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Binary blends of liquid crystalline copoly(oxybenzoate-p-ethylene terephthalate) at molar ratio 60/40, POB-PET,
and polyetherimide (PEI) were investigated with differential scanning calorimetry and polarised optical
microscopy. It was found that POB-PET and PEI were partially miscible when PEI was the major component.
Adding a small amount (5 phr) of POB-PET to the originally immiscible blends of liquid crystalline
copoly(oxybenzoate-naphthalate) (75/27), Vectra, and PEI resulted in better interfacial adhesions between Vectra
and PEI as evidenced by the morphological observations with scanning electron microscopy. The enhancement in
the interfacial adhesions caused an increase in the ultimate tensile strength and the impact strength of these ternary
blends of Vectra, POB-PET and PEI as compared to that of the corresponding binary blends of Vectra and PEI in
an injection molding process. © 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

In situ thermotropic liquid crystalline polymer composites
have become a major research topic in recent years. Ideally,
thermotropic liquid crystaliine polymers (TL.CP) were melt-
blended with matrix polymers, and then the TLCP blends
were processed in a conventional machire with relative
ease. Due to its low viscosity, the TLCP can form fibrillar
structure in the oriented direction to reinforce the matrix
polymers during the processing’ 2. There arz several factors
in determining the shape of the TLCP fibre in the composite
such as the viscosity ratio between the two polymers, the
type and the strength of deformations m the flow and the
compatibility between the two polymers”. The compatibility
between the TLCP and the matrix polymer seemed the most
critical one in deciding the mechanical properties of the
composites because most failures appeared at the interfaces.
Owing to the rigid-rod nature of the TLCP, TLCP are
usually immiscible with flexible-coil pclymers. In fact,
phase separation occurred when the TLCP blends were
subject to high stress and high temperature’. A few research
groups have paid attention to the miscibility issue between
liquid crystalline copoly(ethylene tere phthalate p-0Oxy-
benloate) (PET-POB) and polycarbonate . In a previous
papcr, we reported that the interface adhesnon between
thermotropic  copoly(oxybenzoate-naph-halate) (73/27)
(VectraA900) and polycarbonate (PC) had been enhanced
by the presence of a liquid crystalline compatibiliser. This
enhancement was evidenced by morphological observation
and mechanical tests. The liquid crystalline compatibiliser
is based on a controlled ester—ester exchange between PC
and liquid crystalline copoly(ethylene terephthalate-p-
oxybenzoate) (PET- POB)’, in which, transesterification
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first happened between ethylene terephthalate and bis-A
phenol and then between oxybenzoate and bis-A phenol.
Consequently, the liquid crystalline character of this
compatibiliser was able to be retained by using an inhibitor,
triphenyl phosphate. After transesterification, the compati-
biliser contained mixed chemical structures of bisphenol-A
and oxybenzoate, these structures are miscible with
polycarbonate and partially miscible with reinforcing
TLCP Vectra A900. Therefore, the compatibility between
the originally immiscible matrix polymer (PC) and Vectra
A900 has been increased. However, the existence of a
chemical interaction between the matrix polPImer and a
second TLCP is limited. DiBenetto’s group = had tried
adding a second TLCP to polycarbonate or polyethylene
terephthalate and Vectra, and obtained some improvements
in mechanical properties in a cold drawing process. Our
motivation is to extend the idea of adding a second liquid
crystalline polymer that is partially miscible with both the
reinforcing liquid crystalline polymer and the matrix
polymer for better interfacial adhesions and mechanical
performances.

Polyetherimide (PEl) is a high performance engmeerm%
plastics due to its thermal stability. Baird's group
studied binary blends of PEI and Vectra A900, and found
they are immiscible. The resultant mechanical improvement
for PEl/Vectra was marginal. We can expect adding a semi-
rigid TLCP, which is partially miscible with PEL into
amorphous polyetherimide (PEI) and reinforcing peolymer
Vectra can improve the physical interaction between them
and therefore enhance the mechanical properties of this
ternary blend in an injection molding process.

