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ABSTRACT: Uncompatibilized and  compatibilized
(polypropylene grafted maleic anhydride as compatibil-
izer) polyethylene terephthalate (PET)/polypropylene
(PP)/TiO, microfibrillar composites (MFC) were prepared
by injection molding of the pelletized PET/PP/TiO,
drawn strands. The morphology of PET fibrils and the dis-
tribution of TiO, particles in the composites were exam-
ined. After injection molding the preferential location of
TiO, particles is still preserved. Because of the reinforce-
ment effect of PET fibrils, the tensile properties and impact
strength of the PET/PP MFC are improved compared
with the pure PP. Incorporation of TiO, particles results in
decrease of both tensile strength and impact strength of

the composites. However, the compatibilized PET/PP/
TiO, MFC demonstrate better mechanical properties com-
pared with the uncompatibilized ones. DMA analysis
shows that the glass transition temperature (T,) of PET
in the uncompatibilized PET/PP/TiO, MFC and the T,
of PP in the compatibilized PET/PP/TiO, MFC are ele-
vated by about 2°C. The elevation of T, is attributed to
the preferential location of TiO, particles in the compo-
sites. © 2009 Wiley Periodicals, Inc. J Appl Polym Sci 113:
3300-3306, 2009
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INTRODUCTION

Ternary nanocomposites of polymer blends and
nanofillers have been widely investigated because it
is found that the nanofillers affect the phase behav-
ior and lead to a compatibilization effect on the
polymer blends.' Generally, in polymer blends, the
nanoparticles are either dispersed in one phase or
located at the interface depending on the interfacial
tension between the polymer and nanoparticles, the
viscosity of the polymers and the kinetic factor (e.g.,
blending sequence)*”. In addition to studying the
phase morphology, the effects of nanofillers on the
thermal and mechanical properties of ternary nano-
composites have been also investigated.>’ As
expected, the incorporated mnanofillers generally
impart their high stiffness to the blends. However,
material strength that is strongly dependent on
interfacial adhesion was reported to be moderately
increased”'"™ or slightly decreased.'?
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Polyethylene terephthalate (PET) and polypropyl-
ene (PP) are known to be fully immiscible and
require interfacial modification to obtain good emul-
sification and to increase the solid-state adhesion.
Numerous investigations have been performed to
compatibilize PET and PP with different types of
compatibilizer containing maleic anhydride (MA),
acrylic acid, or glycidyl methacrylate functional-
ity.”>"” The incorporated compatibilizer decreases
the interfacial tension between PET and PP, thus
leading to a finer morphology of the blends.'® The
mechanical properties of compatibilized PET/PP
blends were also reported to be improved.'**

Microfibrillar composites (MFC) that are rein-
forced by in situ formed polymer fibrils exhibit
improved mechanical properties compared with the
matrix polymer,®** as the polymer fibrils act as
reinforcement for the polymer matrix. The incorpo-
ration of inorganic filler into microfibrillar-structured
composites may further influence the mechanical
properties of the composites. In the previous experi-
ment, two types of TiO, particles (300 nm and 15
nm in diameter) were incorporated into both uncom-
patibilized and compatibilized PET/PP blend (PP-g-
MA as compatibilizer), PET/PP/TiO, drawn strands
were prepared by stretching the extrudates. It was
found that in the uncompatibilized drawn strands,
both types of TiO, particles are exclusively
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TABLE I
Material Designation and Composition of PET/PP/TiO, MFC

