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ABSTRACT: The CNTs aggregation in a low-viscosity PDMSmatrix was studied from simultaneous time-
resolved measurements of electrical conductivity and dynamic shear modulus. The concentration of
nanotubes (φ = 0.2%) was chosen in order to be in the semidilute regime of the suspensions. After a
nonlinear compressive deformation, it was shown that the kinetics of CNTs aggregation strongly depend on
the amplitude of the dynamic shear deformation. Actually, the kinetics of aggregation develops rapidly by
increasing the deformation. However, above a critical deformation (γc = 60% corresponding to a critical
Peclet number Pec ≈ 1 � 104), the equilibrium value of the storage modulus and electrical conductivity
decreases with increasing the deformation. It was then concluded that low shear deformations induced an
aggregation mechanism, but these aggregates broke down at high shear, forming small aggregates with less
entanglements. Furthermore, this phenomenon of CNTs cluster aggregation was also highlighted by optical
microscopy as the clustering mechanism of the CNTs was clearly observable after few hours.

Introduction

Over the past decade, polymer composites based on carbon
nanotubes (CNTs) have been extensively investigated due to their
specific properties. CNTs can be viewed as one-dimensional
nanomaterial as they possess a very high aspect ratio (generally
higher than 100 for a tube-diameter usually lower than 10 nm).
However, the successful development of CNTs-based composites
requires controlling the dispersion of CNTs within the polymer
matrix. Indeed, CNTs have strong tendency to agglomerate in
densely packed bundles and different strategies have been then
developed to optimize CNTs dispersion in, e.g., thermoplastic
polymers. A direct consequence of the incorporation of CNTs in
molten polymers is the significant change in the viscoelastic and
electrical properties. Compared with common particles, the large
aspect ratio of CNTs leads to the formation of a solid-like
material at a relatively low nanotubes concentration. The con-
centration onset, at which the viscoelastic and electrical proper-
ties dramatically change is referred in the literature as the
percolation threshold pc. Beyond the percolation threshold a
fractal nanotubes network arises and dominates the rheological
responses1-11 and electrical properties.3,6,9,12-14 Recently, Kaya-
tin and Davis15 showed two separate subtypes of rheological
response: A developing nanotubes network was suggested at low
frequencies whereas a saturated elastic network was observed at
higher concentration. Interestingly these authors also proved that
the surface chemistry of CNTs plays a dominant role in their
reaggregation. However, we pointed out16 from a viscoelastic
point of view that the fractal criterion of self-similar relaxation
associated with the percolation threshold (liquid-like to solid-like
transition) cannot be rigorously applied to CNTs-based suspen-
sions.On the other hand, somework17,18 in the literature reported
a reduced viscosity of polymer nanocomposites at low filler

concentrations. This striking phenomenon was also observed in
some polymer/CNTs composites6,19 in the semidilute regime.
Generally speaking, this apparent violation of the Einstein law is
discussed in terms of the modification of the longest relaxation
times (constraint release mechanism) induced by the presence of
nanoparticles.

On the other hand, the dispersion and the anisotropy
(alignment or packing) of nanotubes have a strong influence on
the rheological, electrical, and mechanical properties of the
nanocomposites. Actually it is expected that the high aspect ratio
of CNTs combined with intensive flows leads to anisotropy of
carbon nanotubes suspensions. This was clearly demonstrated by
the group of Hobbie from optical measurements (birefringence
and dichroism experiments) on sheared semidilute)20-23 and
dilute (combined with small-angle scattering24 suspensions of
carbon nanotubes. Interestingly, these authors showed that for
weakly elastic fluids (viscous polymer) and at low shear stress
nanotubes orient along the direction flow. However a transition
to vorticity alignment was observed above a critical shear
stress corresponding to a critical Deborah number of approxi-
mately 0.15. Note that the Deborah number is also called the
Weissenberg number in viscoelasticity or the Peclet number
(De orWe= τ _γ where τ and _γ denote relaxation time and shear
rate respectively). On the contrary, for highly elastic polymer
solutions (Boger fluids) nanotubes orient with the flow field at
high shear rates. Qualitatively, these results are in agreement
with the theoretical studies of fiber and/or rod orientation in
viscoelastic fluid under shear flow. On the other hand, Chatterjee
and Krishnamoorti25 studied the rheological response of single-
wall carbon nanotubes dispersed in poly(ethylene oxide) showed
that under steady shear, the CNT flocks locally rearrange in
response to the applied deformation and results in cluster-cluster
jamming (network formation) that gives rise to a stress overshoot
(transient regime). With continuous shearing the fractal network*Corresponding author. E-mail: philippe.cassagnau@univ-lyon1.fr.
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breaks up and the suspension flows until the final steady state,
i.e., the equilibriumbetween breakup andbond formation ofCNT
flocks. Surprisingly enough, some development of intriguing
structures of CNTs aggregates under shear flow have been opti-
cally observed. Hobbie and Fry26 reported a flow regime where
banding of CNTs was observed in polysobutylene suspensions.
Ma et al.27 observed that CNTs aggregates in an epoxy resin can
form, under controlled gap size and low shear rate, unusual
helical bands that are aligned perpendicular to the shear flow.

