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Abstract

The linear thermal expansion behavior of thermoplastic polyolefin, or TPO, nanocomposites based on a polypropylene/elastomer/masterbatch
mixture was examined using a thermomechanical analyzer (TMA). For these experiments the masterbatch consisted of a mixture of organoclay
and maleated polypropylene. The nanocomposites were prepared in a twin-screw extruder. The effects of both the elastomer domains and the filler
particles on the thermal expansion behavior of the nanocomposites were investigated by means of transmission electron microscopy (TEM) and
atomic force microscopy (AFM). The addition of elastomer tends to increase the linear coefficient of thermal expansion, CTE. On the other hand,
the addition of clay significantly reduces the thermal expansion in both the flow (FD) and transverse directions (TD) of injection molded
specimens; however, the extent of reduction of CTE in the FD is much greater than in the TD. The CTE in the normal direction (ND) increases
when either the clay or elastomer content is increased. The trends in thermal expansion for the nanocomposites are discussed in terms of the

morphology of both dispersed clay and elastomer phases based on TEM and AFM observations and subsequent particle analyses.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The high coefficient of thermal expansion, or CTE, of
polymers has been a continuing concern as these lighter weight
materials replace metals (low thermal expansion) as structural
parts particularly in automotive applications [1,2]. The
resulting mismatch in thermal expansion behavior can lead to
problems in paint ovens or in use where, in principle, the
external temperature may vary from —30 to +40 °C or more.
The addition of fillers or reinforcing agents into plastics
mitigates to some degree the high thermal expansion of these
materials by two different mechanisms: (a) volume dilution
with a material of lower CTE and (b) mechanical constraint by
a dispersed phase with low CTE and high modulus. The latter
is by far the more important effect for high aspect ratio fillers
[1-5]. Indeed, glass fiber reinforcement can be an effective way
of reducing the linear CTE of plastics [1,6]; however, because
of the near macroscopic size of such fibers, the surface finish of
such composites may be severely compromised. Polymer
nanocomposites made by exfoliating the 1nm thick
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aluminosilicate platelets of the clay-mineral montmorillonite
(MMT) offer exciting possibilities for resolving these
problems. These platelets possess a high modulus and high
aspect ratios for effective reinforcement and mechanical
restraint of thermal expansion, yet the particles are much too
small to deteriorate surface finish [7]. The data in Fig. 1 shows
that the addition of 7 wt% MMT into a ‘thermoplastic
polyolefin’, or TPO, gives a comparable extent of reduction
in thermal expansion as 25 wt% talc. The materials used in
these experiments were prepared from commercial TPO
formulations [8].

The first paper in this series described the mechanical
properties and morphology of the type of nanocomposites
mentioned above [9]. The purpose of this paper is to examine
the morphology and thermal expansion behavior of the same
polypropylene, or PP, materials reinforced with an organoclay
and toughened with an ethylene—octene based elastomer (EOR)
made by melt processing. An in-depth particle analysis for both
filler and elastomer morphology along the flow and transverse
directions for injection molded specimens is used to evaluate
how both phases influence thermal expansion behavior of the
nanocomposites. As expected, the thermal expansion charac-
teristics of injection molded specimens depend strongly on the
morphology of the dispersed clay and elastomer particles.
In practical terms, the coefficient of thermal expansion is a
major component of the post injection molding shrinkage of
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Fig. 1. Comparison of relative thermal expansion coefficient as a function of
filler content of TPO composites formed from melt mixing with MMT and with
talc; materials provided from [8].

a material. Therefore, a better understanding of the influence of
the composite morphology on the coefficient of thermal
expansion will lead to improved dimensional stability of
injection molded parts.

2. Experimental
2.1. Materials and composite preparation

Nanocomposites were produced by melt compounding
mixtures of PP (melt index=37), an ethylene—octene based
elastomer (melt index=0.5), and a masterbatch material
containing equal parts of maleated PP (PP-g-MA, MA
content= 1.0 wt%) and an organically modified montmorillo-
nite (di-methyl, dihydrogenated tallow montmorillonite).
Extruded nanocomposites pellets were dried and then injection
molded into standard tensile (ASTM D638, type I) and Izod
(ASTM D256) specimens. Further details of the melt
processing steps used to form and shape these materials are
given in the first paper in this series [9].

