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Thermal behaviour of blends of a liquid crystalline copoly(ester amide) (Vectra B950) with

two isotropic polymers has been studied by differential scanning calorimetry. One of the

isotropic polymers is an amorphous polymer — polycarbonate, the other is a semi-crystalline

polymer — poly(ethylene terephthalate). It was found that the glass transition temperature of

polycarbonate decreases with increasing Vectra concentration in the blend, suggesting

a partial miscibility between the Vectra liquid crystalline polymer (LCP) and polycarbonate.

The miscibility is enhanced through heat treatment at elevated temperatures presumably

due to a transesterification reaction. Moreover, the presence of the amorphous poly-

carbonate hinders the crystallization of the liquid crystalline polymer in the blends. It

was also observed that heat treatment of the Vectra LCP and poly(ethylene terephthalate)

blends causes a loss in crystallinity and shifts in transition temperatures of poly(ethylene

terephthalate), indicating that exchange reactions occur between Vectra B950 and

poly(ethylene terephthalate). Based on these results, a new strategy, in situ compatibilization,

is proposed to improve the interfacial adhesion between an LCP and an isotropic

polymer.
1. Introduction
Blends of liquid crystalline polymers (LCPs) with
flexible isotropic polymers offer the potential of im-
proved melt processability and enhanced mechanical
properties. In addition, under appropriate processing
conditions, a composite structure can be generated
from these blends in a single step, as opposed to the
multiple step processes needed in the fabrication of
conventional composites. We have been interested in
developing high-performance materials from these
blends. The processing, structure and mechanical
properties of the blends based on thermotropic liquid
crystalline polymers (Vectra LCPs) and two isotropic
polymers: polycarbonate and polystyrene [1—6] were
studied. Although the addition of a small amount of
the LCPs into the isotropic polymers has produced
a significant reinforcement effect, further improvement
in mechanical properties has been hampered by the
generally poor interfacial adhesion between the LCPs
and the isotropic polymers. The purpose of this work
was to investigate the interactions and possible chem-
ical reactions in binary blends of a Vectra LCP
(Vectra B950) with two isotropic polymers: polycar-
bonate and poly(ethylene terephthalate) (PET). The
* Present Address: IBM Semiconductor Research and Development
NY 12533, USA.

goal of this investigation was to establish a strategy to
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improve the interfacial adhesion between the LCPs
and the isotropic polymers through processing.

The miscibility of LCPs and isotropic polymers has
been a subject of controversy. Literature reports on
the miscibility of an LCP and an isotropic polymer
range from total immiscibility to complete miscibility.
Many of the previous studies have found that LCPs
are immiscible with polyolefin-type flexible isotropic
polymers (polypropylene [7], polystyrene [8] and
polysulphone [9]). However, LCPs with a two-phase
structure, namely copolyesters of p-hydroxybenzoic
acid (PHB) with poly(ethylene terephthalate) (PET),
have been found to be partially miscible with a num-
ber of condensation polymers, including poly(ethylene
terephthalate) [10, 11], poly(butylene terephthalate)
[12], polyarylate [13], and polycarbonate [14, 15].
The liquid crystalline PHB/PET copolyesters them-
selves exhibit two amorphous phases: a PET-rich
‘‘flexible’’ phase and a PHB-rich ‘‘rigid’’ phase. Gener-
ally, the PET-rich phase of the liquid crystalline
copolyesters is miscible with the isotropic polymers,
while the PHB-rich phase is not miscible with the
isotropic polymers. The partial miscibility has also
been observed in blends of Vectra LCPs with poly-
Center, B300, Hudson Valley Research Park, Hopewell Junction,

(ether imide) [16, 17].
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Occasionally, LCPs were found miscible with
isotropic polymers, such as polyesters [18—20], poly-
carbonate [21], and poly(ether imide) [22]. The misci-
bility was most often observed in blends prepared by
solution casting. However, the blends thus prepared
were usually metastable. They all underwent a phase
separation process through spinodal decomposition
when the chain mobility was enhanced by raising the
temperature [18, 21, 22]. Finally, the miscibility of an
LCP and an isotropic polymer can be enhanced
through the compatibilization effect of copolymers
resulting from the exchange reaction between the two
polymers. This effect has been observed in blends of
PHB/PET with poly(ethylene terephthalate) [23],
poly(butylene terephthalate) [24], poly-hexemethy-
lene terephthalate) [25], and polycarbonate [11], as
well as in blends of aromatic liquid crystalline
copolyesters (Vectra-A) with poly(ethylene tereph-
thalate) [26, 27].

