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Abstract

The morphology and physical properties of thermoplastic olefin blend (TPO) based nanocomposites containing nanosilica are reported. Ad-
dition of maleated PP resulted in improved filler dispersion within the PP matrix, where the filler resided exclusively. This separated morphology
resulted in selective reinforcement of the PP matrix without compromising ductility, as demonstrated by mechanical property characterization.
The tensile moduli, impact and flexural properties of TPO/nanosilica composites showed improvements at low loadings of nanosilica, indicating
a good balance of stiffness and toughness. The addition of nanosilica into the TPOs decreased the size of the dispersed elastomer phase, which
was a factor in the observed improvements of impact strength. Silane-modified nanosilica dispersed more efficiently in the polymer matrix,
giving rise to improved impact properties of the TPO composites, compared to the unmodified filler.

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

Thermoplastic olefin (TPO) blends consist of polypropyl-
ene (PP) and olefinic elastomer components. Most commonly
PP comprises the major phase and thus forms the matrix of the
TPOs [1—4]. The dispersed elastomer phase serves to improve
the toughness and low-temperature impact resistance of PP.
However, presence of the elastomeric component inevitably
has a detrimental effect on the stiffness of the material [5].

Inorganic fillers are commonly added in TPO formulations
to increase their stiffness, improve their dimensional stability,
and lower the cost of the compounds. Various PP/elastomer/
filler ternary systems containing fillers such as CaCOs;, talc
and silica have been investigated in the past [6—11]. When
fillers are added in PP/elastomer blends, and depending on
the location of the filler, three types of microstructures may
form: “‘separate” dispersion structure, where the filler resides
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in the matrix, encapsulation/core—shell structure, where the
filler partitions preferentially in the dispersed phase, and mix-
tures of the former two. A separated microstructure, wherein
the filler partitions favourably in the PP matrix, without affect-
ing the elastomer phase, is desirable for optimum reinforce-
ment of TPO blends [6—8].

Recent reports have highlighted the effects of addition of
organoclay-type nanofillers into TPOs [12—17]. Although in-
troduction of clay into the TPOs improves their flexural and
tensile moduli, this is generally counteracted by decreases in
elongation [17]. Lee and Goettler [14] used different addition
sequences during compounding to control the localization of
the clay, thus significantly affecting the mechanical properties
of the compounds. Lee et al. [12] studied systematically the
morphology and mechanical properties of a PP/ethylene—
octene elastomer/clay system, and found that the reduction
in size of elastomer particles taking place in the presence of
clay particles affected favourably the impact properties of
the material.

Besides organoclay, other nanofillers such as nanosilica can
also serve as reinforcing agents. Silica has been widely used
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as reinforcing filler in the rubber industry. Several research
studies pertaining to its application in PP reinforcement
have been published in recent years [18—21]. Due to the
non-polar nature of PP and the large surface area of polar
nanosilica particles, it is challenging to achieve good disper-
sion of nanosilica into a PP matrix. Efforts have centered on
improving the dispersion of nanosilica in PP by modifying
the filler through irradiation grafting [18,19], using surface
treated nanosilica [21], or adding maleated PP as a compatibil-
izer [20]. These studies revealed that reinforcement can be
achieved at relatively low filler loadings, between 2.5 and
5 wt%.

In our previous work [22,23], we have reported that when
added to polyolefin blends, high energy fillers such as organo-
clay and nanosilica migrate into the maleated phase. In this
work we aim at taking advantage of this trait to preferentially
localize the filler inside the PP matrix, thus selectively
reinforcing it, without affecting the toughening ability of the
dispersed ethylene—octene copolymer elastomer phase. The
structure and properties of the resulting TPO nanocomposites
are presented. The properties of the PP matrix/nanosilica
filled composites were also studied to provide a suitable
reference.

