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Abstract

The structure—property relationships of polypropylene (PP)-based nanocomposites prepared by melt processing have been investigated with
a main focus on the ratio of polypropylene grafted with maleic anhydride (PP-g-MA) to organoclay. The morphological observations by trans-
mission electron microscopy and X-ray diffraction are presented in conjunction with the mechanical, rheological and thermal expansion prop-
erties of these nanocomposites. Detailed morphological studies and subsequent quantitative particle analyses for the dispersed clay phase reveal
that the aspect ratio of clay particles decreases as the amount of clay increases, and it increases as the amount of PP-g-MA increases. The rhe-
ological properties suggest that the extent of a percolation network can be enhanced by increasing the number of organoclay particles at a fixed
ratio of PP-g-MA to organoclay and by increasing the degree of exfoliation at fixed clay content. However, mechanical and thermal expansion
behaviors do not improve correspondingly in all cases because of the reduction of matrix properties by PP-g-MA. The reduction of the modulus
and the increase in the expansion of the polymer matrix caused by the presence of PP-g-MA are compared to the prediction of the Chow model.
Clearly, the amount of PP-g-MA added along with its lower crystallinity are important factors affecting the mechanical and thermal expansion

properties of PP-based nanocomposites.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

There has been growing interest in polymer/layered silicate
nanocomposites since the first synthesis of nylon/clay nano-
composites via in situ polymerization [1—4]. Layered silicates
can impart high levels of reinforcement to polymers at low
concentrations which makes them attractive for replacement
of conventional fillers in many applications. The focus of
most industrial research and development has been on forma-
tion of nanocomposites by melt mixing or compounding pro-
cesses because this is generally more attractive than in situ
polymerization due to better commercial feasibility and lower
cost [3]. Recent studies have shown that organically modified
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clays can be efficiently exfoliated in polar polymers like poly-
amides using appropriate melt processing techniques and con-
ditions [5—7].

However, unlike polyamides, the more commonly used
polyolefins, like polypropylene (PP) or polyethylene (PE),
do not include any polar groups and do not readily lead to
high levels of dispersion of the silicate layers. Since the
Toyota group reported formation of PP/clay hybrid composites
by direct melt mixing of organoclays based on montmorillon-
ite (MMT) with PP grafted with maleic anhydride (PP-g-MA)
or hydroxyl groups as an additive to facilitate exfoliation and
enhanced properties [8—10], PP/clay nanocomposites have
been widely investigated [11—26]. It is believed that the polar
character of the anhydride causes an affinity for the silicate
surface such that the maleated polypropylene can serve as
a compatibilizer between the matrix and filler. This approach
has been well developed for polypropylene-based systems;
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however, only a few studies have reported how the ratio of
PP-g-MA to organoclay affects morphology and the related
performance of PP-based nanocomposites [16,22].

The objective of this study is to explore in depth how the
ratio of PP-g-MA to organoclay affects the structure—property
relations of PP-based nanocomposites. Detailed morphological
analyses are presented and related to mechanical, thermal and
rheological properties. In addition, theoretical model predic-
tions are compared to the experimental thermal and mechani-
cal behaviors of these materials.

2. Experimental
2.1. Materials and composite preparation

Nanocomposites were formed by melt compounding
mixtures of a PP (melt index =37 g/10 min, 230 °C), a poly-
propylene-grafted maleic anhydride (PP-g-MA, MA content =
1.0 wt%) and an organoclay (di-methyl, dehydrogenated tal-
low-montmorillonite, MMT). Compounding was carried out
using a Haake co-rotating twin screw extruder (length =
305 mm, L/D=10) set at a barrel temperature of 170 °C
(feed), a die temperature of 190°C, a screw speed of
280 rpm, and a feed rate of 1 kg/h. Three ratios of PP-g-MA
to organoclay (0.5, 1.0 and 2.0) were chosen to explore the
effect on PP/PP-g-MA nanocomposites at fixed organoclay
contents of 1, 3, 5 and 7 wt%, irrespectively.

Extruded nanocomposite pellets were dried and then injec-
tion molded into standard tensile bars (ASTM D638, Type I)
and Izod bars (ASTM D256) in an Arburg Allrounder 305-
210-700 injection molding machine using a barrel temperature
of 180 °C (feed) to 220 °C (die), a mold temperature of 40 °C,
an injection pressure of 35 bar, and a holding pressure of
35 bar. The amount of montmorillonite (MMT) in each ex-
truded batch was determined by placing the central portion
of a tensile bar or Izod bar in a furnace at 900 °C for
45 min and weighing the remaining MMT ash with appropri-
ate correction for loss of structural water during incineration.

2.2. Morphology characterization

Thin sections for transmission electron microscopy (TEM)
analysis were microtomed from the central and skin regions of
an Izod bar; the cuts were made parallel and perpendicular to
the flow direction ca. 3—4 cm away from the far end of
a 13 cm Izod bar and halfway between the top and bottom sur-
faces of the bar. These sections were viewed in the three or-
thogonal directions, flow direction (FD), transverse direction
(TD), and normal direction (ND). The related nomenclature
can be found elsewhere [27—29]. TEM image analyses were
made on a view observed parallel to the transverse direction,
or TD (FD—ND plane) in this paper; the morphologies viewed
parallel to the flow direction, or FD (TD—ND plane), and par-
allel to the normal direction, or ND (FD—TD plane), will be
presented in subsequent papers. Ultra-thin sections ranging
from 50 to 70 nm in thickness were cryogenically cut with a
diamond knife at temperatures of —65 °C for the specimen

and —58 °C for the knife using an RMC PowerTome XL ultra-
microtome. Sections were collected on 300 mesh copper TEM
grids and subsequently dried with filter paper. The sections
were examined by TEM using a JEOL 2010F TEM with
a LaBg filament operating at an accelerating voltage of 120 kV.

