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ABSTRACT: Blends of thermotropic liquid crystalline
polymer (LCPA-950), based on a copolyester of hydroxy-
napthoic acid and hydroxybenzoic acid with an engineer-
ing thermoplastic, poly(phenylene sulfide) (PPS), were pre-
pared using a corotating twin-screw extruder. Addition of
a third component, a functionalized polypropylene (maleic
anhydride grafted polypropylene, MA-PP), that interact
with the thermotropic liquid crystalline polymer (TLCP)
facilitates the structural development of the TLCP phase
by acting as a compatibilizer at the interface. Differential
scanning calorimetry and dynamic mechanical thermal
analysis results, however, show that there is an interaction
between the polymers in the presence of compatibilizer.
This means that MA-PP can be used as a compatibilizer

for the PPS/LCP in situ composite system. The viscosity
of the compatibilized in situ composite was decreased
by the compatibilizer, and this is mainly due to the fibrous
structure of the LCP at the high shear rate. The mechanical
properties of the ternary blendswere increasedwhen a proper
amount of MA-PP was added. This is attributed to fine fibril
generation induced by the addition of MA-PP. Morphological
observations determined the significance of the third compo-
nent in immiscible polymer blends, and an optimum amount
of MA-PP exists for the best mechanical performance. � 2007
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INTRODUCTION

A frequent goal of polymeric material research is the
improvement of physical properties. An approach
that is widely used is the combination of two poly-
mers in the hope of obtaining favorable properties in
the blend. If successful, this route can lead to the
creation of attractive new composite materials. One
relatively new type of blend is that of thermotropic
liquid crystalline polymers (TLCPs) and thermoplas-
tics (TP) matrices, the high modulus of LCP can
form in situ fibrils, which reinforce the TP matrix
because there is high molecular orientation in the
fibrils. The LCP can also serve as processing aids in
extrusion and injection molding because of their low
melt viscosity. These materials display in situ self-
reinforcing properties and the termed molecular or
microfibrillated composites.1–4 These properties
make blends of LCPs and TPs ideal candidates for
high-performance engineering applications. The mor-
phology of the LCP domains dominates many of the

final physical properties of the blend. The issues
controlling the morphology and ultimate physical
properties of a LCP/polymer blend are quite com-
plex. The rheological behavior of blend components,
interfacial tension, and processing conditions are
known to be the key factors governing the morphol-
ogy. To obtain good fibrillation, high loading of LCP is
usually used so as to reach a critical LCP content. This
generally makes the materials impractical economi-
cally, and so the advantages of LCP in polymer blends
have yet to be fully exploited.5 Although great efforts
have been made to modify the property and process-
ability of in situ composites, the main problems associ-
ated with the blends of LCP/TPs, e.g., poor adhesion
of interfaces between LCP and polymer matrix, and
difficulty in controlling processing parameters for LCP
fibrillation, remains unsolved.6

A primary question in the studies of blends of
LCPs and TPs is the role of the interfacial properties
in the formation of a fibrous minor phase. Most of
the TP polymers studied so far are incompatible
with commercially available LCPs.7 Wholly aromatic
TLCP, such as vectra LCP, a copolyester consist of 4-
hydroxybenzoic acid (HBA) and 2-hydroxy-6-naph-
thoic acid (HNA), have been shown to display no
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miscibility and poor compatibility poly(phenylene
sulfide) (PPS).8–10 According to Tsebrenko and Dani-
lova, the immiscibility or poor compatibility between
a LCP and its polymer matrix is one of the basic
conditions for flow-induced fiber formation.11 How-
ever, poor interfacial adhesion between the compo-
nents in these multiphase mixtures is often responsi-
ble for the poor mechanical properties such as ten-
sile strength and fractured toughness.

To promote interfacial adhesion between TPs and
LCP components, researches have attempted various
techniques such as long flexible spacers12; block
copolymers13; functional groups with similar chemical
structure to the compounded polymers14; and addition
of third reactive component.15 When applying any
techniques to two phases by either reactive or nonreac-
tive agents, however, the reactivity must be carefully
controlled, because while the compatibilizer improves
interfacial adhesion, it may also prevent in situfiber for-
mation. An uncontrolled compatibilization between
the dispersed phase and its matrix may reduce the
numbers and the lengths of the in situ-formed LCP
fibers or even convert the fibers into droplet domains.16

In this work, the morphology, miscibility, and me-
chanical property relationships of PPS/LCP blends
were examined. The compatibilizing effects of maleic
anhydride grafted polypropylene (MA-PP) on the
mechanical property and the LCP fibrillation of the
blends will also be discussed.