2. Experimental
2.1. Materials

PP homopolymer, Escorene® 1042, MFR 1.9 g/10 min at
230 °C, was supplied by ExxonMobil Chemical. An ethyle-
ne—octene copolymer polyolefin elastomer (POE, Engage®
8100, MFR 1.0 g/10 min at 190 °C, from DuPont Dow Elasto-
mers) was used as an impact modifier. Maleated PP (PP-g-
MAn), Fusabond® PMD 511D, MFR 24 g/10 min at 190 °C,
containing 0.25—0.5% maleic anhydride was supplied by
E.I. DuPont Canada. Nanosilica (Si0O,), Aerosil® 200, with
a measured specific surface of 200 m*/g, and modified nanosil-
ica (mSiO,), treated with trimethoxyoctylsilane, Aerosil®
R805, having a specific surface of 150 m?/g, were supplied by
Degussa Corp. Irganox 225 antioxidant was obtained from
Ciba—Geigy.

2.2. Compounding procedure

All blends and composites were prepared in a Haake Poly-
Lab torque rheometer equipped with a Rheomix 610p mixing
chamber and roller rotors. The components of 40 g were
loaded to the mixing chamber simultaneously and com-
pounded at 200 °C for 4 min, with a rotor speed of 60 rpm.
Antioxidant of 0.08 g (0.2 wt%) was added to all formulations.
PP composites containing 0—7 wt% nanosilica and PP/POE
blends containing 10—30 wt% POE and 0—7 wt% nanosilica
were prepared. All compositions are listed in detail in Tables
1 and 2. The component ratio and filler loadings are reported
on a weight basis.

2.3. Mechanical properties

Tensile properties were measured using an Instron 3369
universal tester, at crosshead speeds of 10 or 50 mm/min for
the PPs and TPOs, respectively. Dumbbell-shaped specimens
were cut with a Type V die according to ASTM D638 from
1.5 mm thick sheets, which were prepared by compression
molding of the compounded samples at approximately
200 °C using a Carver press.

Notched Izod impact tests were carried out on an Instron
BLI impact tester at room temperature according to ASTM
D256. Specimens of dimensions 64 x 12.7 x 3.2 mm were
prepared by compression molding at 200 °C. At least 5 sam-
ples were tested for each sample and the average values
were reported.

Flexural tests were performed according to ASTM D790,
procedure B, at a speed of 13.65 mm/min. Rectangular bars
of dimensions 127 x 12.7 x 3.2 mm were produced by com-
pression molding at 200 °C.

2.4. Microscopy and image analysis

The state of dispersion of the filler in the polymer blends
was assessed by TEM imaging, using an FEI Tecnai 20 instru-
ment. Ultra-thin sections were cryomicrotomed using a Leica
ultra microtome and stained in RuO, vapour to enhance the
phase contrast between the PP and elastomer phases.

For SEM observations compression molded samples were
cryomicrotomed on a RMC Power Tome X microtome using
a glass knife at —100 °C to obtain flat surfaces, and then
etched in toluene at 70 °C for 2 h to remove the dispersed elas-
tomer phase. The etched surfaces were observed on a JEOL
JSM-840 scanning electron microscope. The SEM images
were analyzed by using the Sigma Scan Pro image analysis
software to estimate the average diameters of the dispersed
elastomer phase.

2.5. Thermal properties

The melting and crystallization temperatures, as well as
heat of fusion and crystallization of the samples were mea-
sured on a TA Q100 differential scanning calorimeter (DSC).

Table 1
Tensile properties of PP/PP-g-MAn blends and their composites (tensile test-
ing speed 10 mm/min)

Composition Young’s modulus Yield stress Elongation at
Ratio of SiO, content (MPa) (MPa) break (%)
PP/PP-g-MAn (wt%)

100/0 0 367 +21 306+1.6 1660+ 120
95/5 0 372+ 16 309+ 1.1 1680+ 120
90/10 0 358 +£32 300£1.0 1680+ 140
80/20 0 351+16 29.6+0.9 1690 + 200
100/0 5 393+ 15 31.8+0.5 11804270
95/5 5 383+19 30.8+0.9 1490+ 100
90/10 5 403 £21 326+1.1 12704200
80/20 5 387 +24 306+1.2  1430+40
90/10 5 (mSiOy) 384+ 16 30.1+£04 1550+60
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Table 2
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Tensile and crystallization properties of TPO blends and composites (tensile testing speed 50 mm/min)