Wide angle X-ray scans (WAXS) were made using a Scintag
XDS 2000 diffractometer in the reflection mode using an inci-
dent X-ray wavelength of 1.542 A at a scan rate of 1.0°/min
over the range of 20 = 1—30°. X-ray analyses were performed
at room temperature on as-molded specimens. The Izod speci-
mens were oriented such that the incident beam reflected off
the transverse face.

2.3. Rheological properties

A Rheometrics Mechanical Spectrometer (RMS 800) was
used to measure the rheological characteristics of the PP-based
nanocomposites using the parallel fixture. All the rheological
measurements were carried out at a fixed temperature of
180 °C under a nitrogen gas flow. Strain sweep tests were car-
ried out for each sample to ensure that the strain used is within
the linear viscoelastic range. Frequency sweep tests were
made over a range of 0.1—200 rad/s at strains of 1—5%, which
is within the linear region for each sample. Specimens for rhe-
ological testing were molded in a hot press (Carver, CH 4386)
at 180 °C for 5 min. The molded samples were disc shaped
with a diameter of 25 mm and 1 mm thickness.

2.4. Mechanical properties

Stress—strain analyses were performed according to ASTM
D638 using an Instron model 1137 upgraded for computerized
data acquisition. Specimen modulus was determined using an
extensometer at a crosshead speed of 0.51 cm/min. Yield
strength was also determined at a speed of 0.51 cm/min. Ten-
sile property values reported here represent an average from
measurements on at least five specimens.

Notched Izod impact tests were performed at room temper-
ature using a TMI Izod tester (6.8 J hammer and 3.5 m/s
impact velocity) according to ASTM D256. Property values
reported here represent an average from at least five
specimens.

2.5. Thermal expansion properties

Thermal expansion tests were conducted according to
ASTM D696 using a Perkin—Elmer thermomechanical ana-
lyzer (TMA 7). Rectangular specimens were prepared from
the central region of Izod bars. The dimensions of the speci-
mens were as follows: thickness = 3.2 mm, width = 6.4 mm,
and height =12.7 mm. Thermal expansion measurements
were mainly made in the flow direction (FD) in this work.
Each specimen was held at —40 °C for 5 min, followed by
heating at a rate of 5°C/min to 125 °C and subsequently
held for 30 min, then quenched to room temperature. In order
to assess both reversible and non-reversible effects, each spec-
imen was stored at room temperature for at least 24 h after the
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first heating and then reheated at a rate of 5 °C/min to 125 °C.
All measurements were done in a nitrogen atmosphere.

3. Results and discussion
3.1. Morphology characterization by TEM and WAXS

As mentioned earlier, the lack of polar groups in PP makes
it difficult to achieve exfoliation of the organoclay; thus, PP-g-
MA is used to aid the dispersion of silicate platelets in the PP
matrix. Generally, the aspect ratio of clay particles, i.e., parti-
cle length/particle thickness, is one of the important factors
that determine the reinforcement efficiency of clay nanocom-
posites [27—30]. Aspect ratio can be estimated from careful
analyses of TEM images as shown earlier for highly exfoliated
polyamide-based systems [27—29,36]. More recently, similar
analyses have been described for less well exfoliated nano-
composites [14,30—32] like those based on PP. In this study,
we report particle analyses that show the effects of the amount

of clay at a fixed ratio of PP-g-MA and the effects of the
amount of PP-g-MA at fixed clay content.

Figs. 1 and 2 show representative TEM images for various
clay contents and ratios of PP-g-MA to organoclay. All views
were taken parallel to the transverse direction, TD, of the in-
jection molded bars. The typical aggregates of MMT platelets
were shown when the formation contains no PP-g-MA. Even
though the number of particles increases as the MMT concen-
tration increases, the particles remain as large aggregates or
tactoids. When PP-g-MA is added to the PP/organoclay com-
posites, better dispersion of the clay is obtained as can be seen
in the TEM images of Fig. 2 where the ratio of PP-g-MA to
organoclay goes from 0.5 to 2.0 at a fixed content of MMT
(5§ wt%). As shown in these TEM micrographs, these nano-
composites have a mixed morphological structure, i.e., a com-
bination of tactoids and more exfoliated particles. The degree
of exfoliation clearly increases as the ratio of PP-g-MA/orga-
noclay increases irrespective of the total clay content. The
alignment of clay platelets in the flow direction and the degree

Fig. 1. TEM micrographs of PP composites with 1 wt% (a), 3 wt% (b), 5 wt% (c) and 7 wt% (d) of MMT at the ratio of PP-g-MA/organoclay of 1.0, viewed

parallel to the transverse direction (TD).
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Fig. 2. TEM micrographs of PP composites at the PP-g-MA/organoclay ratio of 0 (a), 0.5 (b), 1.0 (c) and 2.0 (d) at a fixed MMT content of 5 wt%, viewed parallel

to the transverse direction (TD).

of dispersion with a PP-g-MA/organoclay ratio of 2.0 seem
much more significant than at a ratio of 0.5. The clay particles
seem to be skewed and/or tilted at low PP-g-MA concentra-
tions but show better alignment at higher concentrations.
The length and thickness of the clay particles vary with
MMT concentration in the nanocomposites at fixed ratios of
PP-g-MA to organoclay. To quantify these issues, statistical
analyses of the particle dimensions taken from these TEM
images were performed.

TEM images, typically 30,000 in magnification for stan-
dard negative film, were electronically scanned and converted
into grayscale tagged-image file format (TIFF) files. Quantita-
tive image analysis was performed by opening a digital file in
Adobe Photoshop where the dispersed platelets and/or ag-
glomerates are traced over into an overlapped blank layer.
To ensure accurate measurements of the particle length and
thickness, the image is sufficiently magnified so that most of
the particles, including single platelets, are counted. The
resulting black/white layer file is imported into the image

analysis program, SigmaScan Pro, which analyzes the traced
particles, assigns each particle a numerical label, and exports
the particle’s length and thickness to separate files.

