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Maleic anhydride-grafted polyethylene (MAPE) is inves-
tigated as a compatibilizer of polyethylene/organoclay
nanocomposite. With MAPE help, partial exfoliation of
the organoclay occurs in the nanocomposites with the
melt compounding method for organoclay loading up to
8.0 wt%. Investigation of the rheological behaviors
shows that at high frequencies or shear rates, the vis-
cosity is essentially unaffected by the presence of orga-
noclay; however, at low frequencies or shear rates,
viscoelastic behavior alters dramatically, and this is
attributed to the presence of anisotropic stacks of ran-
domly oriented organoclay sheets and the formation of
network structures. The important observations are
firstly the initial stress overshooting observed in steady
shear. At low shear rates, stress is much greater at the
initial stage than the stress at the steady state; however,
it can be eliminated by preshear at low shear rates,
which means that preshearing can effectively break
down the network structures and align the organoclay.
Second, the normalized stress at the overshoot point is
a function of the critical strain unit. POLYM. ENG. SCI.,
51:133-142, 2011. © 2010 Society of Plastics Engineers

INTRODUCTION

The influence of filler particles on the viscoelastic prop-
erties of polymer-based composite materials is of signifi-
cant technological interest because of the widespread use of
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fillers in polymeric products. The influence of the nature
and strength of polymer—filler interactions, filler—filler
interactions, and the state of dispersion of the composite on
the viscoelastic properties of the matrix polymer are of con-
siderable interest for the design of filled polymer systems
with enhanced physical, thermal, and mechanical properties
[1, 2]. A new class of polymer nanocomposites has been
developed using highly anisotropic organic modified clay dis-
persed in polymeric matrices [1-3]. It is instructive to study
the rheology of polymer/clay hybrids for two reasons. First,
rheological properties are indicative of melt processing
behavior in unit operations such as injection molding. Sec-
ond, as the rheological properties of particulate suspensions
are sensitive to the structure, particle size, shape, and surface
characteristics of the dispersed phase, rheology potentially
offers a means to assess directly the state of dispersion of
nanocomposites in the melt state. Further, such studies of
these systems might also lead to a better understanding of the
dynamics of nanoscopically confined polymers. Thus, rheol-
ogy can be envisaged as a tool that is complementary to tradi-
tional methods of material characterization, such as electron
microscopy, X-ray scattering, dynamic mechanical analysis,
and mechanical testing. The advantages of rheology relative
to these methods are that the measurements are performed in
the melt state and that a battery of different rheological meth-
ods can be used to study the responses of the nanocomposite
structure to both linear and nonlinear deformations.
Polyethylene is one of the most widely used polyolefin
polymers. As it does not include any polar group in its
backbone, it is thought that homogeneous dispersion of
clay minerals in polyethylene cannot be realized. In situ
polymerization of ethylene with clay is feasible, and the



exfoliation of the clay has been established [4, 5]. Attempts
to create nonpolar polymer/clay nanocomposites by simple
melt mixing were based on the introduction of a modified
oligomer to mediate the polarity between the clay surface
and the polymer. Typically, maleic anhydride grafted
oligomers were used as compatibilizers, such as maleic an-
hydride-grafted high density polyethylene [6, 7], polyolefin
elastomer-grafted maleic anhydride [8], and polypropylene-
grafted maleic anhydride [9] In those nanocomposite sys-
tem, it was pointed out that the miscibility of the maleated
oligomer with matrix polymer, and maleated oligomer with
clay played key roles in the properties of the composite.

In this study, we focused on the structure and melt-
state viscoelastic properties of a series of nanocomposites
based on high density polyethylene (HDPE) matrix and
modified montmorillonite with the introduction of poly-
ethylene-grafted maleic anhydride (MAPE) as the compa-
tibilizer. Rheological tests of dynamic oscillatory shear,
transient stress relaxation, and steady state shear were
performed. All the results demonstrated the influences of
the highly anisotropic nature of the organoclay on the
flow properties of the nanocomposites.

EXPERIMENTAL

Materials

The montmorillonite (Closite 20A) modified by di-
methyl dihydrogenated tallow ammonium ions was sup-
plied by Southern Clay Products. Maleic anhydride-
grafted polyethylene (MAPE, 0.85 wt% maleic anhydride
grafted, melt index: 1.5, melting point: 120°C) was kindly
supplied by Aldrich Chemical Company, Marlex
HMNG6060 (high density polyethylene) with a melt flow
index 6.5 g/10 min (ASTM D1238, 190°C/2.16 kg) was
kindly supplied by Philips Petroleum International.

