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ABSTRACT: The nonlinear viscoelastic properties for a series of intercalated nanocomposites of an
organically modified montmorillonite and a disordered styrene—isoprene diblock copolymer are reported.
The linear-to-nonlinear transition for stress relaxation measurements, the applicability of time—strain
separability, and the associated damping function are examined. The nanocomposites exhibit strong shear-
thinning behavior thought to result from orientation of the layers in response to the applied shear
deformation. We demonstrate that the empirical Cox—Merz rule is inapplicable for such nanocomposites
and that steady and dynamic oscillatory flow are not equivalent for such mesostructured materials. The
K-BKZ constitutive model is used to predict the steady shear properties from the experimentally measured
linear stress relaxation and stress relaxation based damping behavior. While being able to reasonably
capture the low shear rate shear stress properties, this empirical model breaks down in trying to model
the shear stress behavior at intermediate shear rates and the normal stress behavior at all shear rates

and silicate loadings.

Introduction

Recently, much interest has focused on the develop-
ment of polymer nanocomposites prepared by dispersing
inorganic nanoparticles in a polymer matrix and achiev-
ing a combination of mechanical, physical, and thermal
properties at extremely low loadings of the inorganic
species.1=3 Among such nanocomposites, hybrids pre-
pared with layered silicates have attracted significant
attention because of the relative ease of obtaining the
minerals,*® the early commercialization of products,®
and the ability of these systems to provide model
systems to examine the structure and dynamics of
confined and near-surface polymers.27-10

Melt state viscoelastic properties of such layered
silicate-based nanocomposites have attracted significant
attention because of their sensitivity to the mesoscale
structure and their importance in understanding the
processability of such hybrid materials.”811718 |t has
been suggested that the formation of a superstructure
of the dispersed layers in the polymer matrix dominates
the linear viscoelastic properties of these nanocompos-
ites.”81112 Some of the resultant rheological character-
istics are similar to those observed in colloidal disper-
sions, emulsions, pastes, and liquid crystals and unified
under materials termed as soft glassy materials.® These
materials exhibit rheological properties resulting from
their intrinsically metastable and disordered structure
similar to that observed in polymer layered-silicate
nanocomposites.19.20

In previous papers, we have reported the melt-state
linear viscoelastic properties of polymer layered-silicate
nanocomposites. Studies were performed on nanocom-
posites prepared with poly(dimethylsiloxane),>1” end-
tethered poly(e-caprolactone), and nylon-6281518 and
with ordered and disordered polystyrene—polyisoprene
(PS—PI) block copolymers.”:11713.16 The layered silicates
employed belonged to the general class of 2:1 smectites
with effective disk diameters ranging from 30 nm to 10

*To whom correspondence should be addressed. E-mail:
ramanan@uh.edu.

10.1021/ma020412n CCC: $25.00

um and were organically modified to render hydropho-
bic.>911 For the case of a nearly symmetrical disordered
PS—PI block copolymer (PSP118) and a dimethyldiocta-
decylammonium-substituted montmorillonite (2C18M)
nanocomposite, we found that, while the chain relax-
ation is independent of the silicate loading, the long time
response was significantly altered, particularly at high
silicate loadings (i.e., with 6.7 wt % or greater of layered
silicate).1216 The observed quiescent-state solidlike lin-
ear dynamic oscillatory behavior and linear stress
relaxation behavior observed for these high silicate
nanocomposites are conjectured to result from the
development of a three-dimensional percolated network
mesostructure.®12 Further, this quiescent superstruc-
ture is highly susceptible to change upon application of
shear, and in fact, in steady shear even at the lowest
shear rates probed significant alignment of the layers
is observed.1® At higher shear rates the alignment is
significantly enhanced and leads to steady-state viscos-
ity and elasticity properties of these hybrids to start to
resemble that of the unfilled polymer.11.16

In this paper we extend the previous study to the
examination of nonlinear shear properties of the hybrids
composed of the disordered polystyrene—polyisoprene
diblock copolymer and the organically modified (2C18)
montmorillonite. This will provide a more detailed
understanding of the response of such anisotropic
materials to the application of shear.?! Further, as
demonstrated by previous studies of block copolymer
micelles,?? such a study would provide complementary
insight into the complex relaxation behavior of struc-
tured polymeric fluids. Finally, we attempt to examine
the linear and nonlinear shear measurements in the
context of a fairly powerful integral constitutive equa-
tion, the K-BKZ equation, and determine the regimes
over which such a simple model is able to capture the
rheological response quantitatively.

