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Abstract The effect of flow history on the linear and non-
linear viscoelastic properties of non-polar polymer nano-
composites (PNCs) has been investigated by means of a
suitable model system based on a Newtonian matrix. The
structural recovery of this model suspension after cessation
of different pre-shear rates was monitored by measuring its
linear viscoelastic properties while its structural evolution
under shear flow was followed by using stepwise changes in
shear rate including flow reversal measurements. To assess
the kinetics of the structural evolution at rest and under flow,
empirical relations of stretched exponential form were used.
It is shown that for different pre-shear rates, different
equilibrium structures were reached at rest but with a similar
kinetics of recovery. As aresult, the low frequency behaviour
was typical of solid-like or weak gel material, strongly
dependent on the flow history. After any given shear rate
under steady state, only one reversible equilibrium structure
was reached after a kinetics that was dependent on the pre-
shear history. Finally, typical flow reversal responses as
observed for PNCs are reported and interpreted in light of the
microstructure evolution under flow.
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Introduction

Layered silicates find widespread industrial applications
such as rheological modifiers in paints, inks, emulsions or
pigment suspensions, adsorbent in water treatment, and more
recently as drug delivery carriers for controlled release of
therapeutic agents and as nanoscale fillers for reinforcement
of polymers (Patel et al. 2006). Polymer/layered silicate
nanocomposites (PNCs) have attracted great interests since
Okada et al. (1987) developed a nylon-based nanocompo-
site with significant improvements in tensile modulus and
heat distortion with as little as 2 vol% of layered silicate.
Recent studies to extend a similar achievement to a wider
range of polymer matrices, including vinyl and polyolefins,
have also shown an enhancement of flexural, barrier and
fire retardancy properties and unusual chemical and
physical phenomena, such as highly anisotropic electrical
conductivity and photoactivity when compared with con-
ventional fillers (Ray and Okamoto 2003).

The layered silicates used in the synthesis of PNCs
belong to the same structural family than the well-known
clays mica and talc, i.e. 2:1 phyllosilicates (Grim 1968;
Rossman and Carel 2002). The most commonly used is the
montmorillonite for which the individual layers are stacked
with relatively weak electrostatic forces facilitating the
dispersion of the layers. The individual clay layers can be
approximated by ellipsoidal tactoids about 1.2 nm thick,
320-400 nm long and 250 nm wide for the larger ones
(Cadene et al. 2005).

The individual dispersion of these layers, i.e. their
exfoliation, can lead to a large interfacial area in polymer
matrix approaching m*/mL compared to cm?/mL for
particles of micrometer dimensions (Krishnamoorti and
Vaia 2002). This large interfacial interaction between the
polymer matrix and the layered silicate explains the
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improved mechanical and physical properties over conven-
tional polymer composites. Despite intensive research
efforts, the exfoliation of inorganic-layered silicates
remains a main challenge, especially in non-polar polymers.
In the latter case, the incompatibility is overcome by using
a coupling agent with organically modified layered sili-
cates. Structurally, three different morphologies are achiev-
able on the basis of the affinity between the polymer and
the layered silicate: exfoliated nanocomposites as defined
previously, intercalated nanocomposites, where the inser-
tion of polymeric chains between the clay layers occurs but
the stacking of layers is preserved, and finally conventional
macrocomposites in the case of immiscible systems, when
the polymer does not penetrate the stack of silicate layers.

To tailor PNCs with expected properties and to control
their processing, a thorough understanding of PNC rheo-
logical behaviour with regards to the previously defined
morphologies and their structural evolution is essential. In
addition to the large interfacial area, the rheological
behaviour is expected to be governed by two main features,
i.e. the high aspect ratio of the clay layers and the effect of
Brownian motion on the nanoparticles. The high aspect
ratio of the clay layers, or high anisotropy, implies large
excluded volumes, which results in clay-restricted motion
at low volume fraction, corresponding to a concentrated
regime. The concentrated regime is reached when
po,/m>>1, with p as the aspect ratio and ¢, as the
volume fraction of the clay particles (Lim and Park 2001).
Actually, for a collection of oriented clay particles, the
mean distance between the clay particles considered as
discs with a thickness of 1.2 nm approaches 30 nm at a
volume fraction of 4% compared with their lateral
dimensions larger than 200 nm. It is interesting to note
that because of their high aspect ratio, a relative flexibility
of the clay layers can also be observed (Morgan and
Gilman 2003). Furthermore, because of their nanometric
dimensions, these clay particles in suspension are subjected
to Brownian motion, which tends to randomise their
relative position and reorient the nanoparticles at rest.
Under flow, the Brownian forces (and possibly other
colloidal forces) are counterbalanced by the hydrodynamic
forces. The relative balance between these two is expressed
by the Peclet number, given by Pe =~ / D,, where ¥ is the
shear rate and D, is the rotary diffusion coefficient. The
rotary diffusion coefficient of the clay layers can be
calculated as D, = 3kT /4r]d3 (Larson 1999; Ren et al.
2003) where kg is the Bolztmann constant, 7 is the absolute
temperature, 7) is the viscosity of the matrix and d is the
particle diameter. The competition between the Brownian
motion and the hydrodynamic forces leads to a complex
reversible time-dependent rheological behaviour, which is
characteristic of colloidal suspensions, i.e. a thixotropic
behaviour related to changes occurring in the inner structure
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of the fluid such as spatial distribution and orientation (Barnes
1997).