Preparation of Composites

The as-received MAPE, HMN6060, and organoclay
were dried at 105°C in an oven for at least 12 h before
use. A Hakke9000 twin-screw extruder was used with
four heating zones with temperatures of 130°C, 160°C,
190°C, and 160°C, respectively, and the rotation speed
was 5.0 rpm and 40.0 rpm separately for two successive
extrusions. Several types of nanocomposite with different
weight ratios of organoclay and the same weight ratio of
MAPE were prepared, and several types of composite
with different weight ratios of organoclay and without
MAPE were prepared for comparison. Table 1 gives the
details of the composites.

Characterization Methods

Wide angle X-ray diffraction (WAXD) was conducted on
a Philips powder X-ray diffraction system Model PW 1830
with Cu ko radiation of wavelength 1.54 A. Transmission elec-
tron microscope (TEM) samples were prepared by cryogen-
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TABLE 1. Composition of blends.

HMN6060 (wt %) MAPE (wt %) Organoclay (wt %)

PM 65 35 0
PMC1 64 35 1
PMC3 62 35 3
PMC5 60 35 5
PMC8 57 35 8
PC3 97 0 3
PC5 95 0 5

ultramicrotomed with glass knives on a Leica ultracut micro-
tome under a temperature of —100°C to yield sections with a
nominal thickness of 100 nm. TEM images were obtained at
120 KV with a Philips CM20 electron microscope.

Controlled strain measurements were carried out to
characterize the rheological behaviors of these composites
using the advanced rheometric expansion system (ARES).
Twenty-five millimeter parallel plate fixtures were used
for all tests reported here. All measurements were per-
formed at 190°C with a 2000 g cm transducer within the
resolution limit of 2 g cm and a 200 g cm transducer
within the resolution limit of 0.2 g cm. Before each
experiment, the system was preheated and equilibrated at
the test temperature for at least 30 min. Viscoelasticity
responses of the materials were also characterized by
employing a capillary rheometer, Goéttfert Rheograph
2003A. Two types of capillary dies were used. One type
had a constant 1.0 mm diameter, with length to diameter
ratios (L/D) equal to 1, 15, and 30 respectively, and the
other had a constant L/D ratio of 30 but different diame-
ters. The die entrance angle was 180°. All the experi-
ments were performed at 190°C and all the materials had
been dried in an oven at 105°C for 12 h before testing.

RESULTS AND DISCUSSION

Morphology of Composites

WAXD is a rather simple and widely used technique
for characterization of clay dispersion. The organoclay
and organoclay-related composite X-ray patterns are pre-
sented in Fig. 1. As is evident in Fig. 1, the characteristic
plane (001) diffraction peak of the organoclay is around
20 = 3.75° (d-spacing: 2.35 nm) and the peak positions
of 3.0 wt% clay/HMN6060 (PC3) and 5.0 wt% clay/
HMN6060 (PCS5) composites shift only marginally to 20
= 3.0° (d-spacing: 2.94 nm). With the introduction of
MAPE, the (001) peak disappears in 1.0 wt% clay/35.0
wt% MAPE/HMNG6060 (PMC1), or exhibits a relatively
insignificant peak or shoulder with a gradual increase in
the diffraction strength toward low angles in 3.0 wt%
clay/35.0 wt% MAPE/HMN6060 (PMC3), 5.0 wt% clay/
35.0 wt% MAPE/HMN6060 (PMCS5), and 8.0 wt% clay/
350 wt% MAPE/HMN6060 (PMCS8). These results
clearly indicate the exfoliated or intercalated capabilities
of the organoclay with assistance of the compatibilizer
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FIG. 1. WAXD patterns of organoclay, polyethylene/organoclay com-
posites (PC3 and PCS5) and polyethylene/MAPE/organoclay composites
(PMC1, PMC3, PMCS5, and PMCS8).