From processing and qualitative points of view, the extrusion
conditions have been shown to strongly influence the dispersion
of nanotubes and following this, the electrical properties.28,29

The influence of shear-induced nanotubes orientation on electrical
conductivity property has been first reported by Kharchenko
et al.5 from simultaneous measurements of electrical and rheolo-
gical properties. They observed the decrease of the viscosity and
electrical conductivity with increasing shear rate (0.001< _γ(s-1)
< 10). As explained by the authors, the conductivity is reduced
as the tube-tube contacts decrease with the orientation of
nanotubes induced by the shear in the flow field. This pheno-
menonwas also reported for fractal flocks such as carbonblack.30

However, owing to low aspect ratio of carbon black these effects
are observed at much higher concentration than in the carbon
nanotubes systems. Another interesting feature of nanocompo-
sites under flow, is the subsequent formation of the percolative
network in the melt during annealing or rest time after flow
cessation. Alig et al.29,31 and Obrzut et al.32 have reported on the
electrical-conductivity recovery (or network formation) of poly-
mer nanocomposites filled with CNTs. In their recent paper, Alig
et al.33 studied the kinetic of breaking and reforming of a
conductive CNTs network in a polycarbonate matrix by simul-
taneous time-resolved measurements of electrical conductivity
and dynamic shear modulus. They pointed out that the recovery
(after shear cessation) of both electrical and mechanical proper-
ties is attributed to the reformation of the network of intercon-
nected nanotubes cluster (mechanism of cluster aggregation).
Qualitatively, these results agree with the conclusions of the work
of Chatterjee and Krishnamoorti25 on the dynamic of break up
and formation of the CNTs network.

Finally as pointed out by Huang et al.,34 the main questioning
aspect rising from some of these studies is the state of nanotubes
dispersion in many rheological experiments. Apart from the
aspect of CNTs dispersion in a polymer matrix, a rheological
experiment needs first to prepare a sample. Depending on the
polymer matrix different processes can be used such as: injection
molding, pressing and solvent/evaporation. Furthermore, the
crystalline transition for semicrystalline polymers and associated
phase separation inducing filler migration is another important
step in the sample memory. Finally, the sample must be placed
between the cell of the rheometer and consequently it is submitted
to additional stress and deformation (extensional deformation
generally) and heating in most of the cases.

In a general framework of the rheology of the CNTs suspen-
sions in semidilute regime, the present work aims to study the
aggregation mechanism of a CNTs network (untreated nano-
tubes) in PDMS matrix. The main part of this work is devoted
to the influence of the amplitude of dynamic shear conditions on
the viscoelastic and electrical properties of PDMS/CNTs suspen-
sion. This objective was achieved by simultaneous time-resolved
measurements of electrical conductivity and dynamic shear
modulus.