Designation Composition Parts (volume ratio)
PET/PP PET/PP 25/75
PET/PP/C PET/PP/PP-g-MA 25/72/3
PET/PP/2T300 PET/PP/TiO,300 nm 24.5/73.5/2
PET/PP/C/2T300 PET/PP/PP-g-MA /TiO,:300 nm 24.5/70.5/3/2
PET/PP/4T300 PET/PP/Ti0,-300 nm 24/72/4
PET/PP/C/4T300 PET/PP/PP-g-MA /TiO,:300 nm 24/69/3/4
PET/PP/2T15 PET/PP/TiO,15 nm 24.5/73.5/2
PET/PP/C/2T15 PET/PP/PP-g-MA /TiO,15 nm 24.5/70.5/3/2

dispersed in the PET fibrils; whereas in the compati-
bilized drawn strands (with 3 vol % of compatibil-
izer), the TiO,-300-nm particles are preferentially
distributed in the PP phase, the TiO,-15-nm particles
are dispersed in both PET fibrils and PP phase. This
preferential location of TiO, particles results in dif-
ferent structures of the PET/PP/TiO, drawn strands,
which brings forth different but interesting dynamic
mechanical behaviors of the drawn strands.”

In this study, PET/PP/TiO, MFC were prepared
by injection molding of the pelletized PET/PP/TiO,
drawn strands. The purpose of this study is to inves-
tigate the effect of the preferential location of TiO,
particles on the static and dynamic mechanical prop-
erties of the MFC.

EXPERIMENTAL
Materials and sample preparation

PET was provided by SK Chemicals (skyPET
BL8050) with the intrinsic viscosity of 0.80 dL/g, PP
was purchased from Basell (Novolen). PP-g-MA sup-
plied by ATOfina (OREVAC CA 100) was used as
compatibilizer for PET and PP. Two types of TiO,
particles (Kronos 2220 and RM300) were supplied by
Kronos and Sachtleben Chemie GmbH, respectively.
The mean diameters of the two types of particles
were 300 nm for Kronos 2220 and 15 nm for RM300,
respectively. Both types were used as received.

Pure PET was dried for 12 h at 100°C to avoid its
hydrolytic degradation during extrusion. PP-g-MA
was dried for 12 h at 80°C. PP was firstly extruded
with 4 vol % (and 7 vol %) of TiO, (both Kronos
2220 and RM300) in a Berstorff twin-screw extruder
using an optimized extrusion technique. The
obtained PP/TiO, nanocomposite was then pre-
mixed with PET in presence (or absence) of PP-g-
MA. The premixed materials were extruded in a
Brabender twin-screw extruder under the screw
speed of 40 rpm. The temperature zones from hop-
per to die were set at 230, 270, 275, 275°C.

After coming out of the extruder (2 mm capillary
die), the extrudate was immediately cooled down to
85°C and drawn by a stretching device as it is

described before.”® The draw ratio that is defined
as the ratio between the crosssection areas of the
drawn strand and the die was always kept at 10.
The drawn strands were then pelletized into small
pieces (3 mm in length) and injection molded into
dog-bone specimens by an injection molding
machine (Arburg 320S). The temperatures of differ-
ent zones were (from the hopper to the die): 175,
190, 190, 195, 200°C. The screw speed was 450 rpm
and the injection pressure was kept at around 60
MPa. For comparison purpose, PET/PP MFC and
PP were also prepared by injection molding. To sub-
ject the pure PP to the same thermal mechanical his-
tory as that of the PP in the PET/PP/TiO, MFC, the
PP was extruded twice before injection molding. The
designation and composition of the PET/PP/TiO,
and PET/PP MFC are given in Table 1.

Characterization

The impact-fractured surfaces of the injection-
molded MFC specimens and the etched MFC (with
hot xylene for 12 h) specimens were examined by
scanning electron microscopes (JEOL JSM-6300 and
ZEISS Supra™ 40VP). All the specimens were sput-
tered with Pd/Pt alloy before observation.

The static tensile test of the MFC specimens were
performed on a Zwick 1474 universal testing
machine according to the DIN EN ISO 527. The
crosshead speed was 5 mm/min. The tensile modu-
lus was measured by an extensometer. All the data
presented correspond to the average of five meas-
urements. The Charpy impact strength of the
unnotched specimens (4 x 10 x 80 mm®) was tested
according to the DIN EN ISO 179. For each material,
seven specimens were tested.