Previous rheological studies of PNCs primarily focused
on their linear rheological behaviour and the key results are
reviewed by Krishnamoorti and Yurekli (2001). The most
striking observation is the solid-like behaviour, i.e. G’ and
G"~u" at low silicate loadings (as low as 1.5 vol% as
reported by Aubry et al. 2005). This non-terminal flow
behaviour has been observed for exfoliated nanocomposites
(Hoffmann et al. 2000; Koo et al. 2003; Krishnamoorti and
Giannelis 1997; Li et al. 2003; Lim and Park 2001;
Meincke et al. 2003; Wang et al. 2002). It has also been
observed for intercalated PNCs by Galgali et al. (2001),
Lim and Park (2001), Ren et al. (2000) and Solomon et al.
(2001), for PNCs based on polar matrices by Aubry et al.
(2005), Hsieh et al. (2004), Krishnamoorti and Giannelis
(1997) and Lepoittevin et al. (2002) as well as for non-polar
polymers (Hoffmann et al. 2000; Koo et al. 2003; Li et al.
2003; Lim and Park 2001; Meincke et al. 2003; Solomon
et al. 2001; Wang et al. 2002). The non-terminal flow
behaviour is attributed to the formation of a percolated
three-dimensional network, which hinders the relaxation of
the clay particles when subjected to small amplitude
oscillatory shear (SAOS; Galgali et al. 2001; Mitchell and
Krishnamoorti 2002; Ren et al. 2000). As outlined
previously, the particle-to-particle distance shorter than
their lateral dimensions prevents the free rotation of the
particles and the stress relaxation. The relatively low
silicate volume fraction (~1.5 vol%, Aubry et al. 2005)
for which the percolation threshold is reached is strikingly
different from the case of spheres (~30 vol%,; Isichenko
1992; Ren et al. 2000; Wang et al. 2002) and is also a
consequence of the high anisotropic nature of the clay
particles. According to the small-angle X-ray scattering
studies of Bafna et al. (2003), Galgali et al. (2004), Kojima
et al. (1994, 1995), Lele et al. (2002), Medellin-Rodriguez
et al. (2001) and Varlot et al. (2001), clay layers are
oriented in shear flow with their major axis along the flow
direction and their surface nearly oriented in the shear
plane. The linear viscoelastic response after steady pre-
shear flows is significantly weaker (at all frequencies) than
those measured before pre-shear (Koo et al. 2003; Li et al.
2003). Similarly, application of a prolonged large amplitude
oscillatory shear (LAOS) affects in the same way the
subsequent linear viscoelastic response (Krishnamoorti and
Giannelis 1997; Lim and Park 2001; Ren et al. 2000, 2003;
Ren and Krishnamoorti 2003). The ability of LAOS to
orient the clay layers, as observed for block copolymers
(Gupta et al. 1996), has been confirmed by Ren et al.
(2003) and Koo et al. (2003) while conducting ex-situ X-
ray measurements.

The previous studies underline the correlation between
the linear viscoelastic properties of PNCs and the micro-
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structure induced by a well-defined preconditioning. Sev-
eral outstanding issues are yet to be investigated such as the
evolution of the rheological response and of the clay
structure during preconditioning (not reported in any of
the previous studies) and the effect of preconditioning on
the non-linear viscoelastic properties. Moreover, previous
investigations have been restricted to a few different
experimental conditions. Only one shear rate was applied
by Koo et al. (2003, 1 s ') and by Li et al. (2003) while
LAOS experiments have been limited to two sets of
experimental conditions: a strain of 1.2 at a frequency of
1 rad/s (Krishnamoorti and Giannelis 1997; Lim and Park
2001; Ren et al. 2003) and a strain of 1.5 at 0.1 rad/s (Ren
et al. 2003).

The kinetics of disorientation after LAOS precondition-
ing has been examined by Ren et al. (2003) using linear
viscoelastic measurements for polystyrene and poly(isobu-
tylene-co-p-methylstyrene)-based PNCs. They observed
logarithmic increases with time of the storage modulus,
which did not depend significantly on the dimensions of the
silicate layers, temperature, viscoelasticity and molecular
weight of the polymer matrix. They concluded from these
results that the disorientation process was not governed by
Brownian motion. Lele et al. (2002) have reported the
relaxation of orientation for polypropylene-based PNCs
after a steady pre-shear preconditioning using in situ X-ray
diffraction (XRD) measurements. They confirmed the
conclusion of Ren et al. (2003) because the relaxation time
scale from rheo-XRD measurements was much faster than
the expected Brownian relaxation time (1/D,). Instead, they
suggested that the rapid relaxation of the nanoparticle
orientation was driven by the stress relaxation of the
polymer matrix chains. Solomon et al. (2001) also observed
a relaxation faster in polypropylene-based PNCs than the
one expected from Brownian motion. This was attributed to
the attractive interactions between the clay tactoids in the
quiescent structural evolution after a steady pre-shear. This
last explanation was rejected by Lele et al. (2002) because
they observed a relaxation time depending on the presence
of a coupling agent (i-PP/maleic anhydride copolymer).
Actually, the uncompatibilised PNCs at a similar clay
loading exhibited slower relaxation times than the compati-
bilised ones.

