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Abstract

Polymer—clay nanocomposites are of great interest due to their improvement in certain material properties relative to virgin polymer or
conventional composites. For example, compared to conventional materials, Nylon 6/montmorillonite nanocomposites demonstrated
significant improvements, including high strength, high modulus and high heat distortion temperature. Because viscoelastic measurements
are highly sensitive to the nanoscale and mesoscale structure of polymeric materials, when combined with X-ray scattering, electron
microscopy, thermal analysis, and mechanical property measurements, they will provide fundamental understanding of the state and
mechanism of exfoliation of the layered silicate (clay) in a polymer matrix. In addition, understanding rheological properties of polymer
nanocomposites is crucial for application development and understanding polymer processability.

The objective of this research is to develop a rheological technique to analyze the clay morphology in nanocomposite. Previous work has
demonstrated the utility of the rheological technique to differentiate (qualify) the degree of exfoliation/dispersion. This report utilizes
findings from the earlier work to further map out the structure-rheological response of polystyrene nanocomposites with various composition,
clay types, and dispersion; and to quantity the key parameter that dominates the characteristic rheological response. This report explored a
series of polystyrene (PS)—clay nanocomposites with 1,2-dimethyl-3-n-hexadecyl imidazolium (DMHDI) organically modified clays. These
PS nanocomposites investigated here demonstrated a change of pattern in dynamic mechanical spectrum, as a function of the degree of
exfoliation, from typical polymer response to a terminal response of [G' ~w, G” ~ w], then to a pattern with double crossover frequencies,
and finally to a solid-like response with G’ >G” in all frequency ranges. We showed that the number of particles per unit volume is a key
factor determining the characteristic response of nanocomposites.

In addition, the rheological response of PS—clays nanocomposite made from DMHDI modified clay combined with high-energy sonication
(characterized as exfoliated by XRD and TEM) was compared with that of nanocomposites made by dimethyl, benzyl hydrogenated tallow
(2MBHT) modified clay. We found that PS nanocomposites made by DMHDI-modified clay with high-energy sonication are better dispersed
than the nanocomposites made previously using 2MBHT-modified clay. We also showed that the glass transition temperatures were not very
sensitive to the degree of dispersion.

The key finding of this research is that rheological measurements are complimentary to traditional polymer nanocomposite analysis
techniques, and they may also serve as an analytical tool by itself (under appropriate conditions), now that some fundamental behavior has
been identified.
© 2005 Elsevier Ltd. All rights reserved.
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Polymer nanocomposites are of great interest due to
improvement in certain material properties relative to virgin
polymer or conventional composite materials. When
compared to conventional materials, polymer—clay nano-
composites have demonstrated improvements in mechan-
ical, conductive, thermal, and flammability properties. It is
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Table 1
Formulation and properties of PS +DMHDI—clay nanocomposites

J. Zhao et al. / Polymer 46 (2005) 8641-8660

Sample formulation Synthesis method Sample ID XRD (nm) TEM dispersion
d(100) measured d(100) change

PS+1.45 wt% Solvent, no sonication PSN-1 3.24 1.3 Intercalated

DMHDI-MMT

PS+1.48 wt% Solvent, no sonication PSN-2 3.1 0.94 Intercalated

DMHDI-FSM

PS+3.63 wt% Solvent, no sonication PSN-3 3.14 1.2 Intercalated

DMHDI-MMT

PS+3.72 wt% Solvent, no sonication PSN-4 2.94 0.78 Intercalated

DMHDI-FSM

PS+1.45 wt% Solvent + sonication PSN-5 3.23 1.29 Exfoliated

DMHDI-MMT

PS+1.48 wt% Solvent+ sonication PSN-6 3.28 1.12 Intercalated

DMHDI-FSM

PS+3.63 wt% Solvent+ sonication PSN-7 3.37 1.43 Exfoliated

DMHDI-MMT

PS+3.72 wt% Solvent + sonication PSN-8 3.17 1.01 Exfoliated

DMHDI-FSM

The d(100) difference numbers are obtained by subtracting the d(100) of the DMHDI-MMT and DMHDI-FSM base clays, which have d-spacings of 1.94 and 2.