MATERIALS

The TLCP used in this study was Vectra A950 supplied
by Ticona (Shelby, NC). This LCP is a wholly aromatic
copolyester consisting of 25 mol % of 2,6-hydroxy-
naphthoic acid (HNA) and 75 mol % of p-hydroxyben-
zoic acid (HBA). The molecular weight could not be
determined because it was difficult to find a suitable
solvent in which it can be dissolved. The thermoplastic
used in this study was poly(phenylene sulfide),
grade Fortron 0214C1, which was obtained as a
pellet from DMSRDE (Kanpur, India). The molecular
weight was determined in chloronapthalene by gel
permeation chromatography at 2158C. The results
were Mw 5 42,012, Mn 5 5762, and Mz 5 82,466 with

polydispersities of 7.29 (Mw/Mn) and 1.96 (Mz/Mw).
Maleic anhydride grafted polypropylene copolymer
(MA-PP) with 0.6 wt % maleic anhydride content
was supplied by Aldrich Chemicals and used as a
compatibilizer. The structures of PPS and LCP are
given in Figure 1.

EXPERIMENTAL

Blending and extrusion

The pellets of the PPS and Vectra-A950 were dried
in a vacuum oven at 708C for 24 h before use. MA-
PP was dried in a vacuum oven at 808C for 24 h.
Dried pellets of liquid crystalline polymer and PPS,
and MA-PP were mixed in a container before blend-
ing the extruder. Blending was carried out using a
Brabender Plasti-Corder PL 2200 (mixer N50) twin-
screw extruder at a fixed rotation speed of 30 rpm.
The screw had a diameter of 19 mm, L/D of 25. The
extrusion temperature of the feeding zone/transport-
ing zone/melting zone/die were set as 160/300/
300/2908C, respectively. Blending formulation is
given in Table I.

Thermal properties

Differential scanning calorimetry (DSC) measure-
ments of the thermal property characteristics were
performed on a NETZSCH DSC 200PC. The samples
(6.5 mg) sealed under aluminum pans were scanned
in the temperature range of room temperature to
6508C at a heating rate of 108C/min and was
allowed to crystallize at a cooling rate of 108C/min
under the nitrogen atmosphere with a flow rate of
40 mg/min. Dynamic mechanical thermal analysis
(DMTA) of the blends were conducted with a
DMTA-2980 (TA Instruments). A single cantilever
clamp was used, and a frequency of 1 Hz and an
amplitude of 15 lm was applied on the samples.
The temperature range was 50–2508C at a heating
rate of 58C/min. The storage modulus (E0) and tan d
were measured for each sample in this temperature
range.

Rheology

Rheology measurements were carried out on an Ins-
tron capillary rheometer Model. Samples were loaded

Figure 1 The structure of PPS and LCP.

TABLE I
Compounding Formulation

Sample no. M1 M2 M3 M4

PPS 100 75 75 75
LCP-A – 25 25 25
MA-PP – – 2 5

All the contents are in phr.
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in pellet from at 3008C. Approximately 15 min was
required following loading for the system to reach
thermal equilibrium. Capillary of diameter 0.762 mm
(L/D 5 33.3) was employed to cover a shear rate of
50 3 102 to 4 3 102 s21.

X-ray diffraction

X-ray diffraction (XRD) was performed with a PW
1840 X-ray diffractometer using copper target (Cu
Ka) at a scanning rate of 0.0582y/s between 108 and
608, accumulation time 25 s, chart speed of 10 mm/
2y, range of 5000 c/s, and a slit of 0.2 mm, operating
at a voltage of 40 kV and current of 20 mA to assess
the change of crystallinity of the blends as a function
of blend ratio.17

Scanning electron microscopy study

The morphology of the fractured surfaces of the
blends was observed using a Jeol JSM-scanning elec-
tron microscope (SEM). To observe the dispersion
and distribution of LCP particles, tensile bars were
crayofractured in liquid nitrogen. The fractured sur-
faces were gold plated and then mounted over alu-
minum stub using a double-sided electric adhesive
tape. The vacuum was in the order of 1024–1026

mmHg during scanning of the composite samples.