The presence of an LCP in a crystallizable isotropic
polymer matrix can have a significant effect on the
crystallization behaviour of the isotropic polymer. It
has been observed that addition of an LCP to a crys-
tallizable isotropic polymer accelerates the crystalliza-
tion of the isotropic polymer [28—30], due to the
nucleation effect of the LCP. However, the degree of
crystallinity of the isotropic polymer can be increased
[27] or decreased [29] with the addition of the LCP.

The objective of this work was to study the interac-
tions and possible chemical reactions of a thermo-
tropic liquid crystalline copoly(ester-amide) (Vectra
B950) with two isotropic polymers, namely, amphous
polycarbonate and semi-crystalline poly(ethylene
terephthalate). We were also interested to investigate
the effects of normally amorphous polycarbonate on
the crystallization of the Vectra LCP, and the effects of
thermal treatment on the interactions between the two
components in the blends. To this end, we used differ-
ential scanning calorimetry to determine the thermal
behaviour of the blends. We have found that Vectra
B950 and polycarbonate are partially miscible. The
miscibility is enhanced through heat treatment at
elevated temperatures, presumably due to exchange
reactions. Furthermore, the presence of amorphous
polycarbonate in the Vectra/polycarbonate blends im-
pairs the crystallization of the LCP. We have also
found that heat treatment of the Vectra LCP and
poly(ethylene terephthalate) blends causes a depress-
ion in melting temperature and an increase in the glass
transition temperature of poly(ethylene terephthalate),
indicating that exchange reactions also occur between
Vectra B950 and poly(ethylene terephthalate). Based
on these results, we propose a new strategy, in situ
compatibilization, to improve the interfacial adhesion
between an LCP and an isotropic polymer.

2. Experimental procedure
2.1. Materials
The LCP used in this research was Vectra B950
(Hoechst Celanese). It is a random liquid crystalline
copoly(ester amide) of three components: 60 mol%

2,6-hydroxynaphthoic acid, 20 mol% terephthalic
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acid and 20 mol% para-aminophenol. The isotropic
polymers were a bisphenol-A polycarbonate (PC)
(Lexan 151) and a bottle-grade poly(ethylene tereph-
thalate) (PET). Lexan 151 is a phenol-terminated
polycarbonate. The PC and PET were kindly pro-
vided by GE Plastics and Goodyear Company, re-
spectively. To reduce thermal degradation, the mater-
ials were dried at 120 °C for at least 24 h before melt
mixing.

2.2. Processing
Blends of the LCP and the isotropic polymers were
prepared by melt mixing with a ZSK-30 twin-screw
extruder (Werner and Pfleiderer). The extruder barrel
temperature zones were set at (from up-stream to
down-stream): 150, 260, 280, 280 and 280 °C for the
Vectra/polycarbonate blends and 145, 260, 270, 280
and 270 °C for the Vectra/PET blends.

2.3. DSC
Differential scanning calorimetry measurements were
conducted on a Perkin—Elmer thermal analysis system
(DSC-7) under a nitrogen atmosphere. Sample
weights ranged from 10—20 mg. . Unless specified, the
scanning rate was 20 °Cmin~1. The temperature was
calibrated with an indium standard. The midpoint of
a glass transition was taken as the glass transition
temperature, and the peak temperature as the crys-
tal—nematic transition temperature or melting temper-
ature. In cases of Vectra/polycarbonate blend samples,
the heat of fusion of the LCP was obtained by nor-
malizing the measured value over the LCP fraction in
the blend.

Three sets of thermal experiments were performed
on the Vectra/polycarbonate blends: isothermal crys-
tallization at 280 °C, non-isothermal crystallization
from 300 °C, and annealing at 260 and 280 °C.
For a 50/50 Vectra/PET blend, annealing was carried
out at different temperatures for various periods of
time.

