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Significant reductions in linear thermal expansion coefficients in the flow and transverse directions of
injection-molded specimens of thermoplastic polyolefin, or TPO, nanocomposites were achieved by
controlling the maleated polypropylene (PP-g-MA)/organoclay ratio. Linear thermal expansion behavior
was examined using a thermomechanical analyzer (TMA). The trends in thermal expansion for the
nanocomposites are discussed in terms of the morphology of both dispersed clay and elastomer phases
by means of transmission electron microscopic (TEM) and atomic force microscopic (AFM) observations
and subsequent particle analyses. A higher PP-g-MA/organoclay ratio causes an increase in the aspect
ratio of clay particles along the flow direction (FD) and transverse direction (TD) for the injection-molded
specimens; however, the aspect ratio along the FD was higher than that along the TD. On the other hand,
the aspect ratio of elastomer particles along the FD was much higher than that along the TD. Further-
more, highly elongated elastomer particles along the FD were observed. The combined effect of the
mechanical constraint by organoclay and the highly elongated elastomer particles caused at high PP-g-
MA contents was responsible for the significant reduction of thermal expansion for these materials.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The interest in polymer/layered silicate nanocomposites stems
from the possibility that only a few percent of clay can lead to
significant improvements in stiffness and strength, gas barrier
properties, and other physical properties [1–7].

A particularly promising benefit of incorporating layered silicates
into polymers is the reduction of the thermal expansion coefficient
(CTE) and improved dimensional stability. The large discrepancy
in the CTE between most polymers, e.g., w10�4 mm/mm �C for
polypropylene (PP) [8], and metals (w10�5 mm/mm �C) is a signif-
icant impediment in replacing metal parts with light weight plastic
parts in various automotive applications. Because of the high
modulus and low thermal expansion coefficient of the layered sili-
cate filler, the linear thermal expansion of nanocomposites can be
significantly decreased by simple mechanical restraints consider-
ations provided the clay platelets are well-dispersed in the polymer
matrix (high aspect ratio) and appropriately oriented [2,9–14]. The
same factors lead to effective reinforcement at low loading for
: þ1 512 471 0542.
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nanocomposites based on the clay-mineral montmorillonite
(MMT). The small absolute size of filler particles leads to a better
surface finish than that expected for conventional composites [15].
Numerous studies have examined how filler shape, size, concen-
tration, and dispersion influence the thermal expansion of polymer
composites [9–14,16–19]. Despite the practical importance of
thermal expansion characteristics, relatively few studies have sys-
tematically investigated the relationship between morphology and
dimensional stability, e.g., CTE, of polymer/clay nanocomposites
[13,14,20]. Recently, our laboratory reported on the anisotropic
thermal expansion behavior and the morphology for the nano-
composites based on nylon 6 and those formed by blending poly-
propylene with an ethylene–octene elastomer for toughening and
a masterbatch mixture containing equal parts of maleated poly-
propylene (PP-g-MA) and an organoclay for reinforcement and
dispersion [13,14].

Polyolefin/layered silicate nanocomposites, especially PP,
have been widely investigated for replacement of metals and high
performance engineering thermoplastics [21–33]. However, non-
polar PP does not inherently lead to a high level of dispersion of
organoclays. Therefore, it has been found useful to add small
amounts of maleated PP or PP-g-MA, to serve as a ‘‘compatibilizer’’ to
achieve better dispersion of the silicate platelets in the PP or
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Fig. 1. Schematic diagram of the sampling for thermal expansion measurement.
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thermoplastic olefin (TPO) matrix and, as a consequence, improve
reinforcement. Interestingly, very few studies have reported on how
the ratio of PP-g-MA to organoclay affects morphology and the
performance of PP-based nanocomposites [28,32,33] or TPO-based
nanocomposites [34,35]. Recently, we reported the effect of the
PP-g-MA/organoclay ratio on the morphology and performance,
Fig. 2. TEM images of TPO-based nanocomposites showing clay particle morphology as a fun
ratio of 1.0. Images were taken from the core and viewed parallel to the TD (a and c) and F
e.g., mechanical, rheological and thermal expansion behavior,
for PP-based nanocomposites that contained no elastomer phase
[20].