2.2. Morphology characterization and particle analysis
for the filler and elastomer

Samples for transmission electron microscopy (TEM)
analysis were taken from the central region of an Izod bar.
Sections taken from the core region of injection molded
specimens were viewed parallel to the three orthogonal axes,
flow direction (FD), transverse direction (TD) and normal
direction (ND) (see Ref. [9] for schematic definition of these
terms). TEM micrographs were taken on views observed
parallel to the flow direction, or FD (TD-ND plane), and the
transverse direction, or TD (FD-ND plane). The morphology
viewed parallel to the normal direction, or ND, will be
presented in a subsequent paper. This nomenclature is used
throughout the remainder of this paper. The detailed geometry
of the specimen and the viewing directions for TEM are given
in the previous paper [9]. Ultra-thin sections ranging from 50 to

70 nm in thickness were cryogenically cut with a diamond
knife at —65 °C for the specimen and — 58 °C for the knife
using a RMC PowerTome XL ultramicrotome. Sections were
collected on 300 mesh copper TEM grids and subsequently
dried with filter paper. The sections were examined using a
JEOL 2010F TEM with a LaB¢ filament operating at an
accelerating voltage of 120 kV. Complete details of the
microtomy, microscopy, and image analysis techniques
employed here are given in the previous paper [9].

Atomic force microscopy (AFM) experiments were
performed at room temperature on cryogenically microtomed
surfaces of nanocomposites containing elastomer using a
Digital Instruments Dimension 3100 with Nanoscope IV
controller. Images were recorded in the tapping mode using
etched silicon probes. The instrumental parameters, such as the
set point and gains, were adjusted to improve the image
resolution. The particle analysis for the elastomer phase
obtained by AFM images was done using a similar procedure
as that used for TEM image analyses described in the previous
paper [9].

2.3. Thermal expansion measurement

Thermal expansion tests were conducted according to
ASTM D696 using a Perkin—Elmer thermomechanical analy-
zer (TMA 7). Rectangular specimens were prepared from the
central region of Izod bars. The dimensions of the specimens
were as follows: thickness=3.2 mm, width=6.4 mm, and
height=12.7 mm. Thermal expansion measurements were
made in all three orthogonal directions, i.e. flow (FD),
transverse (TD), and normal (ND) directions. Due to the
thickness of the injection molded specimens, measurements
made in the ND were performed on a stack of three specimens
that were glued together using an instant adhesive. 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 specimen was stored
at room temperature for at least 24 h after the first heating and
then re-heated 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 using TEM and AFM

As addressed in the previous paper [9], the aspect ratio of
MMT, i.e. particle length/particle thickness, is one of the
important factors in determining the reinforcement efficiency
of clay nanocomposites; however, a few studies have indicated
that the shape of the MMT particle may be anisotropic, i.e.
different lengths along the FD and TD. This observation was
based on the morphology and thermal expansion behavior of
nylon 6 nanocomposites [2,10,11]. Fig. 2 shows TEM
micrographs of PP/masterbatch nanocomposites containing
6.8 wt% of MMT viewed parallel to the TD and FD. As shown
for nylon 6 nanocomposites in this laboratory [2], there can be
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View // TD

Fig. 2. TEM micrographs of PP/masterbatch nanocomposites containing
6.8 wt% MMT: sections (a) viewed parallel to the TD and (b) viewed parallel to
the FD were taken from the core of injection molded specimens.

differences in orientation and length of clay particles along the
FD and TD. Particles pointing in the flow direction seem longer
and better aligned than those pointing in the transverse
direction for these nylon 6 systems. However, for the current
nanocomposites, opposite trends were observed in terms of
shape and alignment of clay particles along the FD and TD The
number of particles with a skewed and/or tilted shape in views
parallel to the FD (TD-ND plane), Fig. 2(b), is significantly
less than that observed in views parallel to the TD (FD-ND
plane), Fig. 2(a); i.e. the particles seem to be better aligned
along the TD than the FD. It also appears that more single
platelets are visible in the view of TD-ND plane than in the
view of FD-ND plane. Possible explanations for the
discrepancies in the apparent dispersion of clay particles for
the current nanocomposites, depending on the direction of
observation, and the contrast with those based on nylon 6 will
be discussed in more detail later.

