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ABSTRACT: The crystal structure of p-hydroxybenzoate/2-hydroxy-6-naphthoic acid co-
polyester [P(HBA/HNA)]/poly(ethylene terephthalate) (PET) blend (ACPET) fiber was
studied with wide-angle X-ray diffraction and differential scanning calorimetry. The
results showed that crystallites of P(HBA/HNA) and PET were formed in ACPET fibers;
that is, some crystallites of ACPET fiber were composed of PET chains, and others were
composed of P(HBA/HNA) chains. The thermal behaviors of the crystals of each com-
ponent in the blend fiber were different from those of each corresponding pure compo-
nent. For the fibers heat-treated at 300 and 350°C, the degree of supercooling of
P(HBA/HNA) segments in the blend fibers was the same as that of P(HBA/HNA) fiber,
but the degree of supercooling of PET in the blend fibers was distinctly higher than that
of pure PET fibers. Evidently, the aforementioned changes were attributable to the
blending of PET with P(HBA/HNA). © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 83:
394–400, 2002
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INTRODUCTION

After the success of a wholly aromatic polyamide
fiber (Kevlar) being made from a lyotropic liquid-
crystal polymer system, there have been signifi-
cant advances in research on wholly aromatic
polyester (i.e., polyarylate) fibers made from ther-
motropic liquid-crystal systems. Although there
are many kinds of thermotropic liquid-crystal
polymers, only p-hydroxybenzoate/2-hydroxy-6-
naphthoic acid copolyester [P(HBA/HNA)] has
been commercially used to produce high-perfor-
mance fibers at present.1–3 Moreover, poly(ethyl-
ene terephthalate) (PET) is a typical aromatic–

aliphatic polyester and is widely used to produce
synthetic fibers, films, bottles, and so forth.

Our previous studies of P(HBA/HNA) fibers
showed that the structure of the as-spun fiber was
in an oriented, amorphous state. After heat treat-
ment, the macromolecules in the fiber were or-
dered, and cocrystals of the two components, p-
hydroxybenzoate (HBA) and 2-hydroxy-6-naph-
thoic acid (HAN), were formed. The degree of
crystallinity increased with increasing heat-treat-
ment temperature.4 P(HBA/HNA) fibers with ex-
cellent mechanical properties could be obtained
accordingly.

In general, irregular chemical or geometric
structures of macromolecules affect their aggre-
gated structure. In comparison with flexible mol-
ecules, rigid macromolecules have less freedom to
move, so their conformation cannot be changed
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easily. The incorporation of PET with polyarylate
by copolymerization or blending can improve the
melt spinnability of polyarylate and some proper-
ties, such as fatigue resistance, of the fiber. Such
fibers can be applied to manufacturing so-called
self-reinforced engineering materials. Compared
with copolymerization, polymer blending pos-
sesses so many peculiarities, such as modification
in evidence, actualization on an industrial scale,
and relative briefness, that it has already been
applied to the modification of polymeric materi-
als.5–8

This work is concerned with the crystalline
structure of P(HBA/HNA)/PET blend (ACPET) fi-
bers as determined by wide-angle X-ray diffrac-
tion (WAXD) and differential scanning calorime-
try (DSC). The results showed that the crystalli-
zation of P(HBA/HNA) and PET occurred in
ACPET fibers; that is, some crystals in ACPET
fibers were composed of PET chains, and others
were composed of P(HBA/HNA) chains. The crys-
talline orientation of P(HBA/HNA) or PET in
ACPET fibers was different from that of pure
P(HBA/HNA) or PET, respectively.

EXPERIMENTAL

As-spun P(HBA/HNA) and ACPET fibers were
prepared by melt spinning and were kindly sup-
plied by Kuraray Co. (Japan). The molar ratio of
HBA/HNA in P(HBA/HNA) was about 70/30. The
ACPET fiber was composed of P(HBA/HNA) and
PET with a mass ratio of 70/30. The tensile
strengths of the P(HBA/HNA) and ACPET fibers
were 9.8 and 7.7 cN/dtex, their tensile moduli
were 494 and 454 cN/dtex, and their breaking
extensions were 2.0 and 2.1%, respectively. For
comparison, a regular PET fiber was also em-
ployed, the tensile strength, tensile modulus, and
breaking extension of which were 8.2 cN/dtex, 145
cN/dtex, and 12%, respectively.

The heat treatment of fibers was performed in
two ways: (1) heated at a certain temperature for
10 min in a vacuum oven and then naturally
cooled to room temperature and (2) heated at a
certain temperature for 16 h in a silicon oil bath
and then naturally cooled to room temperature.