Dynamic mechanical analysis of MFC was per-
formed using a Gabo EPLEXOR 100 N dynamic me-
chanical analyzer with a tensile mode. The samples
were measured from —30°C to 150°C at a frequency
of 10 Hz with a heating rate of 2°C/min. The storage
modulus and tan 6 were recorded as a function of
temperature.
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RESULTS AND DISCUSSION
Morphology of PET fibrils

Figure 1 shows the morphology of PET fibrils in the
MEC specimens after extraction of the PP matrix. It
is seen from Figure 1(c—f) that the PET fibrils are
much shorter and thicker compared with the fibrils
in drawn strands [Figure 1(a,b)], some fibrils almost
retract back to spherical shape. During injection
molding of the pelletized drawn strands, the proc-
essing temperature was set at 200°C, which is high
above the T, of PET. On the one hand, the PET
fibrils tend to retract due to the high temperature;
on the other hand, the coalescence of PET fibrils
could occur to some extent.?’ In addition, setting the
screw speed at 450 rpm, the extensive shear stress
inside the barrel may also break the fibrils. Conse-
quently, the PET fibrils in the MFC demonstrate a
larger diameter and a much lower aspect ratio.

It is already known from our previous study that
in the uncompatibilized PET/PP/TiO, drawn
strands, the TiO, particles (both TiO,-300 nm and
TiO,-15 nm) are dispersed in the PET fibrils;
whereas in the compatibilized drawn strands, the
TiO,-300 nm particles are preferentially dispersed in
the PP phase, the TiO,-15 nm particles are located in
both PET fibrils and PP phase.® After injection
molding, the preferential location of TiO; is still pre-
served as shown in Figure 1. In the uncompatibi-
lized PET/PP/TiO, MFC, the TiO,-300 nm particles
are found in the curving PET fibrils [Fig. 1(c)];
whereas in the compatibilized MFC, the PET fibrils
are quite clean, the TiO,-300 nm particles are located
on the surface of PET fibrils [Fig. 1(d)]. High-magni-
fication SEM image [Fig. 1(g)] shows that in the
PET/PP/2T15 MFC the PET fibrils contains lots of
TiO5-15 nm. In the PET/PP/C/2T MFC, small
agglomerates of TiO,-15 nm particles are noticed on
the surface of PET fibrils [Fig. 1(h)]. These agglomer-
ates TiO,-15 nm particles are believed to be from the
PP matrix and left on the PET fibrils after extraction
of PP.

Tensile properties of PET/PP/TiO, MFC

Tensile properties and impact strength of the injec-
tion-molded PET/PP/TiO, and PET/PP MEFC are
given in Table II. The tensile strength of PET/PP
MEC is slightly higher than that of the pure PP.
Incorporation of TiO, particles results in a decrease
in the tensile strength of MFC. The PET fibrils are
expected to be the reinforcement in the MFC. How-
ever, the experimental result indicates that the rein-
forcement effect of PET fibrils is not considerable,
which can be explained from the following three
aspects. Firstly, in the injection-molded MFC speci-
mens the PET fibrils lose their orientation and ran-
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domly distribute in the PP matrix. Secondly, the
low-injection molding temperature ) (200°C) results
in poor interfacial adhesion between PET fibrils and
PP matrix. Thirdly, as shown in Figure 1(c—f), the
PET fibrils become much shorter and thicker after
injection molding, resulting in a less effective rein-
forcement effect.

It is interesting to notice that the compatibilized
PET/PP/TiO, MFC wusually exhibit higher tensile
strength compared with the uncompatibilized PET/
PP/TiO, MFC. As seen in Figure 2(a), which shows
the fracture surface of PET/PP/2T300 MEC, the pre-
served PET fibrils are damaged by the TiO,-300 nm
particles; whereas in the PET/PP/C/2T300 MFC, the
PET fibrils are well preserved [Fig. 2(b)]. Therefore
in the PET/PP/2T300 MFC, the reinforcement effect
of the PET/TiO,-300 nm fibrils becomes less effec-
tive in comparison with the PET fibrils in the PET/
PP/C/2T300 MEC. In addition, for the PET/PP/C/
2T300 MEFC, by incorporating compatibilizer the
interfacial adhesion between the PET fibrils and PP
matrix is improved, which also promotes the stress
transfer and leads to an increase in tensile
strength.'?