3. Results and discussion
3.1. Miscibility between Vectra LCP and

polycarbonate
Fig. 1 shows the DSC traces of the virgin samples of
the three polymers used in this study. We see that both
the Vectra LCP and PET are semi-crystalline poly-
mers. They display a melting transition and a glass
transition in the DSC heating runs. PET also exhibits
cold crystallization during heating. Polycarbonate is
an amorphous polymer. It only shows, a glass
transition during the heating run. Thermal properties
of the three polymers used in the study are sum-
marized in Table I. We notice that the change of heat
capacity at the glass transition of the LCP is very
small compared with the two isotropic polymers. This
is because the structure of the LCP glass is a ‘‘frozen
nematic’’ glass. It is structurally similar to the nematic
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Figure 1 DSC traces of the three polymers used in this study:
Vectra B950, polycarbonate, and poly(ethylene terephthalate). The
polymers were heated to high temperatures to erase previous ther-
mal history prior to the DSC runs.

TABLE I Thermal properties of the three polymers used in this
study

Polymer ¹
'
(°C) *C

1
¹

#
(°C) *H

#
¹

.
(°C) *H

.
(J g~1°C~1) (J g~1) (J g~1)

Vectra B950 140 0.08 285 4.0

PC 149 0.25

PET 81 0.31 186 6.4 247 12.9

Figure 2 DSC traces of blends of Vectra B950 LCP with polycar-
bonate.

Blending of the Vectra LCP with the amorphous
polycarbonate causes a progressive decrease in the
glass transition temperature, ¹

'
, of polycarbonate,

while the melting temperature of the LCP remains
practically unchanged. DSC traces of the Vectra/poly-
carbonate blends are shown in Fig. 2. We see that the
blends show two distinct thermal transitions: a single
glass transition at around 150 °C and a melting
transition at about 285 °C. Apparently the glass
transition is that of polycarbonate, and the melting
transition is that of the Vectra LCP. The glass
transition of the LCP is not detectable in the blends
probably because of the small change in heat capacity,

*C

1
, at its glass transition. The transition temper-
atures as functions of the LCP concentration are plot-
ted in Figs 3 and 4, respectively. The invariance of the
melting temperature of the LCP with the LCP concen-
tation clearly indicates that the crystalline part of the
Vectra LCP is immiscible with the amorphous poly-
carbonate. The decrease in the glass transition temper-
ature of polycarbonate can be interpreted in three
ways: (1) the amorphous polycarbonate is miscible
with the amorphous part of the Vectra LCP; (2) the
decrease in the ¹

'
of polycarbonate is caused by the

plasticization effect of the low molecular weight frac-
tion of the LCP; (3) the decrease in the ¹

'
of polycar-

bonate is purely a surface effect. Addition of the
Vectra LCP into polycarbonate increases the surface
area (per unit volume) for polycarbonate. Because
polycarbonate molecules at the interface regions have
higher mobility than those in the bulk due to less
constraint, the increased surface area should lead to
a decrease in the ¹

'
of polycarbonate.

We are inclined to the first interpretation of the
DSC results, i.e. the amorphous polycarbonate is
miscible with the amorphous part of the LCP. Al-
though statistical thermodynamic analysis concludes

Figure 3 Melting temperature of Vectra B950 LCP as a function of
the LCP concentration in the Vectra/polycarbonate blends.

Figure 4 Glass transition temperature of polycarbonate as a func-
tion of the LCP concentration in the Vectra/polycarbonate blends.
(d) untreated samples; (s) heat treated in the solid state at 260 °C
for 60 min; (j) heat treated in the solid state at 280 °C for 60 min;

(h) heat treated in the melt at 280 °C for 60 min.
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that blends of perfectly rigid rod LCPs are immiscible
with flexible coil polymers [31], more recent theoret-
ical analyses show that reducing chain rigidity and/or
increasing the molecular weight of LCPs favour the
miscibility between LCPs and flexible isotropic poly-
mers [32, 33]. Owing to the incorporation of naphtha-
lene units into its backbone, Vectra B950 LCP is not
a perfectly rigid rod polymer. This reduced rigidity
opens up possibilities for it to be miscible with iso-
tropic polymers. Furthermore, the possibility for mis-
cibility is enhanced by the compatibilization effect of
the copolymers formed through exchange reactions
(transesterification and transamidation) between poly-
carbonate and Vectra B950, which is a liquid crystal-
line copoly(ester amide). This enhanced miscibility is
manifested in the additional decrease in the ¹