EXPERIMENTAL

Polyetherimide was purchased from General Electric
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Company, and its trade name is Ultem 1000. Copoly
{oxybenzoate-naphthalate) at molar ratio 73/27 with trade
name VectraA950, was provided by Hoechst Celanese
Company, USA. In this study, VectraA950 is shortened as
Vectra. The second liquid crystalline polymer POB-PET at
molar ratio 60/40 was termed POB-PET in this study, and
was provided by Unitika Corporation, Japan. Ultem1000,
Vectra and POB-PET at proper weight ratios were dried in a
vacuum oven at 120°C for 24 h. For the miscibility study on
POB-PET and PEI, the solution blend of POB-PET/PEI was
prepared by dissolving 2 g of the polymers at the proper
weight ratio in 100 cm® mixed solvent of 50/50 phenol/
tetrachloroethane by weight. The temperature of the solvent
was maintained at 55°C. The solution was precipitated in a
10-fold volume of methanol after the solution became one
phase for 1 h. The precipitated polymers were washed four
times in hot methanol. The blend was dried in a vacuum
oven at 100°C for 4 days before a thermal analysis. The
thermal gravimetric analysis of the dried blends showed no
appreciable weight loss up to 360°C, indicating a complete
removal of the solvent. The thermal analysis of the blend at
different times was carried out with a Dupont 2910
differential scanning calorimetry (d.s.c.). The samples
were heated up from 30 to 300°C, at a heating rate of
20°C per min. At 300°C, the samples were annealed for
30 sec. Subsequently, the samples were quenched down to
25°C. The samples were heated agair. from 25 to 300°C at
the same heating rate. For birefringence observation, the
blends in powder form were heated cn a hot plate to form
melt, and then were squeezed onto a glass slide to form a
film. The birefringence pictures of the films out of these
blends were obtained with a Carl Zeiss Axiophot polarised
microscope at room temperature. The melt blends were
prepared at 300°C in 50 cm® mixer in a Brabender PL2100
instrument.

The ternary blends were made with a twinscrew extruder,
with a length to diameter ratio of 25, attached to the

Brabender mixer PL2100 at 360°C. A blend of 20/80
Vectra/PEl was made for comparison. These blends were
molded with a Toshiba IS55EPN injection molding
machine. The melt temperature was 370°C, and the cycle
time was 30 sec during the molding process. Tensile tests
were performed according to ASTM D638 at 23°C using a
Testometric Micro 500 machine. Data was obtained at a
crosshead speed of 1.3 mm per min. Unnotched I-Zod tests
were performed according to ASTM D256 specification.
For each data point, six specimens were tested, and the
average value was taken. In scanning electron microscopy
(SEM) study, the impact-fractured surface was coated with
10 nm-thick gold for observation in a Hitachi $-2500 SEM.

RESULTS AND DISCUSSION

The differential scanning calorimetry curves of PEI, POB-
PET, Vectra and 60/40 POB-PET/PEI solution blend are
shown in Figure . From Figure I, the glass transition
temperatures of PEI and POB-PET were 222.3 and 62.2°C,
respectively. The crystallisation temperature and the melt-
ing temperature of POB-PET were 98.9 and 192.9°C,
respectively. For Vectra, there is only a melting temperature
appearing at 279.2°C. The miscibility in blends of POB-PET
and PEl was studied through the difference in their glass
transition temperature (T,) in the blends. The Tes of
solution blends of POB-PET/PEI at different compositions
are shown in Figure 2. In Figure 2, the low T, was
exhibited by POB-PET, and the high T,,, stood for PEI
There were two distinctive T,s when the amount of PEI is
less than or equal to 50% by weight in the blend. The T,
was almost independent of the concentration of PEI in these
compositions, and the T, increased with the concentration
of PEI in these blends. Specifically, the T,, was 144.5°C for
10% PEI in the blend, and became 192.5°C for 50% PEI in
the blend. There was only one T, (T, by PEI) appearing for
blends consisting of more than 50% PEI. This single T, also
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Figure 1 The d.s.c. curves of PEL, POB-PET, Vectra and 60/40
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Figure 2 The glass transition temperatures of POB-PET/PEI solution blends at different compositions