Composition Young’s modulus Tensile stress Elongation at Crystallization Heat of
PP matrix*/POE Si0, (Wt%) (MPa) (MPa)® break (%) temperature (°C) crystallization® (J/g)
100/0 0 398 +£25 337+£15@33.7+15) 930 + 220 1133 100
90/10 0 324 £8 26.6 £0.6 (33.7£6.1) 1400 £ 280 1123 96
90/10 5 337+£8 27.9+0.6 (28.2+0.6) 1030 £ 300 114.3 94
80/20 0 265+ 15 22.8+£0.9 (40.1 £4.2) 1750 £+ 130 111.9 95
80/20 2 278 + 11 22.7+0.3 (34.7+10.8) 1360 + 600 113.0 97
80/20 5 304 £17 23.6+1.0 (345+4.7) 1440 £+ 280 114.8 101
80/20 7 285+8 225+1.2(258+4.4) 1380 4290 115.1 100
80/20 5 (mSi02) 313£7 243+0.8 (343 £6.3) 1470 £ 420 112.9 96
70/30 0 228+ 8 18.8 £0.8 (37.5+4.8) 1660 + 180 110.1 97
70/30 5 233 +£12 19.44+0.4 (33.3£5.6) 1490 £ 230 115.6 94

* PP matrix composition: PP/PP-g-MAn 90/10.

" Tensile stress at yield. Values in parenthesis represent tensile stress at break.

¢ Based on PP component.

The samples were first heated to 230 °C for 2 min to eliminate
their thermal history and subsequently cooled to 25 °C at
a rate of 10 °C/min. The second endotherm was recorded by
heating at 10 °C/min.

2.6. Rheology

Rheological characterization was carried out on a Reologica
ViscoTech oscillatory rheometer using 20 mm parallel plate
fixtures, with a gap of 1 mm at 200 °C, under a nitrogen blan-
ket. The rheometer was operated in the dynamic oscillatory
mode in the linear viscoelasticity region. The elastic modulus
(G"), loss modulus (G”) and complex viscosity (n*) were mea-
sured as a function of angular frequency (w).

2.7. X-ray diffraction

Wide angle X-ray diffraction (XRD) was used to evaluate
the PP crystal structure. Films with approximately 400 nm
thick were prepared by compression molding and scanned in
a 20 range from 1° to 50° at a rate of 1°/min using a Scintag
Model X1 powder X-ray diffractometer (Cu Ka radiation,
A=1.5406 10%, generator voltage =45 kV, current =40 mA).
Measurements were recorded at every 0.03° interval.

3. Results and discussion
3.1. Structure and properties of PP/SiO, composites

The presence of large SiO, agglomerates within the PP ma-
trix, shown in the TEM micrographs (Fig. 1a), provides evidence
of the poor interaction between the polar filler and the non-polar
polyolefin matrix. Incorporation of 10 wt% PP-g-MAn clearly
enhanced the dispersion of the filler (Fig. 1b). In spite of this im-
provement, SiO, still existed in the form of small aggregates,
comprising several primary particles, as shown by TEM images
taken at higher magnification (Fig. 1c). The silane-treated
mSiO, was dispersed more effectively compared to the unmod-
ified SiO, (Fig. 1d), suggesting that the surface modification
increased the affinity of the filler to the PP/PP-g-MAn matrix.

Given that the addition of PP-g-MAn can affect the mechan-
ical properties of the matrix, we investigated the effect of PP-g-
MAn content on the tensile properties of the PP matrix, in order
to determine a PP-g-MAn/PP ratio that would not compromise
significantly its properties. Within experimental error, reduc-
tions in Young’s modulus, yield stress and elongation were
minor, up to a ratio of PP/PP-g-MAn 80/20 (Table 1).

All SiO, filled PP/PP-g-MAn composites exhibited im-
proved moduli and small reductions in elongation at break
with respect to their base blend (Table 1). Composites contain-
ing PP-g-MAn showed more substantial improvements in
modulus and better elongation at break than the samples con-
taining only PP, due to the improved dispersion of SiO, in the
presence of PP-g-MAn. Samples containing mSiO, displayed
higher elongation at break than their counterparts containing
unmodified SiO,, which once again is attributed to the signif-
icantly better dispersion of mSiO, (Fig. 1d).