Mechanical properties

To measure the mechanical properties of the blends,
tensile testing was repeated for at least four samples
at an extension speed of 10 mm/min, with an initial
gauge length of 35 mm and a width of 4.5 mm using

a universal tensile testing machine, a Hounsfield HS
10 KS, at room temperature.

RESULTS AND DISCUSSION

Thermal properties

The results from the DSC scans for the binary and
ternary blends are presented in Figure 2. The ther-
mal properties of the blends are summarized in Ta-
ble II. The glass transition temperature, Tg, was eval-
uated by DSC and then related to the DMTA point
at which tan d is a maximum. Before the analysis of
the ternary blends, binary blends of PPS and LCPA
were studied. The Tg of PPS is known to be 1068C
and that of LCPA to be 1048C. The melting endo-
therm of LCPA is not apparent because of its small
heat of fusion. It is not clear from the DSC thermo-
grams whether the LCPA phase forms its own
domains or is mixed in the PPS. The binary blends
display multiple peaks. This phenomenon can be
explained by the existence of different kinds of crys-
tallization processes.18 A more perfect crystal popu-
lation has a higher melting temperature at the main
peak. The smaller secondary crystals are less perfect
and melt to form the secondary peaks. The appear-
ance of multiple melting peaks implies that mixing
with LCPA affects the crystallization process of PPS.
The recrystallization peaks which appear upon cool-
ing the various blends are shown in Figure 3. In
each case, the samples were held at 3008C for 2 min
after heating and then cooled at a rate of 108C/min.
The pure PPS shows a crystallization-point maxi-
mum of about 2318C. But this crystallization point
shifts to the lower temperature side with the addi-
tion of LCPA. It appears from the melting and the
crystallization data that the TLCP phase acts as a
nucleating agent. Though TLCP phase affects the
crystallization rate of PPS, it does not seem to
change the crystallization structure as seen from the
X-ray spectra. The maximum of tan d from DMTA is
shown in Figure 4. The Tg of PPS is 1128C and the
peak at 1008C is assigned to that of VA. The Tg val-
ues obtained from dynamic mechanical analysis are
higher than those obtained from thermal analysis.
Such a difference is reasonable when one takes the fea-
tures of thesemeasuring techniques into consideration.
The appearance of separate Tgs indicates that PPS and
LCPA are immiscible.

Figure 2 DSC thermograms of melting behavior of PPS
and the blends: (M1) PPS, (M2) binary blend, (M3) 2%
MA-PP-added ternary blend, and (M4) 5% MA-PP-added
ternary blend.

TABLE II
Thermal Properties of the Blends

Sample Tm (8C) Tc (8C) DH (J/g)

M1 284 231 27.5
M2 282 228 23.4
M3 281 224 21.2
M4 280 218 18.7
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In the ternary blends, the appearance of minor
melting peaks in addition to the major melting tran-
sition of PPS around 2828C indicates that addition of
MA-PP also affects the crystallization process of PPS
(Fig. 2). The melting temperature (Tm) of PPS does
not show a remarkable variation with MA-PP addi-
tion. The crystallization–peak temperature shifts to a
lower temperature with the addition of MA-PP (Fig.
3). This is ascribed to the added MA-PP reacting
with VA and PPS to produce a compatibilizer that
makes the blend more homogeneous.19,20 This sup-
ports the conclusion that LCPA, the added MA-PP,

or both are acting as a nucleating agent. Changes in
the crystallization process are believed to occur
because of altered nucleation and growth conditions
in the ternary blends. Excess MA-PP may form a
separate phase, which can act as an impurity in the
blend.

Rheological properties

The flow curves of the pure components and ternary
blend measured at 3008C are depicted in Figure 5. It
can be seen from the figure that, in the shear rate
range studied, all the melts exhibit a typical non-
Newtonian behavior. The semirigid LCP sample
shows a viscosity lower than that of the PPS. The
processing shear rate (apparent shear rate) was
about 4 3 102 s21, and PPS has a viscosity nearly
one order of magnitude higher that that of LCP. The
viscosity of the blend in the investigated shear-rate
range was intermediate between the two neat poly-
mers. Evidently polymer chains in LCP try to
become more and more oriented in the melt by
shearing forces, which makes it easier to slide past
one another thus reducing the viscosity. Ternary
blends show viscosities even lower than those of bi-
nary blends. The reduction in viscosity of the blends
can possibly be attributed to interfacial slippage
between the two polymers.21 Since the PPS-LCP
blends are incompatible, the LCP domains in the
melt state having low viscosity possibly migrate to-
ward the capillary surface and act as a lubricating
layer over the capillary surface. This results in a
reduced blend viscosity.

