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ABSTRACT: The morphology development of polypropyl-
ene (PP)/polyethylene terephthalate (PET)/styrene-ethylene-
butylene-styrene (SEBS) ternary blends and their fibers were
studied by means of scanning electron microscopy (SEM) in
conjunction with the melt linear viscoelastic measurements.
The morphology of the blends was also predicted by using
Harkin’s spreading coefficient approach. The samples vary-
ing in composition with PP as the major phase and PET and
SEBS as the minor phases were considered. Although SEM
of the binary blends showed matrix-dispersed type morphol-
ogy, the ternary blend samples exhibited a morphological
feature in which the dispersed phase formed aggregates con-
sisting of both PET and SEBS particles distributed in the PP
matrix. The SEM of the blend samples containing 30 and 40
wt % of total dispersed phase showed an agglomerated
structure formed between the aggregates. The SEM of the
PP/PET binary fiber blends showed long well-oriented

microfibrils of PET whereas in the ternary blends, the micro-
fibrils were found to have lower aspect ratio with a fraction
of the SEBS stuck on the microfibril fracture surfaces. These
results were attributed to a core-shell type morphology in
which the PET and SEBS formed the core-shells distributed
in the matrix. The melt viscoelastic behavior of the ternary
blends containing less than 30 wt % of the total dispersed
phase was found to be similar to the matrix and binary
blend samples whereas the samples containing 30 and 40 wt
% of dispersed phases exhibited a pronounced viscosity
upturn and nonterminal storage modulus in low frequency
range. These results were found to be in good agreement
with the morphological results. © 2009 Wiley Periodicals, Inc.
J Appl Polym Sci 114: 3737-3743, 2009
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INTRODUCTION

The blending of two or more different polymer has
widely been used as a flexible and economical tech-
nique for production of polymeric materials with
desirable properties. During the last two decades,
a considerable number of researches have been
conducted toward multicomponent polymer blends
consisting of at least three or more immiscible poly-
mers. A large range of phase morphologies can be
generated, which could directly influence the whole
set of properties.'™ The effect of different parame-
ters on the morphology and properties of ternary
polymer blends have been studied by many
researchers. Hobbs et al.' used Harkin’s spreading
coefficient concept® to predict the phase morphology
of different ternary blends. For a ternary system
with A as the continues phase and B and C as the
dispersed phases, the spreading coefficients Apc and
Acp are defined as:

ABC = Yac — YAB — YBC 1)
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ACB = YaB — Yac — VBC )

where 7;; is the interfacial tension between i and j
phases. A positive value of Agc and negative value
of Acp will lead to encapsulation of C phase by the B
phase. If Agc and Acp are both negative, two minor
components form separate dispersed phases. In the
case, both Acg and Apc are negative and Aac is posi-
tive one phase will partially encapsulate the other
phase.”Guo et al.? also developed a model to predict
phase morphologies of multiphase polymer blends
based on minimizing the relative interfacial free
energy (RIE). According to these, Model 3 morpholo-
gies namely as: (1) two minor Phases B and C dis-
perse separately (B + C). (2) Phase B encapsulates
Phase C (B/C). (3) Phase C encapsulates Phase B (C/
B) are available. The interfacial free energy of each
of these morphologies are expressed as follows:

G= Z nig; + ZAinj ©)
i i#]

Gpic = (m1y + 2y + 133) + (Ay.cYap + Acg,cYac)

(4)
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where the G is the free energy of the blends, V and
Ve are the volume of the dispersed Phases B and C,
respectively. np and n¢ are the number of particles of
dispersed Phases B and C. Because the term Y n;u; in

1
eqgs. (3)—(6) are related to bulk properties and have
constant values, they can be omitted. On the basis of
this model, the dominating morphology will be that
with minimum relative interfacial energy.

Reignier et al.” developed a conceptual model to
predict encapsulation effects in composite type sys-
tems based on the same model but using dynamic
interfacial tension proposed by Van Oene.'”

