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ABSTRACT: The rheology of end-tethered polymer layered silicate nanocomposites is investigated using
linear viscoelastic measurements in oscillatory shear with small strain amplitudes. Two systems
consisting of poly(ε-caprolactone) and nylon-6 with varying amounts of layered silicate (montmorillonite)
are examined. The storage (G′) and loss (G′′) moduli increase at all frequencies with increasing silicate
loading, consistent with previous findings with conventionally filled polymer systems. However, the power-
law dependence of G′ and G′′ in the terminal zone is different from that observed in homopolymers and
decreases with increasing silicate loading. At low frequencies the rheological response becomes almost
invariant with frequency, suggestive of a solid-like response. Comparisons are drawn with rheology of
other intrinsically anisotropic materials, and an attempt is made to explain phenomenologically their
rich-rheological behavior.

Introduction

Layered silicate based polymer nanocomposites are
an area of active interest due to the possible technolog-
ical applications as well as scientific issues concerning
them.1,2 Recently a better understanding of the forma-
tion and properties of these nanocomposites has been
obtained using melt intercalation of polymers into
layered silicates above the softening temperature of the
polymer.3 Depending on the interaction between the
layered silicate (which is typically organically modified
by replacing the charge-balancing interlayer cations
with alkyl ammonium ions in order to render the silicate
layers organophilic) and the polymeric species, different
microstructured nanocomposites ranging from immis-
cible to intercalated to delaminated are possible. In
intercalated nanocomposites, a single, extended polymer
chain is inserted between the silicate layers, resulting
in a well-ordered multilayer with a repeat distance of a
few nanometers, while in delaminated hybrids the
silicate layers (1 nm thick) are exfoliated and dispersed
in a continuous polymer matrix.
From processing and application points of view, the

mechanical and rheological properties of these nano-
composites are of vital importance. It would also be
important to relate their mechanical and rheological
properties to the nature and microstructure of the
nanocomposites formed. Furthermore these nanocom-
posites appear to be an ideal system to probe the
dynamics and statics of confined polymers.4

An important class of polymer layered silicate nano-
composites is prepared by in situ polymerization of
certain monomers with the initiating species tethered
to the silicate surface (Figure 1).5-8 These nanocom-
posites show dramatic improvements in permeability,
mechanical, and thermal properties.6,8 This paper
focuses on understanding the rheological properties of
end-tethered polymer layered silicate nanocomposites.
Two series of delaminated hybrids based on poly(ε-
caprolactone) (PCL) and nylon-6 are examined. The
silicate layers used in these samples are highly aniso-
tropic with aspect ratios of ∼100-1000, with lateral

dimensions of 100-1000 nm. Considering the surface
charge density of the montmorillonite (with charge
exchange capacities (in mequiv/100 g) of 100 in the PCL
series and 120 in the nylon-6 series), the surface area
occupied per chain is calculated to be 0.59 and 0.48 nm2,
respectively. It is well-known that naturally occurring
layered silicates (such as montmorillonite) are inho-
mogenous across layers, and hence such a surface area
calculation serves only as an approximate guide. Such
a high-average grafting density (with the areal density
of grafting× unperturbed radius of gyration . 1) causes
these systems to be excellent model systems to under-
stand the static conformations and dynamics of polymer
brushes. These are of intense theoretical, experimental,
and simulation interest due to the variety of practical
problems that can be modeled on the basis of the ideas
garnered on polymer brushes,9 and the study of these
systems as model polymer brushes will be the subject
of a separate publication.10 In this paper we focus on
the linear viscoelastic behavior of these end-tethered
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Figure 1. Schematic diagram describing the end-tethered
nanocomposites. The layered silicates are highly anisotropic
with a thickness of 1 nm and lateral dimensions (length and
width) ranging from several 100 nm to a few microns. The
polymer chains are tethered to the surface via ionic interac-
tions between the silicate layer and the polymer end.
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nanocomposites and examine them as model systems
to understand intrinsically anisotropic layered materi-
als.

