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ABSTRACT: This work investigates two different melt-
blending strategies for preparing compatibilized polypro-
pylene-clay nanocomposites, specifically: (1) conventional
twin-screw extrusion, and (2) single-screw extrusion capable
of direct supercritical carbon dioxide (scCO2) feed to the ex-
truder barrel. Proportional amounts (3 : 1) of maleic anhy-
dride functionalized polypropylene compatibilizer and
organically modified montmorillonite clay at clay loadings
of 1, 3, and 5 wt % are melt-blended with a polypropylene
homopolymer using the two approaches. The basal spacing,
degree of exfoliation, and dispersion of organoclay is
assessed using X-ray diffraction, transmission electron mi-
croscopy, and rheology. In terms of the latter, both steady
shear and small-amplitude oscillatory shear provide infor-

mation about the apparent yield stress and solid-like termi-
nal behavior respectively. Finally, nanoindentation is per-
formed to determine the room temperature modulus of each
melt-blended nanocomposite. The results reveal unequivo-
cally that the high shear of the twin-screw process is vastly
superior to the single-screw with in-line scCO2 addition in
generating well-exfoliated, percolated polypropylene-clay
nanocomposites. It is likely that increased contact time
between clay and scCO2 is necessary for scCO2 to positively
affect exfoliation. � 2006 Wiley Periodicals, Inc. J Appl Polym
Sci 103: 884–892, 2007
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INTRODUCTION

Polymer–clay nanocomposites (PCNs) have recently
attracted significant attention due to marked property
enhancements at mass loadings substantially less than
conventional fillers. For instance, increased tensile
strength and modulus along with improved barrier re-
sistance, flame retardation, and heat distortion charac-
teristics have been reported for many common poly-
mers upon addition of only a few weight percent
clay.1–4 These remarkable property enhancements
make nanocomposites superior candidates as materi-
als for food packaging, electronics, and automotive
industries. One of the most commonly utilized nanofil-
lers is derived frommontmorillonite (MMT). MMT has
a structure consisting of several stacked layers with a
layer thickness of 0.98 nm and lateral dimension of
400–1000 nm. These silicate layers are separated by a
charged intergallery that preserves a fixed spacing
between layers. The sum of the intergallery dimension

and the individual silicate layer thickness is defined as
the basal spacing (d001 spacing) and measurable by X-
ray diffraction (XRD).3 Because the natural clay is hy-
drophilic, surface modification of the clay is required
to render it organophilic and thereby miscible with
many common polymers. Surface modification is typi-
cally performed by ion-exchange reactions using pri-
mary, secondary, tertiary, and quaternary alkylammo-
nium surfactants.4 As a result, the basal spacing is
expanded, allowing for improved intercalation of
polymer into the intergallery and better physical inter-
action between the clay and polymer. For highly non-
polar polymers (e.g., polypropylene, polyethylene),
intercalation is thermodynamically unfavorable; con-
sequently, it is necessary to incorporate a compatibil-
izer into the nanocomposite blend. A compatibilizer
consists of polymer functionalized by side- or end-
groups, such as maleic anhydride, that have more
favorable thermodynamic interactions with the clay
surface yet retainmiscibility with the polymer.5

Optimal dispersion of clay in the polymer matrix is
necessary to maximize the interfacial contact between
the polymer and clay and, thus, macroscopic property
enhancement. The dispersion of clay in a PCN is char-
acterized as either: (1) agglomerated, where the layered
silicates aggregate and display limited physical or
chemical interaction with the polymer; (2) intercalated,
where polymer diffuses into the clay intergallery, fur-

Correspondence to: J. P. Oberhauser (oberhauser@virginia.
edu).
Contract grant sponsor: National Science Foundation

(NSF); contract grant number: CTS-0134275.