The formation of subinclusions in a ternary blend
was related to the inability of particles to disperse in
the matrix due to the high viscosity of dispersed
phase."’ Kim et al.'* showed that in ternary blends
with core-shell morphology the minor phase with
lower viscosity tends to encapsulate the other minor
phase. Luzinov et al."* demonstrated that in PS/SBR/
polyethylene terephthalate (PET) blends, the size of
PET core is proportional to the viscosity ratio of the
PET core to SBR shell. In another study, Hemmati et
al.'* showed that in polypropylene (PP)/PE/EPDM
ternary systems the composite droplet size is propor-
tional to the ratio of average viscosity of complex
droplet to that of matrix. Reignier and Favis'®
reported that for the HDPE/PS/PMMA ternary
blends there is a critical shell volume fraction, above
which the PS/PMMA composite droplet exhibits
pure PS droplet behavior. Hemmati et al.'® also
showed that in ternary blends with core-shell mor-
phology the size of core as well as composite droplets
increases with increasing the core content while in
the systems, in which both phases are dispersed sepa-
rately, the size of each dispersed phase is not only
determined by concentration but also by viscosity
and the interfacial tension of that phase with matrix.

Processing of an incompatible polymer pair, in which
the dispersed phase forms in situ microfibrils, called as
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microfibril reinforced composites (MFC), has been
known as a new way to achieve products with very
high mechanical properties.'”° One of the best ways
to achieve this goal is to blend thermoplastics with
thermo tropic liquid crystalline polymers (TLCP).
Many researches have been focused on parameters
affecting the microfibrillar morphology development
and mechanical properties of MFCs.*"**' Friedrich et
al."” investigated the morphology and mechanical prop-
erties of microfibrillar reinforced composites based on
PP/PET blends. Similar work was carried out on PP/
PA MFC by Afshari et al.* Fuchs et al.** found a good
agreement between the tensile properties of these mate-
rials and the values predicted by Tsai-Hill equation.

The aim of the present work is to study the rela-
tionship between morphology and the melt linear
viscoelastic properties of PP/PET/styrene-ethylene-
butylene-styrene (SEBS) ternary blends and the
fibers produced from the blends.

EXPERIMENTAL
Materials

A commercial fiber grade PP, (V30S) with MFI = 18
g/10 min (230°C/2.16 kg), supplied by Arak Petro-
chemical Co. in Iran, was used as major component.
A fiber grade PET supplied by Yazd polyester Co.
and a SEBS copolymer (Kraton G1652) and a SEBS
copolymer grafted with 2% of maleic anhydride
(Kraton FG1901X) both supplied by Shell Chemicals
were used as second minor phase. In both triblock,
copolymers used the ratio of Styrene to ethylene/
Butylene was 30/70 by weight.

Blend preparation

The PET resins were dried in an oven at tempera-
ture of 100°C for 24 h before melt blending to mini-
mize the hydrolytic degradation of polyester. All the
blend samples were prepared in a 60CC Brabender
internal mixer equipped with roller type rotors at
275°C and 75 rpm.

Fiber preparation

The ternary blend samples were melt spun by using
a Brabender single screw extruder with screw
equipped with a 20 holes spinneret. The temperature
zones of the barrel from the hopper to the spinneret
were set at 170, 190, 210, 220, 230°C.

Morphological study

Morphology of the blends sample and blend fibers
were studied using a Philips scanning electron mi-
croscopy (SEM). The SEM micrographs were taken
from cryogenically fractured surfaces of the blend
samples and fiber sections. All the fractured surfaces
were coated with a thin layer of gold before viewing.
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Figure 1 SEM micrograph of 86/14 (wt/wt) binary blend
of PP/PET.

Rheological measurements

The linear melt viscoelastic properties of the blend
components and the blend samples were carried out
using a rheometric mechanical spectrometer (RMS)
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equipped with a parallel plate with a gap of 1 mm
and a plate diameter of 25 mm. The measurements
were performed at constant amplitude of 1%, in the
frequency range of 0.1-6251/s at 275°C under dry
nitrogen atmosphere.