To ensure statistical validity of the analysis, 100—300
particles were counted to measure the length, thickness, and
actual aspect ratio of particles for PP/PP-g-MA nanocompo-
sites containing 1, 3, 5 and 7 wt% MMT at the ratio PP-g-
MA to organoclay of 0, 0.5, 1.0 and 2.0. The results are
summarized in Table 1. The experimentally determined
MMT content of each nanocomposite after incineration is
also shown in Table 1. Fig. 3 shows histogram of MMT parti-
cle length, thickness and pertinent statistical data obtained on
PP/PP-g-MA/MMT nanocomposites containing 5 wt% MMT
at a fixed PP-g-MA/organoclay ratio of 1.0. The sections
were taken from the core region of injection molded speci-
mens and viewed parallel to the TD so that the measurements
were performed on particles presented in the FD—ND plane.
The aspect ratios in this study were obtained by measuring
the aspect ratio of each particle, which is a somewhat different
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Table 1

Results of particle analysis for PP/PP-g-MA/MMT nanocomposites

MMT (wt%) Total number Number Weight Number Weight Number Weight Aspect Aspect

of particles average average average average average average ratio® ratio®

particle particle particle particle aspect aspect 2, /t, 0/t
length (nm) length (nm) thickness (nm) thickness (nm) ratio (2/1), ratio (2/1),,

(a) PP-g-MA/organoclay =0

091 48 739 925 110 156 8 9 7 6

3.08 50 696 943 104 160 8 10 7 6

5.03 50 634 860 101 143 7 10 6 6

7.19 85 741 1010 95 152 10 15 8 7

(b) PP-g-MA/organoclay = 0.5

0.93 163 241 341 10.0 13.7 28 42 24 25

2.99 219 219 319 10.6 18.5 25 38 21 17

5.15 232 233 317 11.3 16.1 25 38 21 20

7.22 289 225 287 11.3 18.5 24 30 20 16

(c) PP-g-MA/organoclay = 1.0

0.97 150 238 268 4.8 6.1 56 67 49 44

3.00 229 217 304 5.7 9.5 45 54 38 32

5.38 225 173 206 4.9 7.8 44 56 35 26

7.36 241 175 215 5.0 10.3 43 53 35 21

(d) PP-g-MA/organoclay = 2.0

0.91 120 187 225 4.7 5.8 48 67 40 39

2.92 194 170 217 44 5.8 42 52 38 37

5.16 270 181 224 3.8 4.4 51 63 48 51

7.27 280 193 232 42 5.1 48 55 45 45

 The values of the aspect ratio were computed from the number average particle length, £,, and thickness 7,.
" The values of the aspect ratio were computed from the weight average particle length, €, and thickness 7.

method than used in previous studies where the aspect ratio
was calculated by dividing the average particle length by the
average particle thickness [27,30—32].

The histograms show broad distributions in particle length
and thickness as well as aspect ratio. Lee et al. showed the par-
ticle length to decrease with increasing MMT content while
the particle thickness increased for PP nanocomposites made
from a masterbatch whose ratio of PP-g-MA/organoclay was
1.0 [30]. Nam et al. reported similar trends in particle length
and thickness with varying MMT content for PP-g-MA/clay
nanocomposites [14]. As a result, the aspect ratio calculated
by dividing the average particle length by the average particle
thickness decreases as MMT content increases. On the other
hand, this study shows how the particle dimensions depend
on the ratio of PP-g-MA to organoclay. As shown in Fig. 4,
both the particle length and the particle thickness decrease
as more PP-g-MA is included in the formulation. The decrease
is quite rapid at low PP-g-MA contents; but the particle dimen-
sions change rather little as the PP-g-MA/organoclay ratio
goes from 1 to 2. While particle length decreases with addition
of PP-g-MA, the particle thickness decreases more rapidly
(see Fig. 5). The net effect is an increase in aspect ratio shown
in Fig. 6(a). Higher aspect ratios lead to increased reinforce-
ment. However, for a fixed PP-g-MA/organoclay ratio, the
aspect ratio decreases as the amount of MMT increases, see
Fig. 6(b).

We note that the aspect ratio calculated by averaging the
values for individual particles is generally larger than those
calculated from the ratio of average particle length and the
average particle thickness. Averaging the aspect ratios of

individual particles leads to a weight average aspect ratio
that is higher than the number average aspect ratio, as would
be expected; however, aspect ratios calculated from the
number average length and thickness are larger than that
calculated from the corresponding weight average dimensions.
We believe the current approach which has been made
possible by improved image analysis techniques is more
appropriate for modeling composite behavior as will be
discussed later.

The WAXS scans taken from the skin portion of the injec-
tion molded specimen reveal that a strong peak from the
organoclay persists in these nanocomposites without any sig-
nificant shift in location; however, the intensity of this peak
increases with increasing MMT content, indicating that large
stacks of platelets exist in the skin portion of injection molded
specimens. As pointed out by Lee et al., the situation may be
rather different in the core of the specimen owing to the differ-
ences in the dispersion and orientation states of clay particles
between the skin and core [30]. Interestingly, the peak for PP/
organoclay composites without PP-g-MA appears to be shifted
to a slightly higher angle; this could mean a collapse of the
interlayer. The X-ray peak characteristic of the organoclay
seems to be shifted very slightly to higher angles in some
cases and to lower angles in others. These differences are so
small that it is risky to attach any physical meaning to these
very slight shifts. The WAXS results say very little about
the morphology except that exfoliation is not complete, even
then this technique can lead to false and incomplete interpre-
tations of the nanocomposites. Direct observation by TEM is
needed to get a better understanding of the state of dispersion
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Fig. 3. Histogram of MMT particle lengths (a) and thickness (b) of PP/PP-g-
MA/MMT nanocomposites at a fixed PP-g-MA/organoclay ratio of 1.0,
viewed parallel to TD (MMT content =5 wt%).