As shown in the previous paper, the thickness of clay
particles measured in views parallel to the TD increases with
increasing MMT content in nanocomposites made from the
PP/masterbatch. However, an opposite trend for particle
thickness is observed from the views parallel to the FD, i.e. a
decrease in particle thickness is observed with increasing
MMT content. This may stem from the edges of the clay
particles that were peeled apart by the shear stress during melt
processing [12,13]. This difference in particle thickness along
the FD and TD axis will be discussed in more detail in Section
3.2 of this paper.

View // TD

' View // FD B

Fig. 3. AFM images of PP/elastomer/masterbatch nanocomposites to reveal
rubber particle morphology. The materials contain 30 wt% elastomer and
2.8 wt% MMT. The images correspond to scans in the (a) FD-ND plane, (b)
TD-ND plane. The samples were taken from the core of injection molded
specimens.
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Fig. 3 shows AFM images of PP/elastomer/masterbatch
nanocomposites containing 30% elastomer and 2.8% MMT,
which were viewed parallel to the TD and to the FD. In these
nanocomposites, the elastomer particles are relatively well
dispersed in the PP matrix with smaller size and more
elongated shape than those in nanocomposites containing
lower contents of MMT. At this composition, the particles
seem to be more elongated along the FD (Fig. 3(a)) than the TD
(Fig. 3(b)). The increased anisotropy in particle shape is further
pronounced in nanocomposites with higher MMT contents, e.g.
6.8 wt% MMT. The effect of MMT content on the elastomer
particle size and shape in these nanocomposites is discussed in
this paper.

3.2. Particle analyses for PP/elastomer/masterbatch
nanocomposites

3.2.1. Elastomer particle analysis

As discussed in the previous paper [9], particle analysis for
the elastomer phase in PP/elastomer/masterbatch nanocompo-
sites is not a trivial task due to the fact that the particles are
non-spherical with sizes and shapes that depend on MMT
content. Fig. 4 shows the particle length (along the major axis),
thickness (along the minor axis) and apparent particle
diameter, d, that can be obtained by AFM image analysis in
the two viewing planes, i.e. FD-ND and TD-ND planes,
calculated from particle area as described in the figure. Views
in the FD-TD plane were not made due to the experimental
difficulties in preparing specimens for AFM experiments,
particularly for nanocomposites containing higher elastomer
concentrations. The number and weight average apparent
particle diameters (dpp_np.drpnp), lengths (2p.2rp) and
thicknesses (fNp view|ITD> IND.view|FD) Of the elastomer particles
were calculated using the relationships described in the
previous work [9]. A series of histograms of apparent particle

ZTD

ND
8 I tND,view /IFD
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dpp= (4AFD—ND /”)0'5 Fo
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diameter, length, and thickness along the FD and TD axes was
built for the nanocomposites containing 30 wt% elastomer and
various amounts of MMT. Fig. 5 shows typical distributions for
elastomer particles viewed in the FD-ND plane for the
nanocomposite containing 30 wt% elastomer and 6.8 wt%
MMT. A summary of the elastomer particle size analyses,
expressed as number and weight averages, obtained from views
paralleled to the TD (FD-ND plane) and FD (TD-ND plane)
for a series of nanocomposites containing 30 wt% elastomer
with 0-6.8 wt% of MMT are shown in Table 1. The data
obtained from the view in the TD-ND plane are taken from the
previous paper [9], while those from the view in the FD-ND
plane are reported here.

Fig. 6(a) shows the weight average apparent particle sizes as
a function of MMT content, which were measured from AFM
images viewed in the TD-ND plane (dtp_np) and the FD-ND
(drp_np)- The average particle size as seen from either view
decreases with addition of MMT, but the extent of reduction in
(dpp_np) is more apparent than in (dyp_np). Data for (dgp_np)
for the blend without MMT could not obtained since the
roughness of the microtomed surface made it difficult to
resolve clear boundaries of large elastomer particles. However,
it is expected that the particles as viewed in the FD-ND plane
would be larger in size or longer in length than those viewed in
the TD-ND plane due to the flow field during the injection
molding process. Similar trends in average length (major axis)
and thickness (minor axis) of elastomer particles as viewed in
the two directions are also apparent, see Fig. 6(b). It is noticed
that there are differences in the thickness of particles in the ND
obtained for the two viewing planes; whereas, in principle, the
values ought to be the same for ellipsoidal particles. This
discrepancy may stem from the viewing plane not exactly
matching the orthogonal coordinates and/or the complex shape
of the elastomer particles induced by the ‘barrier’ effect of the
clay particles as discussed in the previous paper [9]. These

