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Abstract

The structureeproperty relationships of thermoplastic olefin (TPO)-based nanocomposites prepared by melt processing are reported with
a main focus on the ratio of maleic anhydride-grafted polypropylene (PP-g-MA) to organoclay. The morphological observations by transmission
electron microscopy, atomic force microscopy, and X-ray diffraction are presented in conjunction with the mechanical and rheological properties
of these nanocomposites. Detailed quantitative analyses of the dispersed clay particles revealed that the aspect ratio of clay particles decreased as
clay content increased but increased as the amount of PP-g-MA increased. Analysis of the elastomer phase revealed that the aspect ratio of the
elastomer phase increased in both cases. The presence of clay causes the elastomer particles to become highly elongated in shape and retards the
coalescence of the elastomer particles. The modulus and yield strength are enhanced by increasing the PP-g-MA/organoclay ratios. High levels
of toughness of the TPO can be maintained when moderate levels of (organoclay) MMT and PP-g-MA are used. The rheological properties
suggested that the addition of clay particles and PP-g-MA has a profound influence on the long time stress relaxation of the TPO nanocompo-
sites. Based on these analyses, it is clear that it is important to optimize the ratio of PP-g-MA and organoclay to obtain the desired balance of
mechanical properties and processing characteristics for TPO nanocomposites.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

There has been a continued interest in polymer/layered sili-
cate nanocomposites since the first synthesis of nylon/clay
nanocomposites via in situ polymerization [1e6]. Layered sili-
cates can impart high levels of reinforcement to polymers at
very low concentrations which makes them attractive for re-
placement of conventional fillers, e.g., talc or glass fibers, in
many applications. The focus of most industrial research and de-
velopment has been on the formation of nanocomposites by

* Corresponding author. Tel.: þ1 512 471 5392; fax: þ1 512 471 0542.

E-mail address: drp@che.utexas.edu (D.R. Paul).
0032-3861/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2007.08.010
melt mixing or compounding processes because this is generally
more commercially attractive than in situ polymerization [3,5].

Polyolefin/layered silicate nanocomposites, especially
polypropylene (PP), have been widely investigated for re-
placement of high performance engineering thermoplastics
with lower cost materials [7e21]. PP has great potential for
nanocomposite applications because of many desirable proper-
ties, such as low density, high thermal stability, and good sol-
vent resistance. However, its lower modulus relative to
engineering polymers and brittle nature represent practical
limitations for many applications. Inorganic fillers can in-
crease stiffness, reduce mold shrinkage, and thermal expan-
sion while an elastomer phase can be used to compensate
for the reduction of toughness, particularly at low temperature,

mailto:drp@che.utexas.edu
http://www.elsevier.com/locate/polymer


5961D.H. Kim et al. / Polymer 48 (2007) 5960e5978
caused by adding filler. Thus, a major issue for some applica-
tions is to achieve an optimum balance of stiffness and tough-
ness. To address this, elastomer toughened PP, or the so-called
‘‘thermoplastic olefin’’ or TPO, materials containing talc as
a filler are widely used to produce automotive exterior and
interior parts [22e25]. The morphology of the dispersed
phases, both elastomer and filler, and processing conditions
play an important role in determining the stiffness and tough-
ness of PP/elastomer/filler composites [24e26]. However, due
to the low aspect ratio of conventional fillers such as talc, large
loadings are required to significantly increase stiffness, which
can result in poor processability, lower ductility, and a rough
surface finish. Replacing such fillers with high aspect ratio,
nanometer thick layered silicates could potentially alleviate
these issues, assuming that good levels of clay dispersion
can be achieved.

Since non-polar PP does not inherently achieve a high level
of dispersion of organoclays, it has been found useful to add
small amounts of a maleated PP, or PP-g-MA, to serve as
a ‘‘compatibilizer’’ to achieve better dispersion of the silicate
platelets in the PP or TPO matrix and as a consequence, im-
proved stiffness of PP or TPO nanocomposites. Even though
there are some reports on the formation of PP/organoclay
nanocomposites without any compatibilizer by chemical
[8,27,28] and physical [29e31] methods, most commercial
nanocomposites of this type contain PP-g-MA. Interestingly,
very few studies have reported how the ratio of PP-g-MA
to organoclay affects morphology and the performance of
PP-based nanocomposites [12,17,32] or TPO-based nanocom-
posites [33,34]. Recently, Lee et al. described the phase mor-
phology and the mechanical and thermal expansion behaviors
of nanocomposites prepared from PP reinforced with an orga-
noclay and toughened with an ethyleneeoctene elastomer us-
ing a masterbatch material containing equal parts of PP-g-MA
and an organoclay [35,36]. We recently reported the effect of
the PP-g-MA/organoclay ratio on the morphology and perfor-
mance, e.g., mechanical, rheological, and thermal expansion
behaviors, for PP-based nanocomposites that contained no
elastomer phase [37].

The purpose of this study is to examine more fully how the
ratio of PP-g-MA to organoclay affects the structureeproperty
relationships of TPO-based nanocomposites. In this work,
a reactor-made TPO is used; whereas, the prior work by Lee
et al. [35,36] used an extruder-made melt blend of PP and elas-
tomer. Generally, reactor-made TPOs have a better optimized
elastomer particle size for toughness; however, use of such
materials eliminates the ability to easily vary the elastomer/
PP ratio in the compounded formulation. A detailed particle
analysis for both filler and elastomer phases is presented
here and is used to understand the mechanical and rheological
properties of these nanocomposites. As expected, the mechan-
ical and rheological properties of TPO nanocomposites depend
strongly on the change in the morphology of the dispersed clay
and elastomer particles as the PP-g-MA/organoclay ratio is
varied. Subsequent papers will discuss the thermal expansion
behavior and the modeling of stiffness and thermal expansion
of these nanocomposites.
2. Experimental

2.1. Materials and composite preparation

Nanocomposites were formed by melt compounding mix-
tures of a commercial TPO (CA387 from Basell, melt in-
dex¼ 17 g/10 min), maleic anhydride-grafted polypropylene
(Polybond 3200 from Chemtura, MA content¼ 1.0 wt%),
and an organoclay (Cloisite 20A from Southern Clay Prod-
ucts). Compounding was carried out using a Haake co-rotating
twin screw extruder (length¼ 305 mm, L/D¼ 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. TPO nano-
composites were made with different ratios of PP-g-MA to or-
ganoclay at fixed MMT contents as depicted in Fig. 1. Based on
comparisons with physical blends of PP and ethylene/octane
copolymer from prior studies [35,36], it appears that this com-
mercial TPO contains about 25% by weight of elastomer.