Journal of Applied Polymer Science, Vol. 103, 884–892 (2007)
VVC 2006 Wiley Periodicals, Inc.



ther swelling the spacing between layers without
completely destroying the coherence of those layers;
or (3) exfoliated, where individual clay platelets are
separated and dispersed within the polymer matrix.
Because the high aspect ratio of the individually dis-
persed platelets generates the largest surface area to
volume ratio, exfoliation leads to better phase homo-
geneity and the greatest improvements in thermal
and mechanical properties.6,7

The ability to promote organoclay exfoliation is
strongly tied to the preparation and blending of
PCNs. In situ polymerization and solution blending
methods of producing nanocomposites have been suc-
cessfully employed for a number of polymers. Other
efforts involve in situ polymerization of polymers
such as polystyrene (PS) and poly(methyl methacry-
late) (PMMA) via bulk, solution, suspension, and
emulsion polymerization.8,9 However, because these
methods require large quantities of expensive, envi-
ronmentally unfriendly solvents, melt-blending with
high shear remains the most practical method of pre-
paring PCNs.4 Recently, a great deal of attention has
been given to synthesizing nanocomposite systems
with the aid of supercritical CO2 (scCO2) to expand
the clay intergallery and promote polymer intercala-
tion.10 scCO2 offers a number of practical advantages
over other solvents. It is relatively inexpensive and
environmentally friendly (i.e., nontoxic, nonflam-
mable) compared with organic solvents,11 and it pos-
sesses unique properties, including high diffusivity,
low viscosity, near-zero surface tension, and the abil-
ity to solubilize many common polymers.12 Recent
efforts have utilized scCO2 to pretreat clay and as a
solvent directly injected to an extruder during melt-
blending. For example, Manke et al. devised a process
in which the clay is first saturated with scCO2 in a par-
titioned vessel and then rapidly depressurized to for-
cibly break apart clay platelets.13,14 The pretreated
clay was then compounded via conventional melt-
blending, resulting in a substantially more exfoliated
PCN relative to samples not subjected to scCO2 pre-
treatment. Direct injection of scCO2 into a molten
nanocomposite during melt-blending is also promis-
ing, since the same rapid depressurization employed
in conjunction with shear may further improve clay
exfoliation. Garcia-Leiner et al. recently reported data
for a polyethylene (PE)-MMT nanocomposite pro-
cessed in a modified single screw extruder equipped
with scCO2 injection near the feed hopper.15 Their
results show a 40–100% increase in basal spacing and
suggest that scCO2 processing plays a significant role
in facilitating melt intercalation and clay dispersion.

This study compares compatibilized polypropyl-
ene (PP)-MMT nanocomposites with 1, 3, and 5 wt %
clay loadings prepared using two melt-blending
techniques. The first is a novel single-screw extru-
sion (SSE) system capable of direct scCO2 feed to the

extruder barrel during processing. The system is
designed to inject scCO2 into the molten polymer–
clay mixture to facilitate exfoliation and dispersion
of clay platelets. This system is contrasted with a
conventional twin-screw extrusion (TSE) process to
assess whether scCO2 addition could replace the
need for the high shear processing. The exfoliation
and dispersion are probed with XRD, transmission
electron microscopy (TEM), and mechanical rheol-
ogy. Nanoindentation is also performed to assess the
mechanical properties of the nanocomposites.

EXPERIMENTAL

Materials

Polypropylene (PP, Dow Chemical Co., grade H700-
12, MFI ¼ 12 g/10 min at 2308C and 2.16 kg load,
Mw ¼ 229 kg/mol, Mw/Mn ¼ 3.98) was used as the
matrix polymer. Southern Clay Products provided
Cloisite1 15A (C15A, 125 meq/100 g, d001¼ 3.15 nm), a
natural MMT clay modified with a quaternary ammo-
nium salt. Polybond1 3200 (pp-g-MA, Crompton
Corp., MFI¼ 110 g/10 min at 1908C and 2.16 kg load), a
1 wt % maleic anhydride functionalized polypropyl-
ene, was used as the compatibilzer.

