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ABSTRACT: Blends of phenolphthalein poly(ether ether ketone) (PEK-C) and a thermo-
tropic liquid crystalline copolyester (LCP), poly[(1-phenylethyl-p -phenylene tereph-
thalate)-co- (1-cumyl-p -phenylene terephthalate)] , was prepared via melt mixing. The
studies of differential scanning calorimetry (DSC) and dynamic mechanical analysis
(DMA) indicate that the PEK-C/LCP blends display two glass transition temperatures
which correspond to those of PEK-C- and LCP-rich phases, respectively. The PEK-C/
LCP blends were judged to be partially miscible. Scanning electron microscopy (SEM)
was employed to examine the morphology of the blends, and it was observed that all
the PEK-C/LCP blends displayed a phase-separated structure. The interface between
the PEK-C- and LCP-rich phases is poor. The Young’s modulus of the PEK-C/LCP
blends was found to increase with LCP content due to the high modulus of the LCP.
However, the tensile strength and the elongation at break of the blends greatly de-
creases with increase of LCP content, owing to the poor interfacial adhesion. From the
thermogravity analysis (TGA), it was observed that all the blends exhibited a two-
step weight loss mechanism, and the thermal degradation onset temperature of the
blends was lowered with the addition of LCP content. q 1998 John Wiley & Sons, Inc. J
Appl Polym Sci 69: 1923–1931, 1998
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INTRODUCTION past decades due to the academic and technical
importance of the materials. The main objective

Blends of thermotropic liquid crystalline poly- of such studies is to improve the mechanical prop-
mers (LCP) with high-performance thermoplas- erties and processability and to establish the bal-
tics have attracted considerable attention in the ance between the properties and economic advan-

tage through the synergistic contribution of LCP
and high-performance polymers. The addition ofCorrespondence to: Q. Guo.
LCP to a high-performance polymer cannot onlyContract grant sponsor: Hong Kong University of Science

and Technology; contract grant number: 584/95P. improve the processability for LCP/thermoplas-
Contract grant sponsors: Presidential Fund of the Chinese tics blends, but also reinforce the mechanicalAcademy of Sciences; State Science and Technology Commis-

sion of China. properties due to the highly ordered fibrous struc-
Contract grant sponsor: National Natural Science Founda- ture of LCP formed during melt flow.1–4 To obtain

tion of China; contract grant number: 59525307.
the beneficiary combination of properties for the
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structure is essential. In general, the interfacial The blends were prepared by melt mixing. The
miscibility, morphology, and mechanical proper-adhesion between phases and the morphology

have direct influences on the mechanical proper- ties were studied. The techniques employed in-
cluded differential scanning calorimetry (DSC),ties of the blends.5–7

Phenolphthalein poly(ether ether ketone) dynamic mechanical analysis (DMA), thermo-
gravimetric analysis (TGA), and scanning elec-(PEK-C) is a newly developed engineering ther-

moplastic,8 and it has shown excellent mechanical tron microscopy (SEM). The mechanical proper-
ties of the compression-molded specimens wereand thermal properties. The chemical formula of

PEK-C is schemed as the following: investigated by tensile tests.

EXPERIMENTAL

Materials and Preparation of Samples

The phenolphthalein poly(ether ether ketone)
(PEK-C) used in the study is a commercial prod-
uct with a reduced solution viscosity of 0.68 dL/g

PEK-C is an amorphous poly(ether ether ketone); when measured in a 0.5 wt % solution in chloro-
the rather bulky and polarizable phenolphthalein form at 257C; it was supplied by the Xuzhou Engi-
group in place of an aromatic ring makes the poly- neering Plastics Factory (Xuzhou, Jiangsu,
mer amorphous in marked contrast to the poly- China). The thermotropic LCP is poly[(1-pheny-
(ether ether ketone) (PEEK) developed by Impe- lethyl-p -phenylene terephthalate)-co- (1-cumyl-
rial Chemical Ind., Ltd.9,10 The phenolphthalein p -phenylene terephthalate)] consisting of p -ben-
cardo group results in an increased rigidity of the zenedicarboxylic acid, 1-phenylethyl hydroqui-
molecular chain; thus, the higher glass transition none, and 1-cumyl hydroquinone (in a molar ratio
temperature (Ç 2207C) was displayed. Since of 50/25/25), which was kindly provided by Dr.
PEK-C is relatively low in price compared to H. H. Wu of Granmort Inc. (Granville, OH). Ac-
PEEK, considerable attention has been given to cording to the information obtained, the copolyes-
it as a high-performance thermoplastic as well as ter was synthesized via a direct condensation re-
a matrix for advanced composites11 . PEK-C was action of the three monomers in solution. To in-
also used to toughen epoxy resins.12,13

crease the molecular weight, solid-state
Recently, many works have been done on polymerization was carried out after the precipi-