increased with the PEI concentration. This indicated that
POB-PET is partially miscible with PEIL. It was reported that
PET and PEI were miscible'*'*. Apparently, the presence of
the liquid crystalline POB segments in the blend hindered
the miscibility of PET segments with PEI to some extent.
This argument is consistent with the fact that Vectra
(containing 73 molar percentage POB) and PEI were
immiscible. For a miscible random binary polymer blend,
a number of equations have been proposed to describe the
composition dependence of T, of the blend'>'¢. One of
them is the following:

Fox equation : 1/T, =W,/Ty + W,/T,,

where W, and W, are weight fractions of components one
and two. Because the T, was contributed by the PET seg-
ment in POB-PET, only PET fraction in POB-PET and PEI
were chosen for calculations by the Fox equation. In Figure
2, the measured Ty, did not agree with the predicted T,
value from the Fox equation, especially for the higher
POB-PET concentration in the blend. In other words, the
miscibility of POB-PET and PEI decreases with increasing
POB segment concentration. Annealing 50/50 POB-PET/
PEI blends at 300°C for different times did not produce
any shift in the two T s as shown in Figure 3. Consequently,
the miscibility of these blends was not afected by anneal-
ing. This annealing result is contrary to that of the blend of
PET and PEL. When the 40/60 PET/PEI solution blend was
annealed at 280°C for different times, the Ty by PET and
the T,, by PEI moved toward each other as displayed in
Figure 3. This indicated that the miscibility of the PET/
PEI blend was enhanced by the melt annealing at high tem-
peratures”. The stiff POB segments probably restricted the
mobility of PET segments. Further evidence on the misci-
bility of POB-PET/PEI blends can also be supported by the
birefringence study. In Figure 4a, the birefringence and
small spherical crystal shown for POB-PET, corresponded
to the liquid crystal and the crystal phases. They agreed with
the appearance of the crystallisation poirt and the melting
point in the d.s.c. curve of POB-PET. Figure 4b-d are

birefringence pictures of POB-PET/PEI blends at composi-
tions of 70/30, 30/70 and 10/90, respectively. As the POB-
PET component decreased to 30%, there were only traces of
liquid crystalline phase left without any crystal phase as
shown in Figure 4c. Additionally, 10/90 POB-PET/PEI
became an almost completely amorphous phase as dis-
played in Figure 4d. In Figure 4e and f, the birefringence
of freshly prepared and annealed 50/50 POB-PET/PEI solu-
tion blend was displayed. They were almost the same other
than a few isotropic spots which appeared in the annealed
one. The Ts of various POB-PET/PEI blends and Vectra/
PEI blend are listed in Table /. They agreed to the T,s of
solution blends. Hence, the morphological effect on their
thermal property is minimum. Second, Vectra and PEI are
immiscible since the T, of PEI was not affected by the
presence of Vectra. The dramatic difference in the morphol-
ogy of POB-PET/PEI blends is illustrated in Figure 5a—c.
There were two distinctive structures appearing for the 70/
30 POB-PET/PEI blend as shown in Figure 5a. The fibrils
were formed by POB-PET, and the spherical particles with
an average size of about 15 micron were PEI phase. As the
concentration of PEI increased to 50%, the interfaces
between the fibrils and the spherical particles reduced as
displayed in Figure 5b. In Figure 5c, the morphology of
30/70 POB-PET/PEI blend appeared more homogeneous
than that of 70/30 and 50/50 POB-PET/PEI blends. This
corresponded to the single T, behaviour of the 30/70
POB-PET/PEI solution blend very well.