(MAPE). TEM images of the PC5 and PMC5 composites
are shown in Fig. 2(a) and (b). In the PC5, the organoclay
stacks together and the peak in the WAXD pattern is
attributed to these unopened layers. In the PMCS5, both
stacked (intercalated) and isolated (exfoliated) clay layers
are observed. The existence of the small peak or shoulder
in the WAXD patterns of this sample is attributed to the
nonexfoliated layers.

FIG. 2. TEM images of (a) PC5 and (b) PMCS5.
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FIG. 3. Dynamic strain sweep of nanocomposites with different orga-
noclay loading.

Rheological Properties

Dynamic Viscoelasticity Behaviors. The transition
from linear to nonlinear viscoelastic behaviors in the
unfilled polymer and its nanocomposites, as manifested in
dynamic strain sweep experiments with storage modulus,
is shown in Fig. 3. The storage modulus exhibits the
expected shear-thinning behavior, with the critical strain
amplitude for the transition decreasing with increased
organoclay loading. Further, the strain amplitude depend-
ence of the storage modulus in the shear-thinning regime
increases with increasing organoclay content.

The organoclay is dispersed in the polymeric matrix as
both a few individual layers and stacks of layers (as
observed in Fig. 2b), which are randomly organized under
the quiescent condition. With the application of increasing
amplitude of oscillatory shear, the layers or stacks gradu-
ally orient themselves and align parallel to the flow direc-
tion. This orientation can be considered analogous to that
observed in liquid crystals and block copolymers, with no
effective change in the interlayer spacing and with no
ironing out of intergranular defects. Further, it is expected
that in the quiescent state, with increased clay loading, a
larger fraction of the stacks would be hydro-dynamically
hindered, resulting in the filler—filler interaction becoming
increasingly important and in fact dominating the long-
term viscoelasticity of the nanocomposites. Additionally,
with increased clay loading, the ease with which the clay
structure can be altered by flow is considerably enhanced,
primarily because of increasing filler—filler interactions.
Based on the above, it is not surprising that the threshold
strain amplitude for the onset of shear-thinning decreases
with increasing clay loading and the strain amplitude de-
pendence of shear thinning is enhanced for the nanocom-
posites with higher clay loadings.

The dependence of dynamic viscoelastic behavior on
the organoclay concentration was investigated and the
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FIG. 4. (a) Storage and (b) loss moduli changing with frequencies for
different organoclay loading nanocomposites.

master curves for the control matrix and the different
nanocomposites are shown in Fig. 4. At all frequencies,
both storage modulus and loss modulus for the nanocom-
posites increase monotonically with increased organoclay
loading. Viscoelastic behavior at high frequencies is unaf-
fected by the addition of organoclay. However, at lower
frequencies, both G’ and G” exhibit diminished frequency
dependence, with the frequency dependence becoming
weaker with increasing organoclay content. For the
PMC3, PMCS5, and PMC8 nanocomposites, in the low fre-
quency regions, storage modules are nearly independent
of frequency. The observation suggests the possibility of
pseudo-solid-like behavior for time scales at least of the
order of 10°-10° s.

The low-frequency viscoelastic response can be
explained in terms of physical jamming of the dispersed
organoclays due to their highly anisotropic nature. The
frequency dependence of the low frequency G’ and G” is
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similar to that observed in PEO/organoclay nanocompo-
sites [10]. Because of the highly anisotropic nature of the
organoclay and simple geometric constraints, the layers
would exhibit local correlations. These local correlations
cause the presence of domains and, similar to studies of
liquid crystalline and ordered block copolymer systems
[11-14], the presence of these domains causes the
enhanced low-frequency modulus and the related low
power-law dependence.

Figure 5 presented is tan d = G"/G’ versus frequencies
for nanocomposites. For tano = G"/G' > 1 (G" > G’), we
expect liquid-like behavior; for tand = G”/G' <1 (G' >
G") and G’ is nearly independent of frequency, we expect
solid-like behavior. The melt behaviors of the PM and
PMCI are liquid-like in the measured frequency regimes.
PMC3, PMCS5, and PMCS display solid-like behaviors at
low frequencies, whereas liquid-like behaviors are found at
high frequencies. The transition frequencies are about 0.2
and 2.0 rad/s for PMC3 and PMCS5, respectively, as indi-
cated by tan 6 = 1, and no transition frequency is found in
the given frequency regions for PMCS8. The transition fre-
quency position shifts toward a higher frequency with
increased organoclay content and the solid-like behaviors of
the PMC nanocomposites become stronger and even domi-
nant across the whole frequency range.