blends of PEK-C with other polymers. They in- tation and drying of the copolyester at 3007C for
volve the miscibility and properties of blends of 24 h.
PEK-C with poly(hydroxether of bisphenol A) Prior to preparation of the blends, the materi-
(phenoxy),12,14,15 polysulfone,14–16 poly(ethylene als were desiccated at 1207C under a vacuum for
oxide),17 poly(N-vinyl-2-pyrrolidone),18 poly(2,6- 12 h to remove the possible moisture. The two
dimethyl-1,4-phenylene oxide),19 PEEK,20 and a polymers were mixed using a Haake plasticoder
poly(ether imide).21

mixer at 3307C for 15 min. PEK-C/LCP blends
In this contribution, we present the results of with weight ratios of 100/0, 95/5, 90/10, 75/25,

our study on the blends of PEK-C and a thermo- 50/50, 25/75, and 0/100 were prepared. The sam-
tropic LCP: poly[(1-phenylethyl-p -phenylene ples were further compressed at 3307C into sheets
terephthalate)-co- (1-cumyl-p -phenylene tereph- with a thickness of ca. 1.0 mm. To investigate the
thalate)] . The LCP consists of p -benzenedicar- tensile behavior, the sheets were machined into
boxylic acid, 1-phenylethyl hydroquinone, and 1- dumbbell specimens.
cumyl hydroquinone (in a molar ratio of 50/25/
25); its chemical formula is

Differential Scanning Calorimetry

The calorimetric measurements were performed
on a DuPont TA 2190 differential scanning calo-
rimeter in a dry nitrogen atmosphere. The instru-
ment was calibrated with an indium standard. To
obtain the glass transition temperature (Tg) , the
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samples (about 10 mg in weight) were heated at RESULTS AND DISCUSSION
a heating rate of 207C/min in all cases. The glass
transition temperature (Tg ) was taken as the mid- Thermal Properties
point of the heat-capacity change. The heat of fu-
sion was calculated from the peak area; the maxi- DSC thermograms of the first and the second

scans for the PEK-C/LCP blends are shown inmum of the endotherm transition was taken as
the melting temperature (Tm ) . Figure 1(a) and (b), respectively. For the pure

PEK-C and LCP, the thermograms of both scans
show well-defined glass transitions centered at ca.
220 and 1707C, respectively. From Figure 1, it canDynamic Mechanical Analysis
be seen that the DSC thermograms of the PEK-
C/LCP blends clearly exhibit two separate glassThe dynamic mechanical tests were carried out on

a DuPont DMA 983 dynamic mechanical thermal transition temperature (Tg’s ) , especially at the
midcomposition range, and the Tg’s are close toanalyzer at 1.0 Hz. The scan was performed at a

heating rate of 37C in a tensile mode from 207C those of pure PEK-C and LCP. The existence of
two Tg’s indicates that the blends possessed auntil the sample became too soft to be tested. The

dimension of specimen was 1.5 1 1.0 1 0.1 cm. phase-separated structure. In addition, it was
noted that the Tg of the PEK-C-rich phase sub-
stantially shifts to a lower temperature with in-
crease of the LCP content, whereas the Tg of theTensile Tests
LCP-rich phase remains almost unchanged with
increasing PEK-C content. These results indicateTensile test specimens were prepared according

to ASTM D638 type IV. The tests were performed that a considerable amount of LCP dissolves in
the PEK-C-rich phase, but that the LCP-richon an Instron Model 5567 testing machine at room

temperature, and a crosshead speed of 25 mm/ phase contains little PEK-C. The PEK-C/LCP
blends are partially miscible. It should also bemin (corresponding to the strain rate of 0.5

min01) was used in all cases. Average values were pointed out that the DSC thermograms of the
blends containing 10 and 25 wt % LCP did notobtained from at least five successful determina-

tions. The standard deviation for the Young’s display an obvious glass transition for the LCP-
rich phase owing to the low content of LCP.modulus and tensile strength was typically 5%.

Besides, the thermograms of LCP as well as
the blends with higher LCP content also clearly
show the melting and isotropic transitions. TheThermogravimetric Analysis
DSC thermograms of the first scan can clearly
give the melting and mesophase-to-isotropic liq-A DuPont TGA 2950 thermogravimetric analyzer

was used to investigate the thermal stability of uid transitions [Fig. 1(a)] . In the case of pure
LCP, the peak around 3007C was responsible forthe blends. The samples (about 10 mg) were

heated under an air atmosphere from ambient the crystalline melting transition temperature
(Tm ) , whereas the peak centered at ca. 3107C wastemperature to 6007C and at a heating rate of