Materials, Methods, and Background

The first challenge in nanocomposite preparation is to separate
the nanotubes from their initial aggregation assemblies (bundles
at the mircoscale). For this purpose, we used a polydimethylsi-
loxane (PDMS)/CNTs suspension developed by Beigbeder

et al.35 based on untreated nanotubes since our objective is to
study the nanotubes dynamics for the network formation. From
experimental and theoretical results, these authors demonstrated
that theCH-π interactionsbetween thePDMSmethyl groups and
the π-electron rich surface of multiwall nanotubes (MWNT) are
favorable to CNTs dispersion in PDMS at the level of individual
CNTs. Consequently, PDMS/MWNT nanocomposite is a rele-
vant system to study dynamics of CNTs in semidilute suspen-
sions. In the present study, multiwall carbon nanotubes with a
diameter of d≈ 10 nm, average length ofL≈ 1.5 μmand a purity
of mininimum 90% were investigated. The aspect ratio L/d of
these MWCNTs is then around 160. Furthermore, these
MWCNTs have never undergone any surface treatment after
being produced by CCVD and were directly used as master-
batch predispersed in PDMS (containing 0.5 wt% inMWCNTs)
using a high shear industrial dispersion process and supplied
under Biocyl 2000 trade name by Nanocyl SA (Sambreville,
Belgium).

Polydimethylsiloxane (PDMS) Sylgard 184-PartA (fromDow
Corning,USA)was used as silicone sample. The number-average
molar mass of this PDMS sample is Mn = 32000 g 3mol-1.
According to literature,36 this molar mass is close to the critical
molarmass for the viscosityMc≈ 30000 g 3mol-1. The zero shear
viscosity of this PDMS at room temperature (T=22 �C) is η0=
5 Pa 3 s. Practically, MWCNTs and Sylgard 184-part A were
mechanically mixed (1200 rpm) for 30 min at room temperature
and used without any further mechanical treatment. The follow-
ing concentration of MWCNTs in PDMS φ = 0.2% has been
then prepared for the present study. Further details about
masterbatch and sample preparations can be found in the paper
by Beigbeder et al.35

The viscoelastic and electrical measurements were carried out
on an ARES rheometer (TA Instruments) at room temperature
(T≈ 22 �C). A specific geometry-cell has been developed in order
to carry out combined rheological and dielectric measurements.
The cell rheological geometry is constituted by isolated ring-plate
electrodes connected to a frequency response analyzer HP4284.
The upper and lower ring-plates have an inner diameter of 22mm
and an outer diameter of 25 mm. Thus, the strain difference
between the inner and the outer part is only of 14%. This cell is
actually a plate-plate geometry, where the sample is placed
between the inner and outlet diameters of the upper and bottom
ring shaped plates. Compared with a conventional plate-plate
cell, such a ring-plate device allows us to apply a quasi-homo-
geneous shear rate and deformation throughout the sample
volume (gap between the lower and upper ring-plates). The
dielectric parameters conductivity and capacitancewere recorded
at a frequency of 1kHz in steady or oscillatory shearing mode by
using specific connections to the experimental setup. Note that
such type of device has been already developed and successfully
used by Alig et al.31

Most of the rheological measurements were performed in an
oscillatory shear mode (time or frequency sweep modes depend-
ing on the experiment) using the ring geometry. Specimens,which
had been stored at room temperature for few days, were placed
between the ring-surfaces. A film of approximately 0.7 mm
thickness (h) was then deposited on the ring-plate surface. The
upper ring-plate was brought in contact with the sample. Then,
the sample was deformed by a steady downward displacement of
the upper ring. When the sample was pressed to its final size (gap
height between the rings, h0, set to 0.5 mm) the displacement of
the upper ring was stopped. The edge of the sample was then
wiped off to remove squeezed out material. Consequently, the
samplewas initially submitted to a compressive deformation (ε=
ln (h/h0) ≈ 0.34) before the measurement. As the displacement
speed was 5 mm.s-1, an apparent compressive rate can be
estimated at ε· = 8.5 s-1. Actually, the compressive rate changes
in the range ε·=7.1 s-1 to ε·=10 s-1 during this squeezing experi-
ment (the instantaneous compressive rate being ε· = (1/H)(dH/
dt)). The purpose of the compressive step is to ensure the break
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down of CNTs contacts under compressive rate as a posteriori
checked (seeResults andDiscussion) by electrical andmechanical
measurements. Our results will confirm that deformation and
compressive rate are high enough to break up theCNTs network.
Compared with experiments found in literature, we chose a
compressive test rather than a shear test due to the fact that the
latter is necessarily conducted after a squeezing deformation of
the sample. To quantify the reformation of the CNTs network
(we assumed a CNTs network in PDMS/MWCNTs samples
stored for a few days) after compressive deformation, we per-
formed time sweep experiments (combined electrical and dy-
namic measurements) at a mechanical frequency ω= 1rad 3 s

-1.
The influence of dynamic shear deformation on the network
recoverywas then studied. This was themain scope of the present
paper.