'
of

polycarbonate after the blends have been heat treated
in the melt state at 280 °C for 60 min (isothermal
crystallization) (Fig. 4). The crystallinity of the LCP is
also reduced or destroyed by the heat treatment at this
elevated temperature. The Vectra/ polycarbonate
blends do not show any detectable melting exotherm
after the heat treatment except those with higher LCP
contents (60 and 80 wt% LCP) (Fig. 5). Even in sam-
ples where crystallinity is present, the degree of cry-
stallinity is lower than that before the heat treatment.
For example, the heat of fusion of the LCP for the
heat-treated blend with 60 wt% LCP is 0.54 J g~1,
whereas that of the non-isothermally crystallized
sample is 2.77 J g~1. The much reduced crystallinity
lends further support to the conclusion about the
exchange reactions.

In fact, it has been well-documented that exchange
reactions, mostly transesterification, can occur in
many condensation polymer blends processed in the
melt state (for a recent review, see [34]). Polycarbon-
ate has been known to undergo transesterification
with many polyesters, such as poly(ethylene terephtha
late), poly(butylene terephthalate), poly(e-capro-
lactone), and polyarylate [34]. The exchange reactions
first produce copolymers with blocky chain struc-
tures and then proceed to more random chain struc-
tures [35].

Figure 5 DSC traces of the Vectra/polycarbonate blends after iso-
thermal crystallization at 280 °C for 60 min. The samples were
heated to 300 °C and held for 2 min to erase previous thermal

history. They were then cooled to 280 °C at 50 °C min~1.
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In the present case, the incorporation of polycar-
bonate segments into the LCP backbone makes the
crystallization of the LCP more difficult. The Vectra
LCPs are known to crystallize to form non-periodic
layer crystallites through a sequence matching mecha-
nism. Chain segments with the same sequence struc-
ture aggregate together in the melt to form the crystal-
lites [36, 37]. The introduction of polycarbonate seg-
ments into the LCP backbone reduces (or eliminates)
the probability of finding LCP segments with the same
sequence structure, thus lowering the crystallinity.

3.2. Crystallization of the Vectra LCP in
the presence of the amorphous
polycarbonate

It has been widely reported that an LCP can acceler-
ate the crystallization process of a crystallizable iso-
tropic polymer by functioning as a nucleating agent
[28—30]. Here we are interested in the opposite effect,
namely, how an amorphous polymer affects the crys-
tallization of an LCP. We again use the Vectra/ poly-
carbonate blend as a model system to investigate this
effect.

Because polycarbonate is very difficult to crystallize
from its melt, it was expected that polycarbonate
would retard the crystallization of the Vectra LCP due
to the partial miscibility of polycarbonate with the
LCP. To test this hypothesis, isothermal and non-
isothermal crystallization experiments of the LCP in
the presence of polycarbonate were carried out. These
results are then compared with the crystallization of
the LCP in its neat form, and conclusions about the
effects of polycarbonate are drawn.

Non-isothermal crystallization of the blends was
carried out by cooling the blends in the melt state from
300 °C to 40 °C at a cooling rate of 20 °Cmin~1. Re-
sults of the crystallization temperature and heat
of crystallization of the LCP in the blends are pre-
sented in Figs 6 and 7. It is seen that the crystalliza-
tion temperature is virtually unaltered by the vari-
ation of the LCP concentration, while the heat of

Figure 6 Crystallization temperature of Vectra B950 LCP during
non-isothermal crystallization. The blend melts were cooled from

300 °C to 40 °C at a cooling rate of 20 °C min~1.



