key problem with CNT based composites is the dis-
persability of the fillers in the matrix in order to utilize the
properties of the pure material. The commercially available
CNTs are constituted by several bundles of hundreds of
carbon nanotubes that can become entangled or clumped
together by amorphous carbon.

The greater than 1 lm long ropes further entangle into
networks, due to van der Waals (vdW) attraction. This pre-
cludes the dispersion of carbon-powder insolubles in aque-
ous and organic liquids and thus hinders the
nanocomposite production process. CNTs exhibit a surface
area several times greater than the surface of conventional
fillers [10]. Such a high surface area contributes to the dif-
ficulty with dispersing the tubes into matrices. Much effort
has been made to incorporate CNTs into polymers in order
to take advantage of the exceptional properties of the indi-
vidual nanotubes, but effective dispersion has proven to be
extremely difficult. Hence the resulting composites do not
show the expected enhanced properties, in particular with
respect to the mechanical performance. Various studies

http://dx.doi.org/10.1016/j.eurpolymj.2011.07.022
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focusing on the improvement of CNT dispersion in differ-
ent matrices for attaining good electrical properties are
present in literature [5,11,12]. Recently, Pegel et al. [13]
showed the different dispersion behavior of two commer-
cially available CNT types in high viscous polycarbonate
melts. In another study, McClory et al. [14] found a strong
dependence of the electrical and rheological percolation
threshold on the CNT geometry and functionality. Bauhofer
and Schulz [15] showed the strong similarities between
high viscous thermoplastic and low viscous epoxy systems.

Only the first part of this paper deals with the relation-
ship between the dispersability of the CNTs in an epoxy
matrix and the resulting electrical conductivity of the com-
posite suspensions. Moreover, the dependence of the dis-
persion quality on the pristine tubes nature as well as on
the processing technique has been shown and related to
the rheological properties of the suspensions.

It is known that moderate shear can further improve
the electrical properties by well-controlled shear induced
agglomeration [16–19]. Depending on the applied shear
rate and temperature, high and controlled conductivity
values can be reached, if the initial filler dispersion is good.
In fact, a coarse dispersion of CNTs in the matrix character-
ized by the presence of pristine, non disrupted bundles
negatively influences the electrical conductivity because
of the lack of free nanotubes that could contribute to the
network formation [13,20–22].

As shown by Huang et al. [23], steady state shear flow
measurements are able to directly characterize the disper-
sion state because the viscosity of the mixture is strictly re-
lated to the spatial and orientational distribution of the
nanotubes in the matrix. Bad dispersion quality, due to
too low forces or insufficient mixing time, results in erratic
rheological values.

The work described in this paper is concerned with the
simultaneous study of the rheological and electrical prop-
erties of a system where the nanotubes are suspended in
a Newtonian epoxy matrix. The effect of two different mix-
ing techniques and thus different dispersion qualities were
investigated for semi-dilute epoxy suspensions containing
two different types of commercially available multiwall
carbon nanotubes.

The four different systems were compared regarding
the rheological and electrical properties and the shear in-
duced agglomeration tendencies. In this way, it was possi-
ble to obtain information about the dispersion abilities of
the two production techniques as well as the time stability
of the suspensions.
2. Materials and methods

2.1. Suspension preparation

In this study, two types of multiwall carbon nanotubes
have been used. They are catalytic carbon vapor deposition
(CCVD) grown CNTs purchased by Nanocyl S.A. (Belgium):
NC3150 with an average diameter of 9.5 nm, an average
length less than 1 lm and a purity exceeding 95 + % and
NC7000 with an average diameter of 9.5 nm, an average
length of 1.5 lm and a purity of 90%. The nanotubes have
been used as received without any purification treatment.
The matrix used for the production of the suspensions is an
undiluted clear difunctional bisphenol A/epichlorohydrin
(DGEBA), EPON™ Resin 828 purchased from Hexion.