Experimental Methods

A disordered nearly symmetric diblock copolymer of styrene
and 1,4-isoprene (PSPI118) (M, ~ 17 700, Myw/M, < 1.07, ¢ps ~
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0.44, and Topt < 80 °C) and a dimethyldioctadecylammonium-
substituted montmorillonite (2C18M) (~0.95 nm thick silicate
layers with disk diameters of 0.2—0.5 um) are the components
of the nanocomposites, and their characterization has been
described extensively in previous papers.”21623 Nanocompos-
ites were prepared by mixing appropriate quantities of finely
ground 2C18M with PSPI18 in toluene at room temperature
followed by extensive drying and subsequent annealing in a
vacuum oven at 100 °C for 10 h. Four hybrids with silicate
concentration of 2.1, 3.5, 6.7, and 9.5 wt % were prepared for
the study. X-ray diffraction reveals the development of inter-
calated nanocomposites with a gallery height of ~2.5 nm, ~0.4
nm larger than that for polystyrene + 2C18M nanocomposites.

Melt-state rheological measurements were performed on a
Rheometric Scientific ARES rheometer equipped with a trans-
ducer capable of measuring torques over the range of 0.2—
2000gr cm and normal forces over the range of 2—2000g. A
cone-and-plate fixture with a plate diameter of 25 mm and a
cone angle of 0.1 rad was used in this work. In stress relaxation
measurements, a single step strain with amplitude y was
applied at time t = 0, and the resulting shear stress o12(t,y)
was monitored as a function of time. The modulus G(t,y) was
determined as

G(ty) = @ )

Quiescent periods of 500—10 000 s between succeeding mea-
surements were implemented to allow the samples to equili-
brate, with the longer quiescent periods typically implemented
for the larger strain amplitudes and nanocomposites with
higher silicate fraction. Data at small step strains were
reproducible after application of large step strains, provided
a sufficient rest time was allowed between rheological tests.
In fact, this reproducibility was used as a metric to determine
the length of the quiescent period. A similar protocol of rest
or quiescent periods following testing and verification of the
reproducibility of data at low shear rates was also imple-
mented for the steady shear start-up measurements. Start-
up measurements were implemented for each sample over a
range of shear rates (0.01 < y < 100 s™*) and performed until
all viscoelastic functions achieved steady values at each shear
rate. The steady-state shear stress o1, (and thus the viscosity)
and first normal stress difference N1 (= o011 — 022) were
monitored and reported here.

On the other hand, the nonlinear oscillatory flow properties
were studied by the successive application of sinusoidal strain
signals at a constant frequency w of the form y(t) = yo sin(wt),
where yq is the strain amplitude and allowed to vary from 0.01
to 300%. Measurements were performed successively over
logarithmically spaced strain amplitudes with no rest or
quiescent periods between data points. The data were inter-
preted in terms of the linear viscoelastic functions by analyzing
the measured shear stress o(t) = yo (G’ sin(wt) + G" cos(wt)),
where G' and G" are the storage and loss modulus, respec-
tively. In addition, we report the data in terms of the dynamic
viscosity, i.e., n*(w) = G*(w)lw = [(G')? + (G")?]¥?3/w, and use
this function to compare the oscillatory flow behavior to the
steady shear viscosity 7(7).