Melt-blending was conducted in two ways. First,
single-screw extrusion (SSE) (Killion Extruder, L/
D ¼ 52, D ¼ 25.4 mm) with direct addition of scCO2

was employed with barrel temperatures set at 190–
2108C and a screw speed of 15 rpm. The scCO2 was
injected to the extruder approximately 2/3 of the
distance down the barrel length using a MuCell1

supercritical fluid system (Trexel Inc.) to ensure
complete melting of the polymer before the introduc-
tion of scCO2. The density of scCO2 leaving the
chiller was 843.2 kg/m3, and the flow rate was set to
5% of the extrusion rate to match the maximum
absorption capacity of CO2 in polypropylene.16 Ma-
terial was cycled through the extruder twice, the sec-
ond pass without scCO2 addition to ensure adequate
mixing of the nanocomposite and remove the foam
generated by the first pass.

Conventional TSE was conducted with a Leistritz
Micro 27 extruder (L/D ¼ 52, D ¼ 27 mm) was oper-
ated with barrel temperatures ranging from 200–
2108C and corotating screws rotating at 200 rpm. PP
was dry mixed with the compatibilizer and metered
at 5 lb/h to the screws. Clay was added through a
side stuffer positioned at the halfway length of the
screw (26D) and set at a metering rate appropriate
to the desired clay loading. Both techniques were
used to prepare samples with a fixed 3 : 1 ratio of
PB3200 compatibilizer to clay, and clay loadings of
1, 3, and 5 wt %. Additionally, a control material
consisting of 10 wt % pp-g-MA and 90% PP was also
prepared using the SSE-scCO2 process.
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X-ray diffraction

Samples studied with XRD were compression molded
at 1908C to a thickness of �1.5 mm. XRD experiments
were conducted using a Scintag XDS 2000 diffractome-
ter with a Cu Ka radiation source (l ¼ 1.540562 Å).
Data were collected with a step size of 0.028 and a scan
rate of 0.58/min. The results presented are the average
of four scans. The location of scattering peaks was used
to measure the clay basal spacing (d001 peak) as influ-
enced by the two blending procedures.

Transmission electron micrsocopy

Transmission electron microscopy (TEM) using a
JEOL 2000FX microscope operated at 200 kV was used
to image the final clay morphology produced by each
mixing strategy. Bright-field images were taken at
�60,000 on microtomed sections (70–90 nm thick) of
each sample. TEM images complement XRD, provid-
ing qualitative information on the degree of clay exfo-
liation and dispersion.

Rheology

Since it is well-known that rheology is sensitive to
the microstructure of filled polymer melts, steady
shear and small-amplitude oscillatory shear (SAOS)
rheological experiments were conducted to assess
the dispersion of clay in each nanocomposite sam-
ple.17–23 All experiments were performed with a TA
Instruments AR 2000 rheometer using a 25-mm par-
allel plate geometry and environmental test chamber
(ETC). A nitrogen purge of 10 L/min was continu-
ously supplied to the ETC to inhibit oxidative degra-
dation of the polypropylene during experimentation.
Compression molded samples (1908C) were initially
melted at 2108C for 10 min in the rheometer, after
which the upper plate was lowered to a gap distance
of 1 mm for rheological testing.

Steady shear rate sweeps were performed from low
to high shear rates (0.01–1.0 s�1) at 1808C on all nano-
composites. Prior work has shown that some PCNs
behave as constant shear-thinning materials.20,24,25

That is, they exhibit shear thinning at low shear rates
where the matrix polymer would be characterized by
its zero-shear viscosity. This divergence of viscosity at
low shear rates is consistent with the presence of a fi-
nite apparent yield stress and is interpreted as a strong
indicator of clay networking above the mechanical per-
colation threshold.18,24 The continuous shear thinning
is a hydrodynamic effect arising from the increased
orientation of anisotropic clay domains in the flow
direction (or alternatively, with surface normal per-
pendicular to the flow direction). Thus, for highly
filled, well-exfoliated samples, flow-induced orienta-
tion of clay domains and divergent shear thinning
behavior are expected. On the other hand, samples

with low clay loadings and poor exfoliation are
expected to exhibit the liquid-like rheology characteris-
tic of the polymer melt with only a modest increase in
the zero-shear viscosity resulting from the inclusion of
a dilute concentration of solid particles. In this fashion,
steady shear flow experiments offer ameans of qualita-
tively assessing the degree of exfoliation and disper-
sion of clay.