The suspensions were produced using two common
dispersion methods, which are sonication using a horn
ultrasonicator (Misonix S3000) and milling by means of a
3-roll-mill (EXAKT� 120 E). Sonication is often used to pro-
duce small batches which makes it favorable for lab size
applications [24–26]. In this work, a constant knob control
setting of 1.5 has been chosen for sonication of the suspen-
sions in order to have the same amplitude. Suspensions
with several wt.% of CNTs have been produce for both
types of nanotubes by using 20 g of EPON mixed with the
correct amount of nanotubes. Two sonication times have
been used for the suspension production, 10 and
120 min, with an average power of 20 W.

However, for larger amounts of material, sonication is
not manageable due to the extreme reduction of the vibra-
tional energy with increasing distance from the sonotrode.
Here, milling is more favorable achieving good dispersion
as shown before [27–29]. The dispersion of the nanotubes
in the 3-roll-mill is based on high shear forces arising in
the gap between the rolls. The fixed speed for the apron
roll has been set at 300 rpm. In this work, the suspensions
were produced by using a three cycle program with
decreasing distances between the rolls for each cycle. The
speed for the apron roll has been set at 300 rpm. The small-
est gap size used was 5 lm. Suspensions at different nano-
tubes concentrations have been produced by milling from
0.02 to 0.1 wt.% CNTs for both types of nanotubes.

2.2. Rheo-optical-electrical experiments

The combined rheological and electrical measurements
were carried out using a modified stress-controlled rheom-
eter (StressTech HR, Rheologica Instruments). All measure-
ments were performed in steady mode with an 35 mm
parallel plate geometry. The lower rheometer plate is a
glass plate with two evaporated rectangular gold elec-
trodes (10 � 5 mm) with a 2 mm gap in between, which
measures the conductivity parallel to the shear direction.
The other rheometer plate was coated with a reflective,
non-conductive coating to allow optical microscopy obser-
vations [30]. Optical, electrical and rheological in situ mea-
surements are possible with this test setup. All
conductivity and viscosity measurements were carried
out with a gap size of 1 mm and varying shear rates be-
tween 0.1 and 100 s�1 were applied. For image capture,
the gap had to be decreased to 0.5 mm to achieve better
depth resolution.

All suspensions were pre-sheared with 100 s�1 for 60 s
before measurement. The temperature for all measure-
ments was set to 60 �C. This procedure and temperature
were chosen in order to make the results comparable to
previous experiments [15,17]. Additionally, temperatures
above 45 �C are necessary to measure changes in the elec-
trical conductivity [17].

Electrical conductivity was measured in AC mode using
a HP 4284A LCR meter with a voltage amplitude of 1 V and
a frequency of 100 Hz.
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2.3. Scanning Electron Microscopy

In order to have a preliminary idea on the quality and
structure of pristine nanotubes, Scanning Electron Micros-
copy (SEM) was performed on raw NC7000 and NC3150. A
LEO 1530 FE-SEM (Carl Zeiss GmbH, Germany) microscope
was used at an acceleration voltage of 5 kV.
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3. Results and discussion

3.1. CNT structure

From the material datasheet provided by the manufac-
turer, the nanotubes used for the suspension production
are similar in diameter, with NC7000 being slightly longer
resulting in a higher aspect ratio. From the SEM images, at
different magnifications shown in Fig. 1 one can clearly see
differences in the grain size of the pristine CNTs.

NC7000 shows big smooth grains with diameters up to
500 lm (Fig. 1a). The grain appears to be constituted by
densely packed nanotubes, forming a highly packed struc-
ture with smooth surfaces (Fig. 1b). At higher magnifica-
tion a felt-like structure of small bundles becomes visible
(Fig. 1c).

The structure of NC3150 appears to be very different,
having smaller grains with a maximum size of 100 lm
and more homogeneous grain size distribution (Fig. 1d).
The grain structure is less dense than in NC7000, present-
ing disentangled structures with a ragged agglomerate sur-
face (Fig. 1e). A higher magnification shows dreadlock-like
structures with more defined edges and relatively random
orientation compared to NC7000 (Fig. 1f).
Fig. 2. Constant shear rate step test for milled NC7000/EPON suspensions
with different CNT contents. Each shear rate was applied for 5 min.
Dotted lines mark changes in applied shear rate. O
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3.2. Electrical properties