16 nm, respectively.

rare that a technology can improve both flammability and
mechanical properties for a polymer, as the usual phenom-
ena are for one property to be gained at the expense of
another. Such improvements will likely continue to have
major positive impacts in the materials industry, as there are
commercial polymer clay nanocomposites in use today
[1,2]. Because viscoelastic measurements are highly
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Fig. 1. Reduced frequency dependence of storage modulus, G', loss modulus, G”, and complex viscosity, n* of pure PS, STYRON* polystyrene 612.
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Fig. 2. Reduced frequency dependence of storage modulus, G, loss modulus, G”, and complex viscosity, n* of PS+ 1.45 wt% DMHDI-MMT, no sonication
(PSN-1). Master curve (a) was obtained by heating the sample from 160 to 260 °C. Master curve (b) was obtained by annealing the sample at 260 °C and then
cooling the sample down from 260 to 160 °C.
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Fig. 3. TEM images of PS+ 1.45 wt% DMHDI-MMT (PSN-1), no sonication.

nanocomposites is crucial for application development and
understanding polymer processability [3].

The degree of intercalation, exfoliation, and dispersion
has been traditionally characterized by X-ray diffraction
(XRD) and transmission electron microscopy (TEM). While
both are effective tools, they are limited in that they only
probe a small volume of the sample and can be costly for
routine characterization of nanocomposites. Further, neither
XRD nor TEM alone can accurately describe the levels of
clay dispersion and polymer nanocomposite structure.
Multiple techniques (usually XRD, TEM combined with
another technique) are needed for nanocomposite analysis
to properly understand what type of nanocomposite has
been made, as no one technique can adequately describe the
system [4,5]. Melt rheology could quantify via a global
average of the degree of intercalation/exfoliation/dispersion
across the whole nanocomposite test specimen, which is
usually around 2 g of sample. It is has the potential to be
ambiguous than other techniques in quantifying exfoliation/
dispersion and in probing percolation threshold. In addition,
it is easier to perform than TEM and XRD thereby opening
up the possibilities of performing routine studies to better
understand the influence of material options and processing
conditions for improving nanocomposite exfoliation/dis-
persion. It is important to note that the for the possibility
of quantification to exist, the measured rheology will
need to be ‘calibrated/correlated’ a known nanocomposite
dispersion, which would come from traditional nanocom-
posite analysis (XRD, TEM, etc). A wealth of experimental
studies on the interrelationship between rheological proper-
ties and nanocomposite morphologies has already been
accumulated [6-17]. However, the relaxation mechanism
that is responsible for the dynamic response of a certain
nanocomposite structure is still not clear, nor is it clear to

what extent that the polymer/clay interaction, intercalation,
exfoliation, and dispersion contribute to the observed
measurements.

In this report, we discussion the further development of
rheological techniques to analyze the clay morphology in a
nanocomposite. Previous research [18] has demonstrated
the utility of the rheological technique to differentiate
(qualify) the degree of exfoliation/dispersion. The objective
of this paper is to map out the structure-rheological response
of PS nanocomposites with various clay dispersions; and
quantify the key parameter that dominates the characteristic
rheological response.

2. Experimental
2.1. Materials

The polystyrene used in this study was STYRON™
polystyrene 612 (PS or PS612), produced by the Dow
Chemical Company. The two clays used in this study were
natural clay, montmorillonite, (MMT) and a synthetic clay,
fluorinated synthetic mica (FSM). The organic modifier
used here is a 1,2-dimethyl-3-n-hexadecyl imidazolium
treatment (DMHDI). Additional details on the clays, the
organic treatment, sample preparation and the TEM/XRD
characterization of those PS nanocomposites are described
in a previous paper [19]. The nanocomposite sample names
and their previously measured properties are listed in
Table 1.

In Table 1, the weight percent of DMHDI treated clay
was calculated to give desired percentages of inorganic clay
in the final nanocomposite. The different concentration
of inorganic clay in the table above represent the
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Fig. 4. Reduced frequency dependence of storage modulus, G/, loss modulus, G”, and complex viscosity, n* of PS+3.63 wt% DMHDI-MMT, no sonication
(PSN-3). Master curve (a) was obtained by heating the sample from 160 to 260 °C. Master curve (b) was obtained by annealing the sample at 260 °C and then
cooling the sample down from 260 to 160 °C.
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Fig. 5. TEM images of PS+3.63 wt% DMHDI-MMT (PSN-3), no sonication.

nanocomposites with 1 wt% (PSN-1, PSN-2, PSN-5,
PSN-6) and 2.5 wt% (PSN-3, PSN-4, PSN-7, PSN-8) of
inorganic clay inside the polymer matrix. All samples in
Table 1 were prepared for rheology measurements by
compression molding the material into 25 mm diameter
disks, and further melting in the vacuum oven. It was then
compressed into the desired thickness in the vacuum oven.