Experimental Section
The preparation of the end-tethered poly(ε-caprolactone)-

montmorillonite nanocomposites have been described in a
previous publication.8 The end-tethered composites were
prepared by first converting the silicate surface from a
hydrophilic to an organophilic surface by an ion exchange of
the metal cations by 12-aminolauric acid. The polymerization
of ε-caprolactone is then initiated by the carboxyl groups of
the aminolauric acid and the polymerization proceeds via a
ring opening of the ε-caprolactone. The polymer is bound to
the silicate layers through the protonated amine terminus.
Characterization of the nanocomposites and the polymer
(recovered by a reverse ion exchange reaction) by X-ray
diffraction (XRD), differential scanning calorimetry, IR, and
gel permeation chromatography (GPC) measurements have
also been reported earlier.8 XRD studies show the absence of
any stacking of the silicate, suggesting that the host layers
are well dispersed in the polymer matrix. The molecular
weight characterization is reproduced in Table 1. The PCL
molecular weight shows a monotonic decrease when the silicate
content increases from 1 to 5%, with the 10% silicate sample
being an anomaly possibly due to the formation of a gel upon
incorporation of the monomer as well as due to well-known
hydrogen transfer reactions during the polymerization step.
Rheology samples were prepared by first dissolving the
polymers in toluene and then allowing the samples to dry for
a week above the melting temperature of poly(ε-caprolactone),
so as to erase any effects of alignment of the layered com-
pounds during their formation. Samples were allowed to flow
and form a 25 mm diameter disc with a thickness of roughly
2 mm.
Another system studied was a series of end-tethered nylon-6

silicate nanocomposites prepared by Ube Industries Ltd. and
kindly provided by them. Three samplessa pure nylon-6, a 2
wt % sample, and a 5 wt % sample, whose descriptions (as
provided by Ube Industries Ltd.) are provided in Table 2s
were examined at a single temperature of 235 °C under an
argon atmosphere. Rheological samples were prepared by
compression molding with small compressive stresses (identi-
cal in all cases and only to the extent provided by placing an
aluminum plate of dimensions 2′′ × 2′′ × 0.1′′ on top) of the
as-received pellets at 235 °C.
Rheology measurements were performed on a Rheometrics

RDA-II, in oscillatory mode with a parallel plate geometry
using 25 mm diameter plates. All measurements were per-
formed with a 200 g cm transducer with a lower resolution
limit of 0.2 g cm over as wide a frequency range as possible.

Typical sample thickness ranged from 1.6 to 1.8 mm. Some
measurements were also performed with thinner samples
(thickness ≈ 0.8-1.2 mm), to ensure negligible surface effects
were present due to possible surface-induced ordering of the
layered structure. The data for the thinner samples were in
good agreement with those from the thicker samples (with an
error of <(1%), indicative of little or no influence of the surface
on the microstructure. Rheological measurements on the PCL-
based nanocomposites were conducted over a temperature
range of 55-160 °C. The rheological properties were repro-
ducible after repeated temperature cycling, indicating no
additional alignment induced, chain degradation during mea-
surements, or condensation effects that might affect the
stability of the melt. All the data presented in this paper have
been verified to be in the linear regime by probing at higher
(and in some cases also lower) strain amplitudes and have been
found to be independent of strain amplitude.
Some rheological measurements were also performed with

large-amplitude oscillatory shear, in order to induce global
alignment of the silicate layers. The shear stress was recorded
as a function of time and was found to vary in a sinusoidal
manner (the higher harmonics, i.e., 3 and 5ω were much
smaller than the primary harmonic) throughout the experi-
ments, thereby facilitating the determination of the during-
shear storage and loss moduli. Small strain (linear viscoelas-
tic) measurements were performed before and after these
large-amplitude oscillatory shear experiments, so as to quan-
tify the effect of alignment. While some preliminary results
of these measurements are presented in this paper, we are
currently using SANS and SAXS to investigate the induced
order as well as studying the linear and nonlinear rheological
properties of these materials.