The formation of a three-dimensional network in par-
tially exfoliated clay in a polymeric matrix is similar to
the phenomenon in physical gels such as plasticized
PVCs, in which a three-dimensional network is formed
from flexible chains through physical phase transforma-
tion [15]. The critical change from the liquid state to the
solid state is known as the sol-gel transition (gel point) at
which rheologically the zero-viscosity and relaxation time
of the system diverges. It is important to know how to
determine this gel point. Traditionally, many researchers
use the crossover of G” and G’ as an indicator of the gel

10"

Tan(delta)
2

1 0'1 _ 1 I 1 R

1072 10" 10° 10’ 10°
Frequency (rad/s)

FIG. 5. tan ¢ changing with frequencies for different organoclay load-

ing nanocomposites.
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FIG. 6. The gelatin point in the PMC nanocomposites.

point. This method is simple and convenient, but not valid
in general. Winter and co-workers [16] first experimen-
tally found a scaling law and later generalized it to G'(w)
~ G"(w) ~ " for 0 <n <1 or G'(w)/G(w) =tan 6 =
tan(nn/2) for all gelling systems [17, 18]. Here, we use
the “gelatin point” conception in our nanocomposites and
determine the critical organoclay concentration in them.
The method is known as the frequency-independence of
tan 0. The gel point is determined from a multifrequency
plot of tan J versus clay concentration, which governs lig-
uid-solid transition. The “gel point” has been well deter-
mined using this method. All curves in Fig. 6 pass
through the same point at a certain organoclay loading
(~2.4 wt %), which is defined as the critical concentra-
tion of organoclay in the nanocomposite. The critical
exponent n is simply calculated from the gel point using
the relation G”(w)/G'(w) = tan 6 = tan(nm/2), that is,
n = 0.796 in our system. In general, a lower value of n
implies the formation of more highly elastic properties [15].

Stress Relaxation. To confirm the unusual viscoelastic
behavior observed at low frequencies in the dynamic
measurements for the organoclay nanocomposites, stress
relaxation measurements were carried out and the results
are shown in Fig. 7. For any fixed time after the imposi-
tion of strain, the modules increase with increasing orga-
noclay loading, in a manner similar to that observed in
the dynamic viscoelastic measurements. Further, at short
time spans (for + < 0.05 s), the stress relaxation behavior
is qualitatively similar for all the composites and the
unfilled matrix. With long time spans, however, the
unfilled matrix PM and the composite PMC1 relax like
liquid, whereas the others behave in a solid-like manner
for as long as ~500 s. On the basis of both dynamic os-
cillatory shear and stress relaxation modulus, it is clear
that the addition of organoclays has a profound influence
on the long time span relaxation of the nanocomposites.
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With increased clay loading, the liquid-like relaxation
observed for the unfilled polymer gradually changes to
solid-like behavior in the nanocomposites with organoclay
loading in excess of 3.0 wt%.

The nonlinear stress relaxation measurements at a
strain amplitude of 700.0% with different organoclay
contents are given in Fig. 7b. This shows similar shapes
to the stress relaxation in the linear region as in Fig. 7a,
but the corresponding G(f) is smaller than that in the
linear stress relaxation test. The most likely reason is
that although the large amplitude and nonlinear stress
suddenly imposed on the melt nanocomposites can cause
stacks of clay or individual clay layers to align parallel
to the imposed strain direction, after the cessation of
strain the stacks or individual layers cannot fully relax,
which results in a corresponding shear stress relaxation
modulus lower than that in linear stress relaxation

experiment.
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FIG. 7. Stress relaxation in (a) linear and (b) nonlinear (strain =

700.0%) regions for nanocomposites with different organoclay loading.
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FIG. 8. Typical steady shear graphs of PM composite and PMCS5 nano-
composite.