FD
ND

> TD

t ND,view 1TD

Fig. 4. Schematic illustration of elastomer particle length (major axis) and thickness (minor axis) obtained from AFM images plus definitions of average particle

‘diameter’ calculated from observed particle area.
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Fig. 5. Histograms of (a) apparent particle size computed from observed area,
(b) length in the FD, and (c) thickness in the ND of elastomer particles obtained
by analyzing AFM images of PP/elastomer/masterbatch nanocomposites
containing 30 wt% elastomer and 6.8 wt% MMT. AFM images used for this
analysis were taken from the core and viewed in the FD-ND plane.

complexities in shape of elastomer particles are quite
pronounced for the nanocomposites containing higher MMT
contents, as shown in AFM images of the previous paper.
Due to interfacial tension effects, the dispersed particles in a
blend become more difficult to deform into elongated shapes as

Table 1
Elastomer particle size comparison for PP/elastomer/masterbatch nanocompo-
sites containing 30% elastomer at different MMT contents

MMT Plane of Length Thickness  d, d, Elastomer

(wt%) viewing  (major (minor (um)  (um)  aspect ratio
axis) axis) (length/

(um) (nm) thickness)

oo A b R TfE Al

TD-ND 238 355 156 246 188 283 15 14

1 TD-ND 1.64 214 089 1.1 1.18 146 18 1.9

FD-ND 1.89 254 133 178 152 199 14 1.4
2.8 TD-ND 1.08 194 052 0.77 069 1.03 2.1 2.5
FD-ND 1.81 245 0.71 0.83 106 123 26 29
6.8 TD-ND 088 1.66 032 058 044 065 28 29
FD-ND 1.04 152 025 035 045 051 42 43

they become smaller. However, the elastomer particle aspect
ratio, i.e. length/thickness, within a given viewing plane
increases as the apparent particle size decreases for the current
nanocomposites. Furthermore, the increase in the elastomer
particle aspect ratio within the plane viewed parallel to the TD
(FD-ND plane) is much more significant than that viewed
parallel to the FD (TD-ND plane) as shown in Fig. 6(c). This
may stem from the nature of the ‘barrier’ effect induced by the
presence of the clay particles, which become oriented along the
flow field generated by the injection molding process. It is
important to note that the aspect ratio used here is the ratio of
the weight average particle length to the weight average
particle thickness, i.e. (Q)W/(f)w; this ratio is not the same as the
actual weight average aspect ratio of particles, i.e. (¥/1),, which
would be larger than (©)/()y,. These deformed elastomer
particles within injection molded specimens seem to play an
important role in the thermal expansion behavior of the current
nanocomposites as will be discussed in more detail later.

3.2.2. Clay particle analysis

As shown in the previous paper [9] and in other literature
[2,14,15], the aspect ratio of the filler has a significant effect on
the properties of polymer-clay nanocomposites, which in turn
is related to the degree of clay dispersion, e.g. exfoliated,
agglomerated, or combinations of the two, as well as the
inherent geometry of the pristine clay platelets. In our
laboratory, a sizeable effort has been devoted to performing
in-depth particle analysis using TEM photomicrographs to
provide quantitative information regarding the relationship
between clay structure and nanocomposites properties [15-18].

Fig. 7 shows typical histograms of MMT particle lengths,
thickness, and their pertinent statistical data obtained on
nanocomposites made from the PP/masterbatch containing
6.8 wt% MMT. The measurements were performed on
particles observed in the TD-ND plane when viewed parallel
to the FD. When these histograms are compared with those
reported in the previous paper [9], which were obtained from
the view parallel to the TD, noticeable differences in the trends
of particle length, thickness and aspect ratio with varying
MMT content are seen for nanocomposites formed from the
PP/masterbatch. These differences are listed in Table 2 and
shown in Fig. 8, in which the number and weight average
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particle lengths, thicknesses, and aspect ratios of the clay
particles along the FD and TD are compared based on results
for the particle analysis in this and the previous paper.
The average particle length along the TD, rp, steadily

decreases with increasing MMT concentration; whereas, the
particle length along the FD, g, decreases sharply at low
MMT contents and then does not change much with further
addition of MMT as shown in Fig. 8(a). Interestingly, the trend
of the average particle thickness with MMT content viewed
along the TD is opposite to that along the FD; the average
particle thickness viewed parallel to the FD decreases while the
thickness viewed parallel to the TD increases as the MMT
amount increases, Fig. 8(b). We propose the following
explanation of these apparently contradictory trends.