Results and Discussion

Stress Relaxation Behavior. We first discuss the
strain amplitude dependence of the stress relaxation
behavior of the polymer and the nanocomposites. The
linear stress relaxation behavior (in quantitative agree-
ment with linear dynamic oscillatory properties) dem-
onstrated a gradual change from liquid to solidlike
behavior with increasing layered silicate content.’2 We
had previously attributed this to the presence of a
hydrodynamically percolated layered silicate layers or
tactoids resulting in solidlike behavior.”.1112.16 Here we
examine the influence of larger strain amplitudes on
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Figure 1. (a) Strain amplitude dependence of the stress
relaxation behavior of PSP118 at 85 °C. The data for y < 0.06
merge onto a single line and correspond to the linear stress
relaxation behavior. (b) Time—strain superposed stress relax-
ation master curves for PSPI118 at 85 °C obtained by vertical
shifting of G(t,y) (shown in a) by a factor of 1/h(y) (shown in
the inset) to achieve the best superposition on the G(t) curve
for t > 0.3 s. The data beyond y of 0.3 did not merge onto this
master curve and demonstrate the failure of time—strain
separability for modest strain amplitudes. (c) Similar time—
strain superposed master curve for PSPI at 100 °C. The linear
regime and the strains over which time—strain superposability
is applicable is considerably extended to that observed at 85
°C.

that quiescent superstructure by examining the changes
in the stress relaxation behavior.

The amplitude dependence of the single step-strain
stress relaxation behavior for the unfilled polymer at T
= 85 °C is shown in Figure 1a. The data are indepen-
dent of strain amplitude for y < 0.06 and exhibit shear
thinning behavior for y > 0.06. The data (G(t,y))
displayed in Figure la (i.e., for y < 0.3) are consistent
with that of a narrow molecular weight distribution
polymer?* and obey the principle of time—strain fac-
torability:

G(t,y) = G@®) h(y) fort= 7 )

where G(t) is the linear stress relaxation behavior, h(y)
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Figure 2. (a) Strain dependence of the stress relaxation
behavior for PSP118 + 3.5 wt % 2C18M at 85 °C. The stress
relaxation behavior is linear up to the strain amplitude 0.02.
(b) Time—strain superposed stress relaxation master curves
obtained by vertical shifting of data shown in (a) by a factor
of 1/h(y) to achieve the best superposition on the G(t) curve
for t = 0.3 s. The data beyond y of 0.1 did not merge onto this
master curve.

is the damping function, and 7 is the relaxation time of
the polymer. At short times (i.e., t <04 s;7~12sat
85 °C) there is failure of time—strain superpositioning,
and this behavior is consistent with previous observa-
tions for homopolymers and homopolymer solutions.?®
Master curves for the unfilled polymer were only gener-
ated up to modest strain amplitudes; beyond y ~ 0.3,
the shape of the stress relaxation was altered and could
not be superposed. We attribute this failure of time—
strain superposability at high strain amplitudes and the
early onset of shear thinning to the proximity of the
measurement temperature to the order—disorder tran-
sition temperature (Topt) of the block copolymer and
the possible coupling of the concentration fluctuation
and the applied shear.2627 On the basis of the molecular
weight, composition of the copolymer, and the thermo-
dynamic interactions between PS and P1,2728 we antici-
pate that PSPI118 has a Topr slightly lower than 80 °C.
On the other hand, at a measuring temperature of 100
°C the onset of shear thinning was considerably delayed,
and time—strain separability was applicable over a
much larger strain window as demonstrated in Figure
1c. Han and Kim have observed similar failure of time—
strain separability for a thermotropic liquid crystalline
polymer in the nematic state.?° However, for the same
polymer, in the isotropic state, time—strain factorability
was observed.

The strain dependence of the stress relaxation be-
havior and the applicability of time—strain separability
for a typical nanocomposite are shown in Figure 2. The
nanocomposites exhibit similar shear-thinning behavior
with a lower onset strain amplitude (Figure 3). Further,
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Figure 3. Silicate content dependence of the damping func-
tions h(y) for PSP118 and PSP118 + 2C18M nanocomposites
at 85 °C. The solid curves represent the empirical fitting to
eq 5, with the parameters tabulated in Table 1. It is evident
that the onset of strain softening occurs at lower strain
amplitudes with increasing silicate content.