The PP-g-MAn/PP matrix was very brittle, having an im-
pact strength of 28.9 £ 1.6 J/m. Addition of SiO, did not affect
negatively the impact properties of the polymer, but actually
resulted in a slight increase; the values of impact strength
upon addition of 5 wt% SiO, and mSiO, were 34.9 3 J/m
and 30.3 £ 3 J/m, respectively. These results are consistent
with the findings of Bikiaris et al. [20,21] and Rong et al.
[18], who reported that the impact strength and fracture energy
of PP improved upon addition of low amounts of nanosilica
and ascribed this to good interfacial interaction between poly-
mer and nanofiller.

Due to the low aspect ratio of nanosilica fillers compared to
their organoclay counterparts, addition of SiO, resulted in
only marginal increases in the complex viscosity and storage
modulus of the composites (Fig. 2a and b). Addition of
mSiO, had the least effect, even though the filler was better
dispersed, apparently due to the surface treatment of the filler.
Surface treatment can cause a reduction in viscosity, as it acts
to wet and disperse the fillers, or to lubricate the filler surface
so that there is slippage between polymer and filler [24].

Given that high PP-g-MAn contents are undesirable from a
practical standpoint and that the samples containing 10 wt%
PP-g-MAn exhibited good SiO, dispersion and mechanical
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Fig. 1. TEM micrographs of PP/nanosilica composites: (a) PP/5 wt% SiO,; (b), (c) (PP/PP-g-MAn 90/10)/5 wt% SiO,; (d) (PP/PP-g-MAn 90/10)/5 wt% mSiO,.

Scale bars represent 2 pm in (a), (b), and 1 pm in (c), (d).

properties, a ratio of PP/PP-g-MAn 90/10 was chosen for the
subsequent studies on the TPO system.

3.2. TPO/nanosilica composites

3.2.1. Structure and morphology

As mentioned in Section 1, a separated microstructure,
where the filler partitions favourably in the PP matrix without
affecting the elastomer phase, is desirable for optimum rein-
forcement in TPOs. TEM micrographs of TPO/nanosilica
composites (Fig. 3) show that nanosilica localized exclusively
in the PP/PP-g-MAn matrix phase and formed the desired sep-
arated microstructure (Fig. 3a). In agreement with the results
presented above on the PP-based composites, the filler disper-
sion within the PP matrix was significantly improved when the
silane-modified silica, mSiO,, was used (Fig. 3b).

Consistently with previous reports on TPOs [12,16], as well
as on a multitude of other immiscible blends [25,26], in our
blends the size of the dispersed phase was reduced in the pres-
ence of the nanofiller and the particle size distribution became
narrower, as shown in the SEM images presented in Fig. 4 and
the results obtained from image analysis (Fig. 5).

Although numerous explanations exist on the effect of
platelet-like fillers, such as organoclays, on the morphology
of immiscible blends [25,26], the effect of nanosilica is less
evident, given that it essentially consists of spherical primary
particles. As demonstrated in Fig. 2, the rheological proper-
ties of the PP/PP-g-MAn matrix were not significantly altered
in the presence of SiO,, and therefore the viscosity ratio
between the matrix and the POE dispersed phase remained
essentially the same; therefore the decrease in the size of
the dispersed phase could not have resulted from a change
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Fig. 2. (a) Complex viscosities; (b) elastic moduli of PP/SiO, composites and
POE at 200 °C: ((J) PP/PP-g-MAn 90/10; ( A ) (PP/PP-g-MAn 90/10)—5 wt%
SiOy; (<) (PP/PP-g-MAn 90/10)—5 wt% mSiO,; () POE.

of the viscosity of the matrix. Prevention of coalescence of
the dispersed phase in the presence of the nanofiller, changes
in the interfacial tension [25,26] or stiffening of the interface
between the components which slows down the rate of phase
separation [27] may be possible explanations, although this
issue is still under debate.