Figure 7 Heat of crystallization of Vectra B950 LCP during the
non-isothermal crystallization. The blend melts were cooled from
300 °C to 40 °C at a cooling rate of 20 °C min~1.

crystallization, *H
#
, of the LCP (normalized over

LCP fraction in the blends) increases monotonically
with the LCP content. For example, *H

#
is 1.3 J g~1

for the LCP in the blend with 11.5 wt% LCP. The
*H

#
value is more than doubled (2.7 J g~1) for the neat

LCP under the same crystallization conditions. Owing
to the supercooling effect, the crystallization temper-
ature (232 °C) of LCP is about 50 °C lower than its
melting temperature (285 °C). The constancy of the
crystallization temperature indicates that the nature of
the LCP crystallites that are formed is not changed by
the presence of polycarbonate; however, the amount
of the LCP which crystallizes during cooling is affec-
ted by the presence of polycarbonate. The steady in-
crease in the heat of crystallization with the LCP
concentration suggests that the effect of polycarbon-
ate on the crystallization of the LCP occurs in the
interfacial regions. The less the amount of LCP in
contact with the polycarbonate, the greater is the
amount of its crystallinity.

This finding is in agreement with our previous con-
clusion, based on ¹

'
depression, about the partial

miscibility of the Vectra LCP and polycarbonate. Be-
cause the amorphous part of the LCP is miscible with
polycarbonate, it is conceivable that as the contact
area between the LCP and polycarbonate is decreased
due to the increased LCP concentration, the amount
of the amorphous LCP that can dissolve into polycar-
bonate decreases. Therefore, the amount of the LCP
available for crystallization, and hence the LCP cry-
stallinity increases.

Isothermal crystallization at a temperature (280 °C)
close to the melting temperature of the LCP causes
exchange reaction(s) between Vectra B950 LCP and
polycarbonate. The exchange reactions disrupt the
crystallinity of the LCP, making the crystallization of
the LCP more difficult, even impossible. These results
have been discussed in the previous section.

3.3. Annealing of the Vectra LCP/PC blends
To investigate further the effect of polycarbonate on

the crystallization of Vectra B950 LCP, annealing
experiments were conducted. Two annealing temper-
atures were used: one at 260 °C, and the other at
280 °C. Annealing at these two temperatures is ex-
pected to give rise to different annealing behaviours
because 260 °C is well below the melting temperature
and 280 °C is close to it. In the annealing experiments,
the samples were heated to about 15 °C above the
melting temperature (300 °C), and held for 2 min to
erase the previous thermal history. The samples were
then cooled down to 40 °C and then heated again to
the annealing temperature, and kept at that temper-
ature for 60 min. DSC heating traces of the samples
annealed at 260 °C are displayed in Fig. 8, and the
results of the annealing experiments are shown in
Figs 9 and 10. It is seen in Fig. 8 that annealing at
260 °C for 60 min enhances the LCP melting
transition peak. The annealing reduces the melting
temperature range and shifts the melting transition to
higher temperatures. The heat of fusion of the LCP
initially increases with the LCP content, then levels off
(Fig. 9). The increment in the heat of fusion agrees
with the non-isothermal crystallization results. These
results again indicate a suppression of the crystalliza-
tion of the LCP by polycarbonate owing to the partial
miscibility of the two polymers.

Figure 8 DSC traces of the Vectra/polycarbonate blends after an-
nealed at 260 °C for 60 min. LCP concentration: (a) 100 vol%, (b)
77.4 vol %, (c) 57.3 vol %, (d) 26.9 vol%, (e) 20 vol%, (f) 10 vol %.

Figure 9 Heat of fusion of Vectra B950 LCP after the Vectra/poly-

carbonate blends have been annealed at 260 °C for 60 min.
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Figure 10 Melting temperature of Vectra B950 LCP after the
Vectra/polycarbonate blends have been annealed at 260 °C for
60 min.

Surprisingly, the melting temperature of the LCP
decreases with increasing LCP content in the annealed
Vectra/polycarbonate blends (Fig. 10). In contrast, the
melting temperature of the LCP in the as-prepared
samples does not change appreciably with LCP con-
centration [4]. In general, the melting temperature of
a crystalline polymer is mainly determined by its crys-
tallite size and perfection, in addition to the chemical
structure of the polymer. In view of the sequence
matching crystallization mechanism, annealing of the
blends most likely causes perfection of the LCP crys-
tallites by reducing defect density. This results in
a sharpening of the melting peak and enhancement of
the heat of fusion. An increase in the crystallite size
would be impossible because this process would re-
quire the translational motion of an entire LCP chain.
This is highly unlikely at a temperature some 25 °C
below the melting temperature. Therefore, it is still
unclear why the melting temperature of the Vectra
LCP decreases with the LCP concentration after an-
nealing.