The purpose of this paper is to examine the effect of PP-g-MA/
organoclay ratio on morphology and thermal expansion behavior
of TPO nanocomposites. The first paper in this series described
the effect of PP-g-MA/organoclay ratio on mechanical, rheological
properties, and morphology of the same TPO-based nano-
composites [36]. An in-depth particle analysis of both filler (from
TEM images) and elastomer (from AFM images) morphology
along the flow and transverse directions of injection-molded
specimens is used to evaluate how these phases influence
thermal expansion behavior. As expected, the ratio of PP-g-MA to
organoclay strongly affects the morphology of clay platelets and
elastomer particles resulting in changes in the thermal expansion
characteristics. A better understanding of the influence of PP-g-
MA/organoclay ratio on the relationship between composite
morphology and CTE behavior is needed to achieve improved
dimensional stability of injection-molded parts for TPO-based
nanocomposites. A subsequent paper will attempt to model the
stiffness and thermal expansion of these nanocomposites as
a function of MMT content and PP-g-MA/organoclay ratio.
ction of MMT content of 3 (a and b), and 5 wt% (c and d) at a fixed PP-g-MA/organoclay
D (b and d).



Fig. 3. TEM images of TPO-based nanocomposites showing clay particle morphology as a function of a ratio of PP-g-MA to organoclay of 0.5 (a and b), and 2.0 (c and d) at a fixed
MMT content of 5 wt%. Images were taken from the core and viewed parallel to the TD (a and c) and FD (b and d).
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2. Experimental

2.1. Materials and composite preparation

Nanocomposites were formed by melt compounding mixtures
of a commercial TPO (CA 387 from Basell Polyolefins, melt
index¼ 17 g/10 min), polypropylene-grafted maleic anhydride (PP-
g-MA, MA content¼ 1.0 wt%) and an organoclay (di-methyl, dihy-
drogenated tallow-montmorillonite). The nanocomposite 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 [36].

2.2. Morphological characterization

Samples for transmission electron microscopic (TEM) analysis
were taken from the central region of a 13 cm Izod bar, located
parallel and perpendicular to the flow direction, about 3–4 cm
away from the far end halfway between the top and the bottom
surfaces of the bar. Sections taken from molded bars were viewed
in the three orthogonal directions, flow direction (FD), transverse
direction (TD), and normal direction (ND). The detailed geometry of
the specimen and the viewing directions for TEM are described
elsewhere [13,37–39]. The 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 ultramicrotome with a CR-X universal
cryosectioning system. Sections were collected on 300 mesh cop-
per TEM grids and subsequently dried with filter paper. The sec-
tions were examined using a JEOL 2010F TEM with a LaB6 filament
operating at an accelerating voltage of 120 kV.

Atomic force microscopic (AFM) experiments were performed
on cryogenically microtomed surfaces of nanocomposites con-
taining elastomer using a Digital Instruments Dimension 3100 with
Nanoscope IV controller at room temperature. Images were recor-
ded in the tapping mode using etched silicon probes. The in-
strumental parameters such as the set point and the gain were
adjusted to improve the image resolution. The particle analysis of
the elastomer phase obtained by AFM images used a similar pro-
cedure as given in the first paper in this series [36].

2.3. Thermal expansion measurement

Thermal expansion tests were conducted according to ASTM
D696 using a Perkin–Elmer thermomechanical analyzer (TMA 7).
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Rectangular specimens were prepared from the central region of
Izod bars. The dimensions of the specimens were as follows:
thickness¼ 3.2 mm, width¼ 6.4 mm, and height¼ 12.7 mm.
b
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Fig. 5. Histogram of MMT particle dimensions for TPO/PP-g-MA/MMT nanocomposites conta
length (a), particle thickness (b) and particle aspect ratio (c).
Thermal expansion measurements were made in all three orthog-
onal directions, i.e., flow direction (FD), transverse direction (TD),
and normal direction (ND) (see Fig. 1). Due to the thickness of the
injection-molded specimens, measurements made in the ND were
performed on a stack of four 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, and then quenched to room tem-
perature. In order to assess both reversible and non-reversible ef-
fects, 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 made in a nitrogen atmosphere.

3. Results and discussion

3.1. Morphological characterization and particle analysis
using TEM and AFM

3.1.1. Clay particle analysis
As shown in previous papers [20,36], a high aspect ratio of clay

particles contributes to greater increase in modulus and greater
reduction in thermal expansion and is related to the degree of clay
dispersion. A few studies have indicated that the shape of the MMT
particles may be anisotropic, i.e., different lengths along the FD and
TD, based on the morphology and/or thermal expansion behavior of
the nanocomposites [13,14,39–42].