Solomon et al. (2001) investigated the extent of the
relaxation by conducting reversal flow measurements. They
monitored the stress growth upon start-up of steady-shear
flow in the reverse direction after a first start-up at the same
shear rate. A stress overshoot was only observed during the
reverse flow when a rest time between the two consecutive
experiments was sufficiently long. The reverse overshoot
was explained by the re-orientation and the network
structure built-up during rest time. The overshoot magni-
tude was found to increase with rest time but with time

scales much shorter than expected from Brownian motion,
leading Solomon et al. (2001) to the hypothesis that
Brownian motion was not the driving force for the
quiescent structural evolution.

Finally, fewer reports have been made on the non-linear
viscoelastic properties of PNCs measured during the first
start-up of steady-shear flow (Lee and Han 2003; Li et al.
2003; Solomon et al. 2001). The stress overshoot during the
first start-up flow was found to increase with the applied
shear rate (Li et al. 2003; Solomon et al. 2001) and the extent
of clay exfoliation (Lee and Han 2003). The transient stress
was found to scale with the strain, indicating that the
Brownian motion did not significantly contribute to the stress
response in the shear rate range investigated (0.005—1 s ).

In the present study, the effect of flow history on the
linear and non-linear viscoelastic properties of non-polar
PNCs was carefully investigated by examining the rheo-
logical behaviour of a suitable model system based on a
Newtonian matrix. At first, we present the structural
recovery of this model suspension monitored by measuring
the linear viscoelastic properties after cessation of different
pre-shear rates. Afterwards, the structural evolution under
shear flow conditions is reported for stepwise changes in
shear rate including flow reversal measurements. To assess
the kinetics of the structural evolution at rest and under
flow, empirical relations of stretched exponential form are
used.

Experimental
Materials and preparation methods

The layered-silicate selected for the model suspension was
a montmorillonite, M,(Al,-,Mg;)Si40,0(OH), nH,0, or-
ganically modified with a dimethyl dihydrogenated quater-
nary ammonium salt, CH;CH;N"HTHT, where HT is a
hydrogenated tallow (Cloisite® 15A, Southern Clay Prod-
ucts). The specific gravity of this organophilic clay is 1.66.

The clay was added at a volume fraction of 4% in a non-
polar Newtonian fluid consisting of a blend of two miscible
polybutenes, R[CH,CCH3CH;],[CH,],R, of different mo-
lecular mass, respectively, 910 g/mol (76.4 mass%, Indopol
H100, BP) and 1,300 g/mol (23.6 mass%, Indopol H300,
BP) with an overall viscosity of 28.5 Pa s at 25 °C and a
density of 0.89 g/mL. Under flow, the clay particles
dispersed in the polybutene are thus not subjected to
electrostatic repulsion or attraction but only to van der
Waals interactions, steric forces excluded volume effect,
Brownian motion and hydrodynamic forces.

The model suspensions were prepared via ultrasonica-
tion, using pulses of 240 W during 1 s, every 5 s at 60 °C
for 60 min (Sonics & Materials). This was followed by a
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rest time in a high vacuum oven at 60 °C to remove air
bubbles before measurements. The duration of ultrasonica-
tion was found not to affect the degree of dispersion of the
suspensions as measured by the amplitude of the dynamic
storage modulus plateau, and the suspension was found to
be very stable over long periods of time. Other methods of
incorporating the nanoclay to the polybutene were observed
to strongly affect the rheological properties. However, this
will not be discussed here and will be the topic of another
publication. After sonication, the initially cloudy disper-
sions became translucid and gel-like, indicating enhance-
ment of the dispersion degree. To investigate further the
clay dispersion in the polybutene, wide angle X-ray diffrac-
tion (WAXRD) was used. The data were collected using a
Philips X’pert powder diffractometer with CuKo (A\=1.54 A)
radiation and an accelerating voltage of 50 kV/40 mA. The
step size and the scanning speed were 0.025° and 2 s/step,
respectively. While the observed gelation of the suspensions
indicated exfoliation of the clay layers, their diffraction
pattern (not shown here) still presented the characteristic doo;
basal reflection peak of Cloisite 15A. This peak is indicative
of the presence of stacked clay layers as confirmed by
transmission electron microscopy (TEM). Figure 1 shows
a typical TEM micrograph of the model suspension under a
large magnification. The TEM micrograph was taken from a
100-nm-thick ultracryomicrotomed section of the model
suspension using an Ultracut E ultracryomicrotome (Reichert
& Jung) at —80 °C. Imaging was performed with a JEOL
JEM-2000FX transmission electron microscope at an accel-
erating voltage of 80 kV. Both individual silicate layers and
thin clay tactoids can be seen from the micrograph of Fig. 1.
Therefore, clay exfoliation was not perfectly achieved,
explaining the single diffraction peak observed in WAXRD.
This non-homogeneous morphology is close to commonly
observed dispersion states for non-polar polymer/clay nano-
composites (see for instance Li et al. 2003).