The tensile modulus of PET/PP and PET/PP/
TiO, MEFC is dramatically improved compared with
the pure PP. The PET fibrils which are much stiffer
and tougher than the PP contribute to this elevation
of modulus.** The incorporation of TiO, particles
further increases the modulus of MFC irrespective of
their preferential location. Comparison among the
PET/PP/TiO, MFC with different TiO, loadings (2
vol % and 4 vol %) shows that the tensile properties
of PET/PP/TiO, MFC are not much influenced by
the concentration of the TiO, particles.

Impact strength of PET/PP/TiO, MFC

The impact strength of PET/PP MFC is higher than
that of the pure PP. Li et al.>' also observed an
increase in the essential work of fracture of PET/PE
MFC compared with pure PE. However, other
researchers reported that the impact strength of
PET/PP MEC is lower than pure PP, which is oppo-
site to our finding.*>** Note that in this study, the
pure PP was subjected to two times extrusion before
injection molding, which may deteriorate the me-
chanical properties of PP. In the PET/PP MEFC, the
tough PET fibrils contribute to the elevation of
impact strength despite of the poor interfacial adhe-
sion between the PET fibrils and PP.

The addition of TiO, particles decreases the
impact strength of the MFC, the impact strength
decreases more with increasing loading of TiO,. Sim-
ilar findings were also reported by other researchers
who  incorporated nanofillers into  polymer
blends.2*3 In the PET/PP/ TiO, MFC, irrespective
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Figure 1 SEM images of PET fibrils in drawn strands and injection-molded specimens (PP is removed by xylene): (a)
PET/PP/2T300 drawn strand, (b) PET/PP/C/2T300 drawn strand, (c¢) PET/PP/2T300 MFC, (d) PET/PP/C/2T300 MFC,
(e) PET/PP/2T15 MFEC, (f) PET/PP/C/2T15 MFC, (g) high- magnification image of the selected area in (e), and (h) high-
magnification image of the selected area in (f).

of their preferential location, the rigid TiO, particles fibrils and matrix when the specimens suffer from
act as weak points or stress concentrations. The  sudden impact energy, and the impact strength
stress cannot be effectively transferred between the  drops accordingly.®® Similar to the tensile strength
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TABLE II
Tensile Properties and Impact Strength of PET/PP and PET/PP/TiO, MFC

Tensile strength

Tensile modulus Impact strength

Specimen (MPa) (MPa) (k] /m?)
Neat PP 29.1 +£ 1.0 1521.0 £ 58.3 111+ 1.7
PET/PP 301 +£1.7 19954 + 73.0 19.0 + 2.3
PET/PP/C 312 +£20 2190.0 £+ 80.5 245 + 4.1
PET/PP/2T300 26.3 + 2.6 2382.5 +97.3 56 £1.3
PET/PP/C/2T300 29.6 £ 1.6 23114 4+ 63.8 16.3 £ 1.6
PET/PP/4T300 27.0 £ 0.7 2462.6 + 71.6 40+ 1.1
PET/PP/C/4T300 303 + 2.0 2318.0 £+ 86.9 9.6 £21
PET/PP/2T15 289 + 2.0 2488.4 + 100.4 132 +£ 3.8
PET/PP/C/2T15 300 £ 1.7 2406.0 £+ 50.6 18.6 £ 1.0