The edges of the relatively large clay particles are somewhat
splayed, i.e. peeled individual platelets and small stacks of
platelets. The microtoming process for the views parallel to the
FD (TD-ND plane) yields some sections from these edges
while others come from the center of the particle, and the two
look quite different. Fig. 9 shows schematically how the length
and thickness of clay particles may appear differently in views
parallel to the TD and FD and as the content of MMT increases.
We propose that at low MMT contents, e.g. 1 wt% MMT,
the shear stresses during melt processing are relatively low so
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Fig. 7. Histograms of MMT particle (a) length and (b) thickness obtained by
analyzing TEM micrographs of PP/masterbatch nanocomposites containing the
6.8 wt% MMT. Sections used for this analysis were taken from the core and
were viewed parallel to the FD.
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Table 2
Image analysis results for clay particles obtained from TEM micrographs of
injection molded PP/masterbatch nanocomposites

Viewed parallel to  Viewed parallel to
TD FD

MMT concentration 1.0 28 6.8 1.0 28 48 6.8
(Wt%)

Number average particle 288 221 225 271 230 202 183
length €, (nm)

Weight average particle 342 281 264 323 262 257 234
length £, (nm)

Number average particle 4.6 6.0 7.3 64 5.8 50 49
thickness 7, (nm)

Weight average particle 6.1 8.6 10.5 8.9 88 72 79
thickness 7,, (nm)

Particle aspect ratio, £,/7, 63 37 31 42 40 41 37
Particle aspect ratio, 8,/7, 56 33 25 36 30 36 30

that the clay particles are relatively large agglomerates with a
long effective length. However, the shear stresses increase with
clay loading because of the effect of melt viscosity. This
increased shear force may cause more clay platelets to splay or
peel apart with polymer penetrating the particles from the
edges, as shown in Fig. 9. Intuitively, clay particles are
expected to be better aligned along the FD than the TD due to
the difference in stresses in these directions; indeed, this is
observed for well-exfoliated nanocomposites like those based
on nylon 6 [2]. However, in poorly exfoliated systems like
these polyolefin nanocomposites, the clay particles still tend to
align along the flow field, but the shear stress appears to cause
the particles to bend and/or peel their edges apart, which may
explain the large number of particles with skewed and/or tilted
shape in views parallel to TD (FD-ND plane) as shown in
Fig. 2(a), and may also explain the changes in clay particles
when viewed parallel to the FD. Apparently, more splayed clay
particle edges are seen in views parallel to the TD (FD-ND
plane) than the FD (TD-ND plane) due to the higher shear
stress along the flow direction. The proposed appearance of the
clay particles in the view parallel to the FD shown in Fig. 9 is
somewhat exaggerated in order to make clear our proposal
about how the clay particles might appear in views parallel to
FD using TEM. The average thickness of the clay particles
observed decreases and more single platelets are seen with
increasing MMT content as shown by the TEM particle
analysis. Attrition of individual clay platelets and/or beak-up of
larger clay agglomerates into small ones decrease the effective
length of clay particles. The proposed evolution of clay
particles with increasing MMT concentration, e.g. more peeled
edges, more penetration of polymer into the edges of particles,
and more break-up of larger particles, seem to explain the
trends in particle length and thickness along the FD and TD
shown in Fig. 8(a) and (b).