2.2. Dynamic shear measurements

Dynamic shear measurements were conducted on ARES
rheometer (Advanced Rheometric Expansion System,
Rheometric Scientific, RSI Orchestrator software) with a
25 mm diameter parallel plate fixture and a sample

Before dispersion

thickness of ~2 mm. For dynamic shear measurements, a
small-amplitude oscillatory shear,

Y = 7o sin(wt) (D

was applied to the sample, and the resultant shear stress was
measured as

a(t) = vo[G'(w) sin(wr) + G"(w) cos(wr)] )

with G'(w) and G"(w) being the storage and loss modulus,
respectively. A strain sweep was performed to all samples to
select a strain amplitude, <0.6%, that is within the linear
viscoelastic response of the material. Each frequency scan
was performed after 5 min of annealing at the desired
temperature. The master curves were generated using the

After dispersion
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Fig. 7. Reduced frequency dependence of storage modulus, G', loss modulus, G”, and complex viscosity, n* of PSN-2 (PS+ 1.48 wt% DMHDI-FSM, no
sonication). Master curve (a) was obtained by heating the sample from 160 to 260 °C. Master curve (b) was obtained by annealing the sample at 260 °C and then
cooling the sample down from 260 to 160 °C.
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Fig. 8. TEM images of PSN-2 (PS+1.48 wt% DMHDI-FSM, no sonication).

principle of time—temperature superposition and shifted to a
common reference temperature (7,.¢) of 160 °C.

2.3. Thermal analysis

Differential scanning calorimetry of the samples were
done using DSC Q-1000 (TA instruments). The samples
were heated from 30 to 260 °C at 5 °C per minute, holding
the temperature at 260 °C for 4 min, and cooling it back
down to 30°C at 5°C per minute. This sequence was
repeated four more times. Analysis for the glass transition
temperature T, was done for each cycle.

3. Results and discussion

3.1. Nanocomposite morphology

In a previous paper [19], we describe the synthesis of PS
clay nanocomposites prepared by solvent blending methods,
with and without sonication. These samples were exten-
sively characterized by XRD and TEM, verifying degrees of
polymer intercalation, as well as clay dispersion. These
well-characterized materials were synthesized solely for the
purpose of providing known intercalated/exfoliated samples
for polymer melt rheology analysis. The non-sonicated
samples, while having significant amounts of polymer
intercalation, were poorly dispersed nanocomposites by
TEM. Only when sonication was applied did the clay
exfoliate in the PS matrix. The clay type did affect the
degree of clay exfoliation, with the montmorillonite
samples (DMHDI-MMT) exfoliating completely with

sonication, and the fluorinated synthetic mica (DMHDI-
FSM) dispersing well, but not fully exfoliating.

3.2. Dynamic shear measurements

Usually, a dynamic spectrum can be used to understand
the structure and properties of polymers. To access a broad
frequency range of the material, a principle, so called time—
temperature superposition (TTS) principle is often used. It
states that time and temperature have equivalent effects on
the rheological properties of linearly viscoelastic materials.
Mathematically this principle can be expressed as

/ _ p(TIT, ,

G(T) = (DT G(a,0,7) 3)
Vi _ p(T)T, "

G(0,T) = (DT G (a,w,T) 4

where the subscript r refers to conditions at a reference
temperature, a, is the ratio of relaxation times at two
temperatures, i.e. A(T)/A(T;), and p(T) is the density of
polymers at temperature 7 [20,21]. However, this principle
is only valid when all of the relaxation times Ay in Maxwell
equation have the same temperature dependence a. (7).
Some polymer systems, including polymer nanocomposites,
will not simply follow this principle due to the rheological
complexity that results from ordered microstructures. The
detailed discussion and examples of this complexity were
shown in the previous paper [18]. To further understand
how these dynamic spectrum correlate and compare to
nanocomposite dispersion, it was essential to use a well-
characterized sample, which had undergone TEM and XRD
analysis. To assist in the explanation of how the rheology
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Fig. 9. Reduced frequency dependence of storage modulus, G’, loss modulus, G”, and complex viscosity, n* of PSN-4 (PS+3.72 wt% DMHDI-FSM, no
sonication). Master curve (a) was obtained by heating the sample from 160 to 260 °C. Master curve (b) was obtained by annealing the sample at 260 °C and then

cooling the sample down from 260 to 160 °C.
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Fig. 10. TEM images of PSN-4 (PS +3.72 wt% DMHDI-FSM, no sonication).