Finally, with a typical value of d=320 nm, the Peclet
number is estimated to be between 10" and 10° for shear
rates ranging from 10 to 10 s '. This suggests that the
Brownian motion must play a key role in this shear rate
range. To evaluate the Peclet number, the viscosity of our
suspension at high shear rate, 7 ~70 Pa s at 7=295 K (see
Fig. 2a), was used rather than that of the matrix, to account
for the fact that our suspension is highly concentrated
(Moan et al. 2003).

Rheometry

All the rheological measurements were carried out using a
stress-controlled rheometer (Physica MCR 501, Anton
Paar), except for the stress relaxation measurements that
were performed with a strain-controlled rheometer (ARES,
Rheometric Scientific). All tests were done at 25 °C using a
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Fig. 1 TEM micrograph of the model suspension

cone-and-plate geometry with a radius of 50 mm and a cone
angle of 0.04 rad. We assumed that the particle sizes were
sufficiently small compared to the gap (/) of the cone-and-
plate geometry (i.e. d/h<0.1). SAOS frequency sweep tests
were conducted in the range of 0.628-628 rad s ' at a fixed
strain of 0.005. For stress relaxation experiments, the ARES
rheometer was preferentially used because its force-reba-
lanced torque system was more suitable for measuring the
true sample response when the filters were bypassed to
avoid electronic interferences from the instrument (Dullaert
and Mewis 2005a, b; Mackay et al. 1992). The raw data
from the ARES force-rebalanced transducer were sampled
every 10 s with a 12-bit data acquisition card (DAQPAJ-
6020E, National Instruments), and the data handling was
performed using a LabVIEW routine (National Instru-
ments). For the stepwise shear rate measurements using
the MCR, the data were considered after a period of 0.04 s,
time required to reach the specified shear rate within an
error of less than 2%.

The absence of slip and wall effects for the model
suspension have been ascertained using a parallel plate
geometry with a radius of 25 mm. The effect of the gap
(varied from 0.2 to 1.4 mm) and of the roughness of the
geometry (smooth and modified with sandpaper: 220 grit,
aluminium oxide) on the steady-shear measurements were
found to be insignificant, less than the reproducibility of the
data estimated to be within 2 and +9% for shear rates of 25
and 0.001 s ', respectively. For dynamic measurements, the
standard deviation based upon five measurements carried
out with fresh samples was estimated to be within £8%.

To confer the same shear flow history at the beginning of
each measurement, the suspensions were subjected to a
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Fig. 2 Structure changes under preconditioning: a steady viscosity 7
vs shear ¥ rate and b storage modulus G’ vs time ¢ at a frequency of
125.6 rad s~ ' upon cessation of the steady-state flow imposed in a.

constant pre-shearing. Initially, various pre-shearing rates
were tested to optimise the conditioning. While investigat-
ing the resulting structures using SAOS, strikingly different
results were obtained. Figure 2a reports the steady-shear
viscosity of the model suspension for tests carried out from
2510 107 s~'. The behaviour is typical of a highly concen-
trated suspension, with a gel-like structure responsible for an
unbounded viscosity (apparent yield stress) at low shear rates
and a plateau viscosity at very high shear rates. Figure 2b
presents the evolution of the storage modulus G’ at a
frequency of 125.6 rad s after each applied pre-shear rate
shown in Fig. 2a, starting with the larger value of 25 s '.
Some structure build-up curves have been removed from
Fig. 2b for clarity. For the larger values of the initially
applied shear rate, the storage modulus is shown to be very
small and increases first rapidly, and then the growth rate
appears to reach a constant value at longer times. After
conditioning at a very small shear rate after an initial pre-
shear at 25 s ', the initial storage modulus is much larger,
and the rate of increase with time is comparable to that
observed at long times for tests carried out after a large initial
shear rate. Although the rates of increase appear to be quite
similar for long times, no equilibrium structure is reached
after 5,000 s, and the modulus for the test carried out after an
applied shear rate of 10° s ' is more than double that
obtained after the applied shear rate of 25 s~ '. Obviously, the
resulting structures are highly dependent on the previous
flow history. Note that the same structure development
would be obtained if, after pre-shearing at 25 s, the second
shearing would have been carried out at 10 s~ instead of
carrying the shear rate-decreasing ramp. However, the time
required to reach steady state at that low shear rate would
have been much longer. Actually, this strong dependence of
the structure on flow history was the motivation of the work

Symbols indicate the values of the initial shear rate 7; of the steady
shear flows; the solid lines represent best fits using Eq. 1

presented here, in which we investigate in depth the
evolution of the structure at rest and under flow. In all
subsequent measurements, the samples were pre-sheared at
25 5! until a steady state viscosity was observed to ensure a
similar initial structure for all samples. After that pre-
shearing, various rest times and/or flow conditions were
imposed as discussed in the following sections.