Preshear Effects. Application of a steady shear rate
leading to a shear-aligned sample is a more effective
method to align the structure of the samples. This mea-
surement was carried out on the PMCS5 nanocomposites
and the apparent shear viscosity showed a decrease with
continued shearing and finally reached a plateau value.
With the exception of the first few minutes of shear for
the PMCS5 composite, the stress decreased monotonically.
In the first few minutes of shearing, the stress reached a
maximum before monotonically decreasing, as shown in
Fig. 8. The dynamic frequency sweep after steady state
shearing is shown in Fig. 9. First, both the storage and
loss modulus for the presheared sample were considerably
lower than those for the initially unpresheared sample.
Second, the frequency dependence of both G’ and G” was
much stronger for the presheared samples, indicating after
preshear, the solid-like behavior that existed in the origi-
nal sample was destroyed or weakened and not easy to
rebuild.

Steady Shear Behavior. The transient response to non-
linear deformation is perhaps a more effective test, as
structural evolution and relaxation can be quantified. Step
rate tests were performed and the following deformation
history was applied to the sample: First, the sample was
sheared for 3600 s at shear rate 0.1259 1/s to reach a
steady state. Next, the flow was stopped and the sample
was held quiescent for a time that varied according to the
experiment. Finally, the sample was subjected to the same
shear rate again for 3600 s. The shear stress was moni-
tored during those periods. Figure 8 shows the typical
stress response with deformation. The PM matrix shows a
slight increase in stress before a monotonic decrease, and
after a period of relaxation, when the same shear rate is
applied to the composites again, the stress curve again
shows the same overshoot phenomenon. Figure 8 also
shows the response of the PMCS5 nanocomposites display-
ing the deformation with time. The stress response dis-
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plays a similar overshoot, the magnitude being greater
than that of PM. After a period of relaxation, the stress
overshoot still exists but with a relatively lower magni-
tude. Note that the stress overshoot observed in the
transient rheological experiments is attributed to the
organoclays and the interactions of organoclay with
the polymer, not to the viscoelasticity of the polymeric
matrix itself. A number of researchers have studied the
disorientation after large deformation “aligning” the orga-
noclays. The mechanism for this partial recovery has been
suggested to be the result of a quiescent non-Brownian
structural origin [19-21] or to be Brownian [22]. Using in
situ X-ray scattering, Lee and co-workers [19] suggested
that compatibilized syndiotactic polypropylene nanocom-
posite initially disoriented rapidly (much faster than
Brownian motion) and then remained in a constant orien-
tation state for a time period of ~1500 s. They argued
that the rapid initial decrease in orientation was a result
of the coupling of the polymer chains to the clays and
was not a result of attraction between clay layers. Ren
and co-workers [20] reported that the disorientation pro-
cess exhibited signatures of aging also observed in soft-
colloidal glasses, which was shown to be independent of
temperature, nanoparticle size and chemical details, vis-
coelasticity and molecular weight of the polymer matrix.
The stress response upon start-up of steady shear was
measured at a number of shear rates to further investigate
the time evolution of the stress. The following deforma-
tion history was applied to the sample: First, the shear
rate 0.1259 1/s was applied to the sample for 3600 s to
reach a steady state plateau. Next, a specified relaxation
time (5400 s) was allowed, by which the organoclay
layers would have achieved their maximum recovery
towards the original state. After those two steps, the sam-
ples had the same rheological history. Then, different
shear rates were applied to the sample for 3600 s. Finally,
the sample was held quiescent again. Results for the
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FIG. 9. Dynamic frequency sweep before and after preshear for PMCS5
nanocomposite.
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shear rates histories in step rate test for PMCS nanocomposite.

PMCS5 nanocomposite are plotted in Fig. 10a. Shear rates
between 0.03 and 1.0 1/s are probed. The magnitude of
stress overshoot of flow is a strong function of shear rate
and shear time. The dependence can be better understood
if the stress response is plotted with the strain unit. The
resulting curves are plotted in Fig. 10b with normalized
stress. Figure 10b supports the conclusion that the stress
at the start-up of steady shear scales with the applied
strain for this nanocomposite. Strain scaling of stress is
characteristic of materials that possess no characteristic
time scale. Examples of such materials include textured
liquid crystalline polymer solutions and non-Brownian
suspensions of rods and disks.

In the rheological characterization of the nanocompo-
site, the steady shear response of the clay based polymer
nanocomposite provides useful information on the proc-
essability of the material. The steady shear viscosity as a
function of shear rate is shown in Figs. 11 and 12.