To evaluate the effect of shear rate on the microstruc-
ture of the composite and its electrical conductivity, the
Fig. 1. SEM micrographs of the as-grown carbon nanotubes (top: NC7000
suspensions were sheared at different levels of constant
shear for 5 min (‘‘shear rate step test’’). The shear rate
was changed stepwise from 100 to 0.1 s�1 and from 0.1
to 100 s�1. Four suspensions that were produced with the
two nanotubes and two different dispersion techniques
have been characterized by following the same procedure
of the shear rate step test. As an example, the results for
milled NC7000/EPON suspensions with varying filler con-
tent are shown in Fig. 2 where the conductivity is plotted
as a function of the time for seven different shear rates
levels.

It is evident from the plot that constant conductivity
values are reached for each applied shear rate within an
experimental time of 5 min. Comparable values are
reached for a particular shear rate regardless whether a
lower or a higher shear rate was previously applied (com-
pare e.g. 0.05 wt.% at 1 s�1 in Fig. 2). So, the conductivity
and bottom: NC3150). Magnification is 100�, 1000� and 10,000�.
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level is reversible and independent of previous flow history
[17]. At 0.1 s�1, the conductivity is increased by five orders
of magnitude compared with its initial value at 100 s�1 for
a 0.1 wt.% CNT/epoxy suspension. Lower shear rates induce
higher conductivity levels whereas higher shear rates do
not substantially improve the conductivity. This shear-in-
duced insulator-to-conductor transformation can be ex-
plained by agglomeration and network formation of the
dispersed nanotubes [18,19,31]. At each shear rate the
agglomerate formation is regulated by the interaction be-
tween constructive and destructive forces. These forces
arise from the interaction between the nanotubes and
the matrix that either helps or hinders the agglomerate
construction [18,31]. Agglomerates can build up during
shearing due to constructive forces present at low shear
rates. With increasing shear rates, agglomeration growth
is stopped when the constructive and destructive forces
reach an equilibrium state, and with high shear rates the
destructive forces dominate. The agglomerates are broken
down. If the concentration of nanotubes is sufficient, the
formation of such agglomerates leads to an increase in
electrical conductivity. Driven by the shear forces, the
agglomerates come in contact with each other to form a
conductive path between the electrodes. On the contrary,
when the shear rates are too high, the sizes of the agglom-
erates decrease. Thereby larger distances between the fill-
ers are created. This disrupts the network formation and
hence a drop in conductivity is observed.

The effect of applied shear rate on the agglomerate size
in the NC7000/EPON system is shown in Fig. 3. The suspen-
sion contains 0.05 wt.% CNTs. The images were taken after
5 min of constant shear. After shearing with high shear rate
of 100 s�1, the suspension exhibits a homogeneous mor-
phology with very small agglomerates. Decreasing shear
rate allows agglomeration growth and hence an increase
in agglomerate size, as shown in Fig. 3b and c for shear
rates of 10 and 1 s�1. As predicted before, the biggest
agglomeration size is reached for the lowest applied shear
rate of 0.1 s�1 (Fig. 3d).

The effect of increasing filler content on network forma-
tion and thus electrical conductivity was also studied. As
one can see from Fig. 2, increasing filler content leads to
improved electrical conductivity at all shear rates due to
decreasing distances between the filler particles and there-
fore increasing contact. In addition, suspensions with high-
er filler content are less influenced by shear. Even at a
shear rate of 50 s�1, 0.1 wt.% CNT/epoxy suspension shows
an increase in conductivity by two orders of magnitude.
Fig. 3. Optical micrographs of 0.05 wt.% NC7000/EPON suspension after shearing
after 5 min of constant shear.
Suspensions with less filler content show isolating behav-
ior at the same shear rate. Moreover, the maximum electri-
cal conductivity is limited by the concentration of
conductive fillers. Interestingly, adding more CNTs does
not improve the conductivity at 0.1 s�1 for 0.07 and
0.1 wt.% CNT/epoxy suspensions. Here, different conduc-
tivity behavior is only observed at higher shear rates
(>1s�1). Once a network through the matrix is formed,
the conductivity is limited by other parameters like tem-
perature or CNT purity.

