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Effect of heat treatment on the structure and

properties of poly(2,6-benzothiazole) (ABPBT)

and poly(2,5-benzoxazole) (ABPBO)
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Poly(2,6-benzothiazole) (ABPBT), poly(2,5-benzoxazole) (ABPBO) were synthesized and
their fibers were prepared by dry-jet wet-spinning technique. The effect of heat treatment
on the structure and properties of the fibers/films were studied in detail by the
measurements using Fourier transform infrared (FTIR), scanning electron microscope
(SEM), wide-angle X-ray diffraction (WAXD) and Instron tensile tester. The results not only
showed that heat treatment had a significant effect on the macrostructure and
microstructure of fibers, making fibers more regular and improving their mechanical
properties, but also indicated that there was a suitable range of heat treatment conditions.
C© 2000 Kluwer Academic Publishers

1. Introduction
For many years, the development of aviation and space
fields have been continuously pressing for novel ma-
terials with lightweight, high-modulus, high-strength,
good thermostability and environmental resistance.
Rigid-rod polymers have received much attention be-
cause of their superior properties resulted from their
inherent molecular modulus and from their degree of
molecular orientation, which was achieved by spinning
process. In the early 70s, Du Pont’s Kevlar, [poly(p-
phenyleneterephthalamide) (PPTA)] was marketed and
has emerged as the leading high performance polymer
fiber for a whole variety of high specific strength ap-
plications; however, PPTA is liable to be hydrolyzed
as a result of containing the amino group, its environ-
mental stability cannot satisfy the need of aviation and
space fields. On the base of long time studies, aromatic
heterocyclic rigid-rod or stiff-chain polymers of the
poly(benzazole) family have been synthesized to high
molecular weight by Wolfeet al. [1]. Their modulus
and strength are even higher than those of commercial
Kevlar and similar to those of some graphite fibers. Be-
sides their excellent mechanical properties, they also
show a very good thermo-stability and environmental
stability.

The preliminary approach of our lab mainly fo-
cused on the rigid-rod polymer structure and proper-
ties of poly(p-phenylenebenzobisthiazole) (PBZT) and
poly(p-phenylenebenzobisxazole) (PBO). Compared
with poly(2,6-benzothiazole) (ABPBT) and poly(2,5-
benzoxazole) (ABPBO) (Fig. 1): 1. the synthesis of
PBO and PBZT was the polycondensation of two
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monomers with dehydrochlorination, it is not easy to
obtain high molecular weight polymers; 2. the synthetic
process of PBO and PBZT is sophisticated and the cost
is high; 3. the mechanical properties of ABPBT and
ABPBO are close to those of PBZT and PBO, so it is of
practical importance to study thoroughly the synthesis,
structure and properties of ABPBT and ABPBO.

It is common practice in the spinning of high perfor-
mance fibers to perform heat treatment. The effect of
heat treatment on the morphology, properties [2, 3] and
microfibrillar network [4] of PBO, PBZT and ABPBO
has been reported. However, the effect of heat treat-
ment on the completion of the cyclization reaction and
the stress-strain behavior of ABPBO and ABPBT fibers
has not been evaluated previously. So the goal of this
work was to characterize such aspects with FTIR and
Instron 1120 fiber tensile tester and to give an explana-
tion of the effect of heat treatment on the structure and
properties of ABPBO and ABPBT.

2. Experimental
2.1. Materials
ABPBO, ABPBT were synthesized in our own labo-
ratory by polycondensation in poly(phosphoric acid)
(PPA) according to the reference [5]. After polymer-
ization, ABPBT/PPA or ABPBO/PPA dope was trans-
ferred to a bomb and fibers were spun by extruding
the solution through a spinneret die into a water-
coagulating bath. The fibers were dry-jet wet-spun, usu-
ally to a high draw ratio, in the air gap between the
die and the coagulating bath. The residual dopes were
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Figure 1 Chemical structure of ABPBO and ABPBT.

extracted on heated glass board to make ABPBT or
ABPBO films. The fibers and films were immersed in-
stantly in a large volume of cold water for at least three
days in order to remove PPA completely, the water bath
was checked with pH papers to assure that it was neu-
tral. After that, the fibers and films were dried in air and
then heat treated at different temperatures with differ-
ent tensions for various durations, ready for the studies
on the structure and properties.