WAXD patterns were obtained through the
transmission mode with a Rigaku-Denki X-ray
diffractometer using nickel-filtered Cu Ka radia-
tion. The distance of the film to the X-ray source
was corrected with silicon powder.

DSC was carried out with a PerkinElmer
DSC-7C under a nitrogen atmosphere. An empty
sample pan was taken as the reference sample.
Fiber specimens were cut into small pieces and
weighed accurately. The heating and cooling
rates were 10°C/min. Some of the fiber specimens
were specially heat-treated for a certain time in
the DSC instrument before the DSC measure-
ments.

RESULTS AND DISCUSSION

P(HBA/HNA) is a typical wholly aromatic polyes-
ter with rigid chains and has characteristics of
nematic liquid crystals. Therefore, P(HBA/HNA)
can be made into a polyarylate fiber with a strong
orientation along the fiber axis and the structure
of orthorhombic crystal. In WAXD patterns of
as-spun P(HBA/HNA) fiber, equatorial (110) and
(200) and meridional (002), (004), and (006) crys-
talline reflections can be observed.4

The WAXD patterns of heat-treated as-spun
P(HBA/HNA) fibers are shown in Figure 1. The
intensities of the reflections on the equator and
the first layer line become stronger when the fi-
bers are heat-treated below the melting point

Figure 1 WAXD patterns of P(HBA/HNA) fibers: (a)
as-spun fiber, (b) fiber heat-treated at 265°C for 10 min,
and (c) fiber heat-treated at 300°C for 10 min.
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(Tm) of P(HBA/HNA), for example, below 265°C.
This result shows that the three-dimensional or-
der of the heat-treated fibers has been enhanced.
The WAXD patterns of P(HBA/HNA) fiber heat-
treated above the P(HBA/HNA) Tm are shown in
Figure 1(c). Only the reflection arc remaining at d
' 0.451 nm near the equator can be observed.

In general, nematic liquid-crystal molecules in
an oriented state hardly produce orientation re-
laxation, even if they have been molten. It is
evident that although the P(HBA/HNA) fiber is
heat-treated at a temperature above Tm of
P(HBA/HNA) for 10 min, the orientation of the
rigid molecules cannot be fully relaxed within a
limited time as the orientation of flexible mole-
cules is. As shown in Figure 1(c), the reflection
near the equator is still strong, indicating that
the molecules of P(HBA/HNA) fiber are still lo-
cated on a hexagonally packed structure. These
phenomena can also be observed in the ACPET
fibers discussed later.

PET is a kind of aromatic–aliphatic polyester.
PET fiber can be made by melt spinning as well as
poststretching and heat treatment. In general,
the crystal of PET fiber belongs to a triclinic crys-
talline system. In the WAXD patterns of PET
fibers, as shown in Figure 2(a), (010) (d ' 0.501
nm), (100) (d ' 0.345 nm), and (T10) (d ' 0.391
nm) reflections on the equator, as well as (0T1)
and (T11) reflections on the layer line, can be
observed. If the heat-treatment temperature is
above the PET Tm, only an isotropic amorphous
halo can be observed on WAXD patterns of heat-
treated PET fibers, as shown in Figure 2(b).

Figure 3 shows the WAXD patterns of ACPET
fibers. Figure 3(a) shows the pattern for an as-
spun fiber, and Figure 3(b) is the schematic rep-
resentation of Figure 3(a). It is evident that the
reflections of the PET and P(HBA/HNA) compo-

nents on the equator are superposed and difficult
to separate. We can determine by comparing Fig-
ures 1 and 2 that the reflection on the low-angle
side of the meridian is the (002) reflection of the
P(HBA/HNA) component and that the one on the
low-angle side of the first layer line is the (0T1)
reflection of the PET component in ACPET fiber.

Thus, (1) the ACPET fiber has a kind of mixed
crystal structure made up of crystals of PET and
P(HBA/HNA) components in the fiber; (2) the
(002) reflection on the meridian in Figure 3 seems
to be a spot shape, indicating that the liquid-
crystal P(HBA/HNA) component exhibits a higher
degree of crystalline orientation along the fiber
axis; and (3) although the PET component in the
ACPET fiber also orients to a certain extent, the
orientation is weaker compared with that of the
P(HBA/HNA) component.

The crystalline orientation of the PET compo-
nent in ACPET fiber is different from that of the
PET component in PET/P(HBA/HNA) sheath/
core-type bicomponent fiber.9 The solidification of
the PET component happens after P(HBA/HNA)
solidifies during the fiber-spinning process, so the
oriented PET component in the sheath/core-type

Figure 3 WAXD patterns of ACPET fibers: (a) as-
spun fiber, (b) scheme of the as-spun fiber, (c) fiber
heat-treated at 265°C for 10 min, and (d) fiber heat-
treated at 300°C for 10 min.