The step test also gives information about the time
needed by the system to reach steady state particle size
and in this way, establish a constant conductivity level.
Comparing the conductivity values at 0.1 s�1 for all the
concentrations, one can clearly see that with increasing
the filler concentration a shorter time is needed to reach
a constant conductivity. This can be explained by larger
distances between the particles at low filler concentra-
tions. Before coming into contact with each other, the par-
ticles have to move a longer distance. Even when
agglomerates are formed, these can be too small to form
an electrical path spanning through the composite for
assuring an appreciable electrical conductivity.

To compare the conductivity behavior of the two differ-
ent CNT types, the average electrical conductivity value at
each applied shear rate was calculated for both the NC7000
and NC3150 suspensions. The results are shown in Fig. 4.
Scattering of the conductivity values is shown by error bars
indicating an inhomogeneous particle size distribution or
the formation of a weak electrical path due to a low con-
centration of nanotubes. For 0.02 wt.%, a stable conductive
network formation, even at 0.1 s�1, does not occur despite
the formation of small agglomerates. This is reflected in a
pronounced scattering of the electrical conductivity. The
electrical conductivity values corresponding to the
NC3150 suspensions are overall higher than the NC7000
ones. Large differences are shown at intermediate concen-
trations of about 0.04 and 0.05 wt.% where a slight modifi-
cation of external parameters (such as tube properties and
shear rate) can strongly influence the electrical network
morphology. For NC3150, a pronounced insulator-to-con-
ductor transition is measured for 0.04 wt.% between 5
and 1 s�1. For NC7000, a slightly higher filler concentration
of 0.05 wt.% is necessary to achieve the same conductivity
behavior at the same shear rates. Because of their sensitiv-
ity to process parameters, these concentrations can be con-
sidered as kinetic percolation thresholds for the NC3150
and NC7000/EPON suspensions at 60 �C [4,6].
with (a) 100 s�1, (b) 10�1, (c) 1 s�1 and (d) 0.01 s�1. Pictures were taken



Fig. 4. Average conductivity vs. applied constant shear rate for milled NC7000/EPON and NC3150/EPON suspensions with different filler concentrations at
60 �C.
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This observation is quite interesting if one considers
that the aspect ratio of the NC3150 is lower than the
NC7000, having a shorter length [34]. In fact, with a lower
aspect ratio, NC3150 CNTs are expected to provide a higher
percolation threshold compared to NC7000 [32]. However,
fracturing of the NC7000 during the dispersion process
might be one reason. Another possible explanation for such
usual behavior might be found regarding the two pristine
tube types. The properties of the raw materials affect the
interaction with the matrix and hence the quality of the
dispersion can be different.

3.3. Dispersion quality

3.3.1. Electrical properties depending on dispersion quality
To achieve good electrical conductivity in suspension, a

defined and reproducible dispersion method is a crucial pre-
requisite. The dispersion method defines the size distribu-
tion, orientation and homogeneity of the fillers. The
different processing parameters like mixing time or temper-
ature thus have a strong influence on the dispersion proper-
ties [15,23]. In the final composite, additional parameters
like the kind of hardener, curing time and curing tempera-
ture will further influence the electrical properties [25].

To compare different dispersion states, three different
mixing procedures were used: milling, sonication for
10 min and sonication for 120 min. In this way, the influ-
ence of the mixing method (milling vs. sonication) as well
as the sonication time on the electrical properties can be
explored for the two different nanotubes types.

In Fig. 5, optical microscopy images of the suspensions
are shown after shearing with 100 s�1 for 60 s. This pre-
shear was shown to be necessary to induce a conductivity
increase by several orders of magnitude in epoxy matrix
systems and is related to partial demixing of fillers and ma-
trix [17]. From these images it is possible to appreciate the
different dispersion states of the nanotubes in the suspen-
sions produced by milling and sonication. Milling is able to
produce a fine and uniform dispersion (Fig. 5a and d),
while short sonication times are not able to break up the
initial agglomerates of pure CNTs (Fig. 5b and e). Pristine
ropes with diameters d > 100 lm can be found within the
NC7000 suspension after 10 min of sonication. Neverthe-
less, the miscibility seems to be improved for NC3150 be-
cause of fewer and smaller agglomerates. Longer
sonication times result in a finer dispersion for both nano-
tubes suspensions, even if their morphologies are different.
The NC3150 suspension sonicated for 120 min is more
similar to the milled one, with a fine texture of well dis-
persed nanotubes. The NC7000 suspension shows an even
smoother texture with relatively few, clearly defined
agglomerates and a larger fraction of well dispersed CNTs
as can be seen from the dark grey background.