Extruded nanocomposite pellets were dried and then injection
molded into standard tensile (ASTM D638, Type I) and Izod
(ASTM D256) bars in an Arburg Allrounder 305-210-700 injec-
tion molding machine using a barrel temperature of 180 �C
(feed) to 220 �C (die), mold temperature of 40 �C, injection pres-
sure of 35 bar, and a holding pressure of 35 bar. The amount of
montmorillonite (MMT) in each extruded batch was determined
by placing the central portion of a tensile or Izod bar (w3 g each)
in a furnace at 900 �C for 45 min and weighing the remaining
MMTash with appropriate correction for loss of structural water
during incineration [38,39]. The numbers inside the circles in
Fig. 1 indicate the actual MMT content of each nanocomposite.

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

Samples for transmission electron microscopic (TEM)
analysis were taken from the central and skin regions of an
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Fig. 1. Experimental plan for examining the effects of PP-g-MA and organo-

clay contents. The numbers inside the circles are the actual amount of mont-

morillonite (wt%) in the TPO-based nanocomposites as determined by burning

off the polymer in a furnace.
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Izod bar. The central sample regions were located parallel and
perpendicular to the flow direction ca. 3e4 cm away from the
far end of a 13 cm Izod bar and halfway between the top and
the bottom surfaces of the bar. Sections taken from the core
region of injection-molded specimens were viewed in the three
orthogonal directions, flow direction (FD), transverse direction
(TD), and normal direction (ND). Schematic illustrations of
this nomenclature can be found elsewhere [35,36,40,41].
TEM analyses were made on a view observed parallel to the
transverse direction (TD), or in the FDeND plane, in this pa-
per. The morphologies viewed parallel to the flow direction
(FD), or in the TDeND plane, and viewed parallel to the nor-
mal direction (ND), or in the FDeTD 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 ultrami-
crotome with a CR-X universal cryo-sectioning system.
Sections were collected on 300 mesh copper TEM grids and
subsequently dried with filter paper. The sections were exam-
ined by TEM using a JEOL 2010F TEM with a LaB6 filament
operating at an accelerating voltage of 120 kV.

Atomic force microscopic (AFM) experiments were per-
formed on cryogenically microtomed surfaces of nanocom-
posites containing elastomer using a Digital Instruments
Dimension 3100 with Nanoscope IV controller at room temper-
ature. Images were recorded in the tapping mode using etched
silicon probes. The instrumental parameters such as the set point
and the gain were adjusted to improve the image resolution.

Wide angle X-ray scattering (WAXS) scans were made us-
ing a Scintag XDS 2000 diffractometer in the reflection mode
using an incident X-ray wavelength of 1.542 Å at a scan rate
of 1.0�/min over the range of 2q¼ 1�e30�. X-ray analyses
were performed at room temperature on as-molded specimens.
The Izod specimens were oriented such that the incident beam
reflected off the transverse face.
Fig. 2. TEM micrographs of TPO/PP-g-MA/MMT nanocomposites showing clay and rubber particle morphology for MMT contents of (a) 0, (b) 1, (c) 3, and (d)

7 wt% at a fixed ratio of PP-g-MA to organoclay of 1.0. Images were taken from the core of the sample and viewed parallel to the TD.
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2.3. Mechanical properties

Stressestrain 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, while yield
strength was determined at a speed of 5.1 cm/min. Tensile
property values reported here represent an average from mea-
surements 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.

2.4. Rheological properties

A Rheometrics Mechanical Spectrometer (RMS 800) was
used to determine the rheological performance of the TPO-
based nanocomposites, using the parallel fixture. All the rheo-
logical 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 frequency range of 0.1e200 rad/s at strain of 1e5%,
which is within the linear region for each sample. Specimens
for rheological testing were molded in a hot press (Carver,
CH 4386) at 180 �C for 5 min. The molded samples were of
disc shape with a diameter of 25 mm and 1 mm thickness.

3. Results and discussion

3.1. Morphological characterization using TEM and
AFM

The degree of dispersion or exfoliation of the layered sili-
cate plays an important role in the performance, e.g., mechan-
ical and thermal expansion, etc., of polymer nanocomposites.
Fig. 3. TEM micrographs of TPO/PP-g-MA/MMT nanocomposites showing clay and rubber particle morphology for PP-g-MA to organoclay ratios of (a) 0, (b)

0.5, (c) 1.0, and (d) 2.0 at a fixed MMT of 5 wt%. Images were taken from the core of the sample and viewed parallel to the TD.
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While well-exfoliated clay platelets can be dispersed through
the matrix of polyamide-based nanocomposites [4,5,40e42],
it is well known for PP-based nanocomposites that the layered
silicate generally has a mixed morphology consisting of some
exfoliated platelets but mostly clay particles consisting of mul-
tiple platelets even when PP-g-MA is present [4,5,35e37].
Figs. 2 and 3 show TEM micrographs for the current TPO/
PP-g-MA/MMT nanocomposites as a function of the MMT
content and the ratio of PP-g-MA to organoclay. All views
were taken from the core and viewed parallel to the transverse
direction, TD, of injection-molded bars. As the MMT content
is increased, the density of MMT particles increases (Fig. 2).
The degree of dispersion and exfoliation of the MMT in-
creases as the ratio of PP-g-MA/organoclay increases as ex-
pected (Fig. 3). A detailed clay particle analysis will be
developed in the following section.