Figure 2 WAXD patterns of PET fibers: (a) regular
fiber and (b) fiber heat-treated at 265°C for 10 min.
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bicomponent fiber may produce easily orientation
relaxation. Dispersed in a rigid P(HBA/HNA) ma-
trix highly oriented along the fiber axis, with ori-
entation relaxation hardly occurring, the PET
component in the formed ACPET fiber still main-
tains a proper crystallinity and degree of orienta-
tion. As shown in Figure 3(c), if the blend fiber is
heat-treated near the PET Tm, for example,
265°C, the (hk0) reflections present an arc shape
due to the melting crystallization of the PET com-
ponent in the ACPET fiber. The reflections of
(110) (d ' 0.449 nm), (200) (d ' 0.391 nm), and
(210) (d ' 0.314 nm) on the equator, as well as the
(002), (004), and (006) reflections on the meridian,
which are attributed to the P(HBA/HNA) compo-
nent in the ACPET fiber, are also observed. Fig-
ure 3(c) shows that the crystalline orientation of
PET has evidently been destroyed, but P(HBA/
HNA) still retains fairly good crystalline orienta-

tion in the ACPET fiber. The results of the heat-
treatment temperature further rising are shown
in Figure 3(d). It is evident that although the
heat-treatment temperature is higher than Tm of
P(HBA/HNA), because of the rigidity of P(HBA/
HNA) molecules, some arc reflection rather than
an amorphous halo on the equator can still be
seen.

As previously discussed, the crystalline behav-
iors of PET and P(HBA/HNA) are mutually inde-
pendent, and a structure of mixed crystal in
ACPET fiber forms. Next are discussed the ther-
mal behaviors of the two components in the blend
fiber via DSC analysis.

DSC thermograms of the fibers heat-treated in
a silicon oil bath for 16 h are shown in Figure 4,
where Tm is the melting point of PET and TC–N is
the crystal/liquid-crystal transition temperature
of P(HBA/HNA). It is evident that the Tm of the

Figure 4 DSC heating thermograms of fibers: (a) regular PET fiber, (b) P(HBA/HNA)
fiber, and (c) ACPET fibers.
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PET component in the ACPET fiber heat-treated
under 250°C is lower than that of the PET fiber.
Moreover, TC–N of ACPET fiber is lower than that
of P(HBA/HNA) fiber heat-treated at the same
temperature. Tm and TC–N of various fibers heat-
treated at 240°C are listed in Table I.

It is known from WAXD results that crystals of
P(HBA/HNA) and PET coexist in ACPET fiber.
Tm and TC–N of ACPET fiber are lower than the
corresponding values of PET and P(HBA/HNA)
fibers. These results indicate that there are some
mutual influences between the two components in
ACPET fiber during crystallization.

Fiber samples were heat-treated in the DSC
device at 230, 265, 300, and 350°C for 5 min
before their cooling DSC measurements. No
changes were observed in the DSC cooling ther-
mograms when the heat-treatment temperature
was lower than Tm of PET and TC–N of P(HBA/
HNA) (e.g., 230°C). A clear change in the DSC
cooling thermograms of fibers heat-treated at 265
and 300°C appears, as shown in Figure 5. In
Figure 5(a), no changes can be observed in the
DSC cooling thermograms of P(HBA/HNA) fiber
heat-treated at a temperature lower than its TC–N
but a little higher than Tm. Because the heat-
treatment temperature was higher than Tm, an
exothermic peak corresponding to the melting re-
crystallization of PET at 214°C can be observed.
Moreover, an exothermic double peak correspond-
ing to the crystallization of PET component at 175
and 196°C can be observed. Figure 5(b) shows
DSC cooling thermograms of fibers heat-treated
at 300°C, which is higher than Tm and TC–N. The
exothermic peak of crystallization for PET fiber
appears at 208°C. The liquid-crystal/crystal tran-
sition temperature for P(HBA/HNA) fiber appears
at 238°C.

In addition, in the DSC cooling thermograms of
the ACPET fiber, an exothermic peak for the crys-
tallization of PET component that appears at 177
and 188°C is a double peak, and the one for the
liquid-crystal/crystal transition of P(HBA/HNA)
can be observed at about 238°C

The aforementioned results indicate that as
the disperse phase, the PET component suffers

the repression of the P(HBA/HNA) component,
the matrix phase, when the melting recrystalliza-
tion of PET occurs at a heat-treatment tempera-
ture higher than Tm but lower than TC–N, so the
crystalline temperature of PET shifts to the lower
side. This is possibly due to steric hindrance of the
motion of PET molecules in the blend fiber.