Figs. 2 and 3 show TEM micrographs for TPO-based nano-
composites with various MMT contents and PP-g-MA/organoclay
ratios as viewed parallel to the FD and to the TD. The length of clay
Particle Thickness (nm)

0 2 8 10 12 14 16 18 20 22
0

20

40

60

80

100

120

St. Dev. = 4.1 nm
Total No. = 214

(t
ND,view//FD

)
n 

= 4.6 nm−

−(t 
ND,view//FD

)
w 

= 8.1 nm

F
r
e
q
u
e
n
c
y

PP-g-MA/organoclay = 2.0
MMT 5 wt%

Interval = 2 nm

4 6

pect ratio

0 80 100 120

St. Dev.= 21.4
Total No.= 214

PP-g-MA/organoclay = 2.0
MMT 5 wt%

Interval = 5

<  
TD

 /t 
ND,view//FD >n

= 37

< 
TD

 /t 
ND,view//FD

 >
w
= 49

ining 5 wt% of MMT at a PP-g-MA/organoclay ratio of 2.0, viewed parallel to FD: particle



Table 1
Image analysis results of clay particles obtained from TEM images of TPO/PP-g-MA/MMT nanocomposites for different MMT contents at a fixed ratio of PP-g-MA/organoclay
of 1.0

MMT
(wt%)

Plane of
viewing

Number average
particle length
(nm), [n

Weight average
particle length
(nm), [w

Number average
particle thickness
(nm), tn

Weight average
particle thickness
(nm), tw

Number average
aspect ratio, C[=tDn

Weight average
aspect ratio, C[=tDw

Aspect ratio

[n=tn
a [w=tw

b

0.84 FD–ND 178 222 5.1 8.2 46 63 35 27
TD–ND 147 181 4.4 7.6 44 57 33 24

2.6 FD–ND 165 225 5.6 10.4 40 59 29 22
TD–ND 141 174 4.4 8.7 43 53 32 29

4.7 FD–ND 152 185 5.8 10.9 38 51 26 17
TD–ND 141 167 5.1 8.0 35 44 27 21

6.8 FD–ND 134 178 5.7 10.8 32 43 24 17
TD–ND 133 171 5.1 8.6 34 44 26 20

a The values of the aspect ratio were computed from the number average particle length and thickness.
b The values of the aspect ratio were computed from the weight average particle length and thickness.

Table 2
Image analysis results of clay particles obtained from TEM images of TPO/PP-g-MA/MMT nanocomposites for different PP-g-MA/organoclay ratios at a fixed MMT content
of 5 wt%

PP-g-MA/
organoclay

Plane of
viewing

Number average
particle length
(nm), [n

Weight average
particle length
(nm), [w

Number average
particle thickness
(nm), tn

Weight average
particle thickness
(nm), tw

Number average
aspect ratio, C[=tDn

Weight average
aspect ratio, C[=tDw

Aspect ratio

[n=tn
a [w=tw

b

0 FD–ND 623 1553 84.1 134.6 9 10 12 7
TD–ND 447 762 90.2 196.5 7 10 5 4

0.5 FD–ND 161 214 13.9 21.3 16 34 12 10
TD–ND 181 227 12.8 22.3 17 22 14 10

1.0 FD–ND 152 185 5.8 10.9 38 51 26 17
TD–ND 141 167 5.1 8.0 35 44 27 21

2.0 FD–ND 143 187 4.1 7.5 42 52 34 25
TD–ND 135 175 4.6 8.2 37 49 29 21

a The values of the aspect ratio were computed from the number average particle length and thickness.
b The values of the aspect ratio were computed from the weight average particle length and thickness.
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Fig. 7. Comparison of clay particle length (a), thickness (b) and aspect ratio (c) with TPO/PP-g-MA/MMT nanocomposites in the different flow directions.
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particles seems to be shorter in views parallel to FD than those
parallel to TD irrespective of MMT content and PP-g-MA/organoclay
ratio; the thickness of the particles shows somewhat different
tendencies. In views parallel to the FD the particles seem to be
thinner than those parallel to the TD at a fixed PP-g-MA ratio of 1.0
(see Fig. 2); whereas, at a fixed MMT content (see Fig. 3) the par-
ticles seem to be thicker in views parallel to the FD than those
parallel to the TD. Furthermore, the alignment of the clay particles
shows different trends. At low MMT contents, e.g., 3 wt%, the
alignment and dispersion of the clay particles as seen along the TD
seem to be better than those along the FD. At higher MMT content
like 5 wt%, the alignment and dispersion of clay particles in the two
directions appear similar. On the other hand, at the low PP-g-MA/
organoclay ratio of 0.5, the particles seem to be similar or a little
thicker in views parallel to FD than those parallel to TD; whereas,
the trend seems opposite at the higher ratio of 2.0. These trends
may reflect differences in the flow field during the injection-
molding process.