Annealing of the LCP at 280 °C leads to an addi-
tional melting peak at around 300 °C. This higher
melting crystallite has also been observed in the an-
nealing of a Vectra liquid crystalline copolyester
(Vectra A900) [38]. However, its origin is still unclear.
Annealing of the Vectra/polycarbonate blends at
280 °C gives similar results to the isothermal crystalli-
zation at this temperature. Blends with higher LCP
contents show both the low and high LCP melting
peaks. However, blends with low LCP contents do not
exhibit any detectable melting peak in the subsequent
DSC heating runs (Fig. 11). This result again suggests
that exchange reactions have occurred, thus destroy-
ing the crystallinity of the LCP in the blends. It ap-
pears that the exchange reactions are promoted by the
partial melting of the Vectra LCP at 280 °C.

3.4. Annealing of a Vectra LCP/PET blend
at low temperatures

Heat treatment of a 50/50 (wt) Vectra/PET blend was
conducted in three temperature regimes: temperatures

below the melting temperature of PET (regime I),
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Figure 11 DSC traces of the Vectra/polycarbonate blends after
annealed at 280 °C for 60 min. LCP concentration: (a) 100 vol%, (b)
77.4 vol %, (c) 57.3 vol %, (d) 26.9 vol%, (e) 20 vol%, (f) 10 vol %.

temperatures between the melting temperatures of
PET and the Vectra LCP (regime II), and temper-
atures above the melting temperature of the Vectra
LCP (regime III). The two components exist in differ-
ent states in these three regimes. In regime I, both
polymers are in the solid state. In regime II, PET
melts, while the LCP remains in the solid state. In
regime III, both polymers are in the liquid state, al-
though the LCP is in its anisotropic state, while PET
is in the isotropic liquid state. We have found that heat
treatment in these three different regimes leads to
distinctly different thermal behaviour of the resulting
samples.

Annealing the Vectra/PET blend in the temperature
regime I gives rise to a new endothermic peak in the
subsequent DSC heating runs. Moreover, the anneal-
ing eliminates the cool crystallization peak of PET
which appears in the DSC heating runs of the virgin
PET sample. Typical DSC heating traces of the an-
nealed samples are shown in Fig. 12. Three endo-
thermic peaks can be identified in these DSC traces.
The highest temperature peak occurs at 288 °C, which
is close to the ¹

.
of the neat LCP. Obviously, this is

the melting peak of the LCP. The peak temperature
and the heat of fusion do not change appreciably with
the annealing temperature, indicating that annealing

Figure 12 DSC traces of the 50/50 Vectra/PET blend after anneal-

ing at different temperatures for 30 min.



in regime I does not affect the crystallite structure and
crystallinity of the Vectra LCP.

The two low-temperature endothermic peaks are
apparently due to the melting of the crystalline PET.
The higher temperature peak (¹

.
"250 °C) does not

change with the annealing temperature in terms of the
peak position and the heat of fusion. The peak temper-
ature of the other peak, however, increases linearly
with the annealing temperature (Fig. 13). Its temper-
ature is always located 15 °C above the annealing
temperature. The heat of fusion of this low-temper-
ature peak also increases at higher annealing temper-
atures (Fig. 14). This double-peak melting phenom-
enon has been widely reported for PET [39, 40] and
a number of other polymers [41—44]. Two mecha-
nisms have been proposed to explain this phenom-
enon. One is the melting and recrystallization mecha-
nism. The other is the two crystallite population
mechanism. The former mechanism postulates that
the low-temperature endotherm peak is the melting of
the crystallite formed in the previous thermal history.
The melted polymer then undergoes a recrystalliz-
ation process and re-melts at the higher temperature
[39, 41]. The latter mechanism attributes the double

Figure 13 Variation of the melting temperatures of PET with an-
nealing temperature in regime I for the 50/50 Vectra/PET blend.
The samples were annealed for 30 min.