Figure 11 shows the shear viscosity measured in paral-
lel plates geometry by ARES in step rate testing with
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mental data; lines are power-law constitutive equation fitting curves).

shear rates varying between 0.03 1/s and 2.0 1/s. The
shear viscosities of the PM with and without preshear at
steady state and the PMC5 nanocomposites with and
without preshear at steady state and also at yielding points
were measured with different shear rates. The viscosities
in the steady states of the nanocomposites are much
higher than those of the PM matrix. This enhancement
arises from the interaction and dispersion of organoclay
in the polymeric matrix. With increasing shear rate the
difference between the shear viscosities decreases. In
other words, at low shear rates, the addition of very small
amounts of organoclay results in a significant enhance-
ment in the shear viscosity. However, at relative high
shear rates, the shear viscosity and shear thinning behav-
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FIG. 12. Data of capillary rheometer experiment of PM and PMCS5
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TABLE 2. Parameters in power law model for PM and PMCS5
nanocomposites.

PM PMC5
k n k n
With preshear Steady state 2628.1 0.626 12888 0.397
Overshoot point - - 5871.9 0.298
Without preshear Steady state 38722 0.831 5102.8 0.159
Overshoot point - - 26025 0.227

ior of the nanocomposites are comparable with those of
the polymeric matrix as a result of the preferential orien-
tation of clay layers parallel to the flow direction.

As illustrated in Fig. 11, the flow curves of the PM
and PMC5 nanocomposites with and without preshear can
be fitted by the power law model. The viscosity decreases
linearly with increasing shear rates on log-log plots. The
parameters in the power law model are listed in Table 2.
We find that n decreases after preshearing for the PM
composite but increases for the PMCS5 nanocomposite
both at steady and yielding conditions. After sufficient
steady state shear, the chains in the PM composite are
partially aligned parallel to the flow field, causing the PM
to perform more like solid, so n decreases. However, the
network structure found in the PMCS nanocomposite is
destroyed and the partial orientation formed by steady
state shear causes the PMC5 nanocomposite to perform
more like liquid, so n increases after preshear. The magni-
tudes of shear viscosity at yielding points before and after
preshear are dramatically different, owing to the orienta-
tion of intercalated chains and ordered clay layers aligned
parallel to the flow direction, but the change in magnitude
of n is not significant, the probable reason being that the
degree of organoclay orientation in the polymeric matrix
induced by the shear flow is almost constant even after
preshearing and relaxation. Therefore, the degree of clay
layer orientation cannot change greatly, and it is almost
the same as the sample without preshearing.

In highly elastic fluid and polymer melts, it is very diffi-
cult to measure the steady shear viscosity at high shear
rates. A capillary rheometer is used to characterize rheolog-
ical properties at high shear rates; this is important because
it allows us to determine the shear rate dependence if the
viscosity at shear rates significantly higher than those per-
mitted for cone-plate and parallel plate geometries. Figure
12 gives the plot of apparent shear viscosities versus appa-
rent shear rates. Rabinowitsch [23] and Bagley [24] correc-
tion are used to correct the apparent shear rates and shear
stresses at wall (or entrance pressure). After these correc-
tions, the master-curves of the PM and PMCS5 nanocompo-
sites with different L/D ratios (L/D = 15 and 30) coincide
with each other. Figure 12 also shows results, which are
consistent with the dynamic viscoelastic experiment and
stress relaxation experiment; that is, in the high shear rate
regimes (high frequencies or short times), the nanocompo-
sites are essentially unaffected by the addition of organo-

clays but in the low shear rates regimes (low frequencies
or long times), the viscoelastic response for the nanocom-
posites displays a phenomenon of significant dependence
on organoclay content.

Shear viscosity can be estimated from the Cox-Merz
relation [25]. Figure 13 shows that the complex viscosity
and shear viscosity of the PMC5 nanocomposite obtained
from the oscillatory experiments and steady shear experi-
ment as a function of frequency and shear rate. Both com-
plex viscosity and apparent shear viscosity decrease with
increasing frequencies and apparent shear rate, but they do
not fit together. This deviation is possibly attributable to the
orientation of the clay layers. Note that oscillatory shear,
when applied in the linear viscoelastic region, may be able
to promote the shear thinning capability of the materials. In
contrast, steady shear can effectively rearrange the molecu-
lar packing of the materials along the shear direction when
sufficient strain is applied. Thus, the Cox-Merz relation for
the PMC5 nanocomposites is invalid.