Table 1. Fitting of h(y) to Eq 3

hybrid composition (wt % silicate) o
0 15.7 £ 0.6
21 22.1+09
3.5 33.2+38
6.7 429 + 17
9.5 1817 + 94

the strain dependence of h(y) is adequately fitted, as
shown in Figure 3, by an empirical relationship fre-
guently used to model the damping behavior in complex
microstructured systems:24.30

1

— 3
1+ ay? @)

h(y) =

with the values of a tabulated in Table 1. a increases
with increasing silicate loading: changing slowly for
nanocomposites with 0, 2.1, and 3.5 wt % silicate and
then changing dramatically for the hybrids with 6.7 and
9.5 wt % silicate. The onset strain for shear thinning
decreases with increasing silicate loading and exhibits
a substantial drop between the 3.5 and 6.7 wt % hybrids.
Additionally, for those two nanocomposites the principle
of time—strain separability appears to be valid over a
much smaller strain window as compared to the poly-
mer, with the modulus data at high strains demonstrat-
ing a different shape compared to those at low strains.
We note that previously Macklay and co-workers have
tested a Wagner type damping function (h(y) = exp(—
ky")) for various polymeric and colloidal fluids.3! While
they found this model to work adequately for most of
the classes of materials studies, for the case of kaolinite
suspensions, most closely resembling the systems stud-
ied here, this Wagner type damping function was
inappropriate.

We conjecture that, analogous to discotic liquid crys-
tals and other mesostructured materials,31 32 the highly
anisotropic silicate layers or collections of silicate layers
(i.e., tactoids) respond to the external flow and orient
when subjected to moderate and large strain ampli-
tudes. This results in the enhanced shear thinning for
the nanocomposites as compared to the unfilled poly-
mer. On the basis of the low volume fractions of added
filler and the reproducibility of the shear thinning,
alternate hypothesis such as confinement-induced shear
thinning3* or shear-induced disaggregation of the tac-
toids can be neglected.116 Further, interactions between
silicate layers (or between tactoids) are significant when
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Figure 4. Strain amplitude dependence of the normalized
complex viscosity (T = 85 °C), #*(yo)/n*Lin, Obtained in oscil-
latory mode for the unfilled PSPI18, 2.1, and 9.5 wt % silicate
nanocomposites at w = 1 rad/s (a) and at w = 10 rad/s (b). The
data at successive strain values were obtained with no
quiescent period between data points. The onset of shear
thinning depends strongly on the silicate content and in a
weaker manner on the frequency of oscillation. The schematic
orientation states for the nanocomposites at low strain am-
plitudes and high strain amplitudes are shown in (a) and are
based on neutron and X-ray scattering studies.®!5

the silicate loading is above the percolation value, and
disruption of this mesostructure results in the enhanced
damping behavior (and significantly increased value of
o) for the 6.7 and 9.5 wt % silicate nanocomposites. The
change in the quiescent mesostructure by relatively
modest strains is surmised to result in the premature
failure of the time—strain superposability for the higher
silicate content nanocomposites.

Nonlinear Oscillatory Shear. To contrast and
compare the influence of oscillatory strain to step strain,
the strain amplitude dependence of the dynamic oscil-
latory viscoelastic properties of the nanocomposites was
examined. The strain amplitude dependence of #n*
(normalized by the linear values) at ® = 1 and 10 rad/s
and T = 85 °C for three samples are reported in parts
a and b of Figure 4, respectively. We justify the
interpretation of the large-amplitude oscillatory data in
terms of the linear parameters (G', G", and n*) because
of the previously observed small higher (third and fifth)
order harmonics, compared to the primary harmonic,
of the oscillatory shear stress signal.153> The data in
Figure 4, like the stress relaxation data, indicate the
lowering of the strain amplitude for onset of shear
thinning with increasing silicate loading and suggest
that the breakdown of the superstructure is responsible
for the enhanced shear-thinning character of the nano-
composites. There is a mild dependence of this shear
thinning on the measurement frequency, with the onset
delayed to higher strain amplitudes for the lower
frequency, and is consistent with the behavior of a
material with a finite yield stress.3®
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Figure 5. Transient development of the shear stress for the
unfilled PSPI18 (a) and PSPI18 + 6.7 wt % 2C18M (b)
following start-up from rest at three different shear rates at
85 °C. For purposes of comparison, the predictions of the
K-BKZ equation (eq 9) are also shown. For the unfilled polymer
and the nanocomposite, reasonable agreement of the experi-
mental results and the predictions of the K-BKZ equation are
realized at low shear rates.