Again, in order to study the shear induced agglomera-
tion process in the sonicated suspensions, shear rate step
tests were performed. As we know from Fig. 2, the highest
shear-induced electrical conductivity is reached at the
lowest applied shear rate. To make a clear comparison be-
tween the different production methods, average conduc-
tivities at steady shear of 0.1 s�1 for 0.05 wt.%
suspensions are shown in Fig. 6 for both kinds of nano-
tubes and for the three production methods. These results
are in good agreement with the micrographs in Fig. 5. Short
sonication times, even with big pristine ropes, were still
able to form conductive paths of agglomerates but the final
conductivity is lower compared to milled suspensions.
NC3150 suspensions reach conductivity values of about
10�4 S/m. The conductivity value of NC7000 is one order
of magnitude lower. A slight improvement was measured
for longer sonication time of 120 min. NC7000 suspensions
reach lower values than NC3150. NC3150 achieves conduc-
tivity values equal to those obtained by milling. On the ba-
sis of these results, it is possible to affirm that in order to
achieve reproducible and high conductivity values by con-
stant shear, milling is an appropriate dispersion method
for both kinds of nanotubes. Sonication is more selective,
providing comparable results only for long sonication
times and for NC3150.

3.3.2. Time stability
The exhibited variability of electrical properties reflects

a difference in dispersion quality not only due to the



Fig. 5. Light microscopy images of 0.05 wt.% CNT/epoxy suspension after 100 s�1 shear at 60 �C: milled (a and d), 10 min sonication (b and e) and 120 min
sonication (c and f).

Fig. 6. Average conductivity for different dispersion methods at a
constant shear rate of 0.1 s�1 for suspensions containing 0.05 wt.% CNTs
in EPON measured at 60 �C.

Table 1
Results of TGA analysis for both types of CNTs and specific surface area
(SSA) determined by BET.

CNT
type

Amorphous
carbon* (wt.%)

Catalyst**

(wt.%)
Amount of
CNT (wt.%)

SSA
(m2/g)

NC3150 6.0 0.0 94.0 280
NC7000 8.0 7.4 84.6 250

* From the TGA curve under N2.
** From the TGA curve under air.
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different dispersion method, but also due to the different
nature of the nanotubes. These differences can also affect
the stability behavior of the suspensions, because it is cor-
related to the dispersion quality. Time stability properties
of CNT suspensions is an important issue related to com-
posites production. The possibility of storing CNT filled
epoxy before the addition of the hardener can simplify
the production process. It allows a mass production of sus-
pensions (e.g. masterbatches) and a subsequent custom-
ization of the final composite through the curing process
[25]. For this purpose, the produced suspensions were
characterized again after 1 week of storage at room tem-
perature. Milled suspensions showed no decrease in elec-
tric conductivity for both kinds of tubes (not shown)
while interesting changes occur for sonicated samples
(Fig. 6). For NC3150, the conductivity of the suspensions
produced by short sonication remains almost constant
with respect to the ‘‘unstored’’ material. The conductivity
of the suspensions produced by longer sonication de-
creases after 1 week of storage by one order of magnitude.
For NC7000, drastic decreases in conductivity by four or-
ders of magnitude occur after 1 week of storage for both
sonication times.

These results indicate that the best time stability is as-
sured by using milling as the dispersion method for both
types of nanotubes. Sonication provides very poor stability
even after long sonication times for NC7000/EPON and bet-
ter time stability for NC3150/EPON systems.