After heat treatment at a temperature higher
than Tm and TC–N, the liquid-crystal/crystal tran-
sition of P(HBA/HNA) first occurs during the cool-
ing process and follows the crystallization of PET.

It is known from the WAXD results that the
concerned structure, similar to that of pure
P(HBA/HNA), still remains in ACPET fiber, even
after heat treatment above 300°C. The existence
of this structure could certainly influence the
crystallization of the PET component, and vice
versa. Moreover, the crystal peak is a single peak
in the DSC cooling thermograms of PET fiber, but
the peak in the DSC cooling thermograms of the
blend fiber related to the crystallization of the
PET component is a double one. This possibly
indicates the existence of two kinds of PET crys-
tals with differently sized unit structures in the
blend fiber.

In general, the difference value of the temper-
ature (DT) corresponding to the crystal peak on
the DSC cooling thermograms (TC) and Tm is de-
fined as the degree of supercooling, namely, DT
5 Tm 2 TC. Moreover, the higher TC is or the
smaller DT is, the more easily the sample crystal-
lizes. For PET fibers heat-treated at 265, 300, and
350°C, as shown in Figure 6, DT is 43, 49, and
56°C, respectively; that is, the higher the heat-
treatment temperature is, the more difficult the
crystallization is in the cooling process.

For fiber heat-treated at 265°C, only about
10°C higher than the PET Tm, even if it melts, the
PET crystal still possesses a certain memory, and
as crystal nuclear in cooling process, the remnant
of such an ordered structure easily induces crys-
tallization, so that the temperature of the crystal
peak in the DSC cooling thermograms will shift to
the higher temperature side, and DT will be re-
duced.

For the P(HBA/HNA) fibers heat-treated at 300
and 350°C, DT is 43 and 46°C, respectively, and the
change is not large. Unlike the situation with PET
fiber, the heat history has less effect on the liquid-
crystal/crystal transition of P(HBA/HNA) fiber.

For the P(HBA/HNA) component in ACPET
fiber heat-treated at 300 and 350°C, DT is 42 and
45°C, respectively, almost identical to the values
of P(HBA/HNA) fiber. However, for the PET com-

Table I Tm and TC–N of Various Fibers Heat-
Treated at 240°C

Fiber Tm (°C) TC–N (°C)

PET 256.1 260.5
ACPET 241.3 251.6
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Figure 5 DSC cooling thermograms of fibers: (a) fibers heat-treated at 265°C for 5
min and (b) fibers heat-treated at 300°C for 5 min.
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ponent in ACPET fiber, as shown in Figure 6, DT
of fibers heat-treated at 265, 300, and 350°C is 49,
68, and 79°C, respectively. The trend is similar to
that for PET fiber, but the level of change is
greater. Obviously, the reason for this change
depends on the blending of PET with P(HBA/
HNA). The PET component melts, and the origi-
nal structure of the P(HBA/HNA) component is
retained when the ACPET fiber is heat-treated at
265°C. Therefore, it is known that the melting-
crystallization behavior of the PET component in
the ACPET fiber is similar to that of the PET
fiber. When the heat-treatment temperature rises
above 300°C, P(HBA/HNA) also melts in addition
to PET. Compatibility of the two components,
P(HBA/HNA) and PET, to a certain level might be
considered to result in the crystallization behav-
iors of the two components deviating from those of
their pure state.

CONCLUSIONS

The crystal structure of ACPET fibers was stud-
ied with WAXD and DSC techniques.

WAXD studies of the fibers show that the crys-
tal structure of ACPET fiber is a kind of mixed
crystal composed of crystals of PET and P(HBA/
HNA) components. After ACPET fiber cools from
a melting state, the crystalline orientation behav-
iors of the two components are relatively indepen-
dent; the crystalline orientation degree of liquid-
crystal P(HBA/HNA) is high, but that of PET is
low.

The results of DSC indicate that the PET Tm
and P(HBA/HNA) TC–N in ACPET fiber are lower
than the temperatures for the components by
themselves; this indicates that the two compo-
nents affect each other in the blend fiber.

For ACPET fibers heat-treated at 300 and
350°C, DT of P(HBA/HNA) is almost the same as
that of P(HBA/HNA) fiber. However, for the PET
component in ACPET fiber, as for PET fiber, DT
increases with an increasing heat-treatment tem-
perature, but more than that of PET fiber. Obvi-
ously, this is attributable to the blending of PET
with P(HBA/HNA).
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