Results
Structure build-up at rest

The results of Fig. 2b can be used to evaluate the effect of
the flow history on the clay structure build-up at rest. It is
important to keep in mind that the storage modulus G’ of
the model suspension arises only from the clay structure
because the matrix is inelastic, while both of them
contribute to the loss modulus G”. Figure 2b shows that
G' grows from an initial value G, to a time invariant value
G;O following an exponential form:

@0=6+ (6.~ ) (1= [-(3)])

with m as the stretching exponent and 7 as the characteristic
time. A similar trend was observed for G”, which was
larger than G' at 125.6 rad s~'. The values of G, and G__ are
shown in Fig. 3 to depend strongly on the initially applied
shear rate y;. The stretching exponent m (=0.3) is nearly
independent of the initial shear rate, and the characteristic
time 7 tends to a constant value (=600 s). This means that the
kinetics of the build-up process at rest does not depend
significantly on the flow history. However, the build-up

(1)
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Fig. 3 Storage modulus parameters of Eq. | vs initial shear rate ;
obtained by fitting the data shown in Fig. 2b

process leads to different equilibrium structures, as G
decreases from high to low plateau values for increasing ¥,
from 107" to 7 s™'. The estimated equilibrium structure G;O
is quite different from that of the initial modulus G,
especially for tests carried out after high initial shear rates.
It should be pointed out that the initial modulus G/i reported
in Fig. 3 was obtained by extrapolating the experimental data
of Fig. 2b using Eq. 1 to time zero over a time period longer
than the inverse of the imposed frequency. This extrapolated
value may appear questionable because of complications
arising from the stress relaxation of the sample and
limitations of the MCR rheometer to impose an oscillatory
shear flow during the stress relaxation. However, it is
interesting to note that G; is, within experimental error, the
same as the storage modulus G’H, measured at a frequency of
125.6 rad s ' using parallel superposition of SAOS to
steady-shear flow at y;. As expected, the storage modulus
measured in parallel superposition characterises the structure
of the suspension destroyed by steady-shear flow. However,
as mentioned by Moldenaers and Mewis (1993) for measure-
ments on polymeric liquid crystals, this superposition is
nontrivial because of the fast viscoelastic response with
respect to instrument limitations outlined above. After a
large initial shear rate, the destroyed structure characterised
by G'i leads to a considerably weaker final structure (G;c)
when compared to the structure obtained after a lower initial
shear rate. Consequently, the equilibrium structure build-up
at rest, i.e. with the Brownian motion as the main driving
force, strongly depends on the flow history. The Brownian
character of the build-up process is suggested by the time
scale to reach the final structure, which is comparable to the
rotational relaxation time of an individual clay layer
((1/Dy =~ 10%s)). To our knowledge, only Jogun and
Zukoski (1996) have reported a similar dependence of G/oo
on the shear flow history for dense kaolin suspensions, but
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information on G,, characteristic of the initial structure after
steady-shear flow, has not been presented.

An explanation for the behaviour depicted in Fig. 3 may
be provided by the large excluded volume of the clay
particles in the suspension. It results in a geometrically
restricted (Brownian) motion of the nanoparticles. As
mentioned above, at a volume fraction of 4%, the distance
between well-dispersed clay particles is shorter than their
lateral dimensions. As a result, the hydrodynamic forces
play a double role. Flrstly, as expected for any given y;, G-
is always lower than G__; that is, the structure under flow is
always less developed than that of the pseudo-equilibrium
value reflecting the competition between the breakdown
because of the hydrodynamic forces and the build-up
induced by Brownian motion. It is quite evident that the
structure is destroyed more and more as the applied shear
rate is increased, and hence G decreases with increasing 7/1
Secondly, one would expect the equilibrium value for Goo
to be unique; therefore, the decreasing value of G'OC with
increasing y; is difficult to explain. Note that GJl after a test
at low shear rate (smaller than 0.6 s ') can be larger than
the pseudo-equilibrium G;O obtained after a large initial
shear rate. For tests carried out at shear rates below 0.6 s,
the structure build-up is controlled not only by the
Brownian motion but by small hydrodynamic forces
required to overcome the effects of the large excluded
volume of the particles.

Figure 4 reports the storage modulus as a function of
frequency for the model suspension measured after differ-
ent initial shear rates, themselves preceded by a pre-
shearing at 25 s~'. These values, obtained after a 5,400-s
rest time, are close to those of G;c calculated by fitting the
storage modulus as a function of time (Eq. 1). For small
initial shear rates, a non-terminal flow behaviour is observed,
characteristics of a weak gel, but the suspension becomes
more liquid-like as the initial shear rate is increased. Finally,
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Fig. 4 G’ vs w measured after steady-shear flow at -y, after a shear rate
at 25 s ! and rest time of 5,400 s
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the modulus at the lowest applied frequency G;) follows the
same trend as that of G, shown in Fig. 3.

In the light of the previous results, it is obvious that the
shear flow history of PNCs need to be controlled if one
wishes to draw some conclusions about the particle
dispersion or volume fraction threshold, based on the low-
frequency dependency of G'.