Figure 6 shows the variation of storage modulus
(E0) as a function of temperature for the blends and
the pure PPS. The pure PPS exhibits a sharp

Figure 3 DSC thermograms of cooling process for PPS
and blends: (M1) PPS, (M2) binary blend, (M3) 2% MA-
PP-added ternary blend, and (M4) 5% MA-PP-added ter-
nary blend.

Figure 4 Normalized tan d versus temperature for binary
and ternary blends: (M1) PPS, (M2) binary blend, (M3) 2%
MA-PP-added ternary blend, and (M4) 5% MA-PP-added
ternary blend.

Figure 5 Viscosity–shear rate relationship at 3008C (n)
PPS, (&) binary blend, ($) 2% MA-PP-added ternary
blend, (3) LCP-A
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decrease in the value of the storage modulus at the
glass transition region corresponding to the tempera-
ture range of 70–1008C. This is followed by a pla-
teau, which extends to a temperature of 2508C.
Addition of LCP to PPS was found to increase the
storage modulus value. Above the Tg of pure PPS
the E0 value increases with the addition of LCP con-
tent and also the modulus in the plateau was found
to increase. This increase in the modulus of the pla-
teau is beneficial as this ensures better performance
of blends at high temperature. We also estimated an
increase in storage modulus above Tg, suggesting
that the crystallization of PPS under the dynamic
strain conditions is due to the nucleation and inter-
action between the LCP and the matrix. It is also evi-
dent that even at higher temperatures the blend stor-
age modulus was higher than the storage modulus
of pure polymer at lower temperatures. This vali-
dates the point that the LCP is an effective reinforc-
ing agent for PPS even at higher temperature. But
this increase is prominent in the presence of compa-
tibilizer and the improvements are observed for the
entire temperature range scanned. This implied that
the addition of MA-PP has lead to an improvement
in the compatibility between the blend components.
However, E0 in the plateau region (below the Tg) is
higher for the MA-PP concentration of 2%, which is
consistent with the static tensile data.

XRD- measurement

The XRD experiment was performed on samples of
the PPS and PPS/LCP blends in the presence and
absence of compatibilizer, and the diffractograms are
shown in Figure 7. From Figure 7 it was observed

that the diffraction pattern of the PPS and PPS/LCP
blend appears to be similar; whereas a slight
decrease in intensity was observed for the PPS/LCP
blend. The blends with LCP show a decrease in in-
tensity at about 2y 5 208, while other peaks corre-
sponding to the PPS remain unchanged in their peak
position and intensities. Addition of compatibilizer
to the PPS/LCP blends, the crystalline peak of PPS
at 2y 5 208 showing a significant decrease in the
peak intensity, indicates that the compatibilizer
affects the ordered structure of PPS by reacting at
the interface between LCP and PPS by forming graft
copolymers. The percentage of crystallinity of
the blends is decreased by the addition of LCP (Ta-
ble III). However, this decrease is prominent in the
presence of compatibilizer. In the presence of com-
patibilizer the PPS/LCP blend shows lower crystal-
linity than all other systems. This suggests that the
reactivity of the compatibilizer toward LCP and PPS
is more efficient. As it was known that the compati-
bilized blends show always lower crystallinity than
those of the uncompatibilized blends due to the ran-
dom structure of the formed graft/block copolymers,
which will modify the ordered structure of base
polymers. Hence, the crystallinity of the blends
decreases by the addition of compatibilizers.

Morphologies of the blends

In an effort to provide more support for the compa-
tibility of the ternary blend, the morphologies of
binary (PPS/LCPA) and ternary (PPS/LCPA/MA-PP)
blends were investigated. SEM micrographs of the
fractured surfaces of binary blends are shown in

Figure 6 DMTA measurements of storage modulus (E0).
(M1) PPS, (M2) binary blend, (M3) 2% MA-PP-added ter-
nary blend, and (M4) 5% MA-PP-added ternary blend.