Following our previous study®, ternary blends of Vectra,
PEI and POB-PET were prepared and then injection molded
for mechanical tests. In Table 2, the tensile and the impact
properties of ternary and binary blends of Vectra and PEI as
well as pure Vectra and PEI were presented. The tensile
modulus of PEI and Vectra was 2431.8 and 7742.5 MPa,
respectively. The tensile modulus of the binary and the
ternary blends of PEI and Vectra is always higher than that
of the pure PEL This is owing to the reinforcement provided
by high modulus Vectra. On the contrary, the ultimate
tensile strength of these blends is lower than that of pure
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Figure 3 The glass transition temperatures of 40/60 POB-PET/PEI solution blend annealed at 300°C (solid line) and 40/60 PET/PEI solution blend annealed

at 280°C (dotted line) for different times

Figure 4 The birefringence prints of: (a) POB-PET; (b) 70/30 POB-PET/
PEL; (¢) 30/70 POB-PET/PEIL; (d) 10/90 POB-PET/PEL (e) 50/50 POB-
PET/PEI and (f) 50/50 POB-PET/PEI after be ng annealed at 300°C for
60 min
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PEI: (b) 50/50 POB-PET/PEI; and (c) 30/70 POB-PET/PEI
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Table 1 The glass transition tempe"ralures of melt blends of 70/30, 50/50, 30/70 POB-PET/PEI and 50/50 Vectra/PEI

Tgl Tgl Tgl Tg2
(mixed 15 min) (mixed 60 min)
POB-PET/PEI (70/300) 62.0 171.8 62.5 172.5
POB-PET/PEI (50/50) * 191.2 * 191.8
POB-PET/PEI (30/70) * 202.0 * 203.7
Vectra/PEI (50/50) * 219.1 * 220.5
Table 2 The tensile and the impact properties of PEI, Vectra, binary and ternary blend of Vectra, PEI and POB-PET
Ultimate tens:le strength ~ Tensile modulus Impact Elongation
(Mpa) (MPa) (ft-Ib/in) (%)
PEI 95.89 2431.76 30.68 6.97
PEI/Vectra (80/20) 7791 2867.71 3.79 3.82
Pel/POB-PET/Vectra (80/3/20) 84.70 2905.92 441 4.28
PEI/POB-PET/Vectra (80/5/20) 91.19 3036.06 5.46 498
PEI/POB-PET/Vectra (80/7/20) 84.83 3052.23 4.68 424
PEI/POB-PET/Vectra (80/10/20) 81.12 3005.84 5.19 422
PEI/Vectra (70/30) 62.65 2751.37 2.59 2.86
PEL/POB-PET/Vectra (70/5/30) 83.21 2916.45 4.70 4.08
Vectra 203.98 7742.53 * 7.51
*Out of test range
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Figure 6 The tensile strength and the impact strength of ternary blends of Vectra/POB-PET/PEIL at different POB-PET concentration with the weight ratio of

Vectra to PEI fixed at 20 to 80

PEI. This can be interpreted as a failure in the interface
adhesion between Vectra and PEI, which is manifested by
the fact that Vectra and PEI are immiscible. In the case of
adding POB-PET to binary blends of Vectra and PEIL, both
the ultimate tensile strength and the impact strength of
Vectra/POB-PET/PEI ternary blends increased as compared
to those of corresponding binary blerds as shown in