The apparent average aspect ratio of the clay particles along
the FD decrease rapidly at lower contents of MMT and then
decrease more gradually with further addition of MMT;
whereas, the aspect ratio along the TD is nearly independent
of the clay loading as shown Fig. 8(c). Again, the aspect ratio
used here is the ratio of the average particle length to
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Fig. 8. The effect of MMT content on the (a) average lengths, (b) average
thicknesses, and (c) aspect ratio of elastomer particles for PP/elastomer/mas-
terbatch nanocomposites containing 30 wt% elastomer.

the average particle thickness, i.e. (Q)/(D, calculated from the
values shown in Fig. 8(a) and (b), which is different from
averaging the aspect ratios of individual particles, i.e. (/7). The
aspect ratio of clay particles along the TD at high MMT
concentrations, >3-4 wt%, is somewhat higher than along the
FD. This result seems to contradict the observed thermal
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Fig. 9. Schematic illustration of the changes of effective MMT particle length and thickness when viewed along the FD and TD in PP/masterbatch nanocomposites as

MMT content increases.

expansion behavior of PP/masterbatch nanocomposites (Sec-
tion 3.3) since a higher aspect ratio of the filler should lead to a
lower thermal expansion coefficient (CTE). As shown later, the
reduction in CTE with MMT addition along the FD is much
more significant than along the TD for PP/masterbatch
nanocomposites; however, the aspect ratio values along the
FD and TD seem to show an opposite trend, especially at
higher MMT contents. This discrepancy can be explained by
the fact that the average aspect ratio of clay particles in a view
parallel to the FD (TD-ND plane) is largely calculated from the
length and thickness of the peeled edges of the clay particles as
described in Fig. 9. The thickness obtained from the view
parallel to FD may not represent the actual thickness of the
corresponding clay particles. So, the average aspect ratio value
obtained from the view parallel to the FD may lead to an
incorrect conclusion when used in composite theories to
predict the thermal expansion behavior of the current
nanocomposites. This issue will be discussed in more detail
in the subsequent paper dealing with modeling of the properties
of these nanocomposites.

3.3. Linear thermal expansion behavior of nanocomposites

Fig. 10 shows typical thermal expansion behavior of a PP/
elastomer/masterbatch nanocomposite on the first and second
heating. The specimen was heated to 125 °C during the first
heating scan and then annealed for 30 min. As shown in
Fig. 10, annealing at this elevated temperature eliminated the
reduced thermal expansion observed above 60 °C during the
first scan. This experimental protocol is similar to the thermal
history experienced by automotive parts. Thus, the thermal
expansion studies presented in this paper were performed using
the above method. As shown in Fig. 10 and the literature, the
PP and PP-based nanocomposites show significant non-
linearity in thermal expansion as temperature increases.

Thus, over the entire temperature range of interest, e.g. —30
to 100 °C, the CTE cannot be represented by a single value.
There are a number of ways to deal with this issue, and one is to
perform a linear regression of the digital thermal expansion
data over any arbitrary number of temperature ranges. To
pursue this approach, we selected the following ranges: — 30 to
0, 0-30, 30-60, and 60-100 °C. Among these temperature
ranges, the thermal expansion of the current nanocomposites in
the temperature range of 0-30 °C is of particular interest since
the thermal expansion data can be related to the mechanical
property data measured at room temperature, i.e. ca. 25 °C.
This issue will be discussed in more detail in the subsequent
modeling paper. So, all data presented in this paper were
obtained from O to 30 °C temperature range of the second
heating scan of these nanocomposites.
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Fig. 10. Typical thermal expansion behavior of PP/elastomer/masterbatch

nanocomposites in the FD during the first and second heating runs; in this
example, the composition is 30 wt% elastomer and 2.8 wt% MMT.
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Fig. 11 shows the measured linear thermal expansion
coefficients, simply called CTE hereafter, in the flow and
transverse directions over the 0-30 °C temperature range of the
second heating as a function of MMT concentration for
nanocomposites of different clay and elastomer contents. It is
noted that the CTEs in the TD and ND (Fig. 11(b) and (c)) for
the pure PP are slightly higher than that in the FD (Fig. 11(a)).
This may be attributed to the polymer chain and/or crystallite
orientation during the injection molding process. Polymer
chains may be better oriented in the FD than in the TD or ND
within the injection molded specimen, thus resulting in
comparatively low CTE in the FD than in other directions.
The orientation of polymer crystallites may have a similar
effect on the CTE along different directions. Addition of
elastomer to the PP leads to an increase in CTE in the FD, TD,
and ND, as expected; however, the extent of the increase in the
ND is significantly higher than that in the FD or in the TD,
especially at high elastomer concentrations. Thermal expan-
sion behavior of these nanocomposites is significantly altered
by addition of MMT. CTE in the FD and TD is decreased as
MMT content increases for all nanocomposites. The decrease
in the flow direction is much more significant, especially as the