Oscillatory shear is particularly sensitive to the de-
velopment of a solid-like clay network in the PCN.
First, oscillatory stress sweeps from 1 to 10,000 Pa were
performed at 1808C and a constant frequency of 1 rad/s
to identify the boundary of the linear viscoelastic re-
gime and determine the critical strain (or stress) at
which the rheological response becomes nonlinear.
Several authors have reported that the critical strain is
sensitive to the clay loading and microstructure, with
the critical strain shifting to lower values with increas-
ing solid volume fraction.22,25,26 SAOS frequency
sweeps were also conducted, as numerous studies of
filled polymeric liquids have revealed the presence of a
solid-like plateau for the storage modulus (G0) in the
terminal regime. Such behavior has been attributed to
the formation of a mesoscale clay network at loadings
above the percolation threshold.18,20,23,27 The strain
value was chosen to be 1% to ensure a linear response,
and consecutive frequency sweeps were carried out at
temperatures of 210, 180, and 1508C. Time–tempera-
ture superposition (TTS) was subsequently performed
with a reference temperature of 1808C.

Nanoindentation

Nanoindentation experiments were performed with a
MTS NANO Indenter1 XP (MTS Systems) using a
standard continuous stiffness module to measure the
modulus of each nanocomposite at room temperature.
For a given indentation event, the Berkovich pyramid
diamond indenter was brought in contact with the sur-
face, followed by penetration of the surface to a depth
of 5 mm at a constant strain rate of 0.1 s�1. The indenter
was held for 10 s at that depth and then withdrawn at
the same rate. Aminimumof 15 indentationswere con-
ducted for each sample, and the distance between any
two indentations was at least 100 mm. The reported
modulus values were calculated by averaging the
results of all indentations. Because the averaging was
performed only on measurements taken well below
the surface (2–5 mm), the result is indicative of the bulk
modulus of the material.

RESULTS AND DISCUSSION

X-ray diffraction

XRD scans for each nanocomposite and dry C15A clay
are presented in Figure 1, and the resultant basal spac-
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ings inferred from Bragg’s law are summarized in
Table I. First, we observe that the basal spacing mea-
sured for the dry C15A clay is slightly larger (32.6 Å)
than that quoted by the manufacturer (31.5 Å); how-
ever, the difference is unimportant, since shifts in
nanocomposite basal spacing relative to the dry clay
is most germane to this discussion. Examining the
data, it is apparent that the 1 wt % scCO2, 3 wt %
scCO2, and all three TSE samples show statistically
insignificant changes in basal spacing relative to the
dry C15A clay as a result of melt-blending. Only the
5 wt % scCO2 sample is unique, as its basal spacing
decreases modestly compared with the dry clay and
other nanocomposites. It should be noted that the
amount of scCO2 introduced to the extruder was con-
stant, independent of clay loading. As a result, the ra-
tio of scCO2 to clay decreased with increasing clay
loading, which may be a factor in the scCO2 results. In
general, however, XRD reveals no significant struc-
tural changes in these nanocomposite samples at the
length scale of the intergallery spacing. Moreover,
XRD cannot provide information about the number of
platelets per tactoid, making it is a poor standalone
technique for assessing the degree of exfoliation.7,28

Because the organically modified C15A already has a
large intergallery dimension (relative to the 1.17 Å of
natural MMT), additional swelling of the intergallery
without exfoliation may be difficult to achieve. The
larger length scales relevant to mechanical percolation
and mesoscale clay structure must be probed by other
means. Nevertheless, these data emphasize the impor-

tant conclusion that neither melt-blending procedure
alters the average intergallery spacing to a meaningful
degree.