data relates to the nanocomposite dispersion, TEM images
form the previous work [19] are shown below each
corresponding spectra.

The dynamic mechanical spectrum of pure PS, i.e.
PS612, and all samples listed in Table 1 were investigated
using isothermal frequency scans, as shown in Figs. 1, 2, 4,
7,9, 11, 13, 15, and 17. In Figs. 2, 4, 7, 9, 11, 13, and 15,
graph (a) shows the TTS data generated by heating up the
sample while graph (b) was generated by annealing at
260 °C and cooling down the sample. The isothermal
frequency scans were then temperature and density
corrected according to Egs. (3) and (4) and time—
temperature superpositioned based on a common reference
temperature (7= 160 °C). The spectrum of pure PS is
shown in Fig. 1. As expected, it shows a longest relaxation
time 7~ (1/w,)~(1.11-1.67), where ®,~0.6-0.9 rad/s is
the frequency that G’ and G” crossover. Fig. 1 also shows a
typical polymer terminal relaxation behavior
(G'~w'"~w? G"~w"®~w). In addition, the master
curve obtained by heating up from 160 to 260 °C is similar
to the master curve obtained by cooling down the sample
from 260 to 160 °C.

The spectra of the PSN-1 nanocomposite were similarly
generated and are shown in Fig. 2(a) and (b). Note that the
fluctuation of the data at low frequencies was probably
caused by small torque signal that was close to instrument
resolution limit. Again, time—temperature superposition
works well in this case. However, the overall patterns of
the spectra or relaxation behavior of the material has
changed. Fig. 2(b) shows that both G’ and G” approach a
slope of 1, ie. (G'~w, G"~w) after being annealed at
260 °C. The crossover frequencies associated with the
longest relaxation time for this particular nanocomposite
are similar to that of pure PS.

As the concentration of the inorganic clay content
increases from 1 wt% (PSN-1) to 2.5 wt% (PSN-3), the
dynamic mechanical spectrum changes again as shown in
Fig. 4. Time—temperature superposition failed when con-
structing the master curves from the scans obtained by
heating up the sample (Fig. 4(a)), but still valid when the
sample was annealed for 5 min at 260 °C and cooled back
down to 160 °C (Fig. 4(b)). The heating scans, however, can
be time—temperature superpositioned using high frequency
branches. This is consistent with the previously reported
results [18].

Fig. 4(b) shows that the frequency dependence of G’ and
G" of the PSN-3 nanocomposite exhibits two crossover
frequencies where G’ and G” cross, w,=0.3-0.55 rad/s and

Table 2

The glass transition temperature for polystyrene nanocomposites

Sample Description Cycle (°C) T, (°C)

name

PSN-1 PS + 1.45 wt% DMHDI-MMT 30-260 104.3
solvent-stirring, no sonication

PSN-2 PS+1.48 wt% DMHDI-FSM 30-260 103.8
solvent-stirring, no sonication

PSN-3 PS+3.63 wt% DMHDI-MMT 30-260 103.6
solvent-stirring, no sonication

PSN-4 PS+3.72 wt% DMHDI-FSM 30-260 104.5
solvent-stirring, no sonication

PSN-5 PS + 1.45 wt% DMHDI-MMT 30-260 104.5
solvent + sonication

PSN-6 PS+1.48 wt% DMHDI-FSM 30-260 104.3
solvent + sonication

PSN-7 PS+3.63 wt% DMHDI-MMT 30-260 103.6
solvent + sonication

PSN-8 PS+3.72 wt% DMHDI-FSM 30-260 103.6
solvent + sonication

Styron 612 PS control 30-260 103.2
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Fig. 11. Reduced frequency dependence of storage modulus, G', loss modulus, G”, and complex viscosity, n* of PSN-5 (PS+ 1.45 wt% DMHDI-MMT, with
sonication). Master curve (a) was obtained by heating the sample from 160 to 260 °C. Master curve (b) was obtained by annealing the sample at 260 °C and then

cooling the sample down from 260 to 160 °C.
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Fig. 12. TEM images of PSN-5 (PS +1.45 wt% DMHDI-MMT, with sonication).