[24,31,33]. However, the main problem with TEM is that the
volume probed is very small and may not be representative
of the nanocomposite as a whole. Therefore, bulk properties
such as rheological/mechanical properties should be analyzed
in addition to using both TEM and WAXS observations.

3.2. Performance of PP-based nanocomposites

3.2.1. Rheological properties

The melt rheological properties of nanocomposites provide
fundamental insights about the processability and morphology
for these materials. Viscoelastic measurements are highly
sensitive to the nanoscale and mesoscale structure of the nano-
composites and appear to be a powerful method to probe the
state of dispersion in such materials [15,20,34—36]. The
addition of organoclay to polymer matrix increases the storage
modulus by several orders of magnitude and alter the shear-
thinning behavior at low frequencies to indicate a transition
from liquid-like (G’ < w? G” «w') to solid-like (G,
G" o« w") rheological behavior. It is generally believed that
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Fig. 4. The effect of PP-g-MA levels on particle length (a) and thickness (b) of
PP/PP-g-MA/MMT nanocomposites at a fixed MMT content of 5.0 wt%.

the extent of these changes reflects the state of dispersion of
the clay. This has been attributed to the formation, in the qui-
escent state, of a percolated network superstructure of the

Viewed parallel to TD

Fig. 5. Schematic illustration of the change of effective organoclay particle
length and thickness when viewed along the FD in PP nanocomposites as
PP-g-MA is added.
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Fig. 6. The effect of MMT content (a) and PP-g-MA levels (b) on number and
weight average aspect ratio of PP/PP-g-MA/MMT nanocomposites.

exfoliated layers or stacks of intercalated layers called tactoids
[15,35,36]. The significant lowering of the percolation thresh-
old as compared to the case of isotropic spheres is due to the
anisotropy of the tactoids or individual platelets that prevent
a free rotation of these elements and dissipation of stress.
The extent of percolation of the network can increase in two
ways: one is to increase the number of stacks based on the as-
sumption that layer thickness and size are the same (Case I).
The other is to increase the degree of exfoliation (Case II).
Case I would correspond to increasing of the amount of clay
at fixed PP-g-MA content while Case II would correspond to
increasing the PP-g-MA content at fixed clay content.

Based on these points of view, frequency sweeps for PP
nanocomposites were made with different amounts of clay
and PP-g-MA at 180 °C. Fig. 7 shows the rheological proper-
ties for PP nanocomposites with different clay amounts at
a fixed PP-g-MA/organoclay ratio of 1.0. Compared with
pure PP, the moduli increase progressively and their slopes
become more negative at low frequencies as clay content
increases. The complex viscosity also shows an increased
shear-thinning behavior. As mentioned above, this is attributed
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Fig. 7. Frequency sweep results for PP nanocomposites at 180 °C: complex
viscosity (a) and storage modulus (b) at a fixed ratio PP-g-MA to organoclay
of 1.0.

to the percolated network by the increase in the content of clay
particles (Case I). Fig. 8 shows the rheological properties for
PP nanocomposites with various PP-g-MA/organoclay ratios
at fixed MMT of 5 wt%. Compared with pure PP, the moduli
also increase progressively and the slopes become progres-
sively more negative at low frequencies as the PP-g-MA con-
tent increases. As mentioned above, this is attributed to the
percolated network by an increase of degree of exfoliation
due to the increase of the amount of compatibilizer (Case
II). These trends are consistent with the TEM observations
in the previous section.

3.2.2. Mechanical properties and reinforcement effect

Fig. 9(a) shows the effect of MMT content on the tensile
modulus of PP nanocomposites for various PP-g-MA/organo-
clay ratios. The addition of MMT to PP results in a significant
increase in stiffness at low MMT concentrations, i.e., <2—3%,
while the rate of increase beyond this loading is less
pronounced. Similar trends are evident for PP/PP-g-MA/
MMT nanocomposites, but the extent of reinforcement is
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Fig. 8. Frequency sweep results for PP nanocomposites at 180 °C: complex
viscosity (a) and storage modulus (b) with different ratios of PP-g-MA/organo-
clay at a fixed MMT content of 5 wt%.

significantly higher. Interestingly, the increase in tensile mod-
ulus caused by the PP-g-MA seems to be rather independent of
the amount of PP-g-MA added. This point is made clear in
Fig. 9(b) where the tensile moduli are plotted versus the PP-
g-MA/organoclay ratio at fixed MMT contents. As reported
in the prior literature, PP-g-MA is needed to achieve better
dispersion of the silicate platelets in a PP matrix and, as a con-
sequence, improved stiffness of PP nanocomposites. As men-
tioned above, the degree of exfoliation, distribution and
orientation of clay platelets in the direction of flow in PP nano-
composites and the rheological properties of nanocomposites
containing PP-g-MA in a 2:1 ratio with organoclay are much
enhanced compared to compositions based on a ratio of 0.5.
However, the tensile modulus seems relatively insensitive to
the PP-g-MA/organoclay ratio in this range.

We speculated that the origin of this apparent contradiction
might result from a lowering of the modulus of the matrix as
PP-g-MA is added to PP. To confirm this, we examined the
effect of PP-g-MA content on the matrix properties. Fig. 10
shows the tensile modulus of PP/PP-g-MA mixture without
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Fig. 9. Effect of MMT content on the tensile modulus for various PP-g-MA/
organoclay ratios (a). Tensile modulus versus ratio of PP-g-MA to organoclay
for different MMT levels (b).