Modeling of Data by Constitutive Equations

We attempt to model the step rate test data using the Wag-
ner equation model [26]. On the basis of general elastic
theory, which is independent of molecular structure, this con-
stitutive equation has been shown to work well for the cases
of mesostructured block copolymer micelles- and silica parti-
cle-loaded polymer composites [27]. Following the Wagner
equation model, the shear stress in simple shear is given as

mal) == [ M- tpeHemd

where M(t—t') is the memory function, ®(y) is the damping
function.

Dynamic frequency sweep with preshear E
Dynamic frequency sweep without preshear

Eta* or Eta (Pa.s)
=)
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Capillary rheometer with LD = 15/ GE%%L
Capillary rheometer with LD = 3011
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FIG. 13. Apparent shear viscosity and complex viscosity as the func-

tion of apparent shear rate and frequency for PMC5 nanocomposite.
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In the Wagner equation, ®(y) = exp(—kly(z, 7)) and k
is the damping coefficient in the damping function, which
can be calculated by the following equation:

1. G(t,7)
k=—-1
G

@)

where G(t, y) and G(t) are the stress relaxation moduli in
the nonlinear and linear regions, respectively.

Here, we use the Wagner equation model to predict
the start-up of steady flow, the shear rate independence of
the normalized steady state viscosity, and the stress relax-
ation after cessation of steady state shear, and we com-
pare them with the experimental data for the nanocompo-
sites reported here.

Stress Growth Versus Time (First Stage)

N .

= — ¢ - exp(—ot)
i—1 1 + ;Ll'k'}’o

N .
8ok
+ ) —=07 1 —exp(—at 3
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Steady State Stress Versus Shear Rate (Second Stage)
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Stress Relaxation after Shear Rate (Third Stage)
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i) 1
a(t) = 3 iii? (¢ -exp(—at) + &exp(—oct)) 5)
where o0 = ]%I’H

The Wagner equation model, using linear and nonlin-
ear stress relaxation modulus to describe the nonlinear
damping function and combining with frequency sweep
data, is clearly inadequate to predict the intermediate
shear rate viscosity data for nanocomposites (especially
the overshoot phenomenon) as shown in Fig. 14a. During
the steady shear rate tests, the sample slowly evolved to a
final mesoscale oriented structure with normalized steady
shear viscosity independent of the shear rates and accu-
rately predicted by Wagner equation model, which means
that the factorability of strain and time in the model is ac-
ceptable in this condition. During stress relaxation tests,
Fig. 14b shows that the sample evolves to recover in the
quiescent condition. The relaxation trend can be predicted
but with longer relaxation time. The inability of the Wag-
ner equation model to predict the intermediate shear rate
data (start-up and relaxation of steady flow) suggests that
the nanocomposites undergo changes in their mesoscale
structure at those shear rates that lead to rheological
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FIG. 14. PMCS step rate test of shear rate 1.0 1/s calculated from
Wagner equation and from experimental data at (a) stress growth and
steady states and (b) stress relaxation state.

behavior not encountered in the determination of the
damping functions via the step-strain measurements.

CONCLUSIONS

Significant changes in viscoelastic properties depending
on the mesoscopic structure and strength of polymer-orga-
noclay interactions were observed in rheological testing.
Non-Newtonian viscosity behavior was observed at all
organoclay loadings, and the low-frequency storage mod-
ulus developed a plateau. Storage and loss moduli
increased monotonically with increased organoclay load-
ing. Viscoelastic behaviors at high frequencies were unaf-
fected by the addition of organoclay. However, at low fre-
quency, both storage and loss moduli exhibited dimin-
ished frequency dependence, with the frequency
dependence becoming weaker with increased organoclay
loading. Results from the capillary rheometer coincided
quite well with those from the dynamic frequency sweep
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and stress relaxation tests in the linear and nonlinear
regions. The step rate tests in the PMC5 nanocomposite
showed dramatic stress overshoot. This was a strain de-
pendent phenomenon, which was easily erased when the
deformation reached a certain value. The normalized criti-
cal stress was a function of the critical strain unit. The
Cox-Merz rule could combine the results from the
dynamic frequency sweep with and without preshearing
and the capillary rheometer data after correction.
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