RESULTS AND DISCUSSION
Morphology

Figure 1 shows a typical SEM micrograph of PP/
PET binary blend samples. The relatively large parti-
cle size with coarse particle size distribution of PET
dispersed in PP matrix can be considered as indica-
tions of incompatibility and therefore weak interfa-
cial interaction between these two phases.

Figure 2 shows the SEM micrographs of PP/PET/
SEBS and PP/PET/SEBS-g-MA ternary blend sam-
ples with composition of 80/14/6. As it can be
clearly seen, the both samples show a morphological
feature in which the minor phases form well defined
aggregates dispersed in the PP matrix. Figure 3
presents the morphology of the PP/PET/SEBS and
PP/PET/SEBS-g-MA ternary blend samples with the
same composition of 60/28/12. As can be noticed in

Figure 2 SEM micrograph of ternary blends containing
(a) PET (14% wt) and SEBS (6% wt), (b) PET (14% wt) and
SEBS-g-MA (6% wt).

Figure 3 SEM micrographs of ternary blends containing
(a) PET (28% wt) and SEBS (12% wt), (b) PET (28% wt)
and SEBS-g-MA (12% wt).
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Figure 4 Complex viscosity vs. angular frequency for
PP/PET binary blends at T = 275°C. Blend compositions
are described in figure.

both samples, the aggregates formed between par-
ticles are interconnected into 3D agglomerates. Com-
paring these results showed that SEBS and SEBS-g-
MA play an almost similar role in morphology de-
velopment in these samples.

Because the two minor phases PET and SEBS are
immiscible and both are immiscible with the PP ma-
trix, the aggregate formed between the dispersed
phases can be attributed to formation of a core-shell
type morphology in which the PET is encapsulated
by highly elastic SEBS phase. The morphology with
aggregate formation was also observed for PP/PA6/
SEBS ternary blend system by Wilkinson® who also
attributed the aggregate formation to core/shell-type
morphology.

Rheology

The results of complex viscosity (n*) vs. angular fre-
quency of PP, PET, and their binary blends are
shown in Figure 4. Although the samples containing
less than 40% wt of PET showed a flow behavior
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Figure 5 Rheological behavior of PP/PET/SEBS ternary
blends and PP/PET binary blend at T = 275°C: Storage
modulus vs. angular frequency.
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similar to that of PP matrix, the flow behavior of the
binary blend sample with 40% wt of PET at low fre-
quency range could not be superimposed with that
of PP and showed a low frequency non-Newtonian
response. This could be related to the co-continues
type morphology developed in this particular
sample.

The results of storage modulus (G') vs. angular
frequency obtained for the ternary blend samples
containing 20% of total minor phase and binary
blend containing the same amount of minor phase is
shown in Figure 5. As it can be seen, the ternary
blend sample shows a pronounced nonterminal stor-
age modulus at low frequency range. Moreover, the
values of low frequency storage modulus of ternary
blend samples were found to be greater than those
predicted by Palierne’® model, proposed for binary
blends and by considering the core-shell droplet as a
single droplet with weighted average viscoelastic
properties of the minor components. The interfacial
interaction of our sample was calculated on the basis
of interfacial interaction between PP matrix and
SEBS shell. As it can be seen in Figure 6, the ternary
blend sample exhibit a distinct positive deviation
from Palierne model. Moreover, the frequency range,
below which the elastic response of our ternary
blend samples begins, is much higher than those
reported for binary blends.”?® Therefore, the
enhanced low frequency elastic response of this ter-
nary blend sample can be attributed to core-shell
morphology and resulting aggregates formed in this
sample.