3.2.2. Mechanical properties

As shown in Table 2, upon introduction of the elastomer,
the elongation at break of the samples increased considerably
and they became more ductile, as evidenced by the fact that
the values of tensile stress at break were higher than those re-
corded at yield. At the same time, the modulus and yield stress
dropped substantially. The reduction of tensile modulus and
yield stress of a rigid PP matrix upon blending with soft elas-
tomer particles is well known and reported in the literature
[28,29]. The main purpose of this work is to counteract this
effect by selectively reinforcing the PP matrix with rigid filler
particles. According to the data in Table 2, improvements in
the Young’s moduli were seen in all samples upon addition
of Si0,. Additionally all samples retained high values of elon-
gation. The improvements in modulus and yield stress were
more pronounced at a component ratio of (PP/PP-g-MAn)/
POE 80/20 (15% increase in Young’s modulus and 4% in yield
stress). For this blend ratio, addition of SiO, resulted in higher
Young’s moduli values than the unfilled blend, with a maxi-
mum at around 5% SiO,. Further increasing SiO, loading
actually resulted in decreased yield stress. Decreases in the
tensile properties of composites at high SiO, contents have
been reported by other researchers [18—20], and may be at-
tributed to the presence of agglomerated nanoparticles, having
an increased tendency for breaking and splitting [30]. (PP/PP-
g-MAn)/POE 80/20 composites containing 5% of mSiO, had

Fig. 3. TEM micrographs of (PP/PP-g-MAn)/POE 80/20 TPO composites: (a) 5 wt% SiO,; (b) 5 wt% mSiO,. Scale bars represent 1 pm.
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Fig. 4. SEM micrographs of cryotomed and etched surfaces of (PP/PP-g-MAn)/POE 80/20 TPO composites; (a) 0 wt% SiO,, (b) 2 wt% SiO,, (c) 5 wt% SiO,,

(d) 7 wt% SiO,. Scale bars represent 10 pm.

slightly better tensile properties than their counterparts con-
taining unmodified SiO,, apparently because of the improved
filler dispersion.

The impact strength of TPO/nanosilica composites based
on a matrix containing (PP/PP-g-MAn)/POE 80/20 is shown
in Fig. 6. As mentioned before the PP-g-MAn/PP matrix
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Fig. 5. Number average diameter of POE dispersed phase for (PP/PP-g-MAn
90/10)/POE 80/20 composites as a function of SiO, content.

was very brittle, exhibiting low values of impact strength. Ad-
dition of 20 wt% elastomer clearly improved the impact prop-
erties of the PP matrix. SEM observations of fractured surfaces
of the PP matrix obtained after impact testing, shown in
Fig. 7a, revealed relatively smooth surfaces with no matrix
yielding, suggesting that the PP matrix experienced a mainly
brittle fracture failure mode.
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Fig. 6. Notched Izod impact strength of PP/PP-g-MAn 90/10 matrix, PP/PP-g-
MAn 90/10)/POE 80/20 (TPO) and TPO/SiO, composites.
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Fig. 7. SEM micrographs of notched Izod impact fracture surfaces of (a) PP/PP-g-MAn 90/10; (b) (PP/PP-g-MAn)/POE 80/20; (c) (PP/PP-g-MAn)/POE 80/20 with

5 wt% mSiO,. The scale bars represent 50 um in (a), and 20 pm in (b) and (c).

The presence of holes in the TPO blend and the TPO/SiO,
composites (Fig. 7b and c) suggests that the brittle fracture
gave rise to voids due to cavitation of the rubber particles.
Cavitation acts to increase impact strength by relieving the
volume strain [31]. In addition some deformation of POE par-
ticles can be observed, suggesting that toughening also took
place through elastic deformation of the dispersed POE parti-
cles. Presence of elongated voids is indicative of matrix
yielding, corresponding to ductile fracture [32]. According
to Chaffin et al. [33] ductile deformation of the dispersed
phase can pull along a well-coupled interface, allowing
plastic deformation of crystallites, which provides a highly
energy-absorbent failure mode. It should be noted that rubber
toughening of PP matrices also takes place through a decrease
of the spherulite size of PP in the presence of the elastomer
[28].

Given that addition of SiO, did not alter considerably the
impact properties of the matrix PP and did not appear to
change the fracture mechanism of the TPO blends, the in-
crease in impact strength of the filled TPOs compared to
the unfilled material is possibly due to the reduction in the par-
ticle size of the dispersed elastomer phase in the presence of
the nanofillers, which acted favourably toward improving
toughness [12,34,35].