Results and Discussion

The linear viscoelastic response as measured by the
storage and loss moduli (G′ and G′′, respectively) for the
five PCL nanocomposites examined is shown in Figures
2 and 3, respectively. Data were acquired at several
temperatures using the lowest possible strain ampli-
tudes (typically in the range of 0.1-5.0%) and shifted
using the time-temperature superposition principle to
form the master curves presented in Figures 2 and 3.
For the low silicate content nanocomposites (1, 2, and
3 wt %) only a horizontal (frequency) shift (aT) was
incorporated as there were no features present in the
moduli data to warrant a vertical (modulus) shift. For
the higher silicate content nanocomposites (5 and 10 wt
%), a small temperature dependent vertical (modulus)
shift factor (bT; 0.9 < bT < 1.0) was incorporated along
with the frequency shift factor to ascertain good super-
position in the low-frequency regime. The frequency

Table 1. Molecular Weights of Recovered
Poly(E-caprolactone)a,d

sampleb
wt %
OMTS

vol %
MTSc Mh W Mh n Mh W/Mh n

PCLC1 1 0.4 30 900 17 200 1.80
PCLC2 2 0.8 16 900 10 300 1.64
PCLC3 3 1.2 14 500 9 200 1.57
PCLC5 5 2.0 13 600 8 800 1.54
PCLC10 10 4.0 16 000 9 900 1.63
a GPC performed on polymer recovered from PCLC samples

using ion exchange reaction. b Number at end of acronym
indicates wt % OMTS in the composite. c Calculated assuming full
conversion of CL to PCL, using specific densities of 1.2 g/cc (PCL)
and 2.5 g/cc (MTS) to convert from wt % OMTS to vol. % MTS.
d MTS ) Mica-type silicate; OMTS ) organically modified mica-
type silicate; CL ) ε-caprolactone; PCL ) poly(ε-caprolcatone).

Table 2. Characterization of Nylon-6 Montmorillonite
Hybrids

sample wt % MTS Mh w

nylon-6 0 21 700
nylon-6-2 2 22 200
nylon-6-5 5 19 700

Figure 2. Storage modulus (G′) for PCL-based silicate nano-
composites. Silicate loadings are indicated in the figure.
Master-curves were obtained by application of time-temper-
ature superposition and shifted to T0 ) 55 °C. (See text and
Figure 4.)
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shift factors for all the samples as a function of tem-
perature are shown in Figure 4. The linearity of the
measurement was verified by reproducing the data
using higher strain amplitudes as well as by recording
the signal on a strip chart recorder and ensuring that
the output force signal was sinusoidal with the higher
harmonics being significantly smaller than the primary
signal. Furthermore, for all the composites examined,
the data was somewhat restricted due to the alignment
of the silicate layers by the application of large ampli-
tude oscillatory shear (particularly required at low
frequencies, to obtain force signals larger than the low
limit of the transducer). This was particularly restric-
tive for the high silicate loading composites (PCLC5 and
PCLC10) wherein at high temperatures and low fre-
quencies alignment of the layers would start to occur
(as measured by a change in the rheological response
consistent with alignment of the layers) at strain
amplitudes as low as 10%. Only data verified to be in
the linear regime are shown in Figures 2 and 3.
The storage moduli (Figure 2) for the nanocomposites

show a monotonic increase at all frequencies with
increasing silicate content, with the exception of PCLC2,
where at the highest frequencies, it has a slightly lower
value than PCLC1. The loss moduli (Figure 3), on the
other hand, show a somewhat nonmonotonic depen-
dence, with the value for PCLC1 exceeding that for
PCLC2, PCLC3, and PCLC5. However, the trend for
the 2-10 wt % samples suggests that G′′ increases with
increasing silicate loading. In this context, it is worth-
while to note the trend of decreasing molecular weight
of the poly(ε-caprolactone) with increased silicate load-
ing (Table 1). The largest decrease occurs from 1 to 2