MMT. Clearly, the modulus decreases as the amount of
PP-g-MA increases. This is due to the lower crystallinity of
PP-g-MA than that of PP. This issue will be addressed in
more detail in a subsequent paper. The upper line in Fig. 10(b)
shows the observed reinforcement effect as the MMT content
is increased for a fixed ratio of PP-g-MA/organoclay of 2.0.
The lower line in Fig. 10(b) shows the modulus of the PP/
PP-g-MA mixture in these nanocomposites at each MMT
level using the data in Fig. 10(a) and the fact that the ratio
of PP-g-MA to organoclay is 2.0 and the mass of organo-
clay/mass of MMT = 1.67 in this study. The ratio of the
nanocomposite modulus to that of the polymer matrix
provides a useful way to judge the extent of reinforcement.
Fig. 11 shows such ratios as a function of MMT content
and as a function of PP-g-MA/organoclay ratio. The lower
curves in each case show the ‘““‘apparent” reinforcement ob-
tained by regarding PP as the matrix while the upper lines
show the “true” reinforcement effect by using the measured
modulus of the PP/PP-g-MA mixture in each composition.
Higher content of PP-g-MA leads to better exfoliation and
a corresponding increase in reinforcement; however, in
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Fig. 10. Tensile modulus for PP/PP-g-MA mixture without clay (a) and for
a nanocomposite versus wt% MMT where the PP-g-MA/organoclay ratio of
2 (upper curve) and for the mixture of PP/PP-g-MA that forms the matrix at
each MMT level (lower curve) (b).

a practical sense, the full benefit is compromised by the
lower modulus of PP-g-MA. Clearly, it would be useful to
be able to maleate PP without reducing its crystallinity.
The elongation at yield and at break for PP/PP-g-MA/MMT
nanocomposites at various ratios of PP-g-MA to organoclay
are shown in Fig. 12. The elongation at yield generally de-
creases as MMT content increases irrespective of PP-g-MA/
organoclay ratio. The elongation at break for homopolymer
PP is above 200% and decreases to 60—80% at an MMT con-
tent of 1 wt%. The elongation at break data show a relatively
large standard deviation as indicated by the error bars in
Fig. 12. However, it is clear that the addition of MMT leads
to a significant decrease in elongation at break. The depen-
dence of yield strength on MMT content and PP-g-MA content
of these PP nanocomposites is shown in Fig. 13. Composites
without PP-g-MA elongated beyond the yield point before
fracturing for all MMT loadings up to 7 wt%. The yield
strength increases at low MMT content (1 wt%) and generally
decreases upon adding additional MMT. The elongation at
yield also decreases with the amount of MMT and the
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Fig. 11. The relative modulus versus MMT wt% (a) and PP-g-MA/organoclay
ratio (b) where the data are normalized by the modulus of PP and by that of the
appropriate PP/PP-g-MA mixture.

composites failed in a brittle manner at higher MMT contents.
Interestingly, the elongation at the onset of brittle fracture de-
creases as the PP-g-MA content increases. It is clear that the
addition of MMT leads to a significant decrease in elongation
at break, as expected, and increased amounts of PP-g-MA ac-
celerate the decrease in elongation at break. Fig. 13(b) shows
how the relative yield strength varies with the ratio of PP-g-
MA/organoclay at fixed clay content. The relative yield
strength is defined as the yield strength of PP nanocomposites
over that of PP. As the ratio increases, relative yield strength
shows a maximum and then decreases slowly. The maximum
value increases as more PP-g-MA is added. Generally, the
yield strength reflects, among other factors, the nature of the
interface between polymer and filler. As more PP-g-MA is
added, better exfoliation is achieved as mentioned above. It
is also believed that this increases the interfacial adhesion be-
tween polymer and the exfoliated MMT layers, resulting in an
increase of the yield strength.

Fig. 14 shows the influence of both the PP-g-MA and MMT
contents on notched Izod impact strength. These are averages
of values from the far end and the gate end samples because
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the difference between the two is relatively small. Generally,
reinforcement reduces the Izod impact strength and as ex-
pected, the addition of MMT makes the materials more brittle;
however, PP itself is very brittle by this test, thus, it is not sur-
prising, that all these materials exhibit complete breakage of
specimens during the impact tests, irrespective of the amount
of PP-g-MA and MMT.

3.2.3. Thermal expansion behavior

PP and PP-based nanocomposites show significant non-
linearity in thermal expansion as the temperature increases
as reported by Lee et al. [37]. Thus, all data presented in
this paper were obtained over 0—30 °C temperature range dur-
ing a second heating scan of these nanocomposites since such
values should be related to the mechanical property data mea-
sured at room temperature, i.e., ca. 25 °C. Fig. 15(a) shows the
coefficients of linear thermal expansion (CTEs) obtained from
the second heating in the flow direction for the PP/PP-g-MA/
MMT nanocomposites as a function of the MMT content.
While the CTE decreases slightly for PP/MMT composites
without any PP-g-MA on addition of MMT, the CTEs for
PP nanocomposites containing PP-g-MA decrease much
more as the MMT content is increased. This reflects the

increased degree of exfoliation and better orientation of the
clay platelets in the flow direction when PP-g-MA is added.
However, replotting the data versus the ratio of PP-g-MA to
organoclay as shown in Fig. 15(b), it is clear that the CTE
does not decrease significantly as higher amounts of PP-g-
MA are included at a fixed MMT content. These unexpected
results are consistent with the modulus data and should be an-
alyzed by considering the change in the matrix properties
caused by adding PP-g-MA.