Even though there are some reports on the observation of
clay particles by AFM [43e45], the usefulness of AFM for
investigation of clay particles in nanocomposites is still in
question. While TEM micrographs can provide only limited
information about the elastomer phase due to the relatively
small observable area at the magnifications needed to see
the clay particles, identifying elastomer particles using AFM
in TPO nanocomposites is relatively easy. Recently, Mirabella
et al. [33] and Lee et al. [35,36] reported AFM evidence that
addition of organoclay causes a reduction in rubber particle
size in PP/elastomer blends.

Fig. 4 shows a series of AFM images for TPO/PP-g-MA/
MMT nanocomposites as a function of MMT content at a fixed
ratio of PP-g-MA to organoclay of 1.0. These views are made
parallel to the TD of the injection-molded bar. In these AFM
images, soft elastomer particles appear dark while the compar-
atively stiffer PP matrix appears bright. In Fig. 4(a) elastomer
particles with dimensions of a few microns are observed for
the pure TPO with no clay. A detailed quantitative analysis
will be addressed in the next section. The addition of 1 wt%
MMT to the TPO leads to a slight reduction in the size of
the elastomer particles as shown in Fig. 4(b). Addition of
more than 1 wt% MMT leads to dramatic changes in the
morphology of these materials, see Fig. 4(c) and (d).
Fig. 4. AFM images of TPO/PP-g-MA/MMT nanocomposites revealing rubber morphology as a function of MMT contents of (a) 0, (b) 1, (c) 3, and (d) 7 wt% at

a fixed ratio of PP-g-MA to organoclay of 1.0. The images are of a microtomed surface in the FDeND plane taken from the specimen core.



5965D.H. Kim et al. / Polymer 48 (2007) 5960e5978
Fig. 5 clearly shows that the elastomer particles are more
elongated along the flow direction as the ratio of PP-g-MA to
organoclay increases at a fixed MMT content of 5 wt%. TPO
composites containing 5 wt% MMT without PP-g-MA contain
elastomer particles with dimensions of a few microns (Fig. 5a),
which is not much different than the pure TPO (Fig. 4a). The
nanocomposites having a ratio of PP-g-MA/organoclay of 0.5
show a mild size reduction and slightly elongated elastomer
particles in the flow direction. As the ratio increases, the elasto-
mer particles become more elongated and better dispersed with
a more irregular shape in the flow direction as shown in Fig. 5(c)
and (d). AFM images of nanocomposites at a ratio of 2.0 reveal
even smaller elastomer particles with a more irregular shape
(see Fig. 5(d)). These apparent changes in the morphology of
the elastomer phase, e.g., decreasing size and increasing irre-
gularity in particle shape as PP-g-MA content increases, may
stem from two competing effects during melt processing; one
is rheological in origin while the other stems from the ‘barrier’
effect of the clay particles on rubber particle coalescence,
which has been discussed in recent publications [35,46].
Fig. 6 illustrates schematically the morphological change in
TPO nanocomposites that occurs, based on the TEM and AFM
observations shown above, as the PP-g-MA/organoclay ratio is
increased. As the PP-g-MA/organoclay ratio increases, the de-
gree of MMT exfoliation is improved which, in turn, affects
the morphology of the rubber particles by interfering with
the coalescence process; this reduction in the size of the elas-
tomer particle is believed to be responsible for the enhanced
mechanical and thermal expansion properties of these mate-
rials. To illustrate more clearly the effect of the clay particles
on the size of the elastomer particles, a quantitative analysis of
clay and elastomer particle sizes was made from a number of
TEM and AFM images.

3.2. Particle analysis for TPO/PP-g-MA/MMT
nanocomposites

3.2.1. Clay particles
We recently reported the changes in clay particle morphol-

ogy for PP-based nanocomposites as the MMT content is
Fig. 5. AFM images of TPO/PP-g-MA/MMT nanocomposites showing rubber morphology for PP-g-MA to organoclay ratios of (a) 0, (b) 0.5, (c) 1.0, and (d) 2.0 at

a fixed MMT of 5 wt%. The images are of a microtomed surface in the FDeND plane taken from the specimen core.
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increased at a fixed PP-g-MA/organoclay ratio and vice versa
[37]. The comparison of length, thickness, and aspect ratio of
clay particles for PP nanocomposites and TPO nanocomposites
at the same MMT content and PP-g-MA/organoclay ratio of 1.0
is summarized in Table 1 and at the same ratio of PP-g-MA to
organoclay at a fixed MMT content of 5 wt% in Table 2.

Fig. 7 shows histograms that illustrate the distribution of
clay particle length, thickness, and aspect ratio obtained
from TEM image analysis for TPO nanocomposites containing
5 wt% MMT at a PP-g-MA/organoclay ratio of 2.0. In a recent
study of PP/masterbatch nanocomposites where the ratio of

PP-g-MA/organoclay = 0

PP-g-MA/organoclay = 2.0

PP-g-MA/organoclay = 0.5

PP-g-MA/organoclay = 1.0

Fig. 6. Schematic illustration of the morphological changes in TPO/PP-g-MA/

MMT nanocomposites with increasing the ratio of PP-g-MA to organoclay at

a fixed montmorillonite concentration.
PP-g-MA/organoclay was set at 1.0, Lee et al. [35,36] showed
that the particle length decreased with increasing MMT con-
tent while the particle thickness increased. Nam et al. reported
similar trends in particle length and thickness with varying
MMT content for PP-g-MA/clay nanocomposites [10]. As a re-
sult, the aspect ratio calculated by dividing the average particle
length by the average particle thickness decreases as MMT
content increases.

