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ABSTRACT: The mechanical properties of melt processed
polypropylene-montmorillonite nanocomposites were stud-
ied as a function of clay content. The measurement of tensile
properties at room temperature and dynamic mechanical
properties over a wide temperature range reveal a decrease
in modulus and tensile strength of the composite with
increasing clay content. The origins of this anomalous result
were examined in detail using X-ray diffraction and differen-
tial scanning calorimeter, which averaged the microstructure

over reasonable specimen volumes. Micromechanical mod-
els could be used to adequately describe the composite prop-
erties, provided appropriate properties for the matrix and
particle were used. The matrix properties were found to affect
the average properties significantly. © 2006 Wiley Periodicals,
Inc. ] Appl Polym Sci 103: 204-210, 2007
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INTRODUCTION

The use of nanometer sized clay in thermoplastics is
the subject of a number of recent publications. The
underlying practical reason for the interest is in
the reported improvements in properties, which arise
when the clay is added. Of particular interest are the
mechanical properties of such nanocomposites based
on a polypropylene (PP) matrix."™ Compatibility is
achieved by chemically modifying the clay to pro-
duce a hydrophobic surface’ and using a maleated
form of polypropylene (PP-g-MA).%” Melt processing
of these materials involves the mixing of the compo-
nents: PP, maleated PP, and clay to achieve uniform
dispersion of the nanometer-sized reinforcement phase.
Previously, it has been reported that the mechanical
properties of the composite could be optimized
by using a clay to PP-g-MA ratio of approximately
(1 :3).57° The present study attempts to examine the
separate effects of the two components used in the
fabrication of melt mixed PP nanocomposites, PP-g-
MA, and clay, on the mechanical properties of the
melt mixed nanocomposite. Standard micromechani-
cal models are used to reveal the influence of the
matrix and particle properties on the composite
behavior. X-ray diffraction and thermal analysis
were used suitably to average the appropriate micro-
structural parameters.
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EXPERIMENTAL
Materials

An extrusion grade low molecular weight PP (Ato-
fina 3825) was used as the base matrix material. The
compatibilizer was Epolene G-3003 (Eastman Chemi-
cal, Eastport, TN), a maleated PP with 0.8 wt % ma-
leic anhydride (PP-g-MA). This was selected after
considering the reported tensile properties for a vari-
ety of commercially available maleated polypropy-
lenes."! This had a moderate molecular weight (M,
= 27,200, M,, = 52,000). The montmorillonite clay
was obtained from Southern Clay Products (Gon-
zales, TX) (Cloisite15A"™) with a high degree of
hydrophobicity. It is a natural montmorillonite modi-
fied with a quaternary ammonium salt (125 meq/mg
clay). This was received in powder form with a wide
distribution of agglomerated particle sizes less than
approximately 13 um. A preliminary comparison of
the mechanical properties of nanocomposites showed
that the use of Cloisite 15A™ resulted in better prop-
erties than Cloisite 20A, which has a lower modifier
concentration.

Processing

The components were dried in an air oven at 80°C
for 24 h. The clay and PP-g-MA were then premixed
in a mixer (Model D-51-T, C. W. Brabender Instru-
ments) at room temperature. The ratio of maleated
PP to clay was fixed at 3 : 1 (wt). The proportions of
materials used for the two composites and their re-
spective matrices are shown in Table I, where the
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TABLE 1
Sample Composition
Cloisite 15A™ PP-¢-MA
(wt %) (wt %)

1 wt % clay 1 3
5 wt % clay 5 15
Matrix : 3 wt % MA 0 3
Matrix : 15 wt % MA 0 15

1 wt % clay sample contains 3 wt % maleated com-
patibilizer and the 5 wt % clay contains 15 wt %.

The PP was added to the mixer after the other mate-
rials. The melt mixing was run at 185°C at 100 rpm for
5 min, using the high shear blades. The mixed material
was air cooled and cut into small irregular pieces. The
amounts are consistent with those reported in the liter-
ature to produce well dispersed nanocomposites.

After mixing, the material was transfer molded
into a solid plaque (50 x 20 x 0.8 mm?), using a hy-
draulic press with heated plates. Care was taken to
eliminate voids in the final sample. The melt flow
patterns in the mold were similar to those found in
an injection molded part.

The plaques and the as-mixed melt were exam-
ined using X-ray diffraction on Philips X-ray diffrac-
tometer. The experiments used Cu Ko radiation with
a wavelength of 1.542 A monochromatized with a
transmission nickel filter. Tube voltage and current
were set to 40 kV and 20 mA, respectively.