Figure 7 presents the storage modulus (G’) and
complex viscosity (n*) as a function of frequency for
the two ternary blend samples containing 30% and
40% wt/wt of total minor phase. As can be clearly
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Figure 6 Rheological behavior of PP/PET/SEBS ternary
blends and PP/PET binary blend at T = 275°C: Complex
modulus vs. angular frequency compared to the Palierne
model.
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Figure 7 Rheological behavior of PP/PET/SEBS ternary
blends at T = 275°C: (a) complex viscosity (n* ) and (b)
storage modulus (G') vs. angular frequency. The blend
compositions are described in figure.

seen, these samples exhibit a pronounced viscosity
upturn and strong nonterminal storage modulus at
low frequency range. The values of low frequency
storage modulus were found to be in the range of
those reported for concentrated suspensions® with
3D agglomerate structure. In other words, these
results were in good agreement with aggregates or
agglomerate structure development resulting from
core-shell type morphology in these ternary blend
samples. A similar behavior was reported for a 50/
50 matrix/core-shell type modifier polymer blend
consisting of PBA as core that is grafted with
PMMA shell dispersed in PMMA matrix by Choi et
al.*® who attributed their results to strong interfacial
adhesion as a result of trapping the matrix chains in
the shell and resulting interconnectivity of the dis-
persed particles. However, this explanation could
not be applied to our sample that had agglomerate
microstructure.

Figure 8(a) shows the results of melt viscoelastic
properties of PP/PET/SEBS-g-MA sample per-
formed at 180°C at which the PET phase remain in
its solid state. The superposition of these results
with those obtained at 275°C [Fig. 8(b)] can be con-
sidered as an indication that in both cases PET phase
does not play an appreciable role in determining the
viscoelastic properties of these samples. Therefore,
these results can be considered as evidences to sup-
port the above suggested core-shell type morphol-
ogy in which the SEBS with high melt elasticity
encapsulates the PET phase.
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Figure 8 Viscoelastic properties of ternary blend with
concentration PP/PET/SEBS-g-MA = 60/28/12 at (a) T =
180°C, (b) T = 275°C.

Figure 9 shows SEM micrograph of a PP/PET
binary blend filament with concentration of 86/14
which was etched by boiling xylene. As it can be
seen, the PET phase is drawn into long fibrils with a
high L/D ratio in the fibers. A similar morphology
has been observed by other researches elsewhere.*
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Figure 9 SEM micrograph of binary PP/PET fiber.
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Figure 10 The SEM micrograph of PP/PET/SEBS ternary
blend with concentration of 60/28/12 fiber blend.

The SEM micrograph of cryogenically fractured
surface of PP/PEP/SEBS ternary blend fibers is
shown in Figure 10. Comparing these results with
those shown in Figure 9, one can notice that while
in PP/PET binary blend fibers the PET droplets
form long microfibrils, in PP/PET/SEBS ternary
fibers the minor phase is drawn into short fibrils
with lower aspect ratio whose broken surface are
covered by SEBS phase which may probably be
formed after breaking of fibrils during cryogenic
fracturing of the filament samples. These results sup-
port our above discussed suggestion, stating that
SEBS phase encapsulates the PET because there is
no sign of SEBS dispersed phase and only one kind
of microfibrils can be observed. The lower aspect ra-
tio of the fibrils observed in compatibilized samples
can be explained in terms of reduced droplet size
and therefore less deformability of droplets in these
samples. Thus, SEBS phase acts as highly elastic
resisting skin for the core shell to be drawn into
long fibrils. Thus, it can be suggested that the core/
shell droplets formed in the blend samples is draw-
ing into core/shell type fibrils in the spun fibers
during the melt spinning.

The morphology of these blends was also pre-
dicted by using the spreading coefficient concept
and relative interfacial energy (RIE). First, interfacial
tensions (y;) data were calculated for the three poly-
mer—polymer interfaces present in the blends, i.e.,

MOSTOFI, NAZOCKDAST, AND MOHAMMADIGOUSHKI

PP-PET, PP-SEBS, and PET-SEBS using the harmonic
mean equation.’!

A

vy

Yii =Yitv— (11)

where v;; is the interfacial tension between Compo-
nents i and j, y; is the surface tension of Component
i, v and v/ are dispersive fraction and polar frac-
tion of surface tension of the component i, respec-
tively. The data used in these calculations are shown
in Table I. For the purpose of this calculation, the
SEBS triblock copolymer was considered as a ran-
dom ethylene-butylene(r-EB) copolymer, because the
SEBS structure is dominated by the central EB-block
(block molecular weights: 7000S-37500EB-7000S).*"

The values of interfacial tension of the blend
components at 275°C calculated using eq. (11) were
Ypp/pET = 6.58, YPET/SEBS = 4.99, YsEBs/pr = 1.26.