For better understanding of the thermal expansion behavior
of these nanocomposites, the CTE of the nanocomposites is
normalized by the corresponding PP or PP/PP-g-MA blend
without MMT. Since PP-g-MA has a higher thermal expansion
coefficient than PP, the CTE of a PP/PP-g-MA blend without
MMT increases as the amount of PP-g-MA increases as shown
in Fig. 16(a). The solid lines in Fig. 16(b) show the nanocom-
posite CTE data normalized by the CTE of the PP/PP-g-MA
matrix while the dashed lines correspond to normalization
by the CTE of PP. At the lower PP-g-MA/organoclay ratio
of 0.5, the method of normalization does not matter; however,
normalization by the CTE of the PP/PP-g-MA matrix leads to
slightly lower values at the higher PP-g-MA/organoclay ratios.
We note that adding PP-g-MA lowers the modulus which
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Fig. 13. Yield strength as a function of MMT content for different ratios of PP-
g-MA to organoclay.

makes it easier for the filler to restrain the expansion of the
composite; however, the main effect of the PP-g-MA is to
increase the filler aspect ratio. In a practical sense, the full
benefit of the latter is compromised by the higher expansion
of PP-g-MA which is similar to the effect on nanocomposite
modulus. Therefore, the amount of PP-g-MA added along
with its crystallinity play important roles in optimizing
mechanical and thermal expansion properties.

3.3. Modeling

The effects of filler characteristics, e.g., modulus, aspect
ratio, orientation, shape, volume fraction, etc., on the proper-
ties of composites have been extensively discussed in the liter-
ature. Among those characteristics, the aspect ratio of the filler
is a particularly important factor for nanocomposites since
high aspect ratios can contribute to greater increase in modu-
lus and greater reduction in thermal expansion. There have
been some reports on the modeling for nanocomposites based
on nylon 6 using the Halpin—Tsai, Mori—Tanaka and Chow
theories [27,28,38]. Sheng et al. have recently reported a
multiscale micromechanical modeling of amorphous and
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Fig. 14. Effect of PP-g-MA content on notched impact strength of nanocom-
posites as a function of the montmorillonite content (a) and the ratio of PP-g-
MA to organoclay (b).

semi-crystalline polymers, e.g., nylon 6—clay nanocomposites
based on the effective clay particle by comparing numerical
and analytical models [39]. Among the models, the Chow
model appears to be the only option for predicting the linear
thermal expansion of composites containing anisotropic parti-
cles of finite aspect ratios. This model is relatively simple to
use and has the advantage of predicting the elastic modulus
on the same physical basis. Using the two models developed
by Chow may enable us to correlate the thermal expansion
behavior with the mechanical properties of composites, i.e.,
tensile modulus.

In the Chow models, the filler is considered to be aligned
ellipsoidal particles and the anisotropic effect is characterized
by the ratio of the major to minor axes, p = c/a [40,41]. For
a composite consisting of perfectly aligned ellipsoidal parti-
cles embedded in a matrix, the longitudinal Young’s modulus,
E, is given by:

E—E, (ki/kn—1)Gs+ (us/ptn —1)(G3§ +K3¥) W
End 2K,G3 + G K3
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where ¢ is the volume fraction of particles and & and ¢ are
defined as follows:

K,

= 142 (/i — 1) (1 = ¢)S1212

)

= L+ (ue/t — 1) (1= ) (S1111 — S33nn)
14+ 2(ue/ i — 1) (1 = ¢)Si212

3)

where k¢ and k&, refer to the bulk modulus while u¢ and u,, are
the shear modulus for the filler and matrix, respectively. Here
Eshelby’s tensor S is a function of the aspect ratios of an ellip-
soidal particle. The bulk and shear moduli, k£ and u, are used to
calculate K; and G; functions [40]:

K,«l+<I]:11>(1¢)oz,- (4)
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G=1+ (2= 1 )-8, (5)

m

where « and 8 are functions of p and Poisson’s ratio of the
matrix.

The longitudinal thermal expansion coefficient, i.e., in the

direction parallel to the major axis of the particle, is given by:

ke (’Yf - ’Ym)Gl¢

= Oy _— 6

A= e K Gy + GiKs (©6)

while the transverse thermal expansion coefficient, in the nor-
mal direction to the major axis of the particle is given by:

ke (Ye—Ym)Gsg
=y t—a 7
oar = o +km2571G3+31K3 ()

where ¢ and v, are bulk thermal expansion coefficient for the
filler and matrix, respectively. K; and G; are functions of k and
u [28,41].



5320 D.H. Kim et al. | Polymer 48 (2007) 5308—5323

A key issue in the modeling for polymer nanocomposite
lies in how to define the dispersion state of the clay layers.
Generally modeling is carried out based on the assumption
of fully exfoliated and well-oriented clay layers. However, in
most cases, exfoliation is thermodynamically unfavorable
and most synthesis processes lead to particles comprised of
multiple platelets dispersed in the polymer matrix. To consider
the influence of incomplete exfoliation on the nanocomposites,
we assume that organoclay particles can be treated, as previ-
ously suggested by Fornes and Paul [38] and that tensile mod-
ulus of a particle in the direction parallel to the particle long
axis and the individual MMT platelets (see Fig. 6) can be es-
timated by using the following rule of mixtures, as suggested
by Brune and Bicerano [42]:

Ep = UMMTEMMT + vgalleryEgallery (8)

where vyt and vggery are the volume fractions of silicate
layers in the stack and gallery space, respectively. Egyery iS
the modulus of the material in the gallery which is expected
to be much less than Eypvr. The volume fraction of particles
in the composites can be estimated simply as follows:

volume of MMT

volume of particle @y
volume of nanocomposite

volume of MMT ~ uymr

©)

The volume fraction of MMT in the dispersed particles of or-
ganoclay can be well approximated from the ratio of the
d spacing of pure MMT (dyo; =0.96 nm) and the d spacing
obtained from X-ray scans of the PP nanocomposites
(2.42 nm as reported above) to give ummr = 0.96/2.4=0.40.
Based on Eq. (8), the tensile modulus of these particles would
be Ep = vmmrEmmr = (0.40)(178 GPa) = 70.6 GPa where the
tensile modulus of MMT is 178 GPa [43,44]. Note that the
volume fraction of organoclay particles is higher than that of
silicate platelets at the same weight percent of MMT.