Thermal properties of the various samples were
measured using a Perkin-Elmer DSC7 differential
scanning calorimeter (DSC). Standard calibrations for
specimen temperature and heat of fusion were regu-
larly run with indium and zinc. The measurement of
crystallinity using DSC provided values, which were
averaged over reasonable volumes of specimen.
Temperature dependent dynamic mechanical proper-
ties (storage modulus and loss factor) were meas-
ured using a polymer laboratories dynamic mechani-
cal thermal analyzer. A frequency of 1 Hz with small
amplitude was set for the measurements, and the
instrument was calibrated before each test. The
measurements were made by step-wise scanning
over a temperature range of 40°C < T < 150°C.

Tensile tests at a nominal strain rate of 8 x 10™* sec™
were performed on a Sintech QT150 at room temper-
ature using an MTS 1250 N load cell. For im-
proved sensitivity and testing flexibility, the load-
displacement data were acquired using a separate
data acquisition system connected externally.

1

RESULTS AND DISCUSSION
Dispersion of clay

The differences in X-ray diffractometer scans for the
nanocomposites can be seen in Figure 1 compared to

the base PP and pure clay. The trace for PP (A), is char-
acteristic of unoriented material consisting principally
of monoclinic o phase. The pure clay (compacted as-
received powder) shows two low angle peaks (D); the
major one for a periodicity of approximately 3.1 nm,
close to the 3.15 nm spacing reported by the supplier,
Southern Clay Products. A secondary peak is seen at
about 1.23 nm. This has been described as evidence for
a second distinct clay tactoid population with a differ-
ent periodic spacing,'® since it does not correspond to a
second order diffraction peak.

With melt mixing of the 5 wt % clay sample, the scan
C shows that the major low angle peak shifts to a
smaller angle, indicating an increase in average spac-
ing to about 3.39 nm. The secondary peak is too small
to measure its position precisely, but the average spac-
ing increases to approximately 1.3 nm. The peak sizes
diminish with decreasing clay content, as expected.

An examination of the expected differences in
peak position and peak size suggests other micro-
structural effects. For smaller clay content (1 wt %)
(B), the principal peak shifts even further than the
5 wt % clay sample, to larger spacing (3.75 nm). The
secondary peak position cannot be resolved since
the intensity is too low. The obvious implication is
that the intercalation process is inversely related to
the clay content. This observation has been explained
in terms of the inability of the long chain maleated
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Figure 1 X-ray diffractometer scans for: (A) polypropyl-

ene, (B) 1 wt % clay nanocomposite, (C) 5 wt % clay nano-
composite, and (D) compacted Cloisite 15A™ powder.
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Figure 2 DSC crystallization exotherms cooled at 20°C/
min for: (A) polypropylene, (B) matrix consisting of PP mixed
with 3wt % PP-g-MA, and (C) 1 wt % clay nanocomposite.

PP (Mw = 52,000) to diffuse effectively in the high
volume fraction clay material.'"'"> However, the phy-
sical interpretation of the Bragg diffraction peak also
has a bearing on the analysis. The peak is the inte-
grated sum of diffraction from many tactoids, the
shift in position of the peak maximum can be a result
of all tactoids increasing in spacing uniformly, or the
fraction of tactoids with smaller spacing may in-
crease in spacing disproportionately.

The 5 wt % clay peak area scales appropriately
with the pure clay sample if the physical density of
the compressed clay powder used for these samples
is considered then the presence of residual voids in
the sample is a result of incomplete compaction.
However, the 1 wt % clay peak area is only 10% of
the corresponding peak in the 5 wt % clay sample,
suggesting a larger extent of exfoliation in the 1 wt %
clay sample compared to the 5 wt %. Thus both the
peak position shift and the changes in peak area are
consistent with the conclusion that the 1 wt % clay
sample is more completely exfoliated than the sam-
ple with higher clay concentration. This conclusion
is also consistent with other reported work."

For the different specimens, the PP diffraction
peaks in Figure 1 do not shift in Bragg angle with
intercalation and mixing but show an intensity loss at
the higher clay content. This is due to the decrease in
mass of crystalline phase contributing to the diffrac-
tion peak. The change in amount of crystalline mate-
rial is likely due, partly decreasing PP mass (as clay is
added) and, to the changes in crystallinity due to the
presence of the compatiblized clay particle surfaces.