w,=0.00012-0.0014, and correspondingly three distinct
regions. At high frequencies (region I), w> w,, the response
of polymer chains dominate, a rubbery elastic plateau can be
observed. At intermediate frequencies (region II), w,, <w <
wy, the interplay of the clays with polymer chains results a
more dissipative but non-terminal like response. At low
frequencies (region III), w <w,,, G’ becomes greater than
G" and also becomes independent of frequency, which is
characteristic of a solid like response. At this low frequency
region, viscosity shows a slight shear-thinning behavior
with a shear thinning exponent n= —0.86, where n* can be
modeled by the following equation:

n* = Aw" &)

Since, the d-spacing and thus the amount of intercalation
is similar between the PSN-1 and PSN-3 samples, the
different dynamic spectrum pattern must come from the
different amount of clay particles per unit volume presented
in the sample. This assumes that the aspect ratios of the
clays in these two samples are roughly the same, as evident
by comparing Figs. 3-5. Further, the aspect ratio for the
DMHDI-MMT samples can be assumed to be the same
since the same organoclay (DMHDI-MMT) was used.

The spectrum of PSN-3 was also very similar to the
spectrum of a different PS nanocomposite using a MMT
clay [sample MB in previous paper] [18]. Sample MB was
made by melt blending PS and dimethyl, benzyl, hydro-
genatedtallow, quarternary ammonium (2MBHT) modified
MMT, and had a concentration of 5.2 wt% of inorganic
MMT. In contrast to the spectrum of PSN-3 with 2.5 wt% of
inorganic content, sample MB which has 5.2 wt% inorganic
content showed a similar spectrum. The terminal modulus
of G’ and n* of PSN-3 (5.8 X 10% dyn/cm? and 4.0 X 10° P,
respectively) were higher than the G’, n* (2.17 X 10* dyn/

cm? and 6.4X 107 P, respectively) obtained from sample

MB. The high frequency modulus G’ for the PSN-3 was
around 3.8 X 10° dyn/cmz, which was also higher than that
of sample MB (about 1.8X10°dyn/cm?). As indicated
earlier, when comparing PSN-1 and PSN-3, it seems that the
number density of clay particles dominates the rheological
response of the nanocomposites. The fact that PSN-3 shows
similar patterns to sample MB indicates that the number of
particles per unit volume for this sample is about the same,
or even greater, than that of sample MB in the previous
report. This suggests that sample PSN-3 with DMHDI-
modified MMT is better dispersed than sample MB, which
has 2MBHT-modified MMT and processed by melt
blending. Even though MB has a higher concentration of
clay initially, the final number density of its clay particles is
less or equivalent to that of PSN-3. The relative degree of
dispersion between these two samples is schematically
represented in Fig. 6.

Fig. 7(a) and (b) shows the dynamic mechanical spectra
for PSN-2, which basically are very similar to the response
of pure PS. Again, the time—temperature superposition
works well in both heating and cooling curves. This sample
has the same amount of inorganic clay as PSN-1 (~ 1 wt%),
but the clay is FSM instead of MMT. MMT samples showed
better dispersion than the FSM samples [19] which explains
why the rheological response of PSN-2 is closer to the pure
PS matrix polymer than that of PSN-1 which has 1 wt% of
MMT.

Fig. 9(a) and (b) shows the dynamic mechanical spectra
of PSN-4 containing 2.5 wt% inorganic content. It follows a
similar pattern as PSN-2, which has 1wt% inorganic
content. But PSN-4 has a terminal response of G'~w,
G" ~w, which is similar to PSN-1. As the concentration
of FSM in the polymer matrix is increased from 1 wt%
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Fig. 13. Reduced frequency dependence of storage modulus, G’, loss modulus, G”, and complex viscosity, n* of PSN-7 (PS + 3.63 wt% DMHDI-MMT, with
sonication). Master curve (a) was obtained by heating the sample from 160 to 260 °C. Master curve (b) was obtained by annealing the sample at 260 °C and then
cooling the sample down from 260 to 160 °C.
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Fig. 14. TEM images of PSN-7 (PS+3.63 wt% DMHDI-MMT, with sonication).