wt % silicate loading, while the molecular weight of the
polymer chains in the 2, 3, 5, and 10% nanocomposites
is nearly the same.
For the molecular weights of the PCL samples exam-

ined here, it is expected that, at the temperatures and
frequencies at which the rheological measurements were
carried out, the polymer chains should be fully relaxed
and exhibit characteristic homopolymer-like terminal
behavior, i.e., G′ ∝ ω2 and G′′ ∝ ω (based on the
relaxation behavior of pure PCL, the data presented in
Figures 2 and 3 are those corresponding to frequencies
below the cross-over frequency associated with the
transition from the plateau to the terminal relaxation
of the polymer). While the polydispersity of the polymer
chain lengths would affect this behavior, the effect is
expected to be small in the dynamic regimes probed. The
high-frequency-regime frequency dependence of the
storage modulus decreases monotonically with increased
silicate loading from ω1.65 for PCLC1 to ω0.5 for PCLC5.
The frequency dependence of G′′ also progresses mono-
tonically with silicate loading, depending as ω1.0 for
PCLC1 to ω0.65 for PCLC5. The high-frequency power-
law dependence of G′ and G′′ for all the samples is
summarized in Table 3.
Interestingly, the frequency shift factors for the PCLC

samples appear to be independent of the silicate loading,
consistent with the results for the frequency shift factors
previously obtained for PCL (Figure 4).11 Due to the
low Tg of PCL (∼-60 °C) and the measurements being
performed at temperatures greater than 55 °C (due to
the crystallization of PCL), the temperature-dependent
frequency shift factors are relatively small. The flow
activation energy obtained by fitting the data at all
silicate loadings is estimated to be 19 kJ/mol. Measure-
ments on a PCL homopolymer (Aldrich Chemicals with
Mw ) 90 k) over the same temperature range yielded a
value of 17 kJ/mol, in good agreement with the results
for the PCL nanocomposites. This agreement implies
that the temperature dependence of the relaxation being
probed is that of the polymer. Since the silicate layers
to which the polymers are tethered do not have a
temperature dependent relaxation, the only relaxation
process probed as a function of temperature is that of
the polymer segments. It is thus reasonable to expect
that these nanocomposites would exhibit time-temper-
ature superposition as well as exhibit temperature shift
factors similar to that of the homopolymer.
Similar rheological behavior was also observed with

the nylon-6 silicate hybrids. Figures 5 and 6 show the
storage and loss moduli recorded at 235 °C for the three
samples.4 Both G′ and G′′ exhibit a monotonic increase
with increasing silicate loading at all frequencies.
Unlike the PCL nanocomposites, the molecular weight
of the polymer matrix is nearly the same for all three
nylon samples (Table 2). This result further suggests
that the inconsistency observed in the PCL nanocom-
posites with the 1 wt % sample showing a higher G′
value than that for the 2 wt % sample may be caused
by the abrupt decrease in molecular weight in the latter
sample.

Figure 3. Loss modulus (G′′) for PCL-based silicate nano-
composites. Same as Figure 2.

Figure 4. Frequency shift factors (aT) as a function of
temperature for PCL-based nanocomposites. Solid line corre-
sponds to shift factors for pure poly(ε-caprolactone).