In this approach, we consider the particles to consist of
multiple organically modified clay platelets aligned parallel
to the particle long axis (see Fig. 6). For these calculations,
the following parameters are used: E,=70.6 GPa, Epp=
1.59 GPa, Poisson’s ratio of the matrix, v, = 0.38 [45] and
Poisson’s ratio of the particle, v,=0.26 (or 0.32), v¢=
0.5x 107°°C! [46] and bulk thermal expansion coefficient
of the matrix is calculated from experimental data for pure
PP using ¥ = > «;. Bulk and shear moduli for isotropic ma-
terials are interrelated by k= E/3(1 — 2v) and p = E/2(1 + »),
respectively [47]. The normalized modulus and CTE calcu-
lated from the model consider the lower modulus and higher
thermal expansion of the matrix caused by the presence of
PP-g-MA. The values of the matrix modulus and CTE for
PP/PP-g-MA blends without MMT as a function of organoclay
particle volume fraction can be obtained from regression of
data in Figs. 10(a) and 16(a), respectively. The Poisson’s ratio
of the particles can be estimated by the simple mixing rule, v,
= VMMTUMMT + VgalleryVgallerys Where vypyr = 0.20 [47] and
Vgalley = 0.35—0.50. We note that the calculations are not

p

sensitive to the value of Poisson’s ratio of the particle within
the range 0.26—0.32.

Fig. 17 compares the experimental values of tensile modu-
lus and CTE for PP nanocomposites for various PP-g-MA/
organoclay ratios described earlier with the predictions of
the Chow theory as a function of particle volume fraction
for different values of particle aspect ratio. The particle aspect
ratios obtained by matching the experimental data to the the-
oretical values predicted by the Chow model are summarized
in Table 2. As seen in Fig. 17(a), the experimental modulus
data do not fall along the curve of any single aspect ratio.
The predicted aspect ratio obtained by comparing the experi-
mental data with the theory decreases as MMT loading
increases in nanocomposites. This suggests that the degree
of exfoliation and/or particle orientation of the clay platelets
tends to decrease with increasing MMT content. Fig. 17(b)
compares the measured CTEs in the FD for PP nanocompo-
sites with the theoretical predictions of the Chow model as
a function of particle volume fraction and aspect ratio at
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Fig. 17. Comparison of theoretical tensile modulus (a) and CTEs (b) for dif-
ferent aspect ratios in the flow directions predicted by the Chow model with
experimental data for PP nanocomposites at different ratios of PP-g-MA to
organoclay.
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Table 2

Aspect ratio of clay particles obtained by comparing experimental mechanical
and thermal data for PP/PP-g-MA/MMT nanocomposites at different ratios of
PP-g-MA to organoclay to predicted values using the Chow model

MMT (wt%)

Aspect ratio of fillers predicted from Chow
model using

Linear thermal
expansion coefficient

Tensile modulus

PP-g-MA/ 0 05 1.0 20 0 05 1.0 20
organoclay ratio
1 Model* 40 36  >160 40 15 60 100 60
TEM® 8 28 56 48
3 Model* 12 26 50 35 <5 16 24 24
TEM® 8 25 45 42
5 Model* 9 16 2 19 <5 11 14 15
TEM" 7 25 4 51
7 Model* 9 12 15 18 <5 9 12 12
TEMP 10 24 43 48
* EIE,, versus ¢, E,=70.6GPa, »,=038, »,=02594, where

E,, = Epp + PP-g-MA.
° Number averaged aspect ratio, (2/1),.

different PP-g-MA/organoclay ratios. Similar to the observa-
tions described above for modulus, CTEs in the FD do not
match any single line for a fixed aspect ratio and the same gen-
eral trend is observed, i.e., the predicted aspect ratio obtained
by comparing experimental data with theory decreases as
MMT content increases irrespective of PP-g-MA/organoclay
ratio.

The trends in aspect ratio obtained by comparing the theory
with the mechanical and thermal data are similar to those ob-
tained by TEM; however, the absolute values are somewhat
different. The aspect ratio for PP-g-MA/organoclay = 0.5 fol-
lows this order: thermal (60) > mechanical (36) > TEM (28)
for 1 wt% MMT and TEM (24) > mechanical (12) > thermal
9) for 7wt% MMT (Table 2). The aspect ratio for PP-g-
MA/organoclay =2.0 goes like this: thermal (60) >TEM
(48) > mechanical (40) for 1 wt% MMT and TEM (48) >
mechanical (18) > thermal (12) for 7 wt% MMT (Table 2).
In this case, the model requires higher values of the aspect
ratio at lower MMT content and generally lower values at
higher MMT content to match the property measurement
than those that were determined by morphological observa-
tions. When the particles are treated as single platelets
(comprised of 100% MMT with a modulus of 178 GPa), the
line predicted by the model requires much higher values of
aspect ratio than those measured from TEM observations
because the volume fraction of particles is underestimated.
We note that the discrepancy between the morphological
observation and the line predicted or the measured aspect ratio
is believed to stem from incomplete orientation of the particles
or the inadequacies of the model and the parameter estima-
tions used.