Crystallization of the matrix

In terms of the processing parameters, differences in
crystallinity of the matrix can affect the nanocompo-
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site properties. The crystallization process involves
molecular reorganization during solidification. Both
the chemical composition of the matrix and the dis-
tribution and average spacing of the clay particles
are expected to influence the crystallization.

The comparison of cooling curves for the nano-
composite, the matrix (consisting of PP and PP-g-
MA) and the basic PP are shown in Figures 2 and 3.
The samples were cooled from the melt at a rate of
20°C/min in the DSC. These show that the addition
of clay increases the temperatures of both the onset
of crystallization (T,) and the peak (T,) for the 1 wt %
and the 5 wt % clay samples compared to the matrix
phase in each case. This is expected since the clay
has been modified to compatibilize the surface, and
the interface between the clay and the matrix would
have a reduced surface energy, enhancing the ten-
dency to crystallize.

However, if the thermal properties of the two
samples are compared with each other, the increase
in clay from 1 to 5 wt % reduces the crystallization
temperature. This is because of the reduction in crys-
tallization temperatures in the matrix phase as a
result of the increase in maleated fraction in the ma-
trix molecule.

From the viewpoint of melt processing, the de-
pendence of the crystallization behavior on the cool-
ing rate through the solidification temperature is of
some significance. The crystallization onset and peak
temperatures are plotted as functions of the cooling
rate in Figures 4 and 5. An increase in cooling rate
systematically reduces both, suggesting the clay
enhances the crystallization process.

The crystallinities for the different nanocomposites
were also estimated from the heats of fusion mea-
sured in the DSC scans (Figs. 6 and 7). The heat of
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Figure 3 DSC crystallization exotherms cooled at 20°C/
min for: (A) polypropylene, (B) matrix consisting of PP
mixed with 15 wt % PP-g-MA, and (C) 5 wt % clay nano-
composite.
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Figure 4 Crystallization peak temperature as a function
of rate of cooling from the melt: (A) 1 wt % clay nanocom-
posite, (B) polypropylene, and (C) 5 wt % clay nanocom-
posite.

fusion for a (monoclinic) phase of PP has been re-
ported to be 150 J/g."*> The crystallinity decreases in
all samples with increasing cooling rate, as expected
for a nucleation and growth process in which the
rates of cooling are sufficient to suppress the overall
crystallization rates. For these nonisothermal cooling
processes, the molecular mobility decreases with de-
creasing temperature, and as a result the growth rate
is reduced.

It is interesting to note that the sample with 5 wt %
clay has lower crystallinity than the sample with
1 wt % clay. In addition, the temperatures for the
onset and the peak of crystallization show this appa-
rent anomalous behavior. However this is consistent
with the conclusion made from the X-ray diffraction
results earlier that the lower clay content results in a
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Figure 5 Crystallization onset temperature as a function
of cooling rate from the melt: (A) 1 wt % clay nanocomposite,
(B) 5wt % clay nanocomposite, and (C) polypropylene.
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Figure 6 (a) Relative crystallinity (wt %) calculated from
DSC crystallization exotherms plotted as a function of cool-
ing rate from the melt: (A) polypropylene, (B) matrix con-
sisting of PP mixed with 3 wt % PP-g-MA, and (C) 1 wt %
clay nanocomposite. (b) Relative crystallinity calculated
from DSC crystallization exotherms plotted as a function
of cooling rate from the melt: (A) polypropylene, (B) ma-
trix consisting of PP mixed with 15 wt % PP-g-MA, and
(C) 5 wt % clay nanocomposite.

greater degree of exfoliation in the composite.® The
greater degree of exfoliation in the 1 wt % sample
produces a greater total surface area of clay in the
melt, and the resultant enhancement in crystallinity
and crystallization rate.

Storage modulus

The moduli of the matrices (PP with 3 wt % and 15 wt %
PP-g-MA, respectively) were plotted as function of
temperature in Figure 7, compared to the PP base ma-
terial. The sample with 3 wt % PP-g-MA, which is the
matrix for the 1 wt % clay nanocomposite, has a higher
measured modulus than sample with 15 wt % PP-g-
MA, which is the matrix for the 5 wt % clay nanocom-
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Figure 7 Temperature dependence of matrix storage
modulus for: (A) PP, (B) matrix consisting of PP mixed
with 3 wt % PP-g-MA, and (C) matrix consisting of PP
mixed with 15 wt % PP-¢-MA.

posite. This is due, at least in part, to the higher crystal-
line content shown in Figure 6. It is significant to note
that the PP itself has a higher modulus than the matrix
materials, even though the crystallinity of the unmodi-
fied PP is lower.