Table 3. High-Frequency Slope of G′ and G′′ vs
ω for PCLC

sample G′ G′′

PCLC1 1.60 1.00
PCLC2 0.97 0.97
PCLC3 0.80 0.90
PCLC5 0.50 0.65
PCLC10 0.55 0.70
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Terminal zone slopes were estimated for all three
samples at frequencies below 10 rad/s and are reported
in Table 4. In close analogy to the PCL-based nano-
composites, the terminal zone dependence of G′ and G′′
for the 2 and 5 wt % samples show nonterminal
behavior with power-law dependencies for G′ and G′′
much smaller than the expected 2 and 1, respectively.
Furthermore, like the PCL-based nanocomposites, there
also appears to be a gradual decrease in the power-law
dependence of G′ and G′′ with increasing silicate load-
ing. However, because data could only be obtained at
a single temperature of 235 °C, we are unable to
compare the temperature dependence of the relaxation
observed in these nanocomposites (as inferred from the
temperature shift factors) to those of the homopolymer.
Figures 2-6 illustrate several aspects unique to the

rheological properties of these nanocomposites. Time-
temperature superposition can be applied to the low-
amplitude oscillatory shear rheological response, with
temperature shift factors being similar to that of the
pure polymer. Holding the molecular weight relatively
constant (the nylon-6 series and PCLC2-PCLC10)
reveals that at any given frequency the magnitude of
the storage and loss moduli increase monotonically with
increasing silicate loading. Furthermore, the frequency
dependence of the high-frequency behavior of G′ and G′′
shows a gradual change with increasing silicate
loadingsfrom homopolymer-like behavior at low silicate

loading to increasingly nonterminal behavior at higher
silicate contentssand finally plateauing at G′ and G′′
∝ ω0.5 for silicate loadings of greater than 5 wt %.
Finally, at the very lowest shear rates accessed, these
nanocomposites exhibit a low-frequency behavior that
has both G′ and G′′ almost independent of frequency.
We discuss these aspects of the rheological response in
the following parts of this paper.
The frequency dependence of the storage and loss

moduli of these end-tethered nanocomposites can be
contrasted to those observed in a series of delaminated
hybrids with no end-tethering.4 In the latter, a mono-
tonic increase in the moduli at all frequencies was
observed with no observable change in the frequency
dependence from that of the polymer for hybrids con-
taining as much as 20 wt % layered silicate. Nonter-
minal flow behavior has been observed in filled-polymer
systems exhibiting yield phenomena, but only in cases
wherein the filler and polymer are actively interacting
and in a dynamic regime controlled by much larger
length scales (i.e., lower frequencies) than those ob-
served in this study. Furthermore, the deviations from
homopolymer-like behavior in these systems have been
observed at relatively high filler loadings. At similar
high silicate loadings in either exfoliated or intercalated
hybrids (not tethered to the silicate surface), we have
observed significant nonlinear rheological behavior,
thereby complicating the data analysis.12 The analogies
with filled polymer systems may have particular rel-
evance to the low-frequency behavior of the storage
modulus in the PCLC nanocomposites and are discussed
in greater detail below.
Nonterminal low-frequency rheological behavior has

also been observed in ordered block copolymers and
smectic liquid-crystalline small molecules.14,15 Several
hypotheses have been suggested to explain the observed
rheological behavior in these systems.14-20 Koppi et al.
have suggested that undulations and defects in the
layers might contribute to the low-frequency viscoelastic
response in layered block copolymers.14 Other ideas
include that the domain structure of the ordered mes-
ophases is responsible, due to the dynamic processes on
both the microscopic and mesoscopic length scales. It
is also well documented that topological defects also
affect rheological properties dramatically, particularly
in the low-frequency terminal regime.15 Effects of
domain collective dynamics were studied by Kawasaki
and Onuki,16 who demonstrated that overdamped second-
sound modes in an orientationally disordered lamellar
phase could result in anomalous low-frequency rheo-
logical behavior. Rubinstein and Obukhov17 also ob-
tained the same result by considering diffusion-con-
trolled annihilation of defects in a disordered lamellar
system. The results of Larson et al.15 with smectic small
molecules and short ordered block copolymers has
suggested that the nonterminal low-frequency response
is due to the long-range domain structure and the
presence of defects.
The silicate layers in the hybrids are highly aniso-

tropic with lateral dimensions ranging 100-1000 nm,
and even when separated by large distances (i.e., when
delaminated) cannot be placed completely randomly in
the sea of polymer. Furthermore, the majority of the
polymer chains in the hybrids are tethered to the
surface of the silicate layers. Thus, it can be expected
that there are domains in these materials, even above
the melting temperature of the constituent polymers,
wherein some long-range order is preserved and the