In fact, similar to many other layered materials,%:33:37
the prolonged application of large-amplitude oscillatory
shear at a fixed frequency on these intercalated nano-
composites results in the “parallel” orientation of the
silicate layers and manifested rheologically as a signifi-
cantly reduced postalignment linear (small amplitude)
G’ and G" in the terminal zone.81215 Further, a signifi-
cant increase of the terminal zone frequency dependence
of G' and G" was observed and interpreted as being
caused by the breakdown of the three-dimensional
percolated nanoparticle structure. Thus, much like the
stress relaxation behavior, the nonlinear oscillatory flow
behavior is also dominated by the ability of the silicate
layers to orient in response to the applied flow and the
onset of orientation (as manifested rheologically) ap-
pears not to be directly related only to a critical
displacement.!® In this aspect these intercalated melt-
mixed nanocomposites are significantly different from
end-tethered exfoliated nanocomposites where a revers-
ible strain hardening is observed and attributed to the
stretching of the distorted chains in response to the
shear.1®

Steady Shear Measurements. The time-dependent
shear stress data for the start-up of steady shear at
different shear rates for the unfilled polymer and an
intercalated nanocomposite with 6.7 wt % 2C18M are
shown in Figure 5. Both exhibit viscoelastic behavior
with the presence of a small stress overshoot at high
shear rates and the achievement of steady state at
shorter times for the higher shear rates. Further, the
shear stress data do not exhibit any time-dependent
oscillations as would be expected from anisotropic
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Figure 7. Concentration dependence of the yield stress oo,
determined by the application of Casson’s equation (eq 4) to
the low shear rate steady shear data (as shown in the inset),
for the nanocomposites. Within the error of the experiments,
the yield stress is zero for PSP118, and the hybrids with silicate
loading below 3.5 wt %. The hybrids display significant yield
stress when the silicate loading is above 6.7 wt %, and these
are consistent with the inferences drawn from the linear
oscillatory and stress relaxation behaviors regarding the
existence of a filler network superstructure in these materials.

systems with particle tumbling or rotation.3 The steady-
state viscosity (1) as a function of the steady-state shear
stress (op) is shown in Figure 6. For the two hybrids
with 6.7 and 9.5 wt % silicate, the data for # diverge
and consistent with those exhibited by materials with
a finite yield stress.3%:39 The yield stress is determined

by fitting the low y data to Casson’s equation, given
a536,40

0_12112 — 0_01/2 +ﬁ ,J./l/2 (4)

where op is the yield stress and § is an arbitrary
constant. The fit to eq 4 and the yield stress determined
are shown in Figure 7 and exhibit finite nonzero values
for the nanocomposites with 6.7 and 9.5 wt % silicate.
It is for these nanocomposites that we have previously
hypothesized a quiescent-state percolated superstruc-
ture based on the solidlike dynamic oscillatory and
linear stress relaxation moduli, diverging viscosities at
low shear rates, and dramatically enhanced shear
thinning observed in the damping function.

The divergence at low shear stresses (and low shear
rates) observed in Figure 6 is also observed in many
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Figure 8. Test of the empirical Cox—Merz rule for the
nanocomposite of PSPI with 6.7 wt % 2C18M. Master curves
of the dynamic complex viscosity obtained from linear dynamic
oscillatory measurement of the “as-loaded” randomly oriented
nanocomposite (7*jinear) are compared to the steady shear
viscosity 7(7), with 5*jinear €xceeding #(y) for comparable shear
rates. On the other hand, the linear dynamic complex viscosity
after prolonged large-amplitude shear-induced alignment
(7% aiignea) is consistently lower than the 7(y) at comparable
shear rates. We thus conclude that steady shear, even at the
lowest shear rates examined, leads to some alignment of the
anisotropic silicate layers, resulting in the failure of the Cox—
Merz rule for the nanocomposites.

other filled systems and thought to result from the
formation of a filler network superstructure. In those
cases the divergence occurs at much higher filler
concentration: for example, for carbon black filled
elastomer (isobutylene) comoposites (12 vol %)3 and for
glass fiber filled polypropylene composites (30 wt %).4!