The temperature dependent storage moduli mea-
sured for clay reinforced matrices are shown in
Figure 8. The 1 wt % clay nanocomposite has a signifi-
cantly higher modulus than does the 5 wt %, appa-
rently due at least in part to the higher modulus of the
matrix. The weakening effect resulting from the addi-
tion of maleated PP is compensated by the strengthen-
ing effect due to the clay. However, the 1 wt % clay
still has a higher modulus than the 5 wt % clay nano-
composite, consistent with the higher degree of exfoli-
ation at the lower clay content.

Storage Modulus (GPa)

0.0 T T T
40 60 80 100 120 140

Temperature (C)

Figure 8 Comparison of the measured temperature de-
pendence of the storage modulus for: (A) PP, (B) 5 wt %
clay nanocomposite, and (C) 1 wt % clay nanocomposite.
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A cross comparison between the nanocomposites
with their respective matrices in Figures 7 and 8
shows that the introduction of the clay increases the
modulus significantly in each case. The compatibil-
izer (PP-g-MA) clearly acts to reduce the modulus.

It is finally interesting to examine more carefully
the temperature dependence of the storage modulus.
The 1 wt % clay nanocomposite generally shows a
greater reduction in modulus at high temperatures
(near 140°C) compared to the 5 wt % sample. The
relative effect is seen in Figure 9, in which the nano-
composite moduli are normalized with respect to
their respective matrix moduli. The relatively inferior
reinforcing effect of the 5 wt % clay nanocomposite
is clearly seen at lower temperatures. The clay
increases the modulus by a factor of 1.2-1.4. In con-
trast the 1 wt % nanocomposite shows that the addi-
tion of this smaller amount of clay increases the
modulus by a factor of 1.2-1.7. The 1 wt % clay sam-
ple therefore reinforces the material more efficiently
than 5 wt %, probably because of the increased
degree of exfoliation. It is interesting to note that the
effectiveness of reinforcement increases sharply
above 140°C for the 5 wt %, becoming similar to the
1 wt % clay nanocomposite at these higher tempera-
tures. This is likely due to crystallization occurring
in the matrix at these temperatures. This is not
observed in the 1 wt % sample because of the rela-
tively high crystallinity in the matrix (Fig. 6).

Micromechanical effects

The matrix and reinforcement effects seen in the stor-
age modulus can be examined further using microme-
chanical models. The simplest models (Voigt and
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Figure 9 Relative temperature dependent modulus for:
(A) 1 wt % clay nanocomposite and (B) 5 wt % clay nano-
composite. (Normalized with respect to the relevant matrix
phase in each case.)
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Figure 10 Comparison of experimental temperature de-
pendent storage modulus with micromechanical models
for 1 wt % clay nanocomposite: (A) Voigt, (B) Halpin-Tsai
for oriented clay (K = 1), (C) experimental, and (D) Reuss.

Reuss) provide upper and lower bounds to the com-
posite modulus:

Voigt:E. = (1 - Vf)Em + VfEf (1)
1 Ve 1=V
Reuss T E—f + E, (2)

where V; is the volume fraction of the reinforcing
phase, and E,, E;, and E,, are the moduli of the com-
posite, the reinforcing phase, and the matrix, respec-
tively.

The Halpin-Tsai model incorporates further details
of the reinforcing phase shape to obtain a more accu-
rate predicted modulus.'* The model parameters
include factors, which are dependent on the platelet
shape and orientation found in clay nanocomposites:

14EnV

Fo=Enl AV ®
K 1-nV
Ef/Ew—1
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The average platelet shape is described by the width
to thickness ratio w/t, which has been reported by
the manufacturer to be 150 for fully exfoliated clay.
K describes the average orientation of the platelets™
(K =1 for fully oriented platelets and K = 3 for the
fully randomized platelets).

These models can be used for estimating compos-
ite storage modulus, provided the temperature is
well away from the glass transition (T,), which for

PP is in the range between —5 and —20°C. To exam-
ine the appropriateness of these kinds of standard
models for nanocomposites, the parameters were
measured independently.

The temperature dependent modulus for the ma-
trix (E,,) was obtained experimentally over a range
of temperatures well away from T,. Over the same
temperature range, the modulus of the clay was
expected to be constant at E; = 170 GPa.