We have reported that averaging the aspect ratios of indi-
vidual particles, h[=ti, leads to values that are generally larger
than those calculated from the ratio of average particle length
and the average particle thickness, i.e., [=t, for PP-based nano-
composites [37]. We have calculated four different aspect ra-
tios represented as h[=tiw, h[=tin, [n=tn and [w=tw, where the
subscripts denote number or weight averaging. The current
use of the h[=ti type averaging has been made possible by im-
proved image analysis techniques compared to prior reports
from this laboratory [35,36,40e42]. This may be a more
appropriate averaging method for modeling properties using
theories such as that by Chow as discussed in our previous
paper [37]. Results of modeling the properties of these TPO
nanocomposites will be reported in a subsequent paper.

Fig. 8 shows the number and weight average clay particle
lengths and thicknesses for nanocomposites based on PP and
on TPO obtained from TEM views parallel to the TD. The av-
erage particle lengths for both PP and TPO nanocomposites
decrease while the particle thicknesses increase as MMT con-
tent increases. The particle lengths for TPO nanocomposites
seem to be lower than that for PP nanocomposites. Further-
more, the particle thickness of the TPO nanocomposites seems
to be greater than that measured for PP nanocomposites.
Therefore, the aspect ratios, h[=ti, regardless of the averaging
method, of TPO nanocomposites are lower than that of PP
nanocomposites, as seen in Fig. 9. Interestingly, as clay con-
tent is increased, the aspect ratio for PP nanocomposites
decreases sharply at low MMT content and does not change
further at higher MMT contents; whereas, the aspect ratio of
TPO nanocomposites steadily decreases as MMT content in-
creases. This may be due to the presence of the elastomer
Table 1

Image analysis results for clay particles obtained from TEM micrographs of injection-molded PP/PP-g-MA/MMT nanocomposites and TPO/PP-g-MA/MMT

nanocomposites at a fixed PP-g-MA/organoclay ratio of 1.0 (viewed parallel to the TD)

PP/PP-g-MA/MMT TPO/PP-g-MA/MMT

MMT concentration (wt%) 0.97 3.0 5.4 7.4 0.84 2.6 4.7 6.8

Number average

particle length (nm), [n

238 217 173 175 178 165 152 134

Weight average

particle length (nm), [w

268 304 206 215 222 225 185 178

Number average

particle thickness (nm), tn

4.8 5.7 4.9 5 5.1 5.6 5.8 5.7

Weight average

particle thickness (nm), tw

6.1 9.5 7.8 10.3 8.2 10.4 10.9 10.8

Number average

aspect ratio h[=tin
56 45 44 43 46 40 38 32

Weight average

aspect ratio h[=tiw
67 54 56 53 63 59 51 43

Aspect ratio, [n=tn 49 38 35 35 35 29 26 24

Aspect ratio, [w=tw 44 32 26 21 27 22 17 17
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Table 2

Image analysis results for clay particles obtained from TEM micrographs of injection-molded PP/PP-g-MA/MMT nanocomposites and TPO/PP-g-MA/MMT

nanocomposites at a fixed MMT content of 5 wt% (viewed parallel to the TD)

PP/PP-g-MA/MMT TPO/PP-g-MA/MMT

PP-g-MA/organoclay 0 0.5 1.0 2.0 0 0.5 1.0 2.0

Number average

particle length (nm), [n

634 233 173 181 623 161 151 143

Weight average

particle length (nm), [w

860 317 206 224 1553 214 185 187

Number average

particle thickness (nm), tn

101 11.3 4.9 3.8 84.0 13.9 5.8 4.1

Weight average

particle thickness (nm), tw

143 16.1 7.8 4.4 134.6 21.3 10.9 7.5

Number average

aspect ratio h[=tin
7 25 44 51 9 16 38 43

Weight average

aspect ratio h[=tiw
10 38 56 63 10 34 51 52

Aspect ratio, [n=tn 6 21 35 48 12 12 26 35

Aspect ratio, [w=tw 6 20 26 51 7 10 17 25
phase in the TPO nanocomposites. The increase in melt vis-
cosity by the dispersion of clay particles affects the dispersion
of the elastomer phase. More importantly, the clay particles re-
tard the coalescence of elastomer phase as discussed recently
[35,36,46]. On the other hand, the presence of the elastomer
phase seems to suppress the dispersion of clay platelets.

Recently, several groups have shown that organoclays can
effectively reduce the domain size of polymer blends in sev-
eral systems. The literature proposes several reasons for this
effect. It has been suggested that the organoclay locates in
the interface and/or encapsulates the dispersed phase and
acts like a compatibilizer for blends of PMMA/PS [47,48],
PP/PS [49,50], PC/ABS or ABS/PA6 [51] and PET/PE [52].
Others attribute this effect to the clay acting as a physical bar-
rier that retards the coalescence of the dispersed phases for
Nylon 6/EPR [46], PA6/PP [53,54], and Nylon 6/LLDPE
[55] blend systems. In the latter, the organoclay does not
seem to be located at the interface. We believe that the role
of organoclay depends on the blend system and is affected
by the blend composition, the relative affinity between the
polymers and the organoclay, processing conditions, etc. How-
ever, elucidating these details is beyond the scope of this
study. For the current nanocomposites, the organoclay seems
to act as a physical barrier that slows down the rate of coales-
cence of elastomer particles. While the well-dispersed organo-
clay retards the coalescence of the elastomer particles, the
presence of elastomer seems to suppress the dispersion of
clay platelets. This may cause the reduction of particle aspect
ratio in TPO nanocomposites compared to that in PP matrix as
shown in Fig. 9.