Finally, it is interesting to note that the magnitude of
the peak intensity for the scCO2 samples is smaller than
that of the TSE samples. While one might ascribe this
difference to improved exfoliation of the scCO2 sam-
ples, results presented in the subsequent sections con-
tradict such a hypothesis. Instead, we believe that the
difference in intensity is related to sample preparation.
As in other published work, XRD samples were com-
pression molded to a desired thickness, which invaria-
bly induces a modest radial flow.While fixing the sam-
ple thickness eliminates it as a factor in affecting the
peak intensity, the radial flow may flow-align aniso-
tropic organoclay domains. The propensity of organo-
clay domains to be oriented by flow should depend
upon their aspect ratio, where those with highest as-
pect ratio (i.e., fewest silicate layers or most exfoliated)
are most readily aligned. The peak intensity in XRD is
related to the number of diffraction events that occur
as the X-ray beam passes through the sample. For a
sample in which the distribution of organoclay orienta-
tion states is skewed in favor of a particular direction,
the number of diffraction events associated with a par-
ticular angle may increase. Consequently, the larger
peak intensity for the TSE samples indicates a larger
number of diffraction events and suggests that it may
contain a greater number of higher aspect ratio organo-
clay domains than the scCO2 materials. While this hy-
pothesis cannot be justified on the basis of XRD data
alone andmust be supported by TEM and rheology, its
validity would highlight the importance of sample
preparation in XRD data.

Transmission electron microscopy

To provide a better qualitative sense of the degree of
clay exfoliation and dispersion engendered by the two
melt-blending approaches, we present TEM images of
the six samples in Figure 2. Here, it is immediately
apparent that the SSE-scCO2 and TSE processes in-
duce manifestly different degrees of clay exfoliation
and dispersion. At the 1 wt % loading, the clay tac-
toids in the TSE sample are smaller and more numer-
ous, the largest of which have thickness of 25–75 nm
and lateral dimension of 400–600 nm. Individual clay
platelets are also apparent in this sample. By contrast,
the 1 wt % scCO2 sample contains larger clay agglom-
erates. The characteristic example captured in Figure 2(a)

Figure 1 XRD scans for 1, 3, and 5 wt % scCO2 and TSE
nanocomposites compared with those for dry C15A clay.

TABLE I
Clay Basal Spacing Inferred from XRD Scans (Fig. 1) for Dry C15A Clay and Each Nanocomposite Sample

C15A 1 wt % scCO2 3 wt % scCO2 5 wt % scCO2 1 wt % TSE 3 wt % TSE 5 wt % TSE

Peak location (2y) 2.718 2.7258 2.728 2.8258 2.7158 2.7358 2.698
d001 spacing (Å) 32.6 32.4 32.5 31.2 32.5 32.3 32.8
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Figure 2 TEM images of (a) 1 wt % scCO2, (b) 1 wt % TSE, (c) 3 wt % scCO2, (d) 3 wt % TSE, (e) 5 wt % scCO2 nanocom-
posites and (f) 5 wt % TSE at �60,000 magnification.
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is � 300 nm thick and 1.3 mm long. However, in both
cases, the 1 wt % samples are sparsely populated by
clay domains and likely below the mechanical perco-
lation threshold. Consequently, we might anticipate
minimal differences in subsequent rheological tests.

At the 3 and 5 wt % clay loadings, the differences
in the ability of the two processes to exfoliate and
disperse clay leads to more significant differences in
microstructure. The clay tactoids for the TSE materi-
als in Figure 2(d, f) remain of similar scale to those
observed for the 1 wt % clay loading in Figure 2(b),
although the density of the tactoids must of neces-
sity increase. On the other hand, the SSE-scCO2 proc-
essed samples continue to contain agglomerated clay
domains. Importantly, while the XRD results exhib-
ited negligible differences in basal spacing for the six
samples, TEM images suggest that the high shear of
the twin-screw extruder has a much stronger influ-
ence in exfoliating and dispersing clay.