@ 14
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—o— 10% i
—A— 20%

10 —— 30% -

—O— 40%
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©
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Expansion coefficient (10~°mm/mm°C)

MMT (%)

amount of elastomer increases. Clearly, the thermal expansion
of the current nanocomposites is affected by both the clay and
elastomer phases. The addition of clay causes significant
reductions in CTE in the TD at low loadings of clay, but the
extent of reduction diminishes at higher MMT contents as
shown in Fig. 11(b). Thermal expansion in the ND, Fig. 11(c),
steadily increases as MMT content increases. For nanocompo-
sites containing 40 wt% elastomer, the increase of thermal
expansion in the ND is more significant than those containing
lower content of MMT. Fig. 11(d) shows that the bulk
expansion coefficient, obtained by adding the measured CTEs
in the three directions, i.e. oy = &pp + &p + onp, 1S
relatively unaffected by MMT content but increases with the
amount of elastomer, as expected.

The CTE data in the flow and transverse directions shown
above are re-plotted as a function of elastomer concentration in
Fig. 12. The thermal expansion coefficient in the FD for
compositions without clay steadily increases as the elastomer
content increases as expected (Fig. 12(a)). The addition of
MMT gradually alters the increase in CTE with increasing
elastomer concentration. At high MMT content, the CTE
initially increases, goes through a maximum, and eventually
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Fig. 11. Linear thermal expansion coefficients in the (a) FD, (b) TD, (c) ND, and (d) the bulk expansion coefficients for PP/elastomer/masterbatch nanocomposites as

a function of MMT concentration.
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decreases as more elastomer is added. The CTE in the TD,
Fig. 12(b), steadily increases with increasing elastomer content
at all MMT levels with the same tendency for a decrease in
slope between 30 and 40% elastomer. As shown in Fig. 12(c),
the CTE in the ND strongly increases with increasing elastomer
amount and appears to abruptly increase for compositions
containing high elastomer and MMT contents. The bulk
expansion coefficients shown in Fig. 12(d) increase with
increasing elastomer concentration and are nearly independent
of the MMT content. The trend of thermal expansion in the FD
for the current nanocomposites looks counterintuitive. We
must recall there are several factors that play roles in
opposition to each other: (1) there is a morphological
rearrangement in the ternary system, i.e. clay affects elastomer
morphology, as described in this and the previous paper; (2)
since the elastomer has a higher thermal expansion coefficient
than PP or MMT, thermal expansion tends to increase as more
elastomer is added, (3) adding the elastomer lowers the
modulus and a lower modulus of the matrix makes it easier for
MMT to restrain the expansion of the composite.

For better understanding of the relative change in the
thermal expansion behavior of these nanocomposites, the CTE

data in the FD shown in Fig. 12(a) are normalized first by the
CTE of the corresponding PP/elastomer blend without MMT
and plotted versus MMT content in Fig. 13(a) and then by the
corresponding PP/masterbatch nanocomposite without elasto-
mer and plotted versus elastomer content in Fig. 13(b). As seen
in Fig. 13(a), the normalized CTE in the FD having a fixed
elastomer content always decreases with increasing MMT
content; however, the extent of reduction in CTE becomes
greater as more elastomer is added. This may be explained by
the greater mechanical constraint of the matrix by MMT when
the modulus is lowered by addition of elastomer and to some
extent changes in morphology.

Recently, a significant reduction in CTE was observed in
polymer/rubber blends, e.g. PP/EPR, PA/EPR, etc. when the
rubber domains were highly deformed into micro-layer or co-
continuous structures, especially for blends containing high
rubber concentrations, e.g. >40% [19]. The reduced CTE in
the FD and TD for injection molded polymer blends was
attributed to the higher expansion in the ND. The morphologi-
cal changes of the rubber phase were achieved by controlling
the rubber concentration and processing conditions. However,
this is not the case for the current nanocomposites since the
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Fig. 13. Normalized linear thermal expansion coefficients in the flow direction
for PP/elastomer/masterbatch nanocomposites as a function of (a) MMT and
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the values are divided by the CTE at the same elastomer content but without
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CTE of PP/elastomer blends without clay continues to increase
even at higher elastomer contents, e.g. 30 and 40% elastomer,
as shown in Fig. 12(a). This discrepancy may stem from the
different characteristics of the ethylene—octene elastomer used
here and the ethylene—propylene elastomer used in their study
and the relationships of these elastomers with the matrix, such
as viscosity ratio, interfacial adhesion, etc. Such issues are
beyond the scope of the current study; however, since addition
of only elastomer to the PP without the filler results in the
reduction of the mechanical modulus of the composites, it may
not be useful for the applications where relatively high
mechanical strength and low thermal expansion are required
in any event.