3.2.2. Elastomer particles
Particle analysis for the elastomer phase in TPO/PP-g-MA/

MMT nanocomposites is quite complex due to the nonspheri-
cal nature of the particles as shown in the AFM images. To de-
termine the size of the elastomer particles, the image analysis
software used identifies each individual elastomer particle and
evaluates its area, A, plus its dimensions along the major and
minor axes [35,36]. For simple comparison among nanocom-
posites, an apparent elastomer particle size, d, was calculated
using the following relation.

d ¼
�

4A

p

�1=2

ð1Þ

A series of histograms of apparent elastomer particle sizes
defined by Eq. (1), see Fig. 10, were built for the TPO nano-
composites at a fixed MMT content of 5 wt% and various
ratios of PP-g-MA to organoclay. From the distribution of
elastomer particle sizes shown in the histograms, the number
and weight averages of the apparent particle size, d, and di-
mensions along the major, l, and minor, t, axes are calculated
as follows:

dn ¼
P

nidiP
ni

; ln ¼
P

niliP
ni

ð2Þ

dw ¼
P

nid
2
iP

nidi

; lw ¼
P

nil
2
iP

nili

ð3Þ

where ni is the number of elastomer particles within fixed in-
crements of di and li. Similar averages were computed for t.
No attempt was made to convert apparent particle sizes into
true particle sizes due to the complex nature of the particle
shape, especially for nanocomposites containing high MMT
loadings. The interparticle distance, ID, sometimes referred
to as the matrix ligament thickness, can be calculated from
the following equation [35,56]:

ID¼ d

��
p

6fr

�1=3

�1

�
ð4Þ

where fr is the dispersed particle volume fraction and d is the
average particle diameter. The apparent particle size, dw, was
used to calculate the ID values shown in Tables 3 and 4.

Tables 3 and 4 summarize the elastomer particle size ana-
lyses for a series of TPO nanocomposites as a function of
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MMT content and various ratios of PP-g-MA to organoclay.
Fig. 11(a) shows the weight average apparent particle sizes
as a function of MMT content measured from AFM images
viewed parallel to the TD. The average elastomer particle
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length measured along the FD decreases with the addition of
MMT. The weight average elastomer particle size in the
TPO without clay is 1.16 mm; this is somewhat smaller than
that in the PP/elastomer blend containing 30% elastomer
(2.83 mm) reported by Lee et al. [35,36]. It is noted that this
reactor-made TPO seems to have smaller elastomer particles
than that obtained by blending PP and elastomer in a twin
screw extruder. This issue will be addressed more fully else-
where. Without PP-g-MA, the weight average apparent elasto-
mer particle size is 1.01 mm at a fixed MMT content of 5 wt%,
see Fig. 11(b). In the nanocomposites where the ratio of PP-g-
MA to organoclay is 0.5, the elastomer particle size is similar
to that of TPO/MMT composites (1.01 mm). As the PP-g-
MA/organoclay ratio increases from 0.5 to 1.0, the elastomer
particle size is significantly reduced (0.63 mm) but it does
not change much as this ratio is further increased.

AFM views in the TD direction give similar trends for the
average lengths along the major and minor axes, l and t, of the
elastomer particles, i.e., l decrease slightly but t decrease more
significantly with the addition of clay, see Fig. 12(a). However,
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the weight average elastomer particle aspect ratio, i.e., major
length/minor length of a particle, hl/ti, or l=t within a given
viewing plane increases dramatically, see Fig. 13(a), as the ap-
parent particle size decreases for the current nanocomposites,
as shown in Table 3. This may stem from the nature of the
‘‘barrier’’ effect caused by the presence of the clay particles
and their influence on elastomer particle orientation (or
stretching) during the injection molding process. It should be
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noted that the aspect ratios calculated by averaging the values
for individual particles, hl/ti, are generally larger than those
calculated from the ratio of the average particle length and
the average particle thickness, l=t, similar to the case for
clay particles.

The elastomer particle dimensions along the major or minor
axes show fairly similar trends as the ratio of PP-g-MA to
organoclay increases at a fixed MMT content, as shown in
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Table 3

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

MMT (wt%) Total Number

of particles

Particle size (mm) Major length (mm) Minor length (mm) ID (mm) Elastomer aspect ratio

dn dw ln lw tn tw hl/tin hl/tiw ln=tn
a lw=tw

b

TPO 200 0.86 1.16 1.26 1.82 0.62 0.88 0.42 2.12 2.41 2.03 2.07

1 211 0.60 0.86 0.87 1.55 0.44 0.69 0.31 2.07 2.60 1.98 2.24

3 179 0.58 0.84 0.99 1.68 0.35 0.52 0.31 2.94 3.92 2.81 3.25

5 255 0.53 0.77 0.99 1.46 0.28 0.33 0.28 3.98 5.24 3.48 4.45

7 298 0.55 0.64 1.14 1.50 0.26 0.31 0.23 4.75 6.28 4.40 4.85

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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Table 4

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

(PP-g-MA/organoclay) Total Number

of particles

Particle size (mm) Major length (mm) Minor length (mm) ID (mm) Elastomer aspect ratio

dn dw ln lw tn tw hl/tin hl/tiw ln=tn
a lw=tw

b

0 150 0.78 1.01 1.33 1.95 0.56 0.76 0.37 2.4 2.9 2.17 2.22

0.5 163 0.76 1.01 1.2 1.69 0.47 0.65 0.37 3.02 3.74 2.81 3.03

1.0 255 0.53 0.77 0.99 1.46 0.28 0.33 0.28 3.98 5.24 3.48 4.45

2.0 271 0.51 0.65 1.04 1.7 0.26 0.35 0.24 4.42 6.53 3.93 4.82

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.
Fig. 12(b). The average elastomer particle aspect ratios within
a given viewing plane increase as the PP-g-MA contents in-
creases, see Fig. 13(b). At a low ratio of PP-g-MA to organo-
clay, e.g., 0.5, the dispersion state of the clay is poor and clay
particles do little to prevent coalescence of elastomer particles,
see Figs. 3(b) and 5(b). However, the well-dispersed and
oriented clay particles along the FD promoted by a higher
PP-g-MA/organoclay ratio are much more effective in pre-
venting the coalescence of the elastomer particles and in
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distorting the shape of the elastomer domains, see Figs. 3(d)
and 5(d). The deformed elastomer particles in molded speci-
mens may play an important role in the thermal expansion
behavior and to some extent mechanical properties for nano-
composites where the directional dependence of properties is
already great.