Clay particle analyses were performed to quantify the trends
described above. Fig. 4 illustrates the nomenclature used to de-
scribe the length and thickness of clay particles in the two different
viewing directions. In our laboratory, a sizeable effort has been
devoted to perform in-depth particle analysis using TEM photo-
micrographs to provide quantitative information regarding the
relationship between clay structure and nanocomposite properties
[14,37–39,43,44]. As seen in the histograms in Fig. 5, there is
a sizeable distribution in particle length and thickness as well as in
aspect ratio. As reported in previous papers [20,36], the distribution
in particle aspect ratio can be obtained by calculating the aspect
ratio of individual clay particles. From such histograms, number
and weight average values of particle length, thickness and aspect
ratio with varying MMT contents and/or PP-g-MA/organoclay ratios
were determined and are summarized in Tables 1 and 2 and in Figs.
6 and 7. In some cases, the averages of the particle dimensions
obtained from views parallel to the FD and TD are essentially the
same but meaningful differences between the two views exist in
some cases. The data obtained from the view in the FD–ND plane
are taken from the previous paper [36], while those from the view
in the TD–ND plane are reported here.

Fig. 6(a) and (b) shows the length and thickness of clay particles
versus MMT content at a fixed ratio of PP-g-MA/organoclay¼ 1.0.
While the particle length along the FD, [FD (obtained in a view
parallel to the TD), decreases sharply as MMT content increases,
along the TD the observed length, [TD, decreases less. The thickness
of the clay particles increases with increasing MMT content in
nanocomposites regardless of viewing direction or method of av-
eraging; however, the thickness measured in views parallel to the
TD, tND;viewkTD, is consistently greater than that in views parallel to
the FD, tND;viewkFD. Consequently, the average aspect ratio of the
clay particles, Fig. 6(c), decreases on addition of MMT. The weight
average aspect ratios along the FD, C[FD=tND;viewkTDDw, appear
somewhat larger than those along the TD, C[TD=tND;viewkFDDw; the
differences in the number average aspect ratios between the two
viewing directions are not as great. This is one of the main reasons
for the greater reduction of thermal expansion coefficient along the
FD than the TD since a higher aspect ratio of the filler should lead to



Fig. 8. AFM images of TPO-based nanocomposites showing elastomer particle morphology as a function of MMT content of 1 (a and b), and 5 wt% (c and d) at a fixed PP-g-MA/
organoclay ratio of 1.0. Images were taken from the core and viewed parallel to the TD (a and c) and FD (b and d).
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a lower thermal expansion coefficient (CTE) as reported for nylon-
based nanocomposite [13]. The other possibility is the degree of
orientation of clay platelets to the flow direction. When we com-
pared the orientation of clay particles along the FD (see Fig. 2(a) and
(c)) and TD (Fig. 2(b) and (d)), the degree of orientation along the FD
is somewhat higher than that along the TD. The higher aspect ratio
coupled with orientation of clay platelets should lead to a lower
thermal expansion coefficient. We will deal with this issue in detail
in a subsequent paper.

From Fig. 7 it was found that the number and weight averages of
the length and thickness of clay particles at a fixed MMT content of
5 wt% decrease as the PP-g-MA/organoclay ratio increases irre-
spective of the direction of viewing. Since the change of particle
thickness is much greater than that of the particle length, the
particle aspect ratio increases as the PP-g-MA/organoclay ratio in-
creases as shown in Fig. 7(c). The particles are somewhat longer
when viewed along the FD, [FD, than when viewed along the TD,
[TD; whereas, the particle thicknesses in the two views are rather
similar as the PP-g-MA/organoclay ratio increases. This suggests
that the particle aspect ratio, C[=tDw, along the FD is higher than that
along the TD.

Lee et al. [14] reported that the aspect ratio along the TD is larger
than that along the FD for PP/elastomer nanocomposites containing
equal parts of PP-g-MA and organoclay. This discrepancy with the
current observations may stem from several sources including the
difference in mixing methods. Lee et al. mixed the PP, elastomer
and a masterbatch containing equal parts of PP-g-MA and an
organoclay; whereas, we mixed TPO, PP-g-MA and organoclay at
the same time. When we mixed TPO with same masterbatch, we
could observe similar behaviors as Lee et al., e.g., the aspect ratio
along the TD is somewhat higher than that along the FD. Moreover,
the clay particles along the FD seem to be more skewed than those
along the TD. The difference in morphology caused by the mixing
protocol for TPO-based nanocomposites will be discussed in more
detail in a subsequent paper. On the other hand, the aspect ratio
used in their study was calculated by ratio of the average particle
length and the average particle thickness, i.e., [=t; whereas, the
aspect ratio here is the average of individual particle aspect ratios,
C[=tD, as mentioned above. However, some measures of aspect ratio,
e.g., [n=tn and [w=tw, show a marginal difference; the aspect ratio
along the TD shows higher values than that along the FD. We be-
lieve this is related to the way the aspect ratio is calculated and
should be treated carefully in order to analyze the mechanical and
thermal properties of these nanocomposites. This issue will be
discussed in more detail in the subsequent paper dealing with
modeling of the properties of these nanocomposites.