Rheology

The rheological response of filled polymers has pre-
viously been shown to be quite sensitive to particle
loading, size, and dispersion.17,29–32 PCNs have de-
monstrated a similar responsiveness to differences in
clay exfoliation and dispersion, rendering rheology an
effective indirect probe of microstructure.6,19–21,24,25,33–35

In Figure 3, we report steady shear rate sweep data
for the six nanocomposites as well as the 10 wt %
PP-g-MA/90 wt % PP control sample. We first note
that the zero-shear viscosity increases with clay load-
ing for all samples, as expected, and all but the 3
and 5 wt % TSE samples exhibit the low shear rate
plateau common to polymeric materials. For the
1 wt % clay samples, the shear rate responses are
almost identical despite the differences in morphol-

ogy observed in TEM, suggesting that neither mate-
rial is percolated. However, the morphological dif-
ferences observed in TEM translate to markedly dif-
ferent low shear rate response at the 3 and 5 wt %
loadings. The 3 and 5 wt % TSE samples show the
divergent viscosity behavior characteristic of me-
chanical percolation in PCNs and indicative of a
nonzero yield stress.2,20,24,25 By contrast, the similar
scCO2 materials show, at most, a modest divergence
in viscosity at low shear rate. The finite yield stress
can be determined by fitting the low shear rate data
to Casson’s equation, given as25,36:

s1=2
xy ¼ s1=2

0 þ a_g1=2; (1)

where s0 is the yield stress, and the parameter a is an
arbitrary constant. The results of this analysis are pre-
sented in Figure 4, where the stronger dependence of
yield stress on clay loading for the TSE nanocompo-
sites is apparent. It has been hypothesized that the
finite yield stress is caused by the formation of a meso-
scale clay network.18,24,35 When a deformation in
excess of the yield stress is imposed, the clay network
is ruptured, and the anisotropic clay domains align in
the flow direction to a degree that depends upon the
magnitude of the deformation. Thus, as the shear rate
increases, clay domains become increasingly oriented
in the flow direction and the shear viscosity decreases.
Because the scCO2 samples contain larger clay
domains (agglomerated tactoids), the formation of a
mesoscale network requires a higher clay loading than
the better exfoliated and dispersed TSE samples. As a
result, the zero-shear viscosity of the scCO2 samples
increases with clay loading like any filled polymeric
material, but the inferred yield stress remains low. It
should be noted, however, that the 5 wt % scCO2 sam-
ple begins to shear thin at a lower shear rate than its

Figure 3 Viscosity versus shear rate for steady shear rate
sweeps of 1, 3, and 5 wt % scCO2 and TSE nanocomposites
at 1808C.

Figure 4 Apparent yield stress inferred from Casson’s
equation versus clay loading for 1, 3, and 5 wt % scCO2

and TSE nanocomposites.
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3 wt % counterpart, perhaps indicating that the clay
loading is sufficiently high for a mesoscale clay net-
work to form even in this poorly exfoliatedmaterial.