As evident from Fig. 6, the impact properties of the TPO
increased upon addition of only 2 wt% SiO,. As the filler

content increased, whereas the maleated PP content remained
the same, there was an increased tendency for filler aggrega-
tion, which eventually led to decreased impact strength.
Efficient filler dispersion is crucial, as seen by the fact
that mSiO, clearly demonstrated optimum performance. The
mSiO; filled sample showed the most benefits, since its impact
strength was the highest at filler loadings of 5 wt%. As men-
tioned in Figs. 1 and 3, mSiO, dispersed better than SiO, in-
side the matrix, hence its improved performance.

The flexural properties of the unfilled TPO are compared to
those of the composites containing SiO, and mSiO, in Table 3.
Both nanosilica filled samples had higher flexural modulus and
flexural stress than the unfilled TPO, which provides clear ev-
idence of the reinforcing effect that the filler exerts on the PP
matrix. The differences between untreated SiO, and surface
treated mSiO, were marginal.

Table 3
Flexural properties of TPO/nanosilica composites

Sample Flexural modulus Flexural stress®
(MPa) (MPa)

TPO 797 £24 255+0.5

TPO—5 wt% SiO, 920 +39 284+1.3

TPO—5 wt% mSiO, 942 + 64 287+1.6

TPO composition (PP/PP-g-MAn)/POE 80/20.
% Measured at 5% strain.
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3.2.3. Thermal properties/crystalline structure

It has been reported previously that the presence of SiO, in
the PP phase affects its crystallization behaviour [36]. Given
that the mechanical properties are largely affected by the crys-
tallinity of the polymers, the effect of SiO, on the thermal
properties is investigated in this section. Even though the melt-
ing points of the PP component in all composites remained
constant between 163 and 164 °C, data obtained from the
DSC exotherms demonstrate that the addition of SiO, into
the blends increased the crystallization temperature of PP
slightly, suggesting a weak nucleating effect in the matrix (Ta-
ble 2). The crystallization temperature of mSiO; filled samples
was lower than that of their counterparts containing SiO,,
indicating that surface modification weakens nanosilica’s
nucleation effect in the PP matrix.

The values of heat of crystallization (Table 2), do not show
any particular trend, therefore changes in the total crystallinity
of the matrix were probably not responsible for the differences
in mechanical properties. Furthermore, XRD studies revealed
that the a-type crystal form of PP was predominant, with no
evidence of presence of B-phase crystals.

3.24. Rheology

Consistently with the results reported on the rheological
properties of the PP matrix, the complex viscosities (*) and
elastic modulus (G’) increased only slightly with the addition
of nanosilica into the PP/POE blends (Fig. 8). The elastic
modulus exhibited a more pronounced increase in the low fre-
quency region, with the largest increase seen at 7 wt% SiO5.
The loss tangent, tan 6, demonstrates clearly that the elasticity
of TPO/nanosilica composites increased at filler loadings
above 5 wt% and suggests that there is a propensity for filler
aggregation and possibly interactions between nanosilica ag-
gregates above this loading. Addition of mSiO, had virtually
no effect on the rheology of the matrix.

4. Conclusions

Addition of PP-g-MAn into PP was necessary to reduce
large SiO, aggregates and achieve good dispersion of the filler
within the polymer matrix. The surface treated mSiO, dis-
persed more efficiently in a PP-g-MAn/PP matrix than un-
treated SiO».

When added into a TPO blend nanosilica localized exclu-
sively in the PP/PP-g-MAn matrix phase and formed a separated
microstructure that is desirable for optimum reinforcement. The
size of the dispersed POE phase decreased upon incorporation
of nanosilica.

Tensile moduli, impact and flexural properties of TPO/
nanosilica composites showed improvements at low loadings
of nanosilica, indicating a good balance of stiffness and tough-
ness. Given that the crystallinity of the polymer matrix re-
mained unaffected, these improvements were attributed to
the reinforcement effect of the filler, as well as the reduction
in the particle size of the dispersed elastomer phase. A weak
nucleation effect in the PP phase, represented by an increase
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Fig. 8. (a) Complex viscosity (n*), (b) elastic modulus (G’), and (c) tan 6 of
(PP/PP-g-MAn 90/10)/POE 80/20 composites as a function of frequency at
200 °C; () 0%, () 2% SiO,, (A) 5% SiOy, (x) 7% SiO,, (+) 5% mSiO,.

in the crystallization temperatures of the composites, was
noted in the presence of SiO, particles.
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