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Abstract : In order to improve flow properties of a polyaryleneetherketone with the cardo group (PEK-
C), properties of its blends with a thermotropic liquid crystalline (TLC) poly{esterimide)s were studied.
TLC-poly(esterimide)s were prepared from hexametheylene bis(trimellitimide acid), dihydroxydiphenyl
methanone and p-hydroxybenzoic acid (KPI). Blends of KPI and PEK-C were prepared in a Brabender.
Their thermal properties were measured by differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA) and dynamic mechanical thermal analysis (DMTA). Rheological and mechanical
properties of the blends were also studied. The results show that melt viscosity of blends decreased
significantly when compared with that of matrix. Their mechanical properties were also improved.
When the KPI content is over 50% in KPI/PEK-C blends, they showed a phase separation at 340°C
into a biphasic morphology consisting of PEK-C islands in the KPI continuous phase. Optical textures
observed at different temperatures support the phase separation phenomenon.

Introduction

The demand for the development of high per-
formance polymeric materials with high strength,
high modulus and high heat resistance has ever
been increasing. However, the melting tem-

perature and melt viscosity of those materials are,
in general, so high that it is difficult to process
them by injection or extrusion. Therefore, in the
studies of relationship between materials
structure and properties, except designing of new
chemical structures, an important research topic

*This paper was presented at International Conference on Semi-Rigid Rod Polymeric Materials (Oct. 10-11, Chosun Univ.).
*Permanent Address : Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun 130022, China

Korea Polymer Journal, Vol. 6, No. 5, pp 349356 (1998)



J.-I Jin et al

is blending of materials in order to solve their
processing problems. Blending thermotropic liquid
crystalline polymers (TLCP) with other matrix
polymers provides us with a new approach.'®
Because the blending not only can decrease melt
viscosity of a matrix, but also can improve their
mechanical properties due to the ability for a
TLCP to form fibers in the matrix during
processing and form so-called in-situ composites.
But when viscosity of an LCP is higher than that
of matrix, different results also have been
reported.* Recently, many thermotropic liquid
crystalline poly{esterimide)s were reported.®” In
this paper, blends of an LC-poly(esterimide) with
a polyaryleneetherketone with the cardo group
{PEK-C) are described. In the system of KPI/PEK-
C blends, two phase transition temperatures were
observed by DSC, which exhibited a different
thermal effect. The melt viscosity of blends was
significantly decreased when compared with pure
PEK-C and some of mechanical properties were
also improved. The results coincide with an
explanation based on the formation of short
fibers by thermotropic liquid crystalline polymers
under shearing force that can lead to reinfor-
cement leading to improved mechanical properties.

o

Experimental

Synthesis of thermotropic liquid crystalline poly
(esterimide)s(KPls): As an example, a synthetic

procedure for the preparation of KPI-d(refer to
Table 1) is given: 11.61 g (0.025 mole) of hexa-
metheylene bis(trimellitimide acid) (HBTrA), 5.36
g (0.025 mole) of dihydroxydiphenyl methanone
(DDK) and 6.91 g (0.05 mole) of p-hydroxy-
benzoic acid (pHBA) were weighed into a three-
necked flask equipped with a mechanical stirrer,
an oil-water separator, gas inlet and outlet tubes.
And 25 mL of acetic anhydride was added to the
reactor. Under a slow stream of nitrogen, the
reaction mixture was refluxed for 2h at 240°C.
Then the reaction temperature was raised to
320 °C within 30 min. After keeping the mixture
at 320°C for 2 more hours, the nitrogen inlet was
closed. After the oil-water separator was
removed, reaction mixture was kept for 4h at
320°C at the vacuum level of 700 Pa. Finally, a
blown melt product taken out from reactor was
cooled, ground to short fibers which were post-
polymerized in a vacuum oven under 400 Pa at
180°C for 24h. The product vield was 21 g (95%).

Preparation of KPI/PEK-C blends: A poly(aryl-
eneether ketone) with the cardo group (PEK-C)
was prepared by polycondensation of dichlorodi-
phenyl ketone and phenolphthalein.® Blending of
KPI/PEK-C was performed in a Brabender at
330°C.

DSC measurement: Determinations of thermal
transition temperature were carried out under N;
atmosphere using a Mettler Toledo DSC 821e at
a heating and cooling rate of 20 °C/min.

Polarizing microscope: A microscope(Olympus
BH-2) equipped with a hot stage (Mettler FP-
82HT) was employed in the present study.