(PSN-2) to 2.5 wt% (PSN-4), and thus the particle number
density is increased from PSN-2 (Fig. 8) to PSN-4 (Figs. 9
and 10), the dynamic mechanical spectrum changes in the
terminal relaxation regime. Both G’ and G’ of PSN-4
approach a slope of 1 in the low frequency regime
(G~ ~w, G"~w"?~w, Fig. 9(b)). In contrast,
PSN-2 spectrum which contains 1 wt% of FSM shows a
typical polymer terminal relaxation behavior (G'~w?,
G" ~w) in Fig. 7(b).

When the PS +DMHDI treated clay samples were mixed
with solvent blending and sonication, the dynamic mech-
anical spectra for all samples changed. Fig. 11(a) and (b)
shows the dynamic mechanical spectra of sample PSN-5
nanocomposites. The frequency dependence of G’ and G”
shows two crossover frequencies, w,=0.25-0.45 rad/s and
W= 0.00055-0.0009. The composition of sample PSN-5 is
the same with PSN-1 except that PSN-5 is mixed by high
energy sonication. The TEM image (Fig. 12) [19] for
sample PSN-5 showed that sonication helped to reach better
exfoliation and more dispersed particles than that of the
PSN-1 sample. This explains why the dynamic mechanical
spectrum for PSN-5 (Fig. 11) is rather similar to PSN-3
(Fig. 4) than that of PSN-1 (Fig. 2). This further confirms
our hypothesis that the number of particles per unit volume
inside the polymer matrix is a key factor that determines the
rheological response of nanocomposite materials.

As the amount of inorganic clay increased from 1 wt%
(PSN-5) to 2.5 wt% (PSN-7), the number density of
particles increased from that of PSN-5 (Fig. 12) to that of
PSN-7 (Fig. 14), the dynamic mechanical spectrum changed
as shown in Fig. 8(a) and (b), which are obtained from
sample PSN-7. Again, time temperature superposition was
not possible when constructing the master curves from the
scans obtained by heating up the sample (Fig. 13(a)), but

still valid when the sample was annealed for 5 min at 260 °C
and cooled back down to 160 °C (Fig. 13(b)). The spectrum
of sample PSN-7 has a considerably higher modulus than all
other samples tested. The modulus G’ lies well above G” in
all frequency range. The complex viscosity n* showed a
shear thinning component n=—0.96 and a pseudo-
crossover frequency w,,=0.0066-0.0107 rad/s (obtained
by extrapolation from low frequency G’ and G” as shown in
Fig. 13). This solid-like response indicates a percolated
organization of the platelets in a network-like superstructure
[18].

Since, the d-spacing and thus the amount of intercalation
is similar between PSN-5 and PSN-7 (Table 1), the different
dynamic spectrum pattern again comes from the different
number density of particles present in the sample. This
observation supports the hypothesis that the key factor
which determines the rheological response of nanocompo-
site is the number density, or number of clay plates per clay
particle.

Fig. 13(b) is also very similar to the master curve
obtained from sample SB in the previously reported work
[18]. However, the spectrum of PSN-7 was reached by using
only 2.5 wt% of inorganic content. In the previous report,
similar spectrum of sample SB was obtained based on the
sample with 5.2 wt% of inorganic content. In addition, the
terminal modulus of G’ and n* of PSN-7 (1.9 X 10° dyn/cm2
and 1.32X10'°P, respectively) are similar the G', n*
(2.28 X 10° dyn/cm® and 3.1X10'°P, respectively) that
obtained from sample SB'. The high frequency modulus
G’ for PSN-7 is around 7.72X 10° dyn/cm?; this is higher
than that of sample SB, which is about 2.93 X 10° dyn/cm?.

As indicated earlier, when comparing PSN-1 and PSN-3,
it seems that the number of clay particles per unit volume
dominates the rheological response of the nanocomposites.
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Fig. 15. Reduced frequency dependence of storage modulus, G’, loss modulus, G”, and complex viscosity, n* of PSN-6 (PS+ 1.48 wt% DMHDI-FSM, with
sonication). Master curve (a) was obtained by heating the sample from 160 to 260 °C. Master curve (b) was obtained by annealing the sample at 260 °C and then

cooling the sample down

from 260 to 160 °C.
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Fig. 16. TEM images of PSN-6 (PS+1.48 wt% DMHDI-FSM, with sonication).