For rubber-toughened polymers, a brittleeductile transition
generally can be induced either by increasing elastomer con-
tent or by decreasing elastomer particle size [56e58]. Jiang
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et al. [58,59] interpreted the transition seen in PP/rubber
blends caused by increasing rubber content at essentially fixed
particle size (0.5e0.8 mm) in terms of the decrease in the in-
terparticle distance. They reported a critical interparticle dis-
tance of 0.15 mm at 25 �C for PP/EPDM blends. Lee et al.
[35] showed that the fracture behavior of PP nanocomposites
containing 30 wt% elastomer undergoes a brittleeductile tran-
sition as the amount of MMT changes from 1 to 2.8 wt%. The
nanocomposite containing 2.8 wt% of MMT is super-tough
(>600 J/m) while the one containing 1 wt% of MMT is rela-
tively brittle (w100 J/m). This apparent toughening may be at-
tributed to the decrease in the elastomer particle size and/or
interparticle distance to below a critical value that induces
the brittleeductile transition [57,58]. In this case, the critical
value of apparent particle size for toughening lies between
1.0 and 1.5 mm and the critical interparticle distance is of the
order of 0.2e0.3 mm; however, these values should be consid-
ered as relative ones since the toughening mechanism for PP/
rubber blends is known to be dependent on the rubber charac-
teristics [26] and, no doubt, are affected also by the reinforce-
ment due to clay particles. For the current nanocomposites,
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the elastomer size for the reactor-made TPO is 1.16 mm and
its interparticle distance is 0.42 mm as shown in Table 3.
This particle size lies in a range where toughness might be
expected; however, the interparticle distance is larger than
that might be expected for good toughness [35]. We believe
that the reactor-made TPO containing about 25 wt% of elasto-
mer has been well-optimized for toughness; it shows super-
tough behavior (>600 J/m) while the extruder-made PP/
elastomer blend containing 30 wt% of elastomer has a much
lower fracture energy (w100 J/m). By adding the filler and/
or PP-g-MA, the elastomer particle size and interparticle
distance decrease to 0.64 and 0.23 mm, respectively, for the
current TPO nanocomposite with 7 wt% MMT at a fixed PP-
g-MA/organoclay ratio of 1.0 (see Table 3). The relationship
between morphology and toughness will be discussed more
fully in Section 3.4.

3.3. WAXS scan for nanocomposites

Fig. 14 compares WAXS scans for the organoclay and for
the TPO nanocomposites with different clay concentrations
and PP-g-MA/organoclay ratios. The neat organoclay shows
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an intense peak at around 2q¼ 3.6�, corresponding to a basal
spacing of 24.2 Å. The scans taken from the skin portion of the
injection-molded specimens, Fig. 14(a), reveal that a strong
peak from the organoclay persists in these nanocomposites
without any significant shift in location; however, the intensity
of this peak increases with increasing MMT content, indicat-
ing 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 speci-
men owing to differences in the dispersion and orientation
states of clay particles between the skin and the core [35]. In-
terestingly, the peak for TPO/organoclay composites without
PP-g-MA appears to be shifted to a slightly higher angle.
This could mean a collapse of the interlayer (see Fig. 14(b)).
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. As discussed in a previous paper
[37], these differences are so small that it is risky to attach
much physical meaning to them. The WAXS results say
very little about morphology except that exfoliation is not
complete, even then this technique can lead to false and in-
complete interpretations for nanocomposites. Direct observa-
tion by TEM is needed for a better understanding of the
state of dispersion [19,60,61]. 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. There-
fore, bulk properties such as rheological/mechanical properties
should be analyzed in conjunction with TEM and WAXS
observations.

3.4. Mechanical properties

Fig. 15(a) shows the effect of the MMT content on the ten-
sile modulus of TPO nanocomposites, E, for various PP-g-
MA/organoclay ratios. The addition of MMT to TPO with
PP-g-MA results in a substantial increase in stiffness, espe-
cially at low MMT concentrations, i.e., <2e3%. Interestingly,
the rate of tensile modulus increase is quite strong up to a PP-
g-MA/organoclay ratio of one, but beyond this the benefit is
much less as shown in Fig. 15(b). As reported in most of
the literature, PP-g-MA is needed to achieve better dispersion
of the silicate platelets in a PP or TPO matrix, and as a conse-
quence, improved stiffness of the nanocomposites. The effect
of the PP-g-MA content on the tensile modulus of TPO nano-
composites is much more significant than for PP-based nano-
composites (see the previous paper [37]). The presence of the
elastomer phase in the TPO lowers the modulus of the ‘‘ma-
trix’’ phase, Em, which increases the propensity for reinforce-
ment by the filler, i.e., an increase in E/Em, as predicted by
composite theory. It is important to note that PP-g-MA has
a considerably lower modulus than pure PP; thus, even though
better exfoliation and orientation of the clay are achieved by
adding PP-g-MA, the absolute modulus of PP nanocomposites
is not improved as much as expected because of the reduction
of Em. In the case of TPO, where the modulus is lowered by
the elastomer, addition of PP-g-MA does not reduce the matrix
properties as much as it does in PP.
Fig. 16 shows the effect of the amount of PP-g-MA on the
tensile modulus and the impact strength of TPO/PP-g-MA
blends without any clay. While the tensile modulus of PP/
PP-g-MA blends can be reduced by w15% with 24 wt% of
PP-g-MA, significantly less reduction is observed when
a TPO matrix is used. The modulus reduction does not exceed
w5% at the highest PP-g-MA level used. Additionally, the
presence of PP-g-MA itself does not seem to have a significant
effect on the toughness of the TPO. As seen in Fig. 16(b),
TPO/PP-g-MA blends without MMT show the super-tough
behavior (>600 J/m) in the range of compositions used in
this study.