On the other hand, at high shear stresses (and high
shear rates) the viscosity observed is comparable for the
unfilled polymer and the nanocomposites. This behavior
is thought to arise from the ability of the highly
anisotropic layers (or tactoids) to be oriented by the
applied flow and is similar to the response of many
microstructured materials, particularly those possessing
lamellar phases.3? We note in passing that the transition
to this high-shear rate behavior occurs at roughly the
same shear rate for all the nanocomposites and is
consistent with the previously suggested unchanged
relaxation time for the polymer in the nanocomposites.

This ability to alter the mesoscale structure and orient
the highly anisotropic silicate layers or tactoids of
silicate layers results in the failure of the empirical
Cox—Merz rule as demonstrated in Figure 8 for a 6.7
wt % 2C18M-based intercalated nanocomposite. The
Cox—Merz rule requires that

(@) =n(y) foro=y (5)

and is generally found to be applicable for homopoly-
mers. In fact, for the unfilled disordered liquidlike block
copolymer, the empirical Cox—Merz rule is applicable.
On the other hand, for the nanocomposites examined,
n*(w) always exceeds 7(y), with the magnitude of the
difference (at any shear rate) increasing with increasing
silicate loading.

Such a failure of the Cox—Merz rule has been
observed for other filled polymer systems and meso-
structured materials®® and suggests that the application
of steady shear results in some preferential orientation
of the initial quiescent random arrangement of the
silicate layers or their tactoids. However, the dynamic
viscosity after prolonged large-amplitude oscillatory
shear alignment, 17*aiigned(®), is less than 5(y) at all shear
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Figure 9. Dependence of N1, on o1, for start-up measure-
ments of the polymer and the nanocomposites where the
steady-state values of Ni, and o1, roughly coincide for the
different samples (start-up measurements for PSP118: y =30
s71, 2.1 wt %; 2C18M: 7 = 20 s7, 3.5 wt %; 2C18M: y = 20
s71, 6.7 wt %; 2C18M: y = 10 s™1). The transient properties,
while being similar, do not necessarily superpose.

rates, with the values becoming comparable at high
shear rates. These data clearly demonstrate that low
shear rate steady flow results in some orientation
(considerably smaller than perfect “parallel” alignment)
of the silicate layers and flows at high shear rates lead
to substantial alignment of the silicate layers or tactoids
of layers.

It has been reported previously that, unlike other
filled systems, these layered-silicate-based nanocom-
posites demonstrate relatively small effects on the
elasticity when compared at equivalent values of shear
stress (see discussion below). The development of the
transient N1» (= 011 — 022) and o1, from start-up exhibit
only slight differences in the initial stages of the
transient and the long-time (high o1, and Njp) data
being comparable (Figure 9). However, when compared
at the same shear rate, the data for the unfilled polymer
and the nanocomposites do not superpose (or appear
self-similar) and do not result in the same final values
of 012 and Ni,. These results suggest that the elasticity
as measured by N, is clearly a function of the shear
stress 012 generated and the ability to align the plates
or disks results in similar enhancements in both o1, and
N, for the nanocomposites as compared to the unfilled
polymer.