TGA measurement: A Mettler Toledo TG50 in-
strument was used in TGA studies. The samples

Table I. Effect of pHBA Contents on Liquid Crystallinity of KPI Series

. pHBA DDK HBTrA n* T, T, -

: (content, mole %) g/dL °C °C relringence
a 20 40 40 0.17 100 228 weak
b 30 35 35 0.23 99 227 weak
c 40 30 30 0.32 104 228 strong
d 50 25 25 0.39 117 215 very strong
e 60 20 20 0.45 115 234 very strong
f 70 15 15 0.34 119 255 very strong

*The inherent solution viscosity was determined for 0.1 g/dL solutions in a mixed solvent of trifluoroacetic acid and

chloroform (5/95 by v/v) at 25 °C.
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were scanned in air from 30°C to 700°C at a
heating rate of 10°C/min.

Results and Discussion

Characterization of Thermotropic Liquid
Crystalline Poly(esterimide)s (KPl Series).
The structure of KPI series is as following:

Jrc(I:>~+~+<:D—m@m{l}_,HWQQ]Lm

LCP-KP1

Effects of p-hydroxybenzoic acid (pHBA) con-
tent on liquid crystallinity of KPI series are
summarized in Table . The polymers exhibited
weak melt-birefringence when the molar content
of pHBA was less than 30%. But the bire-
fringence became stronger with increase in the
pPHBA content. The compositions containing the
pHBA units greater than 50 mole% revealed
very strong birefringence implying high degree of
liquid crystallinity.

Figure 1 shows DSC thermograms of KPI series.
The T, values vary from about 100°C to 120°C
(Table 1), and tend to increase with the
pBHA content. The Tm value also increased with
increase in the pHBA content.
temperature (T) was not observed because they
underwent thermal decomposition before reach-
ing T. WAXD patterns (Figure 2) of KPI series
show that crystallinity also increases with increase

Isotropization

D
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Temperature (°C)
Figure 1. DSC curves of KPI series (pHBA contents; a: 20%,
b: 30%, c: 40%, d: 50%, e: 60%, f: 70%, and g: 80%).
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Figure 2. WAXD patterns of KPI series (pHBA contents: a:
20%, b: 30%, c: 40%, d: 50%, e: 60%, f: 70%, and g: 80%).

of the pHBA content.

Observation through a polarizing microscope
(PLM) proved that KPIs can form banded
textures after melt shearing. Figure 3 shows PLM
photographs of a quenched sample (KPI-d) at
different temperatures. It can be seen that the
sample sheared at 250°C and then quickly
cooled to 25°C exhibits clearly a banded texture
(Figure 3-a). When the sample was quenched to
160°C, its banded texture was weakened (Figure
3-b). However, the sample observed right after
shearing at 250°C shows an irregular mixed
texture consisting of banded and threaded tex-
tures (Figure 3-c). Those phenomena indicate
that there is a relaxation of oriented morphology.

KPI series could be easily drawn into silklike
fibers. The relationship between tensile properties
and fiber diameters is listed in Table Il for the
KPI-d composition. The fibers were drawn
directly from the reaction flask. The results show
KPI fibers possess excellent flexibility. Stress and
modulus of KPI fibers increase with decrease
in diameters, whereas strain is reduced with
decreasing fibers diameter. This implies that
orientation and fibrillation of KPI fibers are
improved with decrease in their diameter. It is
believed that optimization of spinning condition
can provide us with KPI fibers with higher streng-
th and modulus.
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Figure 3. PLM photographs of KPI taken at different tem-
peratures after shearing at 250 °C and quenched (a: taken at
25°C, b: taken at 160°C, and c: taken diretly after shearing
at 250°C).

Table II. Relationship between Tensile Properties
and Diameter of KPI-d Monofilament

Exo——

100 120 140 160 180 200 220
Temperature (°C)

Figure 4. DSC curves of KPI-d/PEK-C blends (a: PEK-C, b:
10/90, c: 20/80, d: 50/50, e: 80/20, and f: KPI-d).

240 260

mations regarding the possible mechanism for
multi-transitions®”* often observed especially for
blends. The DSC thermograms representing the
thermal transition behavior of KPI-d/PEK-C
blends are shown in Figure 4. They show endo-
thermic peaks over the two temperature ranges
(T, and T5), one of which appears at a tempera-
ture lower than 200°C and the other at a
temperature higher than 200°C. The relationship
between the thermal transition temperature and
the composition of KPI-d/PEK-C blends can be
found in Table lll. Table Il shows that T, values
of the first heating cycle are different from those
of second heating, but T, values remain nearly
the same. Peak values of T; and T from the first
heating cycle were plotted as a function of the
blend composition in Figure 5.