The calculated values of interfacial tensions were
used to obtain the spreading coefficient and relative
interfacial energy (RIE) values using eqgs. (1) and 2
and also eq. (3) to predict the morphology of the
PP/PET/SEBS ternary polymer blends. The spread-
ing coefficient values calculated for blends contain-
ing SEBS are: xSEBS/PET = 033, )\'PET/SEBS = —10.31.
From these values, one may think that the driving
force of SEBS is too small to encapsulate PET. How-
ever, in the above described model the static inter-
facial tension was considered. Although as Van
Oene' suggested that interfacial tension under the
conditions of dynamic flow can be quiet different
from that of the static one due to difference in blend
components elasticity. Reignier et al.” introduced the
dynamic interfacial term for polymer blends based
on the Van Oene equation to predict the morphology
of ternary blend. According to Reignier, when the
melt elasticity of the blend matrix is greater than
that of dispersed phase 1, will fall with increasing
shear and will rise when the melt elasticity of the
blend matrix is less than that of dispersed phase.
Results of melt viscoelastic properties obtained for
polymer components as discussed earlier showed
that the melt elasticities of the blend components
are in the order of SEBS ~ SEBS-g-MA>PP>PET.
Therefore, these results that are in agreement with

TABLE I
Data for Calculating Values of Interfacial Tension for Ternary Blends
Y ' 7 d y/dT
Polymer (mN m™1) (mN m™1) (mN m™1) (mN m~'°C) Reference
PP 15.3 14.99 0.31 —0.065 30
PET 28.0 21.81 6.19 —0.058 30
r-EB 22.2 21.76 0.44 —0.045 31

Journal of Applied Polymer Science DOI 10.1002/app
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experimental results suggest that PET phase is
encapsulated by SEBS phase.

The calculated values of RIE for the samples in
275°C are as follows:

RIE(PET/SEBS) = 18.2
RIE(PET + SEBS) = 7.7

RIE(SEBS/PET) = 7.6

As it can be also seen, the morphology which SEBS
encapsulates the PET has the lowest free energy
indicating that the SEBS phase will encapsulate the
PET phase.

CONCLUSIONS

Although SEM micrographs of the PP/PET binary
blends showed matrix-dispersed type morphology,
the ternary PP/PET/SEBS blend samples exhibited a
different morphological feature in which the dis-
persed phase formed distinct aggregates consisting of
both PET and SEBS particles distributed in the PP
matrix. The SEM micrographs of the blend samples
containing 30 and 40 wt % of total dispersed phase
showed an agglomerated structure formed between
the aggregates. These results could be attributed to the
core-shell type morphology in which PET was encap-
sulated by SEBS phase. The SEM micrographs of the
PP/PET binary blend fibers showed long microfibrils
of PET well oriented along the fiber axes whereas in
the case of ternary blends, the microfibrils were found
to be shorted with larger diameter with a fraction of
the SEBS phase stuck on the microfibril fracture surfa-
ces resulting from SEBS shell rupture. These results
also revealed the core-shell morphology type for the
ternary polymer blends.

The melt-state viscoelastic behavior of the ternary
blends containing less than 30 wt % of the total dis-
persed phase was found to be similar to PP matrix
and binary blend samples, whereas the samples con-
taining 30 and 40 wt % of total dispersed phase
exhibited a pronounced viscosity upturn and storage
nonterminal behavior in low frequency region. These
results, which are in good agreement with the SEM
results, suggest a core-shell type morphology for
molten PP/PET/SEBS ternary blend in which the
SEBS with high melt elasticity encapsulates the PET
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phase. A good agreement was found between the
experimental results and the results predicted by
Harkin’s spreading equation.
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