results, the impact strength of the umcompatibilized
PET/PP/TiO, MFC is much lower compared with
the compatibilized PET/PP/TiO, MFC. In a compos-
ite material, effective energy dissipation is influ-
enced heavily by the interfacial bonding between the
matrix and dispersed phase.** In the uncompatibi-
lized PET/PP/TiO, MEFC, the TiO, particles are
exclusively located in the PET fibrils. As noticed in
Figure 2(a), the protruding TiO, particles severely
damage the PET/PP interface, thus resulting in
debonding between the fibrils and matrix. Conse-
quently, the crack easily initiates and propagates
through the polymer/fiber interface under impact
load, which results in a sharp decrease in impact
strength.*®* In addition, the damaged PET fibrils
also contribute to the droplet of the impact strength.
At higher loading of TiO, particles (4 vol %) the
damage of interface and PET fibrils is more severe, a
further decrease in impact strength is thereby
observed for the PET/PP/4T300 MEC. In the compa-
tibilized PET/PP/TiO, MFC, the TiO, particles are
dispersed in the PP matrix, the PET fibrils are well
preserved. The PET fibril/PP matrix interface is less
likely to be damaged because the TiO, particles are
less prone to protrude out of the isotropic PP. There-
fore, higher impact strength of the compatibilized
PET/PP/TiO, MFC is observed in comparison with
the uncompatibilized PET/PP/TiO, MEC.

PET-PP 35-66 TIO2-300 5000

——— & pm —— PET-PP-com 35-62-3 TWO2-300-2v 2000

Dynamic mechanical properties

Dynamic mechanical spectra (storage modulus E’
and tan J) as a function of temperature for the PET/
PP and PET/PP/TiO, MFC are graphically repre-
sented in Figure 3. As shown in Figure 3(a), the stor-
age modulus of MFC drops gradually in the whole
temperature range. The storage moduli of PET/PP/
TiO, MEC are very close to one another, these val-
ues are noticeably higher than that of the PET/PP
MFC. This result is in agreement with the tensile
test result but seems to be contradictive to our ear-
lier DMA analysis of the PET/PP/TiO, drawn
strands: incorporation of TiO, particles decreases the
E’ for all the PET/PP/TiO, drawn strands, and the
E’ drops even more with increasing concentration of
TiO, particles. Note in the drawn strands both PET
and PP phases are well oriented, the decrease in E’
for the drawn strands is attributed to the damaged
interface (by the TiO, particles), which results in
poor stress transfer between the fibrils and matrix.*®
In this study, after injection molding the PP phase
loses its orientation and forms the continuous phase.
The PET fibrils also become much shorter and
thicker, some fibril bundles are also noticed [Fig.
2(b)]. Accordingly, the interfacial area between the
PET fibrils and PP matrix is greatly decreased. Com-
pared with the PET/PP/TiO, drawn strands, the

e B T i

Figure 2 Fracture surfaces of (a) PET/PP/2T300 MFC and (b) PET/PP/C/2T300 MEC.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Thermal dynamic curves of the PET/PP and
PET/PP/TiO2 MFC: (a) storage modulus vs. temperature
and (b) tan & vs. temperature.

TiO, particles in both PET fibrils and PP matrix are
less prone to protrude out in the PET/PP/TiO,
MEFC, less interfacial defects are expected. For the
PET/PP/TiO, MFC the rigid TiO, particles contrib-
ute to the elevation of storage modulus. Obviously,
this positive effect of TiO, particles on the storage
modulus surpasses the influence of the defects
(caused by the TiO, particles) at the interface, which
decreases the storage modulus.

In the tan § vs. temperature graph, two relaxation
peaks are observed at around 6°C and 103°C, which
correspond to the glass transition temperatures (T,)
of PP and PET, respectively.”’® The temperature
maximum of the relaxation peaks of PP and PET is
given in Table III. It is interesting to notice that for
the PET/PP/2T300 and PET/PP/4T300 MFC, the
maximum of PP relaxation peak appears at the same
position as that for the PET/PP MFC (at around 6
°C); whereas for the PET/PP/C/2T300 and PET/
PP/C/4T300 MFC, the maximum of PP relaxation
peak shifts to a higher temperature (at around 9°C).
However, the temperature maximum of PET relaxa-

tion peak in the PET/PP/TiO, MFC shows the op-
posite result. The PET relaxation peak in the
compatibilized MFC (PET/PP/C/2T300 and PET/
PP/C/4T300) reaches its maximum at around 103°C,
which is also the temperature maximum of PET
relaxation peak for PET/PP MFC. For the PET/PP/
27300 MEC (the uncompatibilized MFC), the tan o
maximum of PET appears at 105.1°C, which is 2°C
higher than that of the PET in the PET/PP MEFC.
However, for the PET/PP/4T300 MFC the tan o
maximum is at around 97°C, which is surprisingly
lower compared with other PET/PP/TiO, MFC.