Figure 6. The maximum increase took place for 20/5/80
Vectra/POB-PET/PE! ternary blend, with 17% and 44%
increase in ultimate tensile strength and impact property,
respectively, as compared to those of 20/80 Vectra/PEI
binary blend. When the amount of POB-PET in the blend
increased to 7 phr, a reduction of mechanical performance
of the ternary blend resulted. This might be explained by the
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critical micelle concentration effect of POB-PET. The
critical micelle concentration can be explained as foliows. A
blockcopolymer A-b-B was formed by monomers A and B.
This A-b-B blockcopolymer tends to migrate to the interface
of immiscible homopolymers A and B, and served as a
surfactant as predicted by Leiber'”. As the concentration of
the blockcopolymer increased to a point, free copolymer
chains tend to aggregate, rather than migrate to the interface.
This concentration is defined as the critical micelle
concentration. From the nuclear magnetic spectra of POB-
PET, POB-PET is close to a randcm copolymer. POB
segments and PET segments in POB-PET polymers are
miscible with Vectra and PEI, respectively. Although there
was no theory so far—to our knowledge—to predict the
effect of a random copolymer on two immiscible polymers,
we speculated that there was some surfactant effect of POB-
PET on the two immiscible Vectra and PEI. Therefore,
POB-PET can be treated as a compatibiliser for Vectra and
PEI. As far as the proof of the micelle formation in the
interface of Vectra and PEI is conceraed, it requires a full
new investigation and is beyond the scope of this paper. At
the concentration of 7 phr, POB-PET itself might be
associated together in stead of serving as a compatibiliser
for Vectra and PEI. A similar behaviour occurred in 30/5/70
Vectra/POB-PET/PEI ternary blend, with a 33% and 82%
increase in ultimate tensile strength and impact strength as
compared to those of 30/70 Vectra/PEI binary blend. The
scanning electron microscopy micrographs of the near-skin
section of the fractured surface of the injection-molded bars
out of these blends are displayed in Figure 7a—c. The near
skin regions of the fractured surfaces of binary and ternary

blends are also presented in Figure 7 a—c. For the 20/80
Vectra/PEI binary blend, Vectra particles or fibrils about
2 microns in diameter were dispersed in PEI matrix as
shown in Figure 7a. When 3 phr POB-PET was added into
20/80 Vectra/PEI the dispersion of Vectra particles is better
with an average size of about 1 micron in diameter, and the
Vectra fibrils were more than that in the binary blend case as
displayed in Figure 7b. In the case of adding 5 phr POB-
PET as illustrated in Figure 7c, the dispersion of Vectra
particles did not improve further, rather the Vectra fibrils
seemed longer than that in the 3 phr POB-PET case. In the
centre regions of the fractured surfaces, the interfacial gap
between Vectra particles and PEI matrix reduced when
3 phr POB-PET was added into 20/80 Vectra/PEI blend.
This is demonstrated in Figure 8a and b. In the case of 5 phr
POB-PET added into the 20/80 Vectra/PEI blend, there was
no discernible improvement in the interface adhesion as
compared to that in the 3 phr POB-PET case, as shown in
Figure 8c. These observations supported the results that
interface adhesion was increased by the presence of POB-
PET, and mechanical properties of ternary blends of Vectra/
PEI/POB-PET were improved.

Therefore, by adding a second semi-rigid liquid
crystalline copolyester which being even partially miscible
with the amorphous matrix polymer polyetherimide would
enhance the interface adhesion between originally
immiscible fully aromatic TLCP Vectra and PEIL. As a
result the overall mechanical properties of the

ternary blends including tensile and impact strength were
enhanced.

Figure 7 The SEM micrographs of the near-skin section of the fractured
surfaces of injection bars out of blends: (a) Ve:tra/PEI (20/80); (b) Vectra/
POB-PET/PEI (20/3/80); and (c) Vectra/POB-PET/PEI (20/5/80)
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Figure 8 The SEM micrographs of the core section of the fractured
surfaces of injection bars out of blends: (a) Vectra/PEl (20/80); (b) Vectra/
POB-PET/PEI (20/3/80); and (c) Vectra/POB-PET/PEI (20/5/30)



CONCLUSIONS

Semi-rigid liquid crystalline copoly(oxybenzoate-p-ter-
ephthalate) at molar ratio 60/40, POB-PET, is partially
miscible with polyetherimide, PEI, when polyetherimide is
the major component in binary blends of POB-PET and PEI.
Adding a small amount (less than 5 phr) of POB-PET to
blends of polyetherimide and reinforcing liquid crystalline
copoly(oxybenzoate-naphthalate), Vectra, resulted in better
interfacial adhesions between originally immiscible poly-
etherimide and Vectra as elucidated from the morphological
evidence. This enhancement in interfacial adhesion caused
an increase in both the ultimate tensile strength and the
impact strength of these ternary blends of Vectra, POB-PET
and PEI as compared to the corresponding binary blends of
Vectra and PEI in an injection molding process.
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