2.2. Measurements
Wide-angle X-ray diffraction (WAXD) 2θ scans were
collected in a range of 5◦–60◦ on a Rigaku D/max-rA
rotating anode X-ray generator with Ni-filtered Cu Kα
radiation operated at 100 mA and 40 kV.

Fourier transform infrared (FTIR) studies provided
qualitative information relative to the completion of cy-
clization from heat treatment. Thin ABPBT films were
analyzed on a Nicolet Magna-IR 550 Fourier transform
infrared spectrometer.

Philips SEM 550 was used at 15 kV to image both
surface sections and tensile-fractured cross sections of
the fibers for examining the effect of heat treatment
and the fracture behavior. Fiber specimens were sputter
coated with Au-Pd to enhance imaging contrast.

The stress-strain behavior of ABPBT and ABPBO
fibers was determined on a Instron 1120 fiber tensile
tester. The deformation rate was 5 mm per minute.

The mechanical properties of fibers were measured
on a YG001A single fiber electronic tensile tester, pro-
duced by Taicang Textile Instruments Works of China
National Textile Machinery Corp., with the deforma-
tion rate of 10 mm per minute.

Since there are variations in fiber diameter, which
is thought to be the result of the exothermic diffusion
and nonequlibrium hydrodynamic behavior existing in
the coagulation of the polymer [2], it is necessary to
test an adequate ensemble of fiber specimens for reli-
able mechanical properties. In this study, we tested 50
specimens from every group.

3. Results and discussion
Fig. 2 shows the FTIR spectra of ABPBT films heat
treated at various temperatures with the same ten-
sion. The curves of the heat treated film have an in-
tensity change of carbonyl group absorption peak at
1710 cm−1, the absorption peak of curve (a) (heat
treated at 200◦C) is obviously stronger than those of
the other three curves. There being no carbonyl group
in the ABPBT molecular structure, the only possible
explanation is that the carbonyl group is caused by the
uncompleted cyclization reaction [6], i.e., there exists

Figure 2 FTIR spectra of ABPBT treated under different temperatures.
(a) 200◦C; (b) 350◦C; (c) 450◦C; (d) 550◦C.

residual phosphoric acid partly in the form of free acid
and partly in the form of associating with amino groups
in the molecule. Heat treatment promotes the reaction
of cyclization as Scheme 1.

Scheme 1 The completion of the cyclization reaction.

Heat treatment over 300◦C can make free phosphoric
acid decompose, followed by the sublimation of P2O5;
heat treatment over 460◦C can make phosphoric acid
associated with amino groups release from the fiber,
so the reaction of cyclization advances further and the
carbonyl group content decreases with the rise of tem-
perature. After the completion of the cyclization re-
action, the molecular chain regularity and the length
of the conjugated system in the polymer chain were
improved, and the packing of the stiff chains became
more compact and more orderly, which must be helpful
to improve the mechanical properties of ABPBT fiber.

ABPBT fibers were fabricated from ABPBT/PPA
dopes by dry-jet wet-spinning and coagulation. Voids
were formed in the fibers, especially on the surface
(Fig. 3a) during the coagulation when a drastic volume
reduction occurred in the dissolution of PPA. As the sol-
vent PPA was leaking out from the fiber, the residual
stress was then brought about in the as-spun fiber, which
will affect the mechanical properties of ABPBT fiber
significantly. As we know, when heat treated and given
enough energy under certain conditions, the molecular
chain will slide along the stress direction, which will
reduce the void content (Fig. 3b) and relax the resid-
ual stress, and consequently lead to higher mechanical
properties.

The determination of the crystalline structure of
oriented fibers of ABPBT and ABPBO was described
in the reference [7]. Both units cells are metrically
orthorhombic, with the parameters:a(100)= 0.6044
(17), b (010)= 0.3417 (7), c (fiber axis)= 1.2194
(18) nm for ABPBT and a (100)= 0.6061 (17),
b (110, 010)= 0.3417 (13),c (fiber axis)= 1.1575 (6)
nm for ABPBO. Changes induced by the heat treatment
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Figure 3 SEM images of as-spun ABPBT fiber (a) and ABPBT fiber
heat-treated at 550◦C (b).