Fig. 17 shows the effect of MMT content on the yield
strength of TPO nanocomposites for various PP-g-MA/orga-
noclay ratios. In the case of TPO/MMT composites without
any compatibilizer (ratio¼ 0), the yield strength shows an ini-
tial increase and then decreases as the MMT content increases
further. However, the yield strength, in general, increases with
MMT content for TPO/PP-g-MA/MMT nanocomposites. The
effect of PP-g-MA content on yield strength is much more
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clearly shown in Fig. 17(b). Interestingly, the rate of increase
of the yield strength with clay concentration is much more
pronounced at higher PP-g-MA contents particularly at higher
clay contents. This may be related to better interfacial adhe-
sion between the clay particles and the TPO matrix in addition
to the increased dispersion and exfoliation of the clay platelets
as the PP-g-MA content increases.

The values of elongation at yield and break for TPO nano-
composites are shown in Fig. 18. The elongation at yield de-
creases slightly at low MMT concentrations, i.e., 1 wt%
(Fig. 18a), and then increases as MMT loading increases.
The elongation at break exhibits a minimum at low MMT con-
tent and then a maximum at higher MMT loadings (Fig. 18c).
The elongations at yield and break show a maximum at low
PP-g-MA contents and then decrease as the PP-g-MA content
increases further (Fig. 18b and d). This may reflect changes in
both clay and elastomer particle morphology.

Fig. 19 shows the influence of the MMT and the PP-g-MA
content on the notched Izod impact strength. Values from the
far and gate ends of injection-molded samples were averaged
since the difference between the two is relatively small. Lee
et al. [35] reported that the fracture goes from brittle to ductile
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as the amount of MMT exceeds a certain value for PP/elasto-
mer/masterbatch nanocomposites at high contents of elastomer,
e.g., 30 and 40%, at a PP-g-MA/organoclay ratio of 1.0. This is
opposite to the trend for the current nanocomposites where
there is a decrease in impact strength as the amount of filler in-
creases. In the prior case, the rubber particles in the PP/elasto-
mer blend were too large to give good toughening when no
nanomaterial was present; thus, the addition of organoclay
led to increased toughness because it brought the rubber parti-
cle size into a better range. This increase in toughening oc-
curred in spite of the reinforcement effect that generally
decreases ductility and toughness. For the current nanocompo-
sites, the reactor-made TPO has a more optimum rubber parti-
cle size as was previously mentioned. By adding organoclay
and PP-g-MA, the rubber particles may be reduced below the
optimum size. This may lead to some loss in toughness as
shown in Fig. 19, but we believe that the reduction in Izod
impact strength is mainly related to the reinforcement effect.

Without any PP-g-MA (ratio¼ 0), the value of the Izod
impact strength decreases slightly as MMT content increases.
Apparently, the presence of PP-g-MA without clay or clay
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MMT nanocomposites at a test speed of 5.1 cm/min.
without PP-g-MA, does not significantly affect the toughness
of TPO. It is important to note that PP-g-MA does not seem
to act like a compatibilizer between the elastomer and the
PP matrix as it does for polyamide blends with polypropylene
[53] or ethyleneepropylene elastomer [62]. While the stiffness
of TPO decreases slightly as PP-g-MA is added due to its
lower crystallinity, the super-tough behavior of the TPO is
maintained (see Fig. 16). This reflects the fact that PP-g-MA
does not significantly affect the morphology of the dispersed
elastomer phase in the TPO or its intrinsic ability to toughen
the PP matrix. In addition, organoclay used without PP-g-
MA does not seem to affect the stiffness or toughness of the
TPO. It appears that the organoclay does not reside at the elas-
tomerePP matrix interface in this system. Even though the
stiffness of the TPO increases marginally at the expense of
the toughness (which is still over 500 J/m with 7 wt% of
MMT (see Fig. 16b)), as clay is added, the effect of the clay
without PP-g-MA appears negligible.

Returning to Fig. 19, the Izod values in general decrease
more as the MMT content increases for higher contents of
PP-g-MA. This apparently stems from the better exfoliation
or improved dispersion of the clay particles throughout the ma-
trix as the amount of PP-g-MA increases. Interestingly, the
fracture energy of TPO improves with the addition of 1 wt%
of MMT for all of the nanocomposites that were evaluated
(see Fig. 19(a)). This improvement in the Izod value may reflect
the increased stiffness and yield strength of the materials, which
offset the negative effects of decreased ductility, i.e., reduced
extent of plastic deformation, as discussed by Shah et al. [63].
However, at high clay concentrations with PP-g-MA, the
decreased ductility seems to dominate and the toughness
decreases. The Izod impact strength clearly decreases as the
amount of PP-g-MA increases, see Fig. 19(b), at higher MMT
contents like 5 and 7 wt%. At a PP-g-MA/organoclay ratio of
2.0, fracture goes from ductile to brittle with complete breakage
of the specimen during the impact test as shown in Fig. 20.
However, it is significant to note that these materials exhibit
ductile failure except at the highest levels of PP-g-MA and
MMT. The samples that fail in a ductile manner exhibit hinged
breaks and high Izod values; whereas, samples that fail in a
brittle manner exhibit complete breaks and low Izod values.

3.5. Rheological properties

The melt rheological properties of nanocomposites can
provide fundamental insights about the processability and
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morphology of these materials. Viscoelastic measurements are
highly sensitive to the nanoscale and mesoscale structures of
the nanocomposites and appear to be a powerful method to
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probe the state of dispersion in such materials [15,64e66].
The enhancement of the rheological properties is generally at-
tributed to percolated networks caused by the physical interac-
tion of the clay platelets. There is a significant lowering of the
percolation threshold, compared to the case of isotropic
spheres, due to the anisotropy of the tactoids and the individ-
ual layers that prevent free-rotation of these elements and,
thus, dissipation of stress. The extent of percolation of the net-
work can increase in two ways for PP nanocomposites [37]:
one is by an increase in the number of stacks based on the as-
sumption that layer thickness and size are the same (case I).
The other is by an increase in the degree of exfoliation (case
II). Case I would correspond to the increase of the amount
of clay at a fixed PP-g-MA content while case II would corre-
spond to the increase of PP-g-MA content at a fixed clay
content.