Figure 14 Variation of the heat of fusion of the low-temperature
melting peak of PET with annealing temperature in regime I for the

50/50 Vectra/PET blend.
melting peaks to two distinctly different crystallite
populations in the polymer: one with a large crystallite
size (or lamellar thickness), the other with a smaller
crystallite size. The smaller crystallites melt at the
lower temperature, while the larger ones melt at the
higher temperature [45].

We are more inclined to the double crystallite popu-
lation mechanism because we have not detected any
recrystallization exothermic peaks in between the two
PET melting peaks for the annealed samples. More-
over, from a thermodynamic point of view, it is diffi-
cult to imagine that a crystal which melts at a lower
temperature will re-crystallize at a higher temperature.
It is clear that annealing the samples at the intermedi-
ate temperatures between the ¹

'
and ¹

.
of the PET

mobilizes the amorphous PET to crystallize into the
smaller crystallites. The melting of these smaller crys-
tallites gives rise to the lower temperature endotherm.
The higher endotherm apparently results from the
melting of the pre-existing larger PET crystallites.
Therefore, its peak position is unaffected by the an-
nealing process. In fact, recent X-ray scattering and
transmission electron microscopy studies of the crys-
tallization process of semi-crystalline polymers have
provided strong evidence to support the two distinct
crystallite population mechanism [46, 47]. The most
convincing experimental evidence has been obtained
from TEM studies of thin PEEK films. It was ob-
served that there is only one crystal population for the
sample with one melting peak, while there are two
crystal populations with widely differing lamellar
thicknesses for samples with two melting peaks. Fur-
thermore, on heating the samples with two melting
peaks to any temperature between the two melting
peak temperatures, the thinner crystals melt. How-
ever, the thicker crystals are unaffected.

Increasing annealing time in regime I causes
a steady increase in the melting temperature and the
heat of fusion of the lower temperature peak of PET
(Figs 15 and 16). Again the high melting peak of PET
and the melting peak of the LCP are unaffected. An-
nealing the 50/50 Vectra/PET blend at a temperature
between the two melting temperatures of the PET and
the Vectra LCP gives a sharper and more prominent

Figure 15 Variation of the low melting temperature of PET with

annealing time at 175 °C for the 50/50 Vectra/PET blend.
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Figure 16 Variation of the heat of fusion of PET with annealing
time at 175 °C for the 50/50 Vectra/PET blend.

LCP melting endotherm (Fig. 12) near 300 °C. How-
ever, this annealing does not change the melting be-
haviour of the PET appreciably as compared with the
untreated PET sample. The formation of the high
melting crystallite of the LCP with annealing at tem-
peratures close to the ¹

.
of the LCP is similar to what

has been observed in the Vectra/polycarbonate
blends. However, it seems that, in the Vectra/PET
blend, the annealing does not allow exchange reac-
tions to take place, because the crystallinity of the
LCP is still highly visible in the subsequent DSC runs.

3.5. Exchange reactions between the Vectra
LCP and PET

Heat treatment at temperatures above the melting
temperature of the Vectra LCP (regime III) causes
exchange reactions between the Vectra LCP and PET.
The exchange reactions have tremendous effects on
the thermal behaviour of both the LCP and PET.
DSC traces of the 50/50 Vectra/PET blend heat
treated at 300 °C for various periods of time are shown
in Fig. 17. Major results of the heat treatment of the
Vectra/PET blend are summarized as follows.

1. The melting transition of the LCP becomes less
prominent after the heat treatment at 300 °C for

Figure 17 DSC traces of the 50/50 Vectra/PET blend heat treated

at 300 °C for various periods of time as indicated.
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15 min, and eventually vanishes for 30 min. The
melting temperature of the LCP also decreases with
the heat treatment (Fig. 17). These results suggest that
the LCP crystallites have been completely destroyed
after 30 min heat treatment at 300 °C due to the ex-
change reactions. As in the Vectra/polycarbonate
blends, it appears that the exchange reactions between
the Vectra LCP and PET produce copolymers which
significantly reduce (and eventually eliminate) the pos-
sibility of the sequence matching process for the crys-
tallization of the LCP.