The variation of T, for both PP and PET can be
attributed to the preferential location of TiO, par-
ticles. As shown in Figure 1, for the compatibilized
PET/PP/TiO, MFC (PET/PP/C/2T300 and PET/
PP/C/4T300) where the TiO,-300 nm particles are
preferentially located in the PP matrix, these rigid
TiO, particles restrict the mobility of the PP chains,
thus resulting in the increase of T, for PP."! Simi-
larly, for the PET/PP/2T300 MFC, the preferential
location of TiO, particles in the PET fibril also leads
to an increase of T, for PET. The noticeable drop of
T, for PET in the PET/PP/4T300 MFC is not un-
usual. Calcagno et al.®® investigated the PP/PET/
montmorillonite(MMT) nanocomposites in which the
MMT clays were preferentially situated in the in the
PET phase and in PP/PET interface. The cited
author reported that addition of MMT into the
blends results in a decrease in T, of the PET dis-
persed phase. Similar result was also reported by
Feng et al.*’ who observed a decrease in T, of PA6
in the PP/PA6/MMT composites. Both authors asso-
ciated this behavior to the presence of the MMT pre-
dominantly situated in the PET (or PA6) phase and
in the interface that affected the chain mobility. In
this study, as discussed before the TiO, particles are
more prone to protrude out of the PET fibrils at
high-TiO, loading (4 vol %), resulting increased
interactions between PP and PET. Consequently, the
T, of PET in the PET/PP/4T300 MFC shifts to lower
temperature.

For the PET/PP/2T15 and PET/PP/C/2T15 MEC,
the T, of PP and PET is not influenced by preferen-
tial location of TiO,-15 nm particles. The tan & peak

TABLE III
Glass Transition Temperatures (Tg) of PP and PET in
PET/PP and PET/PP/TiO, MFC

Specimen T, of PP (°C) T, of PET (°C)
PET/PP 6.1 103.0
PET/PP/2T300 6.3 105.1
PET/PP/C/2T300 9.3 102.2
PET/PP/4T300 6.1 96.7
PET/PP/C/4T300 9.1 103.0
PET/PP/2T15 7.1 105.3
PET/PP/C/2T15 7.2 105.0

Journal of Applied Polymer Science DOI 10.1002/app
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of PP for both specimens appears at around 7°C, the
maximum of PET relaxation peak is at around
105°C. In both MFC, the TiO,-15 nm particles are
always found in the PET fibrils despite of the differ-
ence in concentrations, which contributes to the ele-
vation of T, for PET.

CONCLUSION

In the injection-molded PET/PP/TiO, MFC, the PET
fibrils become shorter and thicker compared with
those fibrils in the drawn strands. However, the pref-
erential location of TiO, particles is preserved: in the
uncompatibilized PET/PP/TiO, MFC, the TiO, par-
ticles are dispersed in the PET fibrils; whereas in the
compatibilized ones the TiO,-300 nm particles are
preferentially dispersed in the PP phase, the TiO,-15
nm particles are found in both PET fibrils and PP
matrix.

The tensile strength and impact strength of the
PET/PP/TiO, MFC are lower compared with the
PET /PP MFC, because the incorporated TiO, particles
either damage the PET fibrils or result in defects at the
interface. However, an increase in tensile modulus for
the PET/PP/TiO, MFC is observed, which is in good
accordance with the DMA result. The glass transition
temperatures of the PP and PET phase in the PET/
PP/TiO, MFC are greatly influenced by the preferen-
tial location of TiO, particles: exclusively located in
the PP matrix, the Tg of PP in the compatibilized PET/
PP/TiO, MFC is 3°C higher than that of PP in the
uncompatibilized PET/PP/TiO, MFC and the PET/
PP MFC; for the uncompatibilized PET/PP/TiO, MEC
the preferential location of TiO, particles in the PET
fibrils also elevates the T, of PET.
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