A change in the terminal response to SAOS is
another signature of the transition from liquid-like
(i.e., G0 ! o and G00 ! o) to solid-like (i.e., G0, G00 a o0)
behavior in filled polymeric materials, including car-
bon black,29,31 calcium carbonate,32 talc,17 and clay
filled systems.18–23 In the case of clay, the solid-like
terminal response has been attributed to the formation
of a mesoscale clay network. Figure 5 shows TTS mas-
ter curves (data shifted to 1808C) of the storage modu-
lus, loss tangent (tan d ¼ G00/G0), and complex viscos-
ity (|Z*|) as a function of shifted frequency for
blended nanocomposites and the 10 wt % PP-g-MA/
PP sample. Because it is not a strong function of clay
loading or processing method, data for the loss modu-
lus are not reported. A distinct plateau in the storage
modulus at low frequencies is observed for the 3 and
5 wt % samples, whereas only the 5 wt % scCO2 sam-
ple shows any significant deviation from classic liq-
uid-like behavior. The loss tangent data are particu-
larly illustrative of the transition to a more solid-like
response. Values of the loss tangent greater than unity
are characteristic of a liquid-like material (since the
viscous response is much larger than the elastic),
while values less than unity denote a more solid-like
material. In Figure 5(b), the 3 and 5 wt % TSE and
5 wt % scCO2 samples have an inflection point in the
loss tangent in the low frequency regime, leading to a
decrease in loss tangent (or an increase in solid-like
behavior) with decreasing frequency. Such behavior
contrasts the other samples, whose loss tangent
diverges to infinity (a liquid-like response) with
decreasing frequency. Notably, however, the 5 wt %
scCO2 material remains less solid-like than both the 3
and 5 wt % TSE samples. As suggested in the discus-
sion of the steady shear rate sweep data, we believe
that the clay loading for the poorly exfoliated and dis-
persed 5 wt % scCO2 sample is on the cusp of forming
a solid-like, mesoscale clay network. Finally, the va-
lidity of the Cox-Merz rule may be assessed by com-
paring the data for steady shear viscosity in Figure 3
with those for complex viscosity in Figure 5(c). In gen-
eral, Cox-Merz is obeyed for all but the 3 and 5 wt %
TSE and 5 wt % scCO2 samples, suggesting that the
failure of Cox-Merz is linked to the formation of a
mesoscale clay network and yield behavior.

Several authors have reported that the strain at
which the rheological response becomes nonlinear
during oscillatory strain sweeps is sensitive to clay
loading and morphology.22,25,26 This critical strain (gc)
has been observed to be inversely proportional to the
volume fraction of clay (f), as shown in eq. (2):

gc / 1

f
: (2)

Figure 6 shows the results of oscillatory stress
sweeps, where the data have been normalized by the
complex viscosity at low strain to present all sam-
ples on the same figure and thereby better elucidate

Figure 5 (a) Storage modulus, (b) loss tangent, and (c)
complex viscosity versus frequency in oscillatory shear of
1, 3, and 5 wt % scCO2 and TSE nanocomposites and
10 wt % PP-g-MA/PP blended sample. Data were recorded
at 150, 180, and 2108C and shifted to 1808C using time–
temperature superposition. The strain amplitude was 0.01.
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differences in critical strain. Also, although the mag-
nitude of the oscillatory stress was controlled during
the experiment, the data are plotted versus strain
amplitude. For a given blending method, it is evi-
dent that a higher clay loading does indeed lead to
nonlinear behavior at lower strain values. The influ-
ence of clay loading is more pronounced for the TSE
samples, which is again attributable to the more sig-
nificant development of the solid-like, mesoscale clay
network. The critical strain for each material was
selected as the point at which the complex viscosity
data deviated by 10% from the linear plateau value.
These values are plotted versus inverse volume frac-
tion in Figure 7. Although only three volume frac-
tions are available for each blending method, the
data adhere to the previously observed linear trend.
At constant clay loading, the TSE samples have sig-
nificantly lower critical strain values than the scCO2

counterparts. It has been suggested that lower criti-
cal strain results stem from the disruption of the
mesoscale network by flow. Therefore, for a fixed
clay loading, one may infer that a well-exfoliated
and dispersed nanocomposite material will have a
lower critical strain than a material with noninteract-
ing, agglomerated tactoids domains. Thus, oscillatory
strain data offer another convenient means of com-
paring different melt-blending processes, in this case
demonstrating the efficacy of the TSE process rela-
tive to the SSE-scCO2 process.