Structure build-up under flow

To assess the effect of the flow history on the structure
build-up under flow, the transient shear stress ¢ resulting
from a sudden change from a high to a low shear rate was
measured (the structure breakdown is investigated in the
next section with sudden changes from an initial shear rate
lower than the final one). This process is important because
it may shed light on the previously reported observations,
mainly the structure build-up observed in Fig. 2b after pre-
shearing at 25 s ' down to very low shear rates. Typical
transient responses for the model suspension to a stepwise
reduction in shear rate from different y, to a final value y;
of 0.1 s are illustrated in Fig. 5. Similar trends were
observed for final shear rates ranging from 0.01 to 1 s .
The fast decrease in o at short times, corresponding to the
viscoelastic response of the suspension, is followed by a
monotonic increase up to an equilibrium shear stress
independent of y;. If the structure of this suspension under
steady-shear flow is shown to be independent of the shear
flow history, the structure build-up under flow strongly
depends on the history, in contrast to the kinetics of the
build-up at rest, which does not depend significantly on the
flow history, as discussed above. The observations reported
in Fig. 5 are very similar to those presented by Dullaert and
Mewis (2005a, b) for fumed silica suspensions. They
modified the so-called stretched exponential model to take

o (Pa)

0 T
10 100 10! 102 10°
t(s)
Fig. 5 o vs ¢ after a stepwise reduction in shear rate to a final value
4¢ of 0.1 s™'. The solid lines represent best fits using Eq. 2

into account the initial viscoelastic response. The empirical
equation is:

ar=o(eo-2)
ror(1-en|-(L)]) +or @

where o, and o,+03 represent the steady stress for the initial
and final shear rate, respectively. The first and second terms
on the right-hand side, respectively, describe the initial
viscoelastic and thixotropic responses. The fits using this
equation are shown by solid lines in Fig. 5, but the parameters
are not reported here. While the characteristic time 7 and the
stretching exponent m of Eq. 1 for the structure build-up at
rest are almost independent of the initial shear rate, clear
dependences are observed for the thixotropic characteristic
time 7, and m of Eq. 2 for the structure build-up under flow.
The characteristic time 7, follows a power-law behaviour
with indexes equal to approximately —0.7 and 0.4 for the
final shear rate y; and initial shear rate y;, dependencies,
respectively. The build-up process is mainly strain-controlled
as 7, is nearly inversely proportional to the final shear rate. A
similar power-law dependence on y; has been observed by
Dullaert and Mewis (2005a, b) for fumed silica suspensions.
As a lower 7, induces a faster build-up, the previous power-
law indexes reflect that a faster equilibrium structure is
reached starting from a more developed initial structure (low
initial shear rate) and finishing with a less developed structure
(large final shear rate). We note that the structure of the
suspension subjected to changes in shear rate as illustrated in
Fig. 5 is represented by the storage modulus measured in
SAOS as reported in Fig. 2b and described by Eq. 1.

The initial viscoelastic responses shown in Fig. 5 and
characterised by o; in Eq. 2 are not reliable because the
filtering technique of the MCR rheometer is susceptible to
influence the measurements (Dullaert and Mewis 2005a, b;
Mackay et al. 1992). Instead, the fast viscoelastic relaxation
upon cessation of flow was investigated using the ARES
rheometer according to a suitable procedure as reported by
Mackay et al. (1992) and more recently by Dullaert and
Mewis (2005a, b). Figure 6 presents the shear stress
relaxation function o of the nanoclay suspension upon
cessation of steady-shear flow for different initial shear
rates y;. The first 28 ms of the data are ignored because of
limitations of the instrument as beforehand revealed by the
non-instantaneous decay of the stress observed for a
Newtonian oil (not shown). Above 28 ms and up to
60 ms, the log-linear extrapolation of ¢ to time zero (time
of cessation of the steady-shear flow) yields the elastic
component of the steady-shear stress as the viscous stress
contribution dissipates instantaneously. The curves are well
described by the first term of Eq. 2 with a characteristic time
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0.00 0.02 0.04 0.06 0.08 0.10

t(s)
Fig. 6 o vs ¢ upon cessation of flow after steady state for different
initial shear rates ;. The solid lines represent log-linear regressions

71, which is a function of the initial shear rate. This elastic
contribution is related to an apparent yield stress caused by
the particle structure and is discussed further below.

The elastic (o) and viscous (oy) contributions, along
with the total steady stress (o) of the nanoclay suspension,
are presented in Fig. 7. The steady-shear data were obtained
during a decreasing shear rate ramp using a measurement
time of 200 s (no differences were noticeable for longer
measurement times). Actually, the use of a decreasing shear
rate allowed reaching the equilibrium state faster because
the thixotropic characteristic time 7, decreases when ¥,
approaches y; as already discussed above. The steady-shear
behaviour is well described by the Bingham equation:

o =00+ Wy (3)

where oy and i are the apparent yield stress and the high-
shear-rate viscosity of the suspension, respectively. The
apparent yield stress determined from the best fit of the
experimental data is 70 Pa. The elastic contribution o, in
Fig. 7 increases with decreasing shear rate and represents the
apparent yield stress at low shear rate (below 0.1 s™"). On the
other hand, the viscous contribution increases with shear rate
to become larger than o, above a critical shear rate of
0.6 s ', leading to a purely viscous behaviour for shear rates
larger than 7 s~ '. The critical shear rate of 0.6 s is relevant
because, as outlined before, the structure build-up is induced
not only by Brownian motion but by small hydrodynamic
forces. The structural and hydrodynamic contributions to the
flow curve of fumed silica suspensions follow similar trends,
as previously shown by Dullaert and Mewis (2005a, b).