Moreover, in order to visualize the suspension evolution, some
optical micrographs were taken using an optical microscope
Orthoplan (Leitz) along time. The sample was placed between
glass slides, undergoing a relatively high strain because of the
inherent squeezing. Then successive pictures were recorded along
time.

The suspension of finely dispersed MWCNTs (i.e., at the
scale of CNTs entities) in the PDMS matrix can be regarded
as a solution of rigid rods with aspect ratio L/d.16 Defining ν as
the number of CNTs per unit volume of solution, the dilute
and semidilute regimes of concentration are delineated as
follows.37,38

• Dilute regime: νL3 < 1, the rods are able to rotate freely
without any interference interaction with neighboring
rods.

• Semidilute regime: 1/L3 ,ν ,1/dL2), the rods are not
able anymore to rotate freely without any interaction
from surrounding ones. The transition from dilute to
semidilute occurs when the rod concentration reach
a value proportional to 1/L3. However, scaling develop-
ments showed that the rotational interference becomes
significant when the transition is observed for ν ≈ β/L3,
where β is a dimensionless constant and experimen-
tally close to β ≈ 30. In terms of volume concentra-
tion (φ=(π/4)d2Lv), the transition from dilute to semi-
dilute regime of MWCNTs used in the present study is
then φ0 ≈ (30π/4)(d/L)2 ≈ 0.1%. Our previous work16 on
linear viscoelasticity of MWCNTs confirmed experimen-
tally that this concentration is the onset of the semidilute
regime.

For concentrations such as ν > 1/dL2, the excluded volume
of interaction can no longer be neglected. Just above the onset of
this concentrated regime the solution remains isotropic at equili-
brium (concentrated isotropic regime). Concerning the present
MWCNTs, the onset of isotropic concentrated regime is around
0.5%and the nematic regime (ν> 4.2 /dL2) would be higher than
2%. Finally, we can conclude from this analysis that the con-
centration used in the present study corresponds to the semidilute
regime (φ= 0.2%, νL3= 64).

Results and Discussion

A measure of the relative importance of CNTs Brownian
motion and compressive-induced deformation is quantitatively
expressed by the dimensionless Peclet numberPe=ε·/DrwhereDr

is the rotational diffusivity of the nanotubes (Brownian motion).
Using the rotary diffusivity determined in our previous work,16

we calculatePe≈ 105 for φ=0.2. For φ=0.5% the Peclet number
would tend to infinity Pe f ¥. Consequently, the Brownian
motion of CNTs is not a dominant mechanism and we can
conclude that compressive rate controls the structure evolution of
the CNTs. However, it can be assumed at this high Peclet number
that nanotubes are randomly dispersed in PDMS liquid. Parts
a-c of Figure 1 show the variation of the complex shear modulus

(G*(ω) = G0(ω) þ jG00(ω)) and electrical conductivity in a time
sweep experiment under different shear deformations (γ0=5, 60,
and 200%, respectively). First of all, these figures show that
the conductivity of the composite, just after the compressive
deformation, is close to the conductivity of the PDMS matrix
(σ<10-9 S 3m

-1) indicating the total destructionof the conductive
CNTs network.