2. The melting temperature of PET drops steadily
with the heat-treatment time (Fig. 18). Similar results
have been reported for the blends of Vectra A900 and
PET, and were attributed to exchange reactions
[26, 27]. The heat of fusion of PET increases initially
with time, then falls as the heat treatment proceeds.
The maximum value is located at 45 min of the heat
treatment (Fig. 19).

3. The glass transition temperature of PET in-
creases sharply within the first 45 min of heat treat-
ment, then increases more gradually (Fig. 20). This
trend has been observed in the heat treatment of other
binary polymer blends, and was attributed to ex-
change reactions [48, 49].

The above three observations lead us to conclude
tentatively that the changes in thermal properties have

Figure 18 Melting temperature of PET as a function of heat treat-
ment time at 300 °C in the 50/50 Vectra/PET blend.

Figure 19 Heat of fusion of PET as a function of heat treatment

time at 300 °C in the 50/50 Vectra/PET blend.



Figure 20 Glass transition temperature of PET as a function of heat
treatment time at 300 °C in the 50/50 Vectra/PET blend.

been brought about by the exchange reactions be-
tween the Vectra LCP and PET. The exchange reac-
tions randomize the chain sequence structures of both
the LCP and PET. This prohibits crystallization of the
LCP and suppresses the crystallization of PET. The
incorporation of LCP segments into PET chains re-
sults in the increase in the glass transition temperature
and the drop in the melting temperature of
PET.

One may argue that the changes in the thermal
properties reported above are not due to the exchange
reactions, rather, they are the results of the decompo-
sition of PET at elevated temperatures, because PET
is known to be vulnerable to hydrolysis in the pres-
ence of moisture. However, the following results,
along with parallel experiments on neat PET, in fact,
demonstrate that thermal degradation, if any, is not
severe.

1. The glass transition temperature of PET in-
creases as heat-treatment time is prolonged. If thermal
degradation had been severe, the ¹

'
would have fallen

because glass transition temperature decreases with
molecular weight.

2. The decomposition temperature of the Vectra/
PET blend was determined to be around 400 °C by
DSC. This decomposition temperature is 100 °C high-
er than the heat-treatment temperature.

3. Parallel heat-treatment experiments at 300 °C on
neat PET shows little or no deterioration in the glass
transition temperature and the melting temperature of
PET. The results are summarized in Table II.

As shown in Table II, the glass transition temper-
ature of neat PET is essentially the same as that in the
blend, and remains practically constant throughout
the heat treatment. Only the sample exposed to 300 °C
for as long as 800 min exhibits a slight decrease in the
melting temperature (3 °C), presumably due to ther-
mal degradation. Compared with blend samples sub-
jected to the same thermal exposure, it is reasonable to
conclude that the increase in the ¹

'
and the additional

decrease in the ¹
.

are due to the exchange reactions
between PET and Vectra B950 at 300 °C.

To summarize, the thermal treatment results sug-

gest that it is possible thermally to induce exchange
TABLE II Thermal properties of neat PET heat treated at 300 °C

Time ¹
'
(°C) ¹

#
(°C) *H

#
¹

.
(°C) *H

.
(min) (J g~1) (J g~1)

0 80.2 133.9 25.0 254.3 38.2
30 82.2 138.0 9.6 255.0 17.6

200 79.3 133.4 4.9 254.8 41.0
800 80.8 140.8 18.0 251.5 40.7

reactions between the liquid crystalline poly(ester-am-
ide) and polycarbonate and PET. This points to a new
strategy of improving the interfacial adhesion between
the otherwise generally immiscible LCP/isotropic
polymer blends through processing, namely in situ
compatibilization. In in situ compatibilization, co-
polymers of the LCP and the isotropic polymer are
generated by the thermally induced exchange reac-
tions during processing. These copolymers then act as
compatibilizers for the otherwise immiscible polymer
blends [50, 51]. The compatibilization effect is ex-
pected to improve the interfacial adhesion, and there-
fore mechanical properties of the blends. The ex-
change reactions appear to be slow in the systems
studied. These reactions can be accelerated by adding
an appropriate catalyst [52].
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