Nanoindentation

Finally, nanoindentation experiments were performed
on solid samples to assess the effect of processing, exfo-
liation, and dispersion on modulus. Figure 8 shows
modulus data for the 3 and 5 wt % nanocomposites
prepared using the two melt-blending processes along
with the 10wt% PP-g-MA/PP sample. Before proceed-
ing, it is important to discuss how these mechanical
measurements are best compared. Because of its lower
molecular weight, PP-g-MA is known to have a plasti-
cizing effect when blended with PP,37 which can
adversely affect impact performance.38 At the same
time, the inclusion of clay can improve impact per-
formance, depending upon the degree of exfoliation
and dispersion. Because of the dual influences of clay
loading and PP-g-MA concentration, the 10 wt % PP-g-
MA/PP control may only be compared with the 3 wt %
samples, which have similar PP-g-MA concentrations.

This being the case, we first turn attention to the
10 wt % PP-g-MA/PP and 3 wt % samples. The better
exfoliation and dispersion generated by the TSE pro-
cess leads to the largest enhancement in modulus,
although the scCO2 sample was also strengthened by
the presence of clay. The influence of processing is
more pronounced at the 5 wt % loading. While

Figure 6 Normalized complex viscosity versus strain am-
plitude in oscillatory shear of 1, 3, and 5 wt % scCO2 and TSE
nanocomposites and 10 wt % PP-g-MA/PP blended sample.
Data were recorded at 1808C and a frequency of 1 rad/s.

Figure 7 Critical strain versus inverse volume fraction of
clay for 1, 3, and 5 wt % scCO2 and TSE nanocomposites.

Figure 8 Modulus data recorded during nanoindentation
of 3 and 5 wt % scCO2 and TSE nanocomposites and 10 wt
% PP-g-MA/PP blended sample.
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increasing the clay loading from 3 to 5 wt % in the
scCO2 material leads to a decrease in the modulus,
presumably due to the increased PP-g-MA concentra-
tion, the modulus of the 5 wt % TSE nanocomposite
increases relative to that of the 3 wt % TSE material.
Because the TEM and rheological experiments clearly
indicate that the scCO2 nanocomposites contain large,
poorly dispersed clay domains, the polymer blend
appears to dominate the mechanical measurements in
these materials. Alternatively, the better exfoliated
clay domains in the TSE nanocomposites play a prom-
inent role in strengthening the material despite
increasing PP-g-MA concentration.

CONCLUSIONS

XRD, TEM, rheology, and nanoindentation experi-
ments have been performed to contrast the ability of
two melt-blending processes (SSE with an in-line
scCO2 feed and twin-screw extrusion) to exfoliate and
disperse MMT clay in compatibilized 1, 3, and 5 wt %
polypropylene–clay nanocomposites. Although XRD
failed to capture significant morphological differences
at the basal spacing length scale, all other techniques
suggest that the high shear of the TSE process is sub-
stantially more effective. TEM images reveal signifi-
cantly smaller and more dispersed clay domains for
the TSE samples, while steady shear and SAOS
experiments show solid-like character at lower clay
loading along with smaller critical strain values than
the scCO2 counterparts. Nanoindentation further sup-
ports this conclusion, as the TSE nanocomposites ex-
hibit larger moduli than scCO2 materials at the same
clay and compatibilizer loading. The undesirable exfo-
liation and dispersion generated by the SSE-scCO2

process described here likely stems from two prob-
lems. First, the contact time between scCO2 and clay
may be too short to allow significant diffusion into the
clay intergallery. Second, thermodynamics limits the
amount of CO2 that polypropylene can solubilize, and
that quantity may be insufficient to swell clay intergal-
leries during processing. As a result, we conclude that
pretreating clay with scCO2 in pressurized vessels
prior to extrusion may better promote clay exfoliation
and dispersion. Moreover, the high shear and intense
mixing of the TSE remains critical to the dispersion of
clay in the polymer matrix.
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