Under small deformation (γ0 = 5%), Figure 1a shows a weak
variation of the complex shear modulus. The storage modulus is
extremely noisy due to this low value of the applied deformation.
On the contrary, the conductivity of the suspension increases
progressively to reach σ≈ 10-4 S 3m

-1 after 48 h. This value is in
the same order of magnitude as conductivity of usual semicon-
ductive nanocomposites. In the present case, the Peclet number is
close to Pe ≈ 103 so that the Brownian motion of CNTs can be
neglected compared to viscous forces even at γ0 = 5%. At this
low deformation, the electrical property of the suspension varies
from nonconductive to conductive behavior whereas the weak
variation of the complex shear modulus does not show any
network formation, at least at the frequency used. As suggested
inmany studies, the increase of the conductivity (over six decades
in the present study) can be explained by the formation of a
conductive network resulting from a mechanism of cluster
aggregation. Furthermore, it has been pointed out in the litera-
ture39,40 that the connectivity percolation (transfer of electric
charge) occurs at lower concentration than rigidity percola-
tion (elastic behavior). At the same concentration and disper-
sion/aggregation of CNTs, it can be then admitted that the
variation of the electrical conductivity is more sensitive to the
variation of the number of nanotube-nanotube contacts than

Figure 1. Study of the CNTs network just after a compressive defor-
mation: Simultaneous time-resolved measurements of electrical con-
ductivity and dynamic shear modulus under different strains (ω = 1
rad 3 s

-1). γ0 = 5% (a), 60% (b), and 200% (c).
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the modulus, at least at the frequency used. In other words,
the electrical conductivity method is much more sensitive than
the mechanical one to characterize the cluster-aggregation
mechanism.

Under the deformation of γ0 = 60% (Figure 1b) the complex
shear modulus and conductivity drastically increase with time.
More precisely, the storage modulus increases within approxi-
mately 30 h from 0.5 to 60 Pa (two decades of variation) and the
conductivity increases from 10-9S.m-1 to 4� 10-2 S 3m

-1 (more
than seven decades of variation). On the other hand, the storage
modulus crosses the lossmodulus at t≈ 5 h (σ≈ 5� 10-4 S 3m

-1)
showing that the elastic behavior of the suspension becomes
dominant compared with the viscous behavior. Under the de-
formation of γ0 = 60% (figure not plotted herein) the cross
modulus was observed at t ≈ 1.5 h (σ ≈ 2 � 10-3 S 3m

-1). This
crossover can be associated with the formation of a CNTs
network under the dynamic shear force. According to our
previous work,16 this network elasticity resulting from the nano-
tubes interactions appears to be a temporary elasticity. In other
words, this transition does not obey the sol-gel transition as it
depends on the frequency used.

Under higher deformation (γ0 = 600%, Figure 1c), the
complex shear modulus and the conductivity rapidly increase
but finally reach a much lower values (G0 ≈ 1 Pa and σ ≈ 10-4

S 3m
-1). Actually, these results show a critical deformation.

Beyond this critical deformation, the variation of the storage
modulus and conductivity remains still accelerated but the final
values considerably decreases with increasing the deformation.
All the variations of the storage modulus and conductivity under
different shear deformations (γ0=5, 30, 100, 200, and 600%) are
plotted in Figure 2, parts a and b, respectively. These figures
clearly show that the variation of storage modulus and conduc-
tivity drastically accelerates with increasing the amplitude of the
shear deformation up to a critical deformation close to γc≈60%.
In terms of the Peclet number Pe = γ0ω/Dr, its critical value is
close toPec≈ 104. This critical Peclet number is much lower than
the Peclet number (Pe≈ 105) calculated for the compressive rate,

which confirms that this compressive-rate was high enough to
completely breakdown the CNTs network. Beyond the critical
deformation, the variation of the storage modulus and conduc-
tivity still accelerate but their steady values considerably de-
creases. However, within the deformation accessible in shear
deformation (γ0 ≈ 600%) the values of the modulus and
conductivity do not return to the values obtained by the initial
compressive deformation.

To check the critical value of the deformation, the famous
effect of strain-amplitude dependence of the dynamic viscoelastic
properties of filled polymers, generally referred as the Payne
effect,41 was studied. Figure 3 shows the variation of the reduced
complex shear modulus and electrical conductivity versus the
applied dynamic deformation (ω= 1 rad 3 s

-1). This experiment
was performed just after the time sweep experiment under the
deformation γ0 = 30%. As expected, beyond the critical strain
γc = 60%, both storage modulus and electrical conductivity
decrease with increasing the strain.