107C/min in all cases. The thermal degradation ascribed to the mesophase-to-isotropic liquid
transition temperature (Ti ) . It is noticed that, intemperature was taken as the onset temperature

of the thermal decomposition. the second scans, the melting transition became
the shoulders which overlap with the mesophase-
to-isotropic liquid transition peaks to some extent,
and the enthalpy of the transition also decreased,Scanning Electron Microscopy (SEM)
as shown in Figure 1(b). The samples were ther-
mally treated at the temperature above Ti for 5To investigate the morphology of the blends, the

specimens were fractured under cryogenic condi- min and then quenched to room temperature be-
fore the second scans were recorded. In contrasttions using liquid nitrogen. The surface of the

fractured ends was examined using SEM. A JEOL to the melting transition, the change of the meso-
phase-to-isotropic liquid transition is quite small.6300F scanning electron microscope was em-

ployed for this observation, before which the sur- These results indicate that the thermal history
has a much stronger effect on the melting transi-faces were coated with thin layers of gold of 100–

150 Å. tion than on the mesophase-to-isotropic liquid
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transition.22 As well known, the mesophase-to-iso-
tropic liquid transition occurs between the liquid
states, and thus the transition process can easily
be carried out due to the larger mobility of molecu-
lar chains in comparison with the melting transi-
tion. The LCP was difficult to crystallize during
the quenching, and thus liquid crystalline glass
of the LCP was obtained. Therefore, only the iso-
tropization transition was clearly displayed on the
DSC thermograms of the second scan after
quenching.22 It is also noted that no obvious melt-
ing or isotropic transition was observed for the
blends when the LCP content was less than 25 wt
%, which suggests that the crystallization of LCP
in these blends becomes more and more difficult
with increase of LCP content, presumably due to
the partial miscibility between the components.
Therefore, the blends containing less than 25 wt
% could be amorphous. Figure 2 shows the ther-
mal transition temperatures of the first scans ob-
tained from Figure 1(a) as functions of the LCP
content. It can be seen that the Ti slightly de-
creases with increase of PEK-C in the blends,
whereas the Tm almost remains invariant. By
measuring the area under the melting peaks, it
is possible to evaluate the enthalpy of fusion, DHf ,
of LCP in the blends. The results thus obtained
are listed in Table I, together with the other ther-
mal properties. It is noted that both the heat of
fusion, DHf , and the crystallinity of LCP decrease

Figure 1 DSC thermograms of the PEK-C/LCP
blends: (a) the first scan; (b) the second scan. For easy Figure 2 Thermal transition temperatures of the first
comparison, all curves are normalized to 1 mg of the scans versus blend composition for the PEK-C/LCP
sample. blends.
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Table I Thermal Properties of PEK-C/LCP Blends

Tm DHf DHf Ti Tg

PEK-C/LCP (7C) (J/g blend) (J/g LCP) (7C) (7C)

0/100 290 15.3 15.3 323 173
25/75 297 5.75 7.68 315 213/171
50/50 300 2.96 5.85 306 216/170
75/25 300 1.04 4.2 218
90/10 220
95/5 226

100/0 229

From the DSC thermograms of the first scan as shown in Figure 1.

with increase of PEK-C content, which can be as- at ca. 2307C was identified for pure PEK-C, which
was ascribed to its glass transition. In case of thecribed to both the higher Tg of PEK-C and partial

miscibility of the two polymers. PEK-C/LCP blends, two separate loss peaks can
be observed especially for the LCP-rich blends,
suggesting that the blends are phase-separated.

Dynamic Mechanical Properties This is in good agreement with the DSC results.
It is noted that there appear to be only single tanFor a further insight into the miscibility of the

PEK-C/LCP blends, dynamic mechanical mea- d peaks on the DMA curves of the 95/5, 90/10, and
75/25 PEK-C/LCP blends, responsible for glasssurements were performed to evaluate the glass

transition temperatures of the blends. Figure 3 transition of the PEK-C-rich phase, but that of
the LCP-rich phase is difficult to be discerned ow-shows the DMA spectra of the PEK-C/LCP

blends. A single well-defined tan d peak centered ing to the low content of LCP in these blends.
However, this phenomenon does not suggest that
the system is miscible in the region of these blend
compositions.