The fact that PSN-7 shows similar pattern to sample SB
indicates that the particle number density of PSN-7 is about
the same to the sample SB in the previous report. These data
show that the organic modifier of DMHDI used in PSN-7
combined with high energy sonication is more efficient in
dispersing the clay than the process of making sample SB
using 2MBHT modified clay. This is consistent with the
comparison of PSN-1 and PSN-3 we presented earlier.

Sample PSN-7 contains the same composition of MMT
clay as sample PSN-3 except that sonication is used. As
shown earlier, among all the non-sonicated samples, the
dynamic mechanical spectrum of PSN-3 (Fig. 4) is the only
one that shows double crossover frequencies, probably due
to better dispersion of clay particles leading to a particle
number density close to percolation threshold. The use of
sonication during solvent blending synthesis affects the
dynamic mechanical spectra of these samples greatly.
Sample PSN-7 (Fig. 13(b)) shows a pattern that represents
a percolated network structure which means the particle
number density is higher than the percolation threshold.
Therefore, sonication helps sample PSN-7 to approach a
better exfoliation (Fig. 14).

The spectra obtained from PSN-6 are shown in Fig. 15(a)
and (b). The spectra of PSN-6 show a rheological response
that have a pattern that is similar to the spectra obtained
from sample PSN-3, which indicates a particle number
density close to percolation threshold. When comparing the
spectra of PSN-6 with that of PSN-4, the modulus and
viscosity of PSN-6 in the high frequency regime
(G' ~2.31X10° dyn/cm?, n*~2.57 X 10* P) are similar to
that of PSN-4 (G’ ~2.58 X 10° dyn/cm?, n* ~2.87X 10* P).
In addition, the pattern of PSN-4 with a terminal response of
G’ ~w, G" ~w also indicates a dominant polymer behavior
with clay interacting with polymer chains. Based on

previous analysis, the particle number density of sample
PSN-6 is about equivalent to sample PSN-4 even though
PSN-6 has lower clay concentration than PSN-4 (an
analogous situation is schematically presented in Fig. 6).
This difference can be caused by different charge distri-
bution between FSM and MMT clay [22]. Higher cation
exchange capacity may result in more ionic charge between
each clay plate, which makes it more difficult to exfoliate
FSM clays (Fig. 16).

Fig. 17(a) and (b) shows the spectra for sample PSN-§,
which follow a similar pattern of sample PSN-6. However,
the terminal modulus of PSN-8 (G'=1.25X10* dyn/cm*
and n*=4.63 X 10® P) is higher than that of PSN-6 (G’ =
3.23%10% dyn/cm? and 7*=7.24X 10" P). Furthermore,
the distance between the two crossover frequencies for
PSN-8 (w,=0.25-0.5 rad/s and w,,=0.0007-0.0014 rad/s)
is less than that of PSN-6 (w,=0.4-0.7 rad/s and w,, =
0.0003-0.0008 rad/s). This translates to a lower character-
istic time difference, 7,,—7,=Q7/ w,)— 2w w,), for
PSN-8 (7,,—7,=4715.2s in average), than that for
PSN-6 (7,,—7,=8538.5 s in average). Note that in contrast
to unsonicated samples PSN-2 and PSN-4, both PSN-6 and
PSN-8 have two crossover frequencies, which is due to a
better dispersion of clay particles by using sonication as
explained earlier. Previous work [19] indicated that PSN-8
has a higher number density than PSN-6 (Table 1). The
characteristic of their dynamic mechanical response indi-
cates that PSN-8 is the sample that has the highest particle
number density among all FSM-based nanocomposites
investigated in this paper.