Figure 4 WAXD equatorial scan of ABPBT film and heat-treated fibers
with tension ((a) 2θ = 14.75◦; (b) 2θ = 26◦ “HT” used in this paper
means heat-treatment).

in the chain packing with the crystallites are evident in
the wide-angle X-ray diffraction patterns. The diffrac-
tion patterns of the ABPBT film and fibers heat treated
under different temperatures with tension are shown
in Fig. 4. All curves have two peaks at the interplanar
spacing corresponding to 2θ = 14.75◦(0.6006 nm) and
26◦ (0.3427 nm), which correspond to the (100) plane
and (010) plane respectively. The peaks observed
in the patterns of ABPBT fibers are much sharper

than those of ABPBT film, indicating their more
ordered structure. And with the rise of heat treatment
temperature, the change of the half-peak width of
peak at 26◦ is negligibly small, suggesting that the
face-to-face interplanar distance and the degree of
order in the (010) plane of ABPBT fiber does not vary.
As to the peak (a) at 14.75◦, the intensity is raised and
the half-peak width reduces considerably with increase
of the heat treatment temperature, which shows that the
periodicity and the degree of order in the plane (100)
were changed significantly, especially above 350◦C.

Fig. 5 demonstrates the change in the chain packing
of ABPBO fibers with the rise of heat treatment tem-
perature studied by WAXD. The result is similar to that
of ABPBT fibers.

The interplanar distance of ABPBO, calculated from
the angle of the diffraction peak by employing the fol-
lowing well-known Bragg’s equation, as a function of
the number of units:

2d sinθ = nλ (1)

whered is the interplanar distance,θ is the scattering
angle,n is the order of the reflection, andλ is the wave-
lenth of the X-ray used. In the present case,n is 1 and
λ is 0.15418 nm for nickel-filtered Cu Kα radiation.

The size of the ordered structure can be estimated
from the breadth of the Equatoial peaks using the
Debye-Scherrer formula which states that:

Lhkl = Kλ

B cosθhkl
(2)

where Lhkl is the lateral size of the crystallite, i.e.,
the size of the ordered structure, as measured from the
breadth of the (hkl) reflection at a scattering angle 2θ ,
for which the half-peak width isB. K is a constant of
value equal to 0.89. The results are listed in Table I.

The results show that the interplanar distance, rep-
resenting the period of the ordered structure, of peak
(a) (2θ = 14.1◦) reduces and the size of ordered struc-
ture increases with the rise of the heat treatment tem-
perature. Moreover, the intensity of peak (a) is raised
considerably, which is in accord with the effect of heat
treatment on ABPBT fibers.

Figure 5 WAXD equatorial scan of ABPBO film and heat-treated fibers
with tension ((a) 2θ = 14.5◦; (b) 2θ = 26.4◦).
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TABLE I X-ray results of ABPBO fibers and film

2θ (◦) d (nm) L (nm)

Sample peak a peak b peak a peak b peak a peak b

film 14.3 26.3 0.619 0.339 1.30 2.02
HT-200◦C 14.1 26.5 0.628 0.336 1.18 2.31
HT-550◦C 14.6 26.6 0.607 0.335 10.04 4.75

As revealed in Fig. 5, film extruded from the
ABPBO/PPA dope and fibers spun by the dry-jet wet-
spinning technique all have a high degree of orientation.
But the diffraction parameters of the fiber heat treated
a 550◦C with tension (Table I) show that the half-peak
width reduces sharply and the size of ordered structure
increases from 1.18 nm to 10.04 nm, suggesting that
the conformation of ABPBO molecular chain changes
drastically. Moreover, there is a weak shift of the peak
(a) from 14.1◦ to 14.6◦, which means that the side-by-
side interplanar distance is reduced from 0.628 nm to
0.607 nm. According to Fratini’s calculation [7], there
is a transformation from coil-like conformation (cis) to
extended-chain conformation (trans) around 300◦C, as
illustrated in Fig. 6, and this extended-chain conforma-
tion is fixed after 550◦C heat treatment. The dynamic
mechanical property of ABPBO film also aids to ex-
plain this phenomenon [8].