Fig. 9. AFM images of TPO-based nanocomposites showing elastomer particle morphology as a function of a ratio of PP-g-MA to organoclay of 0.5 (a and b) and 2.0 (c and d) at
a fixed MMT content of 5 wt%. Images were taken from the core and viewed parallel to the TD (a and c) and FD (b and d).
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3.1.2. Elastomer particle analysis
Figs. 8 and 9 show AFM images that reveal the elastomer mor-

phology of TPO nanocomposites as a function of MMT content, the
ratio of PP-g-MA/organoclay, and viewing plane. As MMT content
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Fig. 10. Schematic illustration of elastomer particle length and thickness obtained
from AFM images plus definition of average particle diameter calculated from observed
particle area.
increases, the elastomer particles become slightly smaller irre-
spective of viewing plane. However, the elastomer particles seem
more oriented in views in the FD–ND plane than those in the TD–
ND plane. Furthermore, the elongation of elastomer particles is
much greater in views in the FD–ND plane than those in the TD–ND
plane as shown in Fig. 8. Similar trends are seen as the PP-g-MA/
organoclay ratio increases. As shown in Fig. 9, the elastomer par-
ticles seem to become somewhat smaller and more elongated
when viewed in the FD–ND plane than when viewed in the TD–ND
plane as the PP-g-MA/organoclay ratio increases. Interestingly, the
size of the elastomer particles, when viewed in the FD, decreases as
the PP-g-MA/organoclay ratio increases; whereas, the size ob-
served in the TD does not change much. Furthermore, the elasto-
mer particles are more aligned along the FD than along the TD as
might be expected.

Particle analyses were performed to quantify these observa-
tions. Fig. 10 shows a schematic illustration of elongated elasto-
mer particles and the nomenclature used to quantify their length
and thickness obtained from AFM images [14]. Fig. 11 shows
histograms of apparent particle diameter, length, thickness and
aspect ratio from views in the TD–ND plane at fixed PP-g-MA/
organoclay ratio of 2.0 and MMT content of 5.0 wt%. A summary
of the elastomer particle size analyses, expressed as number and
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Fig. 11. Histograms of apparent elastomer particle size (a), length (b), thickness (c) and aspect ratio (d) data obtained by analyzing AFM images of TPO/PP-g-MA/MMT nano-
composites with the ratio of PP-g-MA to organoclay of 2.0 at a fixed MMT contents of 5 wt% (viewed parallel to FD).

Table 3
Elastomer particle size comparison of TPO/PP-g-MA/MMT nanocomposites for different MMT contents at a fixed ratio of PP-g-MA/organoclay of 1.0

MMT (wt%) Plane of viewing Particle size (mm) Major length
(mm)

Minor length
(mm)

Elastomer aspect ratio

dn dw [n [w tn tw C[=tDn C[=tDw [n=tn
a [w=tw

b

TPO FD–ND 0.86 1.16 1.26 1.82 0.62 0.88 2.12 2.41 2.03 2.07
TD–ND 0.85 1.16 1.14 1.58 0.66 0.98 1.82 1.99 1.72 1.62

0.84 FD–ND 0.60 0.86 0.87 1.55 0.44 0.69 2.07 2.60 1.98 2.24
TD–ND 0.64 0.79 0.85 1.07 0.49 0.63 1.88 2.06 1.76 1.70

2.6 FD–ND 0.58 0.84 0.99 1.68 0.35 0.52 2.94 3.92 2.81 3.25
TD–ND 0.55 0.73 0.77 1.06 0.39 0.58 2.10 2.37 1.97 1.83

4.7 FD–ND 0.53 0.77 0.99 1.46 0.28 0.33 3.98 5.24 3.48 4.45
TD–ND 0.55 0.66 0.81 1.06 0.38 0.46 2.20 2.56 2.12 2.33

6.8 FD–ND 0.55 0.64 1.14 1.50 0.26 0.31 4.75 6.28 4.40 4.85
TD–ND 0.59 0.65 0.91 1.06 0.40 0.44 2.38 2.73 2.29 2.41

a The values of the aspect ratio were computed from the number average particle length and thickness.
b The values of the aspect ratio were computed from the weight average particle length and thickness.
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weight averages, obtained from views in the FD–ND plane and
TD–ND plane for a series of nanocomposites containing various
amounts of MMT and PP-g-MA is shown in Tables 3 and 4. As in
the case of clay particles, the elastomer phase shows a sizeable
distribution in particle lengths and thicknesses as well as in as-
pect ratios.