Because of the inhomogeneous dispersion of NC7000
suspensions confirmed by light microscopy (Fig. 5b), sedi-
mentation is assumed to be one reason for the lack in time
stability. Additionally, higher content of impurities like me-
tal catalysts could increase the instability of the system and
in this way accelerate the sedimentation process. From the
material datasheet of the nanotubes the purity of NC7000
is defined to be lower compared to NC3150 [33]. In order
to explain the sedimentation and lack of time stability of
NC7000 suspensions, thermogravimetric analysis (TGA)
was conducted on both types of nanotubes. All data is shown
in Table 1. Fig. 7 contains the TGA curves of the NC7000 and
NC3150. These samples have been heated up to 900 �C



Fig. 7. TGA analysis of pristine NC3150 and NC7000 under N2 (a) and air (b).
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under N2. The weight loss during this step can be roughly re-
garded as the amount of amorphous carbon impurities. The
residue was then cooled down to room temperature and
then the purge gas was changed to synthetic air (see
Fig. 7b). Although the onset of degradation was around
490 �C, which is close to the observed value for other com-
mercially available CNTs [34], the amount of residue at
900 �C is much higher for the NC7000 (7.4 wt.%). NC3150
contains almost no catalyst, since the char yield after heat-
ing up to 900 �C under synthetic air is nearly 0 wt.%.

Hence, it is possible that the pronounced sedimentation
phenomenon in NC7000 suspensions is associated to the
presence of metal impurities. Impurities are generally
encapsulated in the head of the nanotubes. The heavy met-
als sediment quickly, taking with them a large amount of
nanotubes. In this way, they reduce the effectively avail-
able amount of conductive filler within the suspension.

Another explanation might be found in a different spe-
cific surface areas (SSA) of the two nanotube types. The
surface area of nanotubes induces strong attractive forces
between the tubes, often leading to excessive agglomera-
tion/entanglement behavior and thus worse dispersability
[7,10]. The measured SSA values are shown in Table 1.
The SSA of both kinds of tubes are quite similar, with an
unexpected slightly higher value for NC3150. Thus, we as-
sume that the main reason for the worse dispersibility of
NC7000 is the difference of the raw material structure
and the higher power input needed to break down the
big NC7000 agglomerates.

3.4. Viscosity depending on dispersion state

Adding solid fillers to a suspension generally increases
the initial viscosity of a system. For CNT/epoxy systems, var-
ious studies investigating the dependence of the suspension
viscosity exist [35–38]. Regarding the pristine materials
used, a common rheological behavior was observed: epoxy
resins often behave like Newtonian liquids showing a con-
stant viscosity independent of the applied shear rate. With
increasing filler content a viscosity increase at low shear
rate takes place. Further increase of the filler content usually
results in shear thinning behavior of the suspensions.
Additionally, shear-induced agglomeration at a fixed con-
centration is detectable if the agglomeration process is fast
and thus happening during the measurement time.

To examine the influence of the different dispersion
states on the rheological properties, steady shear flow mea-
surements were performed with decreasing shear rates in
the range from 100�1 down to 0.5 s�1 with 10 s measure-
ment time. As we know from shear rate step testing, the sys-
tem reacts within seconds on the applied shear rate if the
concentration of the fillers is sufficiently high. Suspensions
with a concentration of 0.05 wt.% CNT were tested due to
their fast agglomeration times (as shown in Fig. 2).

As we can see from Fig. 8, the used resin shows a con-
stant viscosity of 230 mPa s over the measured shear rate
range. Scattering at lower shear rates is due to instrumen-
tal limitations under the given conditions.

As one can see from Fig. 8a and b, an identical rheolog-
ical behavior is evaluated for milled suspensions of both
nanotube types. They show a strong shear thinning behav-
ior, starting from a viscosity of 650 mPa s. All NC3150/
EPON suspensions prepared by sonication show lower vis-
cosity values at low shear rates except the one sonicated
for 10 min. Due to incomplete dispersion of the 10 min
sonicated suspension, the interpretation of viscosity data
is less reliable because of the initial presence of large
agglomerates, which could get squeezed and lead to erratic
interpretation of the rheological behavior.