As discussed above, heat treatment with tension can
provide relevant energy and make the molecular chain
adjust and slide along the fiber axis. As the result of
the completion of the cyclization reaction promoted
by heat treatment, the molecular chain regularity, the
length of the conjugated system in the polymer chain
and the orientation of the ABPBT or ABPBO fiber
were improved. Together with the reduction of defects
in the fibers and the transformation of the molecular
chain conformation from coil-like conformation (cis)
to extended-chain conformation (trans) around 300◦C,
which is a preferable conformation for packing and reg-
ularity, heat treatment with tension surely results in the
improvement of the mechanical properties of ABPBO
and ABPBT fibers.

The stress-strain behavior of both as-spun and heat-
treated ABPBT/ABPBO fibers is shown in Fig. 7. As
fibers are obtained from the polymerization solution

Figure 6 Conformation transformation of ABPBO chain.

Figure 7 Stress-strain behavior of as-spun and heat-treated ABPBT
and ABPBO fibers at ambient temperature. ((a) as-spun ABPBT fiber
(D= 28.4 µm); (b) ABPBT fiber (D= 26.3 µm); (c) as-spun ABPBO
fiber (D = 64.6µm); (d) ABPBO fiber (D= 62.5µm)).

by dry-jet wet-spinning and water coagulating bath,
there should have been some voids and residual stress
in the as-spun fibers, which lead to ductile fracture
with the nonlinear character of the stress-strain behav-
ior and make as-spun fibers yield before fracture. Con-
trasted with as-spun fibers, heat-treated fibers demon-
strate fragile fracture with the linear-elastic stress-strain
behavior [9], characterized as higher modulus, strength
and lower elongation than those of their counterparts.
Evidently it is because that heat treatment enhances the
regularity and orderness of the molecular chain.

Effects of heat treatment temperature, tension and
duration on the mechanical properties (i.e. modulus,
strength and elongation) of ABPBT fibers are plotted in
Fig. 8a–c respectively. According to time-temperature
equivalence well known to us, these three parameters
above are correlated to one another in the effect. The
higher the heat treatment temperature, the easier the
adjustment and slide were performed, giving more or-
dered structure and inducing higher mechanical prop-
erties. Considering that ABPBT will degrade at about
600◦C in air, one can conclude that heat treatment
at 550◦C is a suitable temperature for ABPBT and
ABPBO. Tension can not only ensure the process of
heat treatment, but impel the molecular chains to ad-
just and slide along the stress direction (i.e., fiber axis)
for further orientation. With the increase of tension, the
adjustment and movement of molecular chains become
easier and the mechanical properties, especially mod-
ulus, are improved obviously. But tension should not
be increased without limit; otherwise, it will destroy
the molecular chain of the ABPBT fibers or even break
the fibers, which will do harm to the fiber properties.
Fig. 8b shows the relationship of mechanical proper-
ties with heat treatment tension: the fiber modulus and
strength first increase and then decrease as the tension
rises. As to the fiber we obtained, 300 MPa is a suitable
tension.

It was reported that the properties and the structure
of this type of fibers were insensitive to the duration
of heat treatment [10], but we found that heat treat-
ment duration also have similar effect on the proper-
ties of the fibers, as shown in Fig. 8c. The goal of the
heat treatment is to transform from low-property state
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(b)

(c)

Figure 8 Effects of heat treatment factors ((a) temperature (b) tension
(c) duration) on ABPBT mechanical properties.

to high-property state. Polymeric movement is a re-
laxation process, requiring a certain long period. Too
short heat treatment duration is not enough for fibers
to transform to the high-property state. But long time
gives the same result as high temperature does, which
will be deleterious to fiber structure and the mechanical
properties.

4. Conclusion
Heat treatment can reduce void content and residual
stress in the as-spun ABPBT or ABPBO fiber. The
completion of the cyclization reaction was promoted
by heat treatment, which is advantageous to the molec-
ular regularity, the length of the conjugated system in
the polymer chain and the packing of the chains. To-
gether with the transformation from coil-like confor-
mation (cis) to extended-chain conformation (trans)
around 300◦C, these factors induced by heat treatment
improve the mechanical properties of fibers. Under a
suitable heat treatment condition, ABPBT fiber with
better mechanical properties can be obtained.
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