Fig. 12 shows the weight average apparent elastomer particle
sizes, lengths and thicknesses as a function of MMT content
obtained from AFM images viewed in the FD–TD plane and TD–ND
plane. The data from the view in the FD–ND plane are taken from
the previous paper [36], while those from the view in the TD–ND
plane were obtained in this study. In the absence of MMT, the
weight average elastomer particle size viewed in the TD–ND plane,
ðdTD�NDÞw, in the TPO is 1.16 mm. A similar value is obtained from
views in the FD–ND plane, ðdFD�NDÞw. However, the apparent par-
ticle size viewed parallel to the FD is somewhat smaller than that
viewed parallel to the TD as the MMT content increases. It is
expected that the particles viewed in the FD–ND plane would be



Table 4
Elastomer particle size comparison for TPO/PP-g-MA/MMT nanocomposites for different ratios of PP-g-MA/organoclay at a fixed MMT content of 5 wt%

PP-g-MA/organoclay Plane of viewing Particle size
(mm)

Major length
(mm)

Minor length
(mm)

Elastomer aspect ratio

dn dw [n [w tn tw C[=tDn C[=tDw [n=tn
a [w=tw

b

0 FD–ND 0.78 1.01 1.33 1.95 0.56 0.76 2.4 2.9 2.17 2.22
TD–ND 0.64 0.77 0.89 1.17 0.47 0.57 1.93 2.10 1.91 2.06

0.5 FD–ND 0.76 1.01 1.2 1.69 0.47 0.65 3.02 3.74 2.81 3.03
TD–ND 0.62 0.72 0.80 0.98 0.49 0.59 1.69 1.85 1.63 1.66

1.0 FD–ND 0.53 0.77 0.99 1.46 0.28 0.33 3.98 5.24 3.48 4.45
TD–ND 0.55 0.66 0.81 1.06 0.38 0.55 2.20 2.56 2.12 2.33

2.0 FD–ND 0.51 0.65 1.04 1.7 0.26 0.35 4.42 6.53 3.93 4.82
TD–ND 0.60 0.66 0.84 0.97 0.44 0.48 1.98 2.23 1.92 2.00

a The values of the aspect ratio were computed from the number average particle length and thickness.
b The values of the aspect ratio were computed from the weight average particle length and thickness.
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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, [FD or [TD (major axis), and
thickness, tND;viewkTD or tND;viewkFD (minor axis), of elastomer par-
ticles as viewed in the two directions are also apparent, see
Fig. 12(b). Interestingly, the thickness seems independent of the
viewing direction; whereas, the elastomer particle length along
the FD is somewhat greater than that along the TD because of the
elongation of elastomer particles along the FD by the flow field.
There are slight differences in the thickness of particles at high
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MMT content, e.g., 5 and 7 wt%, obtained from the two viewing
planes; this suggests that the elastomer particles may not be ex-
actly ellipsoidal in shape. This may stem in part from the viewing
plane not exactly matching the orthogonal coordinates of the
molded bar. However, clearly, the elastomer particles have complex
shapes owing to the effect that the clay particles have on them as
further discussed below [14,36,45].
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plane decreases relatively less as shown in Fig. 13(a). Fig. 13(b)
shows that the elastomer particle length and thickness are not
strongly affected by the PP-g-MA/organoclay ratio, but, in general,
these dimensions decrease as the PP-g-MA/organoclay ratio in-
creases. The average aspect ratios, e.g., C[FD=tND;viewkTDDw and
C[TD=tND;viewkFDDw, shown in Fig. 14 reveal a strong directional de-
pendence of the particle shapes. The particle aspect ratios increase
significantly with the addition of clay and increased PP-g-MA/
organoclay ratio when viewed in the FD–ND plane while they do
not change much when viewed in the TD–ND plane. It has been
well documented in previous studies that the size of the dispersed
polymer phase in blends is decreased by the presence of clay
particles or platelets [14,36,45]. While several factors may be in-
volved, the evidence strongly supports the idea that the presence
of clay platelets between elastomer particles significantly reduces
the rate of their coalescence; this shifts the balance of droplet
break-up versus coalescence leading to smaller elastomer particles
in the blend. It would seem reasonable that this so-called ‘‘bar-
rier’’ effect would become greater as the density of clay particles
increases, i.e., as the clay becomes better dispersed. This is con-
sistent with the current observation that elastomer particle size
decreases as the PP-g-MA/organoclay ratio increases causing more
organoclay particles to be formed. The elastomer particles also
become more elongated and oriented as the PP-g-MA ratio in-
creases. It should be noted that the clay particles are mainly ori-
ented in the direction of flow, and it appears that this results in
the elongation of the elastomer particles along the FD. The de-
formed 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. Linear thermal expansion behavior of nanocomposites

As explained in Section 2, the thermal expansion behavior of the
nanocomposite specimens was recorded over a broad temperature
range (up to 125 �C); however, the thermal expansion over the
range of 0–30 �C is of particular interest since we relate the results
to the mechanical properties measured at room temperature, i.e.,
ca. 25 �C, as will be discussed in more detail in a subsequent paper.
Thus, all data presented in this paper were obtained over the 0–
30 �C temperature range from the second heating scan of these
nanocomposites. Further details of thermal expansion measure-
ments are given in a previous paper [14].