Based on these points of view, we carried out frequency
sweep tests for TPO nanocomposites with different amounts
of clay and PP-g-MA at 180 �C. Fig. 21 shows the rheological
properties for TPO nanocomposites with different amounts of
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clay at a fixed ratio of PP-g-MA to organoclay of 1.0. The
complex viscosity shows increased shear-thinning behavior.
When compared with pure TPO, the moduli increase progres-
sively and their slopes decrease at low frequencies as clay con-
tent increases. As mentioned above, this is attributed to the
percolated network caused by the increased number of clay
layers (case I). Fig. 22 shows the rheological properties for
TPO nanocomposites at various PP-g-MA/organoclay ratios
and a fixed MMT content of 5 wt%. Compared with pure
TPO, the moduli also increase progressively and the slopes de-
crease at low frequencies as PP-g-MA content increases
(Fig. 22(b)). As mentioned above, this is attributed to the per-
colated network caused by an increased degree of exfoliation
(case II). We have reported similar rheological behavior for
PP-based nanocomposites [37]. However, it is difficult to dis-
tinguish the effects of the elastomer phase on the rheological
behavior from that of clay platelets. To address this issue
quantitatively, a comparison of the yield stresses and terminal
slopes of these materials is made below.
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Lertwimolnun and Vergnes [32] proposed using a Carreaue
Yasuda model with a melt yield stress to describe the melt
rheology of PP-based nanocomposites, i.e.,

hðuÞ ¼ s0

u
þ h0½1þ ðluÞa�ðn�1Þ=a ð5Þ

where s0 is the yield stress, u is the angular frequency, h0 is the
zero shear viscosity, l is the time constant, a is the Yasuda pa-
rameter and n is the dimensionless power law index. These five
parameters were adjusted to obtain the best fit with the experi-
mental data, see the solid lines in Figs. 21(a) and 22(a). For the
current series of materials, the time constant l changes from 0.8
to 4.0 s and the dimensionless power law index n changes from
0.4 to 0.6. The important parameter of yield stress is shown as
a function of MMT content and PP-g-MA/organoclay ratio in
Fig. 23. The yield stress increases as the MMT content and/or
the PP-g-MA/organoclay ratio increases. For all compositions,
the yield stress of TPO-based nanocomposites is larger than that
of PP-based nanocomposites due to the presence of an elastic
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rubber phase. On the other hand, the terminal slopes of G0

for TPO and PP-based nanocomposites decrease as the MMT
content and/or the PP-g-MA/organoclay ratios increase. The
terminal slopes are calculated in the low frequency region be-
low 1 rad/s. Without PP-g-MA or organoclay, the value of the
terminal slope for TPO is lower than that of PP because TPO
contains elastic rubber phase. However, the terminal slope for
PP decreases sharply as MMT content increases; whereas,
that for TPO decreases steadily and shows higher values than
that of PP at higher MMT content and PP-g-MA/organoclay ra-
tios. It is important to note that this tendency indicates that the
elastomer phase in TPO suppresses the dispersion of organo-
clay. That is to say, the elastomer particles occupy volume in
the matrix, resulting in a reduction of the volume affected by
organoclay because of the poor affinity between the elastomer
and the organoclay. This result is in good agreement with the
morphological observation that the aspect ratio of organoclay
in TPO decreases steadily while that in PP decreases sharply
at low MMT content due to the presence of elastomer (see
Fig. 9).
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Fig. 24 shows stress relaxation results for TPO nanocompo-
sites at 180 �C for different clay concentrations for a fixed
PP-g-MA/organoclay of 1.0 (a) and for various ratios of PP-
g-MA/organoclay for a fixed MMT content of 5 wt% (b).
These results show that the relaxation time is dramatically
increased as the amount of clay increases or as the ratio of
PP-g-MA/organoclay increases. For any fixed time after the
imposition of strain, the modulus is larger with higher clay
loadings or higher PP-g-MA/organoclay ratios, similar to
what was observed in the dynamic frequency test. At long
times, the nanocomposites with low clay content appear to re-
lax like a liquid while the nanocomposites with high MMT
contents (>3 wt%) behave more like a solid. Based on both
the dynamic oscillatory shear and the stress relaxation moduli,
it is clear that the addition of clay particles or the increase of
PP-g-MA/organoclay ratio has a profound influence on the
stress relaxation of the TPO nanocomposites at long times [65].

4. Conclusion

The structureeproperty relationships of TPO/PP-g-MA/
MMT nanocomposites prepared by melt processing have
been investigated with a main focus on the ratio of PP-g-
MA to organoclay. Morphological observations were used to
interpret the mechanical and rheological properties of these
nanocomposites. Detailed quantitative analyses of the dis-
persed clay particles and the elastomer phase revealed that
the aspect ratio of clay particles decreased as the clay content
increased, but it increased as the amount of PP-g-MA in-
creased; whereas, the aspect ratio of the elastomer phase
increased in both cases. The presence of clay causes the
elastomer particles to become highly elongated in shape.
The modulus and yield strength are enhanced by increasing
the PP-g-MA/organoclay ratios. High levels of toughness of
the TPO can be maintained when moderate levels of MMT
and PP-g-MA are used. The rheological properties suggest
that the extent of a percolation network is enhanced by in-
creasing the number of clay stacks at a fixed ratio of PP-g-
MA to organoclay and by increasing the degree of exfoliation
at a fixed clay content. The addition of clay particles and PP-g-
MA has a profound influence on the long time relaxation of
the TPO nanocomposites. Based on these analyses, it is clear
that it is important to optimize the ratio of PP-g-MA and orga-
noclay to obtain the desired balance of mechanical properties
and processing characteristics for TPO nanocomposites.
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