Structure breakdown

A similar procedure for characterizing the structure break-
down under flow was used by measuring the transient stress

@ Springer
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Fig. 7 Elastic (o.) and viscous (o) contributions to the total steady
stress o vs 7. Dotted and solid lines represent the matrix contribution
and the best fit using Eq. 3, respectively

o' for stepwise increases in shear rate. Figure 8 reports the
transient shear stress data of the model suspension as a
function of strain for jumps from an initial shear rate y; of
102 5" to different larger final shear rates ;. Additional
experiments have been carried out from different initial
shear rates to a final shear rate of 1 s_l, but the results are
not presented here. All the results of Fig. 8 display large
overshoots located at a critical strain y; before reaching a
steady-state value o . Starting from the same initial
structure (same initial shear rate) the increasing overshoot
with increasing final shear rate reflects both the elastic
response of the initial structure (o, in Fig. 7) and the
breakdown and rearrangement of the structure under flow.
The rearrangement is mainly strain controlled because -
is nearly independent of y;. The rearrangement may include
anisotropy of the microstructure and/or orientation of the

250 A

200 A

150 4

c" (Pa)

100 -

50 T T T T
103 102 10" 100 107 102
Y

Fig. 8 0" vs 7 for stepwise increases in shear rate from an initial
4 = 0.01s7! to different shear rates. The solid lines are the best fits
using Eq. 4
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nanoparticles under flow, as observed for fibre suspensions
by Ausias et al. (1992). However, the anisotropy and the
orientation under transient flow still need to be experimen-
tally confirmed using optical rheometry. Similar mecha-
nisms have been proposed by Pignon et al. (1998) for
suspensions of laponite in water.

The time-dependent changes in stresses depicted in
Fig. 8 can be described using a similar empirical equation
than that used for the build-up curves (Eq. 2). This equation
(Dullaert and Mewis 2005a, b) is:

o =er(1-en(-5)
(e[ ()]) e e

The fits are shown by the solid lines in Fig. 8. The
parameters are not reported, but the characteristic time 7,
follows the same power-law dependence on the final shear
rate (index equals to —0.7) as obtained from build-up
experiments. Hence, the structure breakdown as well as the
structure build-up are mainly strain controlled. The stretch-
ing exponent m and 7, dependences on the initial shear rate
are also found to be similar to those observed from build-up
measurements (power-law index close to 0.4).

Stepwise increases in shear rate induce breakdown of the
initial structure characterised by G/i (Fig. 3) and shown to
develop at rest to different final structures characterised by
G/Oo. The stress growth behaviour of the developed
structures is illustrated in Fig. 9 for an applied shear rate
of 1 7', preceded by a preconditioning at 25 s down to a
shear rate of y; and after a rest time of 5,400 s. As expected,
the shear stress displays a larger overshoot as the initial
structure is more developed, i.e. for low y;. The overshoot
o as a function of the initial shear rate is shown in
Fig. 9b to follow exactly the same trend as G;O (Fig. 3),
with a transition over the same y; range, with a high plateau
at the lowest 7; and a low one at high ;. The opposite
tendency is shown by the critical strain y,. , which goes
from a lower plateau at the lowest y; to a higher plateau for
large y;, suggesting that the more developed structure
breaks down at a lower strain and is therefore more fragile.
Critical strain data obtained for stress growth experiments
carried out at the same shear rate as the initial one, y;, after
a rest time of 5,400 s follow the same trend (closed circles
in Fig. 9b).

Figure 10 presents the effect of the rest time and of the
applied shear rate on the overshoots for stress growth
experiments carried out at the same final shear rate y; as the
initial y;. In this case, the stress overshoot can be entirely
attributed to the breakdown and rearrangement of the
structure developed during the rest time. The reduced
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Fig. 9 Stress growth behaviour for the model suspension. a o vs v
for stress growth experiments carried out at 1 s ! after a rest time of
5,400 s, after a preconditioning at 25 s ' and down to a shear rate of
Yi; b ol and yg+ vs y; after a rest time of 5,400 s (open circles for
yp=1s"" and closed symbols for ¥¢ = 7;)- The lines are drawn to
guide the eyes

'.Y[ = 'Y_/
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Fig. 10 Reduced stress overshoot (o7, — 00) /0F VS tieg (s = 75 =
0.3 s7!) and vs shear rate y; = ¥; after a rest time of four tonsecutive
experiments carried out at the same shear rate
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overshoot function (o7, — 0L ) /ol from measurements
carried out at 0.3 s ' is shown to increase with rest time
following a stretched exponential form as observed previ-
ously for the recovery of the storage modulus G' (Fig. 2b).
The reduced overshoot is observed to increase slightly with
increasing shear rate confirming the findings of Li et al.