Fig. 15 shows the linear thermal expansion coefficients, or CTEs,
measured in all directions for TPO-based nanocomposites as
a function of MMT content at various PP-g-MA/organoclay ratios.
As expected, the CTE along the FD and the TD decreases as MMT
content increases; whereas, the CTE along the ND increases as
MMT content increases. The increase in CTE in the ND for in-
jection-molded polymer blends is a result of the reduced expan-
sion in the FD and TD. It is noted that the CTEs in the TD and ND
(Fig. 15(b) and (c)) for the pure TPO are higher than that in the FD
(Fig. 15(a)) due to polymer chain and/or crystallite orientation
resulting from the injection-molding process. The change in CTE
when the organoclay is added to TPO without any PP-g-MA present
is relatively small regardless of the direction of measurement. The
addition of even a small amount of PP-g-MA causes significant
reductions in CTE for the FD and TD; however, the absolute amount
of change over the range of PP-g-MA/organoclay ratios from 0.5 to
2 seems to lead to only marginal differences. This point is made
more clear from plots of CTE versus the PP-g-MA/organoclay ratio
at fixed MMT content.

As shown in Fig. 16, the addition of a small amount of PP-g-MA
causes significant reductions in CTE in the FD and the TD, but the
rate of decrease diminishes at higher ratios. On the contrary,
thermal expansion in the ND, Fig. 16(c), increases at low PP-g-MA/
organoclay ratios and decreases at higher ratios. Figs. 15(d) and
16(d) show that the bulk expansion coefficient, obtained by adding
the measured CTEs in the three directions, i.e., abulk ¼ aFDþ
aTD þ aND, is relatively unaffected by MMT content and PP-g-MA/
organoclay ratio but decreases slightly with high amounts of clay
and PP-g-MA. We note there are several factors that play roles in
opposition to each other as discussed by Lee et al. [14]: (1) there are
morphological rearrangements in the ternary system, i.e., the clay
affects elastomer morphology and vice versa. (2) Since the PP-g-MA
has a higher thermal expansion coefficient than TPO or MMT,
thermal expansion tends to increase as more PP-g-MA is added;
whereas, the well-dispersed clay particles by the addition of PP-g-
MA reduce the thermal expansion. (3) Adding PP-g-MA lowers the
modulus and a lower modulus of the matrix makes it easier for
MMT to restrain the expansion of the composite.

A better understanding of the thermal expansion behavior of
these nanocomposites can be obtained by normalizing the CTE data
in the FD and TD discussed above by the CTE of the corresponding
polymer matrix, i.e., am of TPO and TPO/PP-g-MA blends without
any organoclay. Thus, the linear thermal expansion coefficients
(CTEs) in all directions for TPO/PP-g-MA blends without any clay
were measured with the results shown in Fig. 17. Interestingly, the
CTE in the FD is more or less constant at low PP-g-MA contents
(<10 wt%) and then increases at higher PP-g-MA contents. The
eventual increase is inevitable since PP-g-MA has a higher thermal
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expansion coefficient than TPO. On the other hand, the CTEs along
the TD and the ND show a slight increase at low PP-g-MA content
and then decrease at higher contents. The bulk thermal expansion
coefficient is relatively independent of the blend composition. As
with the mechanical properties for these materials [36], the pres-
ence of PP-g-MA without clay or clay without PP-g-MA, i.e., large
tactoids, does not significantly affect the thermal expansion of TPO
even though there is directional dependence as shown above. Ad-
dition of PP-g-MA to TPO without any organoclay present does not
significantly affect the morphology of the dispersed elastomer
phase in the TPO or the thermal expansion behavior of the TPO
matrix. On the other hand, organoclay without any PP-g-MA does
not seem to affect the thermal expansion of the TPO significantly
(see Figs. 15 and 16).