The curve of T, peaks appears to represent T,s
of blends and decreases with increase in the KPI
content. On the other hand, the T values looks
very similar to the T, value of PEK-C. They

Table M. T,, T, and T* Values of KPI-d/PEK-C Blends

d Stress Strain Energy  Modulus Composition 1st heating 2nd heating PLM
mm MPa % J GPa KPI/PEK-C T, T, T, T. T*(°C)
158 130.6 19.7 0.81 2.03 0/100 — 221 - — —
0.70 144.2 124 0.10 2.29 10/90 190 2292 122 223 225
0.65 150.7 7.1 0.05 3.62 20/80 161 221 125 222 220
0.50 164.2 6.7 0.03 3.89 50/50 146 223 116 221 220

80/20 141 210 120 212 210
Properties of Blends. Studies of thermal 100/0 i16 218 116 218 220

transition behavior of a polymer and its blends
by DSC can provide us with detailed infor-
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T*: Starting melting temperature of blends by PLM obser-
vation. T;, T,-DSC peak maxima values.
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Figure 5. Thermal transition temperature vs. the content of
KPI-d for KPI-d/PEK-C blends.

remain almost unchanged even when the KPI
content was changed. However, the data
obtained from the dynamic mechanical thermal
analysis (DMTA) imply that the miscibility
between KPl-d and PEK-C is very poor. Even
the blend containing only 10% of KPI still can
separate into two phases (Figure 6). The tensile
modulus of this blend is sharply lowered at about
220°C which corresponds to the T, transition of
PEK-C in the blend. The curve showing the
dependence of tand on temperature reveals two
peaks, one at about 110°C and another at 220
°C. They are nothing but Ts of KPI-d and PEK-C,
respectively. The T, peak of KPI-d is much
weaker than the other because of its lower
content in the blend, while T, of PEK-C peak is
very strong. This reveals immiscibility between

KPI-d and PEK-C. In addition, observation
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Figure 6. DMTA of a KPI-d/PEK-C blends, KPI content: 10%.

Korea Polym. J., Vol. 6, No. 5, 1998

through polarizing microscope verified that T, is
a combination of glass transition of PEK-C and
crystalline melting of KPI-d. This phenomenon is
more clearly observed when the content of KPI-d
is increased.

For example, when the KPI content is over 50%,’
the sample shows a flow state that gradually
turns into a transparent melt and a turib melt
phase. The blend started to melt at 220°C and
become molten at 300 °C. When the temperature
is increased up to 340°C, the blend shows a
heterogeneous morphology of two separated
phases. This is the reason why T: of first heating
is different from T, of the second heating as
shown in Table . In addition, T, of KPI-d is
very close to T, of PEK-C, that makes the upper
curve in Figure 5 almost a straight line.

After first static melting, each component of
the blends is gathered individually making the
blend a nonhomogeneous mixture. Especially,
in the blends of high content of KPI-d, PEK-C
became an island phase in the continuous phase
of KPI-d. Although two T, are observed for
incompatible binary blends,’**® there is only one
T, observed in the first heating of the present
blends most probably due to very intimate initial
mixing. They, however, undergo a phase separa-
tion during the second heating cycle. Figure 7
shows TGA curves of KPI-d/PEK-C blends. The
initial decomposition temperatures (T,) of KPI-d
and PEK-C are about 330°C and 380°C,
respectively. The T, value of blends decreases
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o ® b: KPI-d/PEK-C(5/95)
B c: KPI-d/PEK-C(20/80)
d: KPI-d/PEK-C(50/50)
20 e: KPI
0
190 200 300 400 500 600 700

Temperature (°C)
Figure 7. TGA curves of KPI-d/PEK-C blends.
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Table IV, Thermal Decomposition Temperature of
KPI-d/PEK-C Blends

1 5 10 20 50
weight loss, %

KPI-d/PEK-C Temperature °C
100/0 378 382 416 420 462
50/50 370 390 410 432 532
20/80 380 418 442 482 562
5/95 394 427 488 524 583
0/100 400 418 468 530 568

with increase in the KPI content, which was as
expected. The main chain of KPI-d containing
aliphatic chain causes a decrease in thermal
stability. In the TGA curve of KPI-d, there are
two steps starting from about 400°C. First
weight loss of KPI-d is probably due to the
thermal decomposition of aliphatic chain. After
480 °C aromatic structure starts to undergo decom-
position. In contrast, the TGA curve of PEK-C
exhibits a decomposition after 500°C. The TGA
thermogram of the blends of KPI-d and PEK-C
reveals a combination of thermal properties of
each component. Table IV summarizes decom-
position temperatures of the blends obtained by
TGA experiments.