(2003) and Solomon et al. (2001).
Flow reversal

To get an insight of the anisotropy effect of the structure,
flow reversal measurements have been performed. Results
of consecutive stress growth experiments without rest time
are shown in Fig. 11 for three imposed shear rates. When
the initial pre-shearing is applied in the same (clockwise,
CW) direction as the following applied shear rate, steady
state is rapidly reached as shown by constant stress values
in the figure (open symbols). However, if the direction of
the pre-shearing is in the counter-clockwise direction
whereas the subsequent shear rate is applied in the CW
direction, the shear stress (closed symbols) goes to very low
and even negative values before increasing monotonously
to finally reach the same steady-state value o . At the
lowest imposed shear rate of 0.03 s~ for the flow reversal
case, o is first negative up to a deformation of 0.06 and is
the result of the relaxation of the structure developed during
the previous shear (opposite direction); afterwards, the
positive value of o' is indicative of the stretching and
build-up of the new structure. The " value at time zero is
approximately equal to the elastic contribution o, shown in
Fig. 7. At larger shear rates, the initial viscoelastic response
is only partially visible because of the smaller elastic
contribution and the accessible time scale of the rheometer.
Even at the largest shear rate, 0" does not display a reverse

150 4

100 4

50 A

o" (Pa)

-50

T T T
108 102 107 100 10! 102

Y
Fig. 11 o vsy for consecutive stress growth experiments after a pre-
shearing in the same (CW) direction and in the opposite (CCW)
direction
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overshoot as observed by Sepehr et al. (2004) for concen-
trated short fibre suspensions and attributed to the tumbling
of fibres.

The interpretation of the previous transient viscoelastic
response is extended by investigating the reverse flows
done after a rest time of 5,400 s, and the results are reported
in Fig. 12. The reduced transient shear stress o /o {, starts
from a low value because the structure relaxes during the
allowed rest time. Then, O‘+/0':o displays a peculiar
behaviour revealing a first small overshoot or shoulder
and then a second overshoot at a larger strain. The first
overshoot or shoulder is located at a strain value similar to
those of the overshoots observed during the stress growth
experiments of Figs. 8 and 9. The first overshoot, clearly
visible at high shear rates, must be related to the
viscoelastic response and breakdown of the initial structure
developed at rest. The second overshoot, seen even for low
shear rates, takes place at a strain more than one decade
larger than the first one. It is indicative of the structure
rearrangement and build-up. By comparing the trend
depicted in Fig. 12 with that of Fig. 9a at y = 1 s7!, it is
obvious that the structure remains strongly anisotropic even
after a long rest time. This behaviour outlines again the
restricted Brownian motion, as discussed before. Our
results confirm the importance of the Brownian motion on
the transient behaviour, in contrast to the conclusions of
Solomon et al. (2001), Lele et al. (2002) and Ren et al.
(2003). We finally note that Solomon et al. (2001) reported
single overshoots for the reverse flow experiments. How-
ever, the peculiar behaviour shown in Fig. 12 may not be
visible in their results because they used a linear scale for
the strain. In addition, the viscoelastic nature of their
polymer matrix could have affected the transient responses
of their nanocomposites.

0.8

o'/c”

0.4 A

0.2

0.0 4

T T T T

10°% 102 107 100 10!

Fig. 12 0" 0," vs vy for stress growth experiments after a pre-
shearing in the opposite (CCW) direction and a rest time of 5,400 s
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Concluding remarks

The linear and non-linear viscoelastic properties of a model
suspension for non-polar polymer/clay nanocomposites have
been investigated taking into account the flow history. The
time evolution of the viscoelastic properties reported only
arise from the structural changes of the clay structure because
this model suspension is based on a Newtonian matrix.

Upon cessation of steady-shear flows, different equilibrium
structures are reached, which strongly depend on the pre-shear
rate. A lower pre-shear rate leads to the development of a
stronger equilibrium structure. It follows that the non-terminal
behaviour of this model suspension is more solid-like as the
pre-shear rate decreases. The existence of these different
pseudo-equilibrium structures has been attributed to the large
excluded volume of the clay particles. The structure build-up
is controlled not only by the Brownian motion but by small
hydrodynamic forces required to overcome the effects of the
large excluded volume of the particles.

The build-up as well as the breakdown of the clay structure
under flow follow a similar kinetics described by empirical
relations of stretched exponential form, which depends on the
flow history, as observed for nanoparticles of fumed silica by
Dullaert and Mewis (2005a, b). The amplitude of the stress
overshoots observed during breakdown measurements
increases with rest time and with decreasing pre-shear rate,
i.e. following the same trend as the structure described by the
storage modulus measured in SAOS.

Finally, overshoots are observed for reverse stress
growth experiments but only after a long rest time,
confirming the findings of Li et al. (2003) and Solomon
et al. (2001). Our flow reversal results suggest a strong
anisotropy of the shear-induced clay structure, which
persists even after a long rest time, outlining the restricted
Brownian motion. This flow reversal response as well as
the other transient responses could be elucidated by
following the overall orientation of the clay structure using
rheo-optical methods. These will be reported in a subse-
quent publication.
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