Figure 7 XRD spectra of PPS, binary blend and ternary
blends. (M1) PPS, (M2) binary blend, (M3) 2% MA-PP-
added ternary blend, and (M4) 5% MA-PP-added ternary
blend.
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Figure 8. In the binary blend Figure 8M1, void for-
mation resulting from phase separation, a dispersed
spherical phase, and poor adhesion between the
TLCP and the matrix are observed. The mechanical
properties of the binary blend are poor as a result of
this morphology. In the binary blend of PPS/LCPA,
the TLCP domains are relatively large because of
immiscibility, thereby leading to poor dispersion.
The micrographs also demonstrate poor adhesion
between the two phases, which leads to an open
ring hole around the TLCP domain while TLCP is
pulled out during the fracture of the samples. The
ternary blend surface Figure 8M3 and 8M4 shows a
different morphology. The size of the dispersed

phase is noticeably reduced. The fractures are seen
to occur within the strands in the ternary blend
when 2% MA-PP is added. There is no open ring
hole around the TLCP domain, reflecting better ad-
hesion between the two phases. Furthermore, the
VA phase shows fibril shapes that are uniformly dis-
tributed and which are finer than those in the LCPA
phase of the binary blends (Fig. 8M2). When 5%
MA-PP is added, a complicated morphology appears
(Fig. 8M4). Fine TLCP fibril shapes are still observ-
able, but some have been incorporated into large
domains. Excess levels of MA-PP seem to induce
coagulation or flocculation of the dispersed TLCP
phase.

Mechanical properties

The morphological differences between blends with
and without MA-PP definitely affect their respective
physical properties. The tensile strength and tensile
modulus of the binary and ternary blends are shown
in Figure 9(a,b). It can be seen in this figure that bi-
nary blend shows a negative deviation from the rule

Figure 8 SEM photographs of fractured surfaces. (M1) PPS, (M2) binary blend, (M3) 2% MA-PP-added ternary blend,
and (M4) 5% MA-PP-added ternary blend.

TABLE III
Percentage Crystallinity of the Blends

Mix. no. Crystallinity (%)

M1 54
M2 47
M3 37
M4 33
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of mixture, which is the typical sign of an immiscible
system. The tensile strength of the PPS-rich phase
decreases with TLCP content because of the loss of
ductility and failure at the interface, whereas the ten-
sile modulus of the TLCP-rich phase increases
because of the molecular orientation and the high
modulus of TLCP phase. But in case of ternary blend
systems, the tensile strength and modulus show
interesting behaviors that depend on the amount of
MA-PP added, i.e., they show maximum values
when 2 wt % of MA-PP is added and then decrease
when more MA-PP is added. A compatibilized com-
posite has a larger frictional shear force due to the
strong adhesion at the interface between the matrix
and the fiber, thus requiring more energy to pull out
the fibers.22 As a result, the tensile strength of the
system increases. If the fiber still maintains contact
with the sheath of the matrix surrounding it, work
must be done in pulling the fiber fragments against
the restraining frictional force at the fiber matrix
interface.22 If the fiber does not maintain contact
with the sheath of the matrix, the fibers can be easily
pulled-out, so that elongation cannot be increased.
However, additional energy must be expanded to
break the strong adhesion at the interface in a com-
patibilized system. Fibers will not be simply
debonded: they will sustain their fibril shapes over
the gap between crack surfaces until additional
energy is supplied.22 This allows the blends contain-
ing a small amount of MA-PP to attain a greater
strength and modulus than the binary system.
Excess amount of compatibilizer, however, brings
about the coalescence of dispersed phase. Owing to

poor dispersion, the tensile strength and the modu-
lus are decreased because both total contacting area
and the energy restraining the crack area are de-
creased.

CONCLUSIONS

In situ composites of PPS/LCP/MA-PP were pre-
pared. The addition of MA-PP as a compatibilizer
results in a dramatic reduction of the dispersed LCP
size. The miscibility between MA-PP and PPS or
Vectra-A was determined by measuring the Tg shift
by DSC and DMTA. The crystallization temperature
of LCP shifts to the lower temperature side when
blended with MA-PP. Addition of compatibilizer to
PPS/LCP blends results in decreased viscosity. Mor-
phological evidence demonstrated that addition of
the correct amount of MA-PP reduces the LCP parti-
cle size and induces a fine distribution. However,
optimum amounts of compatibilizer for the best me-
chanical properties and dispersion of LCP phase
were observed. Excess amounts of MA-PP coalesce
the LCP particle. The effectiveness of the compatibil-
izer depended on the absolute content of the compa-
tibilizer. The mechanical properties (tensile strength
as well as modulus) were improved when the
proper amount of MA-PP is added, which enables
improved adhesion at the interface.
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