The trends in thermal expansion behavior observed for the
current nanocomposites seem to stem from greater mechanical
constraint by the filler as the modulus of the polymer phase is
reduced by addition of elastomer. The higher extent of the
constraint and the resulting reduction in CTE is only achieved
when the elastomer particles are well dispersed with highly

elongated shapes in the nanocomposites containing higher
elastomer and MMT contents. This point is clear in Fig. 13(b)
where the FD thermal expansion coefficients of the nanocompo-
sites (relative to the corresponding nanocomposite without
elastomer) are plotted versus elastomer content. At low elastomer
concentrations, e.g. 10 wt%, the normalized CTE increases with
elastomer content for all nanocomposites. This may be due to the
relatively large elastomer domains observed even at higher MMT
concentrations; since large, spherical elastomer particles may
limit the constraint effect caused by clay particles along the FD in
spite of the reduction in modulus caused by addition of elastomer.
Further addition of elastomer with no or low MMT contents
results in a continued increase in CTE. At high MMT
concentrations, the CTE decreases significantly as the amount
of elastomer increases. This is due to the changes in the
morphology of the elastomer phase, e.g. highly elongated in the
FD with smaller particle sizes, in the nanocomposites containing
higher elastomer concentrations of 30 and 40 wt%. This was
shown in the morphology and particle analysis presented in this
and previous papers. The combined effects from the reduction in
the matrix modulus and the constraint effect by clay particles
result in a greater reduction in CTE for nanocomposites with
higher MMT and elastomer contents, e.g. 7% MMT and 40%
elastomer. In addition, these morphological changes of the
elastomer phase by addition of MMT have a considerable effect
on other properties of the current nanocomposites such as
Poisson’s ratio.

4. Summary and conclusions

Significant reductions in linear thermal expansion coeffi-
cients were achieved by the addition of clay to PP/elastomer-
based TPO nanocomposites prepared by melt processing. An
in-depth analysis of the morphology by TEM and AFM of these
nanocomposites and subsequent quantitative particle analyses
for the dispersed clay and elastomer phases along the FD and
TD in the injection molded specimens revealed that both clay
and elastomer particles have anisotropic shapes, i.e. different
effective length along the FD and TD directions. This
anisotropy of the particles was further enhanced with
increasing MMT and elastomer content. Additionally, particle
analyses revealed that the dimensions of both clay and
elastomer particles are highly dependent on the MMT
concentration in the nanocomposite. The average thickness of
clay particles viewed parallel to the FD decreased with
increasing MMT content; whereas, the thickness of the clay
particles viewed parallel to the TD increased as MMT content
increased. These differences in apparent morphology according
to direction of viewing is, we believe, an artifact, which mainly
stems from the increased amount of peeled edges of clay
particles that can be seen in the views parallel to the FD of
TEM photomicrographs as MMT content increased. On the
other hand, the addition of more than 1 wt% MMT resulted in a
greater increase in aspect ratio of elastomer particles along the
FD. The extent of the increase along the TD is much less
compared to that along the FD. This anisotropy of elastomer
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particles is largely due to the higher melt viscosity and ‘barrier’
effect of clay particles as discussed in the previous paper.

Thermal expansion in the FD and TD decreased as MMT
content increased for all nanocomposites, but the decrease in
the flow direction was much more significant, especially as the
amount of elastomer increased. On the other hand, thermal
expansion in the ND steadily increased as MMT content
increased. The bulk expansion coefficient was relatively
unaffected by MMT content but increased with the amount
of elastomer. These trends in thermal expansion of the current
nanocomposites with varying MMT and elastomer amounts
were explained in terms of analyses of the clay and elastomer
particle dimensions. The morphology attained and the resulting
mechanical and thermal properties of the current nanocompo-
sites are far from the ultimate ones that can be predicted based
on composite theory. The latter indicates that further efforts to
reach complete exfoliation of the clay and might lead to even
better properties of such nanocomposites.
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