Figure 5. Storage modulus (G′) for nylon-6 silicate hybrids.
Silicate loadings are indicated in the figure. All measurements
were carried out at a single temperature of 235 °C.

Figure 6. Loss modulus (G′′) for nylon-6 silicate hybrids.
Same as Figure 5.

Table 4. Terminal Slopes of G′ and G′′ vs ω for Nylon-6
Silicate Hybrids

sample G′ G′′

nylon-6 1.50 0.93
nylon-6-2 1.00 0.80
nylon-6-5 0.60 0.70
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silicate layers are oriented in some preferred direction.
Furthermore, this long-range order and domain struc-
ture is likely to become better defined at the higher
silicate contents, where the geometrically imposed mean
distance between the layers becomes less than the
lateral dimensions of the silicate layers and thus forcing
some preferential orientation between the layers. How-
ever, there is likely to be considerable polydispersity
effects in terms of the orientation and the distance
between the silicate layers. Many such randomly
oriented grains make up the entire sample leading to
the presence of a disordered material. Thus, in general,
the material possesses a layered structure, with grains
wherein the silicate layers are oriented in a preferred
direction leading to the presence of grain boundaries
and the concomitant presence of defects. However, on
the basis of our results on delaminated hybrids with no
end tethering, wherein we observe an increase in the
moduli at all frequencies and classical homopolymer-
like terminal behavior, it appears that delamination
alone is not sufficient to produce the nonterminal flow
behavior.
The nonterminal low-frequency behavior observed in

the PCL- and nylon-6-based nanocomposites could also
be attributed to the retardation of molecular relaxation
processes produced by the tethering of one end of these
molecules to the silicate surface. Witten et al.,20 have
suggested that tethering of the polymer molecules is
expected to create an energetic barrier to the reptation
motion, which leads to a dramatic increase in the
relaxation time and hence a shift of the terminal
relaxation to very low frequencies. Since the molecular
weight of the samples examined here is small, it is
expected that the dominant relaxation mode would be
Rouse-like, which should not be drastically slowed by
the tethering of one end of the chains. Furthermore,
at all silicate loadings, most of the chains are tethered
to the silicate layers, and any effect of the tethering
should be discernible at all loadings.21 However, from
the data presented in this paper (see Tables 3 and 4), it
is clear that the terminal-zone behavior gradually
changes with increased silicate loading, saturating at
about 5 wt %.
Of particular interest in Figures 2 and 3 is the

presence of a transition from the slopes observed at high
frequency to a more flattened behavior at low frequen-
cies. The change is more pronounced in the case of G′
than G′′. The low-frequency response is indicative of a
“pseudo-solid-like” behavior and is clearly seen in the
PCL samples with silicate loading greater than 3 wt %.
A similar rheological response at low frequencies has
been observed in triblock copolymers in the ordered
state and has been attributed to the quasi-tethering of
the unlike polymer segments in their respective micro-
domains.22 Solid-like response has also been observed
in conventionally filled polymer systems in which there
were strong interactions between the polymer and the
filler and has been attributed to the presence of yield
phenomena in these systems.23 Thus, the presence of
the silicate layers and the lack of complete relaxation
of the chains contribute to the pseudo-solid-like response
at low frequencies (pseudo-solid-like becauseG′ does not
exceed G′′ by orders of magnitude as would be expected
from a true solid).
Application of large-strain-amplitude oscillatory shear