To analyze this clearly, we carried out the modeling by con-
sidering several factors such as modulus, volume fraction and
degree of exfoliation of the particles. Fig. 18 shows four sim-
plified cases for the modeling selected to help us understand

1 —— 2 - 3 -
(=240 nm (=240 nm (=240 nm
t=6nm t=1nm t=1nm
Aspect ratio = 40 Aspect ratio = 40 Aspect ratio = 240
E,=70.6 GPa E, =178 GPa E, =178 GPa

¢ ~ vol. frac. of organoclay o ~ vol. frac. of MMT ¢ ~ vol. frac. of MMT

=240 nm B ———— -
t=6nm

Aspect ratio = 40

E, =178 GPa

¢ ~ vol. frac. of organoclay

40 < actual platelet length < 240

Fig. 18. Schematic diagrams of four cases to be modeled to show the effect of
aspect ratio, tensile modulus and volume fraction of particles.

the relative importance of each factor. First, we consider typ-
ical organically modified clay particles (as observed by TEM)
with a length of 240 nm and a thickness of 6 nm (case 1) and
exfoliated individual platelets with a length of 40 nm (case 2)
or 240 nm (case 3). For the cases where the particles are indi-
vidual exfoliated platelets, we assign the particle volume frac-
tion as @yvt and the particle modulus as 178 GPa. Finally, for
comparison, we take the same particle dimensions and volume
as case 1, but assign the modulus as 178 GPa (case 4). Fig. 19
shows the model calculations of modulus and CTE for these
four cases. A comparison of organically modified clay parti-
cles with that of exfoliated platelets at the same aspect ratio
of 40 (cases 1 versus 2) shows that the predicted composite
modulus (E) is higher for the unexfoliated particles than for
the exfoliated platelets even though the modulus of the parti-
cles is much higher for the latter. While this may seem coun-
terintuitive, the higher volume fraction of particles (comprised
of 40% MMT by volume with a modulus of 70.6 GPa) leads to
the greater reinforcement at the same weight percent of MMT
and the same aspect ratio. When the aspect ratio increases
from 40 to 240 with the particle modulus and volume fraction
fixed (cases 2 versus 3), the composite modulus (E) increases
as expected. Of course, increasing the modulus of the particles
from 70.6 GPa to 178 GPa with the same volume fraction and
aspect ratio (cases 1 versus 4) increases the modulus of the
composite as seen in Fig. 19(a). These results indicate that
the volume fraction of dispersed particles can be more impor-
tant than the magnitude of the modulus of the particles for
modulus enhancements. These trends are in good agreement
with the percolation ideas discussed in the rheology section.
The predicted trends for CTE are similar to those for modulus
(see Fig. 19(b)).

The model calculations described above were based on
a constant aspect ratio irrespective of the amount of MMT
and did not consider any distribution of aspect ratio from par-
ticle to particle. However, the aspect ratios do vary with MMT
content and the PP-g-MA/organoclay ratio as shown in Fig. 6
and Table 1. Therefore, we now consider the aspect ratio to be
a function of MMT content. The values of the aspect ratio for
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Fig. 19. Prediction of theoretical tensile modulus (a) and linear thermal expan-
sion coefficient (b) considering the aspect ratio, tensile modulus and volume
fraction of particles. For these calculations, the MMT content was converted
to volume fraction using an MMT density of 2.83 g/cm®; however, the results
are plotted here versus MMT wt% for convenience.

PP nanocomposites as a function of MMT volume fraction
were obtained by regression of the data for (2/r),, and (®/),
shown in Fig. 6(b). Similar regression analyses were done
for 2/, and 9,/%#, versus MMT content. The magnitude of
aspect ratio from TEM is (8/t), > (2/t), > &u/fa > & /tw-
Fig. 20 shows comparisons of the experimental modulus and
CTE data with the model predictions considering how each
measure of aspect ratios varies with MMT content for a PP-
g-MA/organoclay ratio of 1.0. Similar results were found for
the other ratios of PP-g-MA/organoclay. It could be argued
that the predicted line based on ¢, /tw seems to provide a better
match than other representations of aspect ratio used. How-
ever, none of these predictions fully capture the experimental
trends. Many factors could contribute to this including the as-
sumption that all particles are perfectly aligned. We believe
the volume fraction of particles may be overestimated by con-
sidering the intercalated organically modified clay particles as
mentioned above causing the model to overestimate the re-
inforcement. Furthermore, a strictly parallel model for the
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Fig. 20. Prediction of theoretical tensile modulus (a) and linear thermal expan-
sion coefficient (b) by considering the different aspect ratios obtained from
TEM observation. For these calculations, the MMT content was converted
to volume fraction using an MMT density of 2.83 g/cm®; however, the results
are plotted here versus MMT wt% for convenience.

properties of the particle, as used in Eq. (8), leads to an over-
estimation of the particle modulus and an underestimation of
the particle CTE. A more realistic physical picture of platelet
arrangement for incompletely exfoliated particles is suggested
in Fig. 5 and in the lower right of Fig. 18. Since the platelets
do not run the length of the particle, a parallel model like Eq.
(8) may not be justified. Evidence for the latter physical pic-
ture is that as the particles become thinner, they also become
shorter as discussed earlier (see Fig. 5). The proper average as-
pect ratio to use when there is a distribution is an interesting
problem that can probably be best sorted out by numerical
modeling as recently described for the case of a fiber length
distribution in composites [48]. Of course, using theories other
than that by Chow needs to be considered.

4. Conclusion

The structure—property relationships of PP/PP-g-MA/
MMT nanocomposites prepared by melt processing have
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been investigated with a main focus on the ratio of PP-g-MA
to organoclay. The morphological observations were used to
interpret the mechanical, rheological and thermal properties
of these nanocomposites using the Chow model. Detailed mor-
phological studies and subsequent quantitative particle analy-
ses for the dispersed clay phases revealed that the aspect ratio
of clay particles decreased as the amount of clay in the nano-
composite increased while it increased as the amount of PP-g-
MA increased. The rheological properties suggested the extent
of a percolation network could be enhanced by increasing the
number of stacks at a fixed ratio of PP-g-MA to organoclay
and by increasing the degree of exfoliation at fixed clay con-
tent. However, mechanical and thermal expansion behaviors
did not improve correspondingly in all cases because of the
reduction of matrix properties by PP-g-MA. The reduction
of the modulus and the increase in the expansion of the
polymer matrix caused by the presence of PP-g-MA were
accounted for the modeling.
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