Modeling of Data by a Constitutive Equation.
We attempt to model the linear and nonlinear data
using the K-BKZ integral constitutive equation model.*?
On the basis of the general elastic theory, which is
independent of molecular structure, this constitutive
equation has been shown to work well for the case of
mesostructured block copolymer micelles and silica
particle loaded polymer composites.3? Following the
Lodge model, the shear stress and first normal stress
difference in simple shear are given as*

o) = [ m(t — t) h() y(tt) dt (6)

N = [* m(t—t)h() Ee)?de  (7)

where m(t— t') is the linear viscoelastic memory func-
tion. For materials with known linear stress relaxation
modulus and damping (nonlinear) behavior, the K-BKZ
equation can be used to predict the shear stress and
primary normal stress difference in other shear histo-
ries, such as double-step strain shear and steady shear.
Here we use the K-BKZ equation to predict the start-
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Figure 10. Time dependence of the linear stress relaxation
modulus G(t) at 85 °C for the unfilled PSP118 and the hybrids
with 3.5 and 9.5 wt % 2C18M nanocomposites. The solid lines
represent the best fits of the data to the empirical eq 8 with
the fitting parameters tabulated in Table 2.

Table 2. Fitting of Linear G(t) to Eq 8

wt % silicate i Gij (dyn/cm?) x 10~° 7i (S)

0 1 6.9+0.2 0.027 £ 0.002
2 1.63 £ 0.02 0.118 + 0.002
3 0.25+0.01 0.386 + 0.010

2.1 1 79+0.5 0.031 + 0.002
2 1.95 £+ 0.06 0.148 + 0.003
3 0.11 £ 0.01 1.27 £ 0.08

35 1 17.4+0.9 0.026 + 0.002
2 2.94 + 0.06 0.090 + 0.003
3 0.85 + 0.06 0.26 £ 0.01
4 0.10+ 0.01 1.64 £0.12
5 0.025 £ 0.001 00

6.7 1 20+ 2 0.029 + 0.002
2 41+03 0.13+£0.01
3 0.82 £ 0.17 0.55 +0.11
4 0.23 £ 0.03 51+1.2
5 0.086 + 0.008 00

9.5 1 36+1 0.029 + 0.002
2 79+0.1 0.147 £ 0.002
3 1.84 +0.03 0.84 £ 0.02
4 0.58 +£ 0.01 8.3+0.3
5 0.19 +£ 0.01 134 + 6
6 0.52 £ 0.02 00

up of steady flow and the shear rate dependence of the
steady-state viscosity and the steady-state primary
normal stress difference and compare them to the
experimental data for the nanocomposites reported here.
While the data for h(y) are provided in Figure 3 and
adequately fitted by eq 3, a similar analytical expression
is yet to be developed for the stress relaxation data, G(t).
Thus, prior to testing the predictions of the K-BKZ
model, we develop an analytical description of the linear
stress relaxation spectrum (presented in a previous
paper!?) by fitting to a sum of exponential decays as

t
- —) ®)
T

as shown in Figure 10. The fitted parameters G; and t;
for the unfilled polymer and the nanocomposites are
tabulated in Table 2 and are used in the predictions of
the K-BKZ equation. However, these are merely the best
fits to the measured data, and aside from the near
equivalence of the short relaxation processes, further
interpretation of the relaxation spectrum in terms of
physical parameters is not attempted.

For the start-up of shear flow, the shear stress growth
function o12(t,7) and primary normal stress growth
function Ni,(t,y) can be described by

n
G() =) G; exp
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outi) = fi- S NGE) v dt (9)

Not7) = fi- S hee) gy e o)

where the cummulative strain, y(t') (= y ® t), is used to
describe the displacement on the sample, and eqgs 3 and
8 provide analytical descriptions of h(y) and G(t),
respectively. The transient start-up shear stress (o12)
prediction is compared to the experimental data in
Figure 5a,b for the unfilled polymer and a 6.7 wt %
nanocomposite, with reasonable agreement observed at
the lowest shear rates reported. However, at higher
shear rates the experimental data and the predictions
are not in quantitative agreement. On the other hand,
at the highest shear rates the predictions were based
on extrapolations of the stress relaxation function and
thus considered unreliable and not shown here. We note
that in all the comparisons we have only used ranges
of strain where time—strain superposability was ap-
plicable and times accessed in the linear stress relax-
ation studies. Further, proof of the agreement at low
shear rates for both the polymer and the nanocompos-
ites is demonstrated in Figure 11, where the predictions
of the steady shear viscosity are compared to the
experimental data. Again at intermediate shear rates,
the K-BKZ model underpredicts the experimental data.