By comparing PSN-7 and PSN-8 which both have
2.5 wt% inorganic clay, we can see that shear thinning
exponent of MMT-based nanocomposite (PSN-7) is higher
than that of FSM-based nanocomposites (PSN-8). High
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Fig. 17. Reduced frequency dependence of storage modulus, G’, loss modulus, G”, and complex viscosity, n* of PSN-8 (PS+3.72 wt% DMHDI-FSM, with
sonication). Master curve (a) was obtained by heating the sample from 160 to 260 °C. Master curve (b) was obtained by annealing the sample at 260 °C and then

cooling the sample down from 260 to 160 °C.
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Fig. 18. TEM images of PSN-8 (PS+3.72 wt% DMHDI-FSM, with sonication).

shear thinning exponent of PSN-7 indicates the degree of
the change of clay orientation under flow in PSN-7 is greater
than that of PSN-8. This may be caused by a convolution
effect of less clay layers per particle and higher particle
number density of PSN-7 than that of PSN-8 (Fig. 18).

In summary, a schematic rheological response to the
different level of clay dispersion is shown in Fig. 19, based
on the experimental data presented in this report. Pure
polystyrene and a PS matrix with a low level of clay
particles gives a typical terminal relaxation behavior for
polymer (G'~w? G"~w). Incorporation of more clay
particles into the polymer would result in a change of the

spectrum in the terminal relaxation regime (both G,
G"~w). As the level of dispersion increases, G’ and G”
spectrum will show more solid like behavior, especially at
low frequencies (G' > G”, G" ~°). Further increase in the
clay dispersion would produce a response where G’ is
greater than G” across all frequencies, indicating a
percolated network structure.

3.3. Thermal analysis result

Table 2 shows DSC data for all the nanocomposite
samples investigated in this paper. The glass transition

(@) na (b) ny )
Gi G
Gi # Particles T G’
n,>n
G’ slope ~ 2 pT e o
G’ slope ~ 1 G’, G” slope ~ 1
 (rad/s)  (rad/s)
n = Particle number density = Number of particles per unit volume Ne > Ny
~nP
nP = Percolation treshold Mle =N
d) n, c)n
(d) ng o (c) ne &
G
G
Percolated clay network.
 (rad/s)  (rad/s)

Fig. 19. The schematic representation of the speculated rheological response to the increase in the number of particles per unit volume.
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temperatures obtained from multiple cycles were very
similar. The glass transition temperatures for all samples are
about the same regardless of composition or clay dispersion.
Therefore, thermal analysis on glass transition temperature
was not very sensitive to the level of clay dispersion inside
the polymer matrix.

4. Conclusions

In this work, we mapped out a series of rheological
responses of polystyrene nanocomposite to various clay
types, clay concentrations, and degrees of clay dispersion.
The level of dispersion, characterized by XRD and TEM,
was correlated with a characteristic rheological response.
The PS nanocomposites investigated here demonstrate a
change of pattern, as a function of the degree of exfoliation,
from typical polymer response to a terminal response of
[G'~w, G"~w], then to a pattern with double crossover
frequencies, and finally to a solid-like response with G' > G”
in all frequency ranges. We showed that the number of
particles per unit volume is a key factor determining the
characteristic response for clay-nanocomposites. Measure-
ment of the key characteristic parameters such as shear
thinning exponent, elastic plateau at low frequencies and
crossover frequencies along with the overall pattern of G’
(w) and G" (w) provides a valuable ‘fingerprint’ that aids in
the characterization of global exfoliation, and in determin-
ing the percolation threshold. As a continued investigation
from previous study, the rheological response of PS
nanocomposites made from DMHDI modified clays com-
bined with high-energy sonication was compared with that
of nanocomposites made by 2MBHT modified clay. We
found that PS nanocomposites made by DMHDI-modified
clay with high-energy sonication is better dispersed than the
composites made previously using 2MBHT-modified clay
(MB and SB samples previously reported [18]). Without the
TEM and XRD characterization first of these materials,
however, it would have been difficult to correlate the melt
rheology data to the level of clay dispersion. We also
showed that the glass transition temperatures were not very
sensitive to the degree of dispersion.

As discussed earlier, the broad objective of this research
is to develop a rheological technique to analyze the clay
morphology in a polymer—clay nanocomposite, especially
the relationship between the degree of dispersion and the
characteristic rheological response. Even though the
quantitative correlation between hybrid structure and
rheological properties are still not defined at this moment,
this report further demonstrates the utility of the rheological
technique to map out the relationship between the degree of
dispersion and the characteristic rtheological response. More
experimental and theoretical work are needed to quantify
the structure-rheological property relationship of polymer
nanocomposites, to demonstrate the utility of this technique
in understanding the influence of material options and

processing conditions for improving nanocomposite
exfoliation/dispersion.
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