leads to a shear-aligned sample. These measurements
were carried out on the 3, 5, and 10% samples, and the
during-shear moduli show a decrease with continual

shearing and finally reach a plateau value. With the
exception of the first few cycles of shear for the 3 and
5% samples, the modulus decreases monotonically and
the stress signal remains sinusoidal. In the first few
cycles of shear for the 3 and 5% samples, the moduli
show a maximum, before monotonically decreasing. The
small-strain moduli after shear alignment for PCLC10
carried out at T ) 70 °C, ω ) 1 rad/s, γ0 ) 120%, and
time ) 3 h are shown in Figure 7. First, both the
storage and loss moduli for the aligned sample are
considerably lower than that for the initially unaligned
sample. Secondly, the frequency dependence of both G′
and G′′ for the aligned samples are much stronger and
start to resemble those of free homopolymers. The
small-strain modulus results observed for the PCLC
samples before and after shear alignment are in close
analogy with those observed for block copolymers as well
as small molecule smectic liquid crystals.15,24 The
temperature-dependent frequency-shift factors for the
aligned and initially unaligned sample are identical
within experimental error. That large-amplitude oscil-
latory shear can significantly alter the (small-strain)
linear viscoelastic response indicates that there is some
mesoscopic arrangement of the silicate layers, which is
organized by the application of large-amplitude shear.
We are currently examining the shear-aligned materials
using SANS, SAXS, and rheological measurements in
order to fully characterize and understand the dynamic
processes associated with these materials.10 In fact,
preliminary SANS measurements on post large-ampli-
tude oscillatory shear confirm the presence of global
alignment of the silicate layers.
In the light that the application of prolonged large-

amplitude shear can affect the linear viscoelastic prop-
erties of these nanocomposites, it is worthwhile to
reexamine the slightly increased power-law dependence
of the terminal regime in the nylon-6-based nanocom-
posites as compared to that of the PCL-based nanocom-
posites at comparable silicate loading (Tables 3 and 4).
The nylon-6 samples were obtained as extruded pellets,
thereby subjected to some shear or elongation history
and were formed into disks for rheology by compression
molding at 235 °C. This sample treatment (particularly
the formation of pellets) might have led to a small
amount of alignment of the layered silicates, at least
near the surface of each pellet. In fact, work by Kojima
et al.25 on nylon-6/silicate hybrids have shown that, for
samples prepared by injection molding, the region near
the surface shows significant orientation along the flow
direction, while in the center of the samples the silicate

Figure 7. G′ and G′′ obtained using small-amplitude oscil-
latory strain for PCLC10 before and after large-amplitude
shear. See text for conditions of large-amplitude shear.
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layers are randomly oriented. While rheological mea-
surements carried out with samples with different
thicknesses within experimental error yielded identical
results, the alignment caused by extrusion might have
resulted in the slightly increased power-law dependence
in the nylon nanocomposites.

Concluding Remarks
The end-tethered polymer layered silicate nanocom-

posites have been shown to exhibit a rich variety of
rheological properties. In addition, understanding the
rheological behavior of nanocomposites could elucidate
the dynamics of intrinsically anisotropic materials such
as block copolymers and liquid crystalline polymers.
Similarities of the rheological response of end-tethered
nanocomposites on one hand and block copolymers and
smectic liquid crystals on the other have been demon-
strated.
Several important points need to be noted. First, the

mere presence of anisotropic layered material without
an active interaction between the soft and hard phase
does not lead to the nonterminal rheological behavior.4
Second, the power-law dependence of the terminal
region shows a dependence on the concentration of the
layered silicates and saturates at ∼5 wt % of silicates.
Thirdly, the systems examined in this study which show
nonterminal rheological behavior have molecular weights
which would only be marginally entangled, reiterating
claims made with lamellar block copolymers and smectic
liquid crystals that the presence of entanglements is not
required to observe the nonterminal behavior.
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