By means of rheological measurements, it was also pos-
sible to evaluate the large viscosity changes that occurred
after 1 week of storage in the NC7000/EPON suspensions,
as shown in Fig. 6, through the evaluation of the electrical
properties. The viscosities of the sonicated suspensions at
low shear rates decreased by nearly 50% after 1 week of
storage with respect to the fresh suspensions. Viscosity val-
ues slightly above those of the pure resin are reached.
Moreover, pronounced shear thinning behavior disappears
almost completely. The flattening of the viscosity curves oc-
curs in coincidence with the strong decrease in electrical
conductivity, indicating the occurrence of substantial
changes in the dispersion state. A possible explanation is
the migration of the undispersed large agglomerates to-
wards the center of the rheometer plates. In a parallel-plate



Fig. 8. Viscosity depending on applied shear rate for 0.05 wt.% CNT/epoxy
suspensions: (a) NC3150 and (b) NC7000 at 60 �C. The suspensions were
produced by milling and sonication with two different mixing times and
partly stored for 1 week. The viscosity of the pure resin is given for
comparison.
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device, the shear rate varies from zero at the center of the
flow (r = 0) to its maximum value at the edge (r = Rplate). If
the agglomerates, caused by the shear force gradient, gath-
er towards the middle of the plates, they do not contribute
to the flow resistance any longer. The suspension at the
plate edge impoverishes which explains the strong de-
crease in viscosity and the nearly Newtonian liquid-like
behavior for poorly dispersed suspensions.

An important achievement of this work is the correla-
tion between the rheological, the electrical and the mate-
rial properties. In fact, it is impressive how strong the
correlation between the viscosity and conductivity is: the
shear rate dependence of the viscosity can be related to
agglomeration tendency of the suspension. This in turn
determines the electrical behavior of the suspension under
shear. In fact, if the viscosity shows a shear thinning behav-
ior, it means that the dispersion of the nanotubes in the
suspension is such that it is possible to form shear induced
agglomerates. However, it is important to highlight that
the requirement of a good initial dispersion is necessary,
because insufficient initial dispersion leads to erratic vis-
cosity values as shown in Fig. 8.
4. Conclusions

The results illustrate the importance and interdepen-
dence of several factors which are generally relevant in
conductive nanocomposite related studies.

From a theoretical perspective it is clear that percolation
models cannot reliably predict properties of heterogeneous
media if the dispersed phase is distributed in a non-trivial
manner. This work shows that, even if they would include
more presumably important factors, properties would still
be difficult to predict in most cases.

The results show, especially for particles with high aspect
ratios, their dispersability and subsequent distribution is
the result of a sequence of rather complex kinetic interac-
tions with each other and the matrix. Even though factors
such as particle geometry, agglomeration, shear rate and
viscosity are shown to be important, their influence is hard
to predict. They are most probably not independent but are
covariant, and the parameters as well as their relationships
may vary throughout the production process. Thus, macro-
scopic properties cannot be determined reliably even from
a more comprehensive set of parameters. It becomes neces-
sary to include the nature of the interactions throughout the
whole production process. Obviously, a documentation of
reported results would thus need to be extremely compre-
hensive to allow precise comparisons. This suggests that
systematic determination of the covariance of parameters
in simulations and experiments needs to be done before
arriving at a more accurate empirical formula encompassing
the kinetic effects in percolation.

From a practical perspective, the experiments on CNT–
epoxy suspensions highlight several important parame-
ters. Processing or storage may affect properties such as
conductivity, percolation threshold, morphology, viscosity,
or the time stability of properties in some cases dramati-
cally. On the one hand, this gives the compounder flexibil-
ity to tune the composite properties to desired values. On
the other hand, this complexity is generally detrimental
to quality consistency.

Remedies would include a more detailed raw material
characterization and choosing production methods that al-
low for tighter close control and higher reproducibility
whenever possible. The further upstream in the processing
chain these are, the more constitutive this choice is likely
to be for the range of achievable properties.

The further downstream processing steps are, the more
they can influence a properties’ terminal value. Relatively
stable values can be achieved when one phenomenon
dominates the others and levels out. For example, when
a steady very large shear rate reduces the agglomerate size,
shortens the particles to one critical length, and lets the
distribution approach a random state.
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