On the other hand, in Figure 12a, we compare the
predictions of the K-BKZ model to the experimental
data for the shear rate dependence of the steady-state
values of the primary normal stress difference (N12). At
all shear rates, we find that the model underpredicts
the absolute value of Njp, although the shear rate
dependences are similar. Further, discrepancies from
the experimental data are demonstrated in Figure 12D,
where the steady-state value of Nj, is plotted against
the steady state o12. While the experimental data
demonstrate a silicate content independent “universal”
behavior, the predictions show considerable silicate
content dependent divergence. However, we note that
while the experimental data are dominated by the high
shear rate data, the K-BKZ model, as applied here, is
unable to calculate the viscoelastic properties at high
shear rates because of the necessity to extrapolate the
linear stress relaxation modulus to shorter time scales
than accessible experimentally and can only be used to
predict the low shear rate dependence.

The K-BKZ model using linear stress relaxation
modulus data and step-strain measurements to describe
the nonlinear damping function is clearly inadequate
to predict the intermediate shear rate viscosity data for
the nanocomposites and the normal stress behavior at
all shear rates. During the steady shear tests the sample
slowly evolves to a final mesoscale oriented structure
with the extent of orientation depending on the shear
rate. The inability of the K-BKZ model to predict the
intermediate shear rate data suggests that the nano-
composites undergo changes in their mesoscale struc-
ture at those shear rates that lead to rheological
behavior not encountered in the determination of the
damping functions via the step-strain measurements.

Concluding Remarks

The nonlinear properties of the layered-silicate-based
polymer nanocomposites provide dramatic evidence of
the anisotropic nature of the layered silicates (or silicate
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Figure 11. Comparison of the experimentally obtained and
the theoretically predicted (using the K-BKZ equation) shear
rate dependence of the steady-state viscosity #(y) for PSP118
and the 6.7 wt % 2C18M nanocomposite. While reasonable
agreement is observed at low shear rates, the K-BKZ predic-
tion suggests a stronger shear-thinning character than ob-
served experimentally.
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Figure 12. (a) Comparison of the predictions of the K-BKZ
equation (lines) and the experimental data (symbols) for the
shear rate dependence of the steady-state primary normal
stress difference N1, for PSP118 and the 6.7 wt % 2C18M-based
nanocomposite. The K-BKZ equation underpredicts the ex-
perimental data at all shear rates. (b) Comparison of the
experimentally obtained dependence of the steady-state Ni»
vs steady-state o1, for all the samples, with the predictions of
the K-BKZ predictions. While the experimental data are
dominated by those obtained at high shear rates, the predic-
tions of the K-BKZ model are restricted to low shear rates.
Nevertheless, the K-BKZ model does not demonstrate the
experimentally observed “universal” behavior and tends to
underpredict the values of N, consistently.

tactoids) dispersed in a polymer matrix. In addition to
the early onset of shear-thinning character observed in
the nonlinear stress relaxation behavior and the dy-
namic oscillatory experiments, these nanocomposites
also demonstrate a failure of the Cox—Merz rule. Most
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interestingly, we observe that prolonged application of
large-amplitude oscillatory shear results in a dynamic
viscosity that is lower than the steady shear viscosity
at a comparable shear rate, whereas prior to such
alignment the dynamic viscosity exceeded the steady
shear viscosity. An empirical constitutive equation such
as the K-BKZ equation along with experimentally
determined linear stress relaxation and nonlinear damp-
ing behavior is able to capture the viscosity at low shear
rates but is unable to predict the experimental data at
intermediate shear rates; the model always predicts a
more dramatic shear thinning than experimentally
observed. We conjecture that under steady shear the
mesoscale structure of the nanocomposites continues to
evolve, and this evolution, particularly at intermediate
and high shear rates, must lead to the failure of the
K-BKZ model and suggest a substantial investigation
directly of the structural changes during such flow
processes. On the other hand, the K-BKZ model con-
sistently fails to predict the normal stress behavior in
the polymer and in the nanocomposites and suggests
an inherent shortcoming of this model or its applicabil-
ity to nanocomposite systems examined here.
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