To sum up these results, the aggregation rate of CNTs
(initially well dispersed in PDMS matrix) by a compressive
deformation (semidilute regime) depends on the subsequent
shear-dynamic regime. At low shear rate the CNTs aggrega-
tion rate increases with the shear dynamic rate until a critical
value. Beyond this critical value, the level of network entangle-
ment and/or contacts decrease as the shear rate increase. These
observations are consistent with the works of Chatterjee
and Krisnamoorti25 who observed a stress overshoot under
transient shear conditions. As discussed by the authors, this
transient behavior can be explained in terms of the changing
structure such as a cluster-cluster collision andCNTs network
formation. In the same way, Hobbie and Fry26 reported a
universal phase diagram (mean cluster size versus stress) for
the evolution from a solid-like network to flowing. On the
other hand, Pegel et al.42 qualitively concluded that the net-
work structure is given by the balance of agglomerate growth
and destruction under shear deformation. Finally, our results
agree with the predictions of the model of Ma et al.43 Their
simulation showed that that low shear induced aggregation,
but these aggregates broke down at high shear, forming small
aggregates with less entanglement. This phenomenon of CNTs
cluster aggregation under low shear was simply proved by
optical microscopy (Figures 4a-c), which confirms our find-
ings. Actually, the micrographs show no clear CNTs aggre-
gates (some impurities may be spotted anyway) just after the
compressive deformation. However, after a period (at rest) of a
few hours, the aggregation (clustering mechanism) of the
CNTs is clearly visible. It can be pointed out that the scale of
this clustering is relatively high since it can be evidenced by
simple optical microscopy. Finally, the cluster breakdown
under compressive deformation and aggregation mechanism
is clearly evidenced by Figure 5. Just after the compressive
deformation, the variation of the complex shear modulus
(under 5% strain) shows a rheological behavior close to the

Figure 2. Variation of storage modulus (a) and variation of electrical
conductivity (b) under different shear deformations:γ0= 5, 30, 60, 100,
200, and 600%.

Figure 3. Variation of normalized storage modulus and electrical con-
ductivity versus the deformation. The CNTs network was built under a
shear deformation of 30%.
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viscoelastic behavior of the PDMS matrix. This result proves
that the CNTs network was destroyed under the compressive
deformation. After aggregation process (under 60% strain,
Figure 1b) the viscoelastic behavior of the composite shows a
solid-like behavior, at least within the frequency bracket used
in the present study, due to the formation of the CNTs network
through dynamic CNTs aggregation. This result also confirms
our previous results,16 which showed the deviation of the
scaling laws of the Doi-Edwards theory on rigid rods at CNTs
concentrations higher than 0.12%. This deviation was related
to a clustering phenomenon of MWCNTs that causes addi-
tional retarding of the rotational motion.

Conclusion

The objective of the present work was to study the aggregation
of untreated CNTs in a low-viscosity PDMS matrix from
simultaneous time-resolved measurements of electrical conduc-
tivity and dynamic shear modulus under different strains. The
concentration of nanotubes (φ=0.2%)was chosen in order tobe
in the semidilute regime of the suspensions.

It was shown that the kinetics of CNTs aggregation strongly
depend on the amplitude of the dynamic shear deformation.
Actually, the kinetics of aggregation increases with increasing the
deformation.However, above a critical deformationγc=60%at
ω = 1 rad 3 s

-1 (corresponding to a critical Peclet number Pec ≈
1 � 104), the equilibrium value of the storage modulus and
electrical conductivity decreases with increasing the deformation.
As far as we know, it is the first time that such mechanism is
clearly proved under dynamic conditions. Note that analogous
behaviors under steady shear flow have been previously reported
by Hobbie and Fry26 andMa et al.27 Furthermore, this phenom-
enon of CNTs cluster aggregationwas also highlighted by optical
microscopy as the clustering mechanism of the CNTs can be seen
after few hours.

Finally, these results show that the CNTs network formed
by aggregation destroys under high deformation; from a viscoe-
lastic point of view, this critical deformation can be associated
with the transition between linear and nonlinear regime (Payne
effect).
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