The rheological behavior of KPI-d/PEK-C blends
was studied. The shear stress of blends increases
with increase in shear rate for a fixed com-
position. And it decreases with increase in the
content of KPI-d. The shear stress for pure KPI-d
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Figure 8. Relationship between shear stress and shear rate
at 320 °C for KPI-d/PEK-C blends.
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Figure 9. Relationship between viscosity and shear rate at

320°C for KPI-d/PEK-C blends.

is the lowest when compared with blends (Figure
8). The relationship between viscosity and shear
rate is shown in Figure 9. It shows a tendency
that the melt viscosity of the blends is decreased
with increase in the shear rate. Their viscosity lies
in between those of KPI-d and PEK-C. The
change in the viscosity of pure KPI-d can be
explained by the Cogswells model proposed
earlier for the rheological behavior of liquid
crystalline polymers.* Under low shear rate, the
change of viscosity is very sensitive, and the melt
viscosity decreases rapidly. This is a result of the
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Figure 10. Relationship between melt index and the con-
tent of KPI-d at 320 °C for KPI-d/PEK-C blends.
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Table V. Mechanical Properties of Blends of 10% KPI-d with PEK-C

PEK-C47* KPI-d/PEK-C47 PEK-C63** KPI-d/PEK-C63
Tensile strength (MPa) 1058 108 102 110
Tensile modulus (GPa) 1.76 249 243 3.77
Elongation (%) 40 9.1 7.3 6.1
Flexural strength (MPa) 154 169 157 166
Flexural modulus (GPa) 2.3 2.9 2.5 2.7
Izod impact strength (J/m) (in-notch-bar) 70 3.2 46 32

*-PEK-C47; a PEK-C resin of injection grade; **-PEK-C63; a PEK-C resin of compression grade. Measurement condition:

drawing speed: 50 mm/min. compression speed: 10 mm/min.

typical shear thinning effect of liquid crystalline
polymers.®

The melt fluidity of KPI-d/PEK-C blends was
studied by measurement of melt indices (MI) and
the results are shown in Figure 10. The flow
properties of blends are improved with increase
in the KPI content. MI of blends containing 10%
of KPI is about 10 fold when compared with the
pure PEK-C matrix. The polyimide with high
viscosity does not flow even at 390°C and
usually is moulded by compression at a high tem-
perature and pressure. However, the MI value of
a blend containing 10% of KPI-d at 370°C is
high enough that can be moulded by extrusion. If
the blend contains 20% of KPI-d, it can flow
even at 365°C and the MI value increases with
temperature. It can be moulded by injection at
370°C.

Some mechanical properties of blends of PEK-
C with 10% KPI-d are summarized in Table V.
The results show that mechanical properties of
blends when compared with matrix, except elon-
gation and izod impact strength, are reinforced
significantly. However, it is more important fact
that PEK-C resin of a compression grade can be
injection moulded by blending it with KPI-d.

Conclusion

Liquid crystallinity of the KPl series was
characterized by DSC, WAXD and PLM. KPIs
containing higher than 30% of pHBA reveal
strong birefringence. Observation of samples
prepared by shearing at 250 °C then quenched to
different temperatures shows that a relaxation
behavior takes place and it plays an important
role during formation of banded textures. The

Korea Polym. J., Vol. 6, No. 5, 1998

KPI-d/PEK-C blends exhibited a strong depend-
ence of their phase behavior on their thermal
history. Although they appeared to show only
one glass transition temperature in the first
heating cycle, they clearly showed multiple
transitions in the second heating cycle resulted
from a heterogeneous morphology formed by
phase separation into two immiscible phases of
the components. Immiscibility between KPI-d and
PEK-C was also proved by the DMTA of the
blend containing 10% of KPl-d. TGA data
indicated that thermal stability of KPI/PEK-C
blends decreased when compared with matrix.
According to rheological studies, the melt viscos-
ity of the blends was significantly lower than that
of the matrix. The effects of shear rate on
viscosity and shear stress are also discussed.
It was clearly demonstrated that mechanical
properties could be improved through blending
of KPI-d with PEK-C. PEK-C63 resin of a
compression grade can be injection moulded by
blending it with a KPI-d due to improved melt
flow properties achieved by blending.
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