Morphology

The morphology of the PEK-C/LCP blends was
investigated by SEM. Figure 4(a) – (e) presents
SEM micrographs of the fracture ends of the blend
specimens frozen by liquid nitrogen. The hetero-
geneous morphology was observed for all the
blends. For the blends containing 5 and 10 wt
% LCP, the discrete thermoplastic particles with
broadly distributed sizes ranging from 0.3 to 2
mm in diameter were dispersed in the continuous
PEK-C matrix [Fig. 4(a, b)] . With increasing
LCP content, the morphology of the blends
changed dramatically. Inclusion of 25 wt % LCP
gives rise to an obviously different morphology,
that is, LCP spherical particles begin to coagulate
and there appear some larger cavities on the frac-
ture surface [Fig. 4(c)] . With LCP content up to
50 wt %, a typical complete phase-inverted mor-
phology was formed, and the blends exhibited a
phase-inverted morphology which consists of
PEK-C domains wrapped in the LCP continuousFigure 3 Tan d versus temperature for the PEK-C/

LCP blends. phase as shown in Figure 5(d). Furthermore, it
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Figure 4 SEM micrographs of the PEK-C/LCP blends. PEK-C/LCP: (a) 95/5; (b)
90/10; (c) 75/25; (d) 50/50; (e) 25/75.

can be seen from Figure 5(e) that the SEM micro- out an observable yield phenomenon from the
stress–strain curves, which shows that PEK-Cgraph of the 25/75 PEK-C/LCP blend clearly dis-
and the PEK-C/LCP blends are basically brittleplays spherical particles of the PEK-C-rich phase
materials. However, the stress–strain curves of(0.3–3 mm in diameter) dispersed in the LCP
pure PEK-C displayed some characteristics ofcontinuous phase. This observation implies that
ductile fracture. From the initial slope, thethe phase inversion occurred in the blend compo-
Young’s moduli of PEK-C and the PEK-C/LCPsition between 25 and 50 wt % LCP content. Be-
blends were calculated. Figure 5 shows thesides, all the SEM micrographs clearly show that
Young’s moduli as a function of blend composition.the interfacial adhesion between the phases is
It can be seen from the figure that the Young’srather poor.
moduli for the PEK-C/LCP blends tend to re-
markably increase with increasing LCP content,

Tensile Properties which is responsible for the high modulus of the
crystalline LCP.

The tensile behavior of the blends was investi- The properties at high deformation are illus-
gated at the strain rate of 0.5 min01 at room tem- trated in Figures 6 and 7 by the tensile strength
perature. In all cases, deformation occurred with- and the elongation at break, respectively. It can
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Figure 4 (Continued )

Figure 6 Composition dependence of tensile strengthbe seen that both the tensile strength and the
at room temperature for the PEK-C/LCP blends.elongation at break decrease rapidly with in-

crease of LCP content, which is typical for an
essentially immiscible blend system.23–27 The Figure 8 shows the TGA curves recorded in air,
result is indicative of the poor adhesion between and the corresponding onset degradation temper-
the PEK-C- and LCP-rich phases. The poor in- ature as a function of blend composition is pre-
terfacial adhesion resulted in decreases in both sented in Figure 9. It can be seen that the pure
tensile strength and elongation at break. This LCP and LCP-rich blends exhibited a two-step
is in accordance with the SEM observation. weight-loss mechanism. However, no apparently

separate weight-loss step was observed for theThermal Stability
blends, corresponding to the initial degradationThermogravimetry analysis (TGA) was applied
of the pure components, respectively. This phe-to investigate the thermal stability of the blends.

Figure 5 Composition dependence of Young’s modu- Figure 7 Composition dependence of elongation at
break at room temperature for the PEK-C/LCP blends.lus at room temperature for the PEK-C/LCP blends.
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Figure 8 TGA curves for the PEK-C/LCP blends heated at 107C/min in air.

nomenon could be attributed to the synergistic that of the pure LCP (Fig. 9). This could result
from the disadvantageous energy transportationcontribution of the two phases in energy transpor-

tation. If we compare the thermal stability of the between the PEK-C- and LCP-rich phases. Simi-
lar phenomena were also reported by Calahorra ettwo polymers, it is clear that PEK-C is more ther-

mally stable than is LCP. It was observed that al.28 and Lee et al.29 for polyarylate/poly(ethylene
terephthalate) blends and for poly(ether imide)/the thermal stability of the blends greatly de-

creases with increase of LCP content. However, thermotropic LCP blends, respectively.
the blends at the midcomposition (e.g., with 25
and 50 wt % LCP) exhibited lower thermal degra-
dation temperatures, which were even lower than CONCLUSIONS

From the above results, it can be concluded that

1. PEK-C and LCP are partially miscible. Their
blends have two Tg’s corresponding to those
of the PEK-C- and LCP-rich phases, respec-
tively.

2. SEM observations revealed that the blends
have a two-phase structure and the interfa-
cial adhesion between the phases is rather
poor.

3. The Young’s modulus remarkably increases
with increasing LCP content owing to the
high modulus of the LCP. Adding LCP to
PEK-C greatly decreased the system’s tensile
strength and elongation at break, as expected
for an essentially immiscible system.

4. Adding LCP to PEK-C decreased the system’s
thermal degradation onset temperature.

Figure 9 Plot of the onset degradation temperature This work was supported by the RGC Earmarked Grant
for Research (No. 584/95P), HKUST 95/96, the Hongfor the PEK-C/LCP blends versus blend composition.
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