The normalized CTE values are plotted as a function of the PP-
g-MA/organoclay ratio in Fig. 18. For a clear comparison of the two
methods, the solid lines represent the nanocomposite CTE data
normalized by the CTE of the TPO/PP-g-MA matrix while the
symbols correspond to normalization by the CTE of the TPO alone.
The normalized CTE in the FD decreases with increasing PP-g-MA/
organoclay ratio regardless of the normalization method as shown
in Fig. 18(a). Interestingly, at the low PP-g-MA/organoclay ratio, or
low MMT content, the method of normalization does not matter;
however, normalization by the CTE of the TPO/PP-g-MA matrix
leads to lower values at the higher PP-g-MA/organoclay ratios. It is
important to note that adding PP-g-MA lowers the modulus which
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 and make it easier to orient to the flow di-
rection by increasing the degree of exfoliation. However, the ex-
tent of reduction in CTE along the TD shows an opposite trend. The
normalized CTE along the TD decreases at low PP-g-MA/organo-
clay ratio and then increases at higher ratios (see Fig. 18(b)). This
anisotropic thermal expansion behavior may be due to the
changes in the morphology of clay and elastomer particles, that is,
the increase of the orientation of well-dispersed clay platelets and
highly elongated elastomer particles with smaller particle sizes
along the FD by adding more PP-g-MA. This was shown in the
morphology and particle analysis presented in this and previous
papers [36].

Recently, significant reductions in CTE were observed in poly-
mer/rubber blends, e.g., PP/EPR, PA/EPR, PP/EOR, etc., when the
rubber domains were highly deformed into micro-layer or co-
continuous structures [46,47], especially for blends containing high
rubber concentrations, e.g., >40% [47]. The morphological changes
of the rubber phase were achieved by controlling the rubber con-
centration and processing conditions. However, this is not the case
for the current nanocomposites because of the presence of the
organoclay. Lee et al. [14] observed the significant reduction of CTE
for PP/elastomer nanocomposites by changing the amount of MMT
and elastomer. They reported that a higher extent of constraint and
the resulting reduction in CTE are only achieved when the
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elastomer particles are well-dispersed with highly elongated
shapes in the nanocomposites containing higher elastomer, e.g., 30
or 40%, and MMT contents, e.g., 7% at a fixed PP-g-MA/organoclay
ratio of 1.0 [14]. For current nanocomposites containing a fixed
amount of elastomer, e.g., 25% [36], well-dispersed and highly
elongated elastomer particles can be achieved at higher PP-g-MA/
organoclay ratio of 2.0, resulting in the significant reduction of CTE
as shown in Fig. 18(a).

4. Summary and conclusions

The ratio of PP-g-MA to organoclay strongly affects the mor-
phology of the clay platelets and the elastomer particles with
consequent changes in thermal expansion characteristics. An in-
depth particle analysis of the morphology of each by TEM (clay) and
AFM (elastomer) along the FD and TD of injection-molded speci-
mens revealed that the anisotropy of both the clay and the elas-
tomer particles is highly dependent on the MMT concentration and/
or PP-g-MA/organoclay ratio in the nanocomposites. Both average
length and thickness of the clay particles viewed parallel to the FD
and the TD decreased with increasing PP-g-MA/organoclay ratio,
resulting in an increase of the aspect ratio of clay particles. How-
ever, the aspect ratio along the FD was higher than that along the
TD. On the other hand, the aspect ratio of elastomer particles along
the FD was much higher than that along the TD. Furthermore,
highly elongated particles along the FD were observed at high PP-g-
MA/organoclay ratios. This combined effect of the mechanical
constraint by the organoclay and the highly elongated elastomer
particles at high PP-g-MA contents leads to significant reductions in
thermal expansion for these materials.

The increase of the PP-g-MA/organoclay ratio tends to signifi-
cantly reduce the thermal expansion in both FD and TD of injection-
molded specimens; however, the extent of reduction of CTE in the
FD is much greater than that in the TD, especially as the amount of
PP-g-MA is increased. On the other hand, thermal expansion in the
ND slightly increased as MMT content is increased. As expected, the
bulk expansion coefficient is not strongly affected by MMT content
and/or PP-g-MA/organoclay ratio.

The important effects of increasing the PP-g-MA content in-
clude increasing the number of organoclay particles, i.e., improv-
ing dispersion, increasing the aspect ratio of the clay particles, and
improving their orientation in the flow field. These benefits to
morphology and subsequently to performance become marginal
beyond a PP-g-MA/organoclay ratio of about 1. While the benefits
of adding PP-g-MA are large, it is clear that the current materials
are still rather far from full exfoliation and the ultimate perfor-
mance that potentially might be achieved. The current results
provide a better understanding of the influence of the PP-g-MA/
organoclay ratio on the relationship between composite mor-
phology and CTE behavior needed to achieve improved
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different directions: (a) flow, transverse and normal directions and (b) bulk expansion
coefficient.
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dimensional stability of injection-molded parts from TPO-based
nanocomposites.
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