It was necessary to estimate the true volume frac-
tion of the reinforcing clay phase since the as-received
clay consisted of montmorillonite (the reinforcing
phase) and an organic interlayer, which is relatively
soft. For as-received Cloisite 15A", the weight loss on
ignition was reported by the manufacturer to be 43 wt
%. The volume fraction of the clay was calculated to
be 0.31% and 1.57% for the 1 and 5 wt % samples used
in the present article. In terms of modeling, the inter-
layer, the organic modifier, and the matrix were
assumed to have similar properties.

The effectiveness of the mechanical reinforcement
effect of clay in these nanocomposites can be under-
stood by comparing the experimentally measured
temperature dependent storage moduli for the 1 and
5 wt % clay specimens. The lower volume fraction
modulus is shown in Figure 10 compared to the var-
ious standard analytical models. The Halpin-Tsai
model (curve B for K = 1) fits the measured data (C)
very well over the entire temperature range. At low
temperatures the nanocomposite tends to approach
the Voigt (parallel coupled) model (A) while at high
temperatures, where the matrix softens considerably,
it shifts to more closely agree with the Reuss (series
coupled) model (D). This is expected from the func-
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Figure 11 Comparison of experimental temperature de-
pendent storage moduli for 5% nanocomposite: (A) Voigt,
(B) Halpin-Tsai for oriented clay (K = 1), (C) experimental,
(D) Reuss, and (E) Halpin-Tsai for unoriented clay (K = 3).
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Figure 12 Comparison of tensile stress-strain curves for:

(A) PP, (B) matrix consisting of PP mixed with 3 wt % PP-
g-MA, (C) matrix consisting of PP mixed with 15 wt % PP-
§-MA, (D) 1 wt % clay nanocomposite, and (E) 5 wt % clay
nanocomposite.

tional forms of the models. The modeling clearly
points to clay platelets, which are highly oriented.

The 5 wt % clay modulus is shown in Figure 11.
The experimentally determined storage modulus lies
near the softer Reuss model (D) over the entire tem-
perature range. It is distinctly lower than the Halpin
Tsai prediction for oriented platelets (curve B for K
= 1). The clay is, on average, less highly oriented
than the 1 wt % clay sample seen in Figure 10. A
qualitative explanation for this may lie in the
increase in melt viscosity at the higher clay content,
and with the lower tactoid aspect ratio found in non-
exfoliated clay, which leads to a lower tendency to
align in the flow field. It is also likely that the rela-
tively low crystallinity in the 5 wt % samples is par-
tially responsible for this effect.

The conclusion that the 1 wt % clay is highly ori-
ented also supports the earlier suggestion that the X-
ray diffraction results show that the 1 wt % sample
is fully exfoliated. Highly aligned nonexfoliated tac-
toids should show a much stronger diffraction peak
in Figure 1.

Tensile properties: Ductility

The effects of the various components in the nano-
composite on the tensile properties are consistent
with the measured tensile properties shown in Fig-
ure 12. The full ductility of the PP is not shown on
this scale, being typically greater than 500%. Addi-
tion of increasing amounts of maleated PP progres-
sively reduces the tensile modulus and strength
compared to the PP itself. In addition the ductility is
reduced. The clay further reduces the ductility,
although the modulus increases a small amount. The
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tensile fracture occurs before the specimen develops
the characteristic stable neck seen in PP. It is clear
that the maleated component and the clay itself
accelerate the onset of the plastic instability, which
precedes fracture in these materials. The necking
and failure in PP develops in conjunction with
micro-cavitation generated by the inhomogeneous
plasticity in the microstructure. The maleated PP
reduces the tensile strength of the material, allowing
this kind of instability to develop more readily. The
clay accentuates the heterogeneity of the plasticity,
which also allows for local deformation instabilities
to initiate at low applied stresses.

CONCLUSIONS

The storage modulus of the nanocomposite was
found to be consistent with standard composite
micromechanical models provided the appropriate
properties of the matrix and the reinforcing particles
were used. The microstructural parameters of inter-
est were measured experimentally over reasonable
specimen volumes using DSC and X-ray diffraction.
The matrix properties were affected by the maleated
PP, which reduced the ductility and storage modu-
lus of the final nanocomposite and act to reduce the
stiffening effect of the clay particles.

The assistance of B. Verhagen has been invaluable in com-
pleting this work.
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