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ABSTRACT: The crystalline morphologies of PBT (poly
butylene terephthalate) and its glass fiber reinforced com-
posite systems were investigated in a thin-film form by
polarized optical microscopy and wide-angle X-ray diffrac-
tion. Three different types of PBT morphology were identi-
fied in the Maltese cross pattern: 45° cross pattern (usual
type) by solvent crystallization, 90° cross pattern (unusual
type) by melt crystallization at low crystallization tempera-
ture, and mixed type by melt crystallization at crystalliza-
tion temperatures higher than 160°C. The glass fibers in-
creased the number density of spherulites and decreased the
size of crystallites acting as crystallization nucleation sites

without exhibiting trans-crystallinity at the vicinity of the
glass fiber surfaces. Finally, the storage modulus was ana-
lyzed by using a dual-phase continuity model describing the
modulus by the power-law sum of the amorphous- and
crystalline-phase moduli. The crystalline-phase modulus
was extracted out from the PBT polymer and composite
systems containing different amount of crystallinity. © 2002
Wiley Periodicals, Inc. J Appl Polym Sci 86: 478–488, 2002
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INTRODUCTION

The bulk properties of crystalline thermoplastic com-
posite materials are usually affected not only by indi-
vidual properties of the polymer matrix and fiber
reinforcements but also the processing conditions of
time and temperature, which often affect the crystal-
line morphology of the final parts.1,2 Specifically, it has
been known that PBT has two crystal phases � and �
depending on processing conditions.3–5 The molecular
chain in the alpha form has the gauche-trans-gauche
conformation in the glycol residues, whereas the beta
form has the trans-trans-trans conformation under the
strain and stress. In addition, as with other thermo-
plastic polymers such as poly(ether ether keton) and
poly(ethylene vinyl acetate) copolymer, additional
crystiallization can be obtained in PBT by physically
aging the specimens.6 Accordingly, the macroscopic
mechanical deformation and thermal treatment his-
tory of PBT are closely associated with the morphol-
ogy and residual-stress development in the final prod-
ucts of PBT polymer and its fiber reinforced compos-
ites.7,8

The reinforcing fibers included in crystalline poly-
mers often act as nucleating sites for crystalliza-
tion.1,9–14 When nucleation occurs at the fiber surface
with a sufficiently high density, the crystallites may be
obstructed to grow laterally and thus be constrained
to columnar growth, where the columnar morphology
is often referred to transcrystallinity. The existence of
a transcrystalline zone has been reported to depend on
the types of fibers, surface treatment, and polymers.
Some organic fibers such as natural cellulose, cotton,
carbon, and copper fibers, show transcrystalline
growth.1 The fiber surface treatment or sizing may
also affect the development of transcrystallization.15

In the case of glass fiber-reinforced thermoplastic com-
posites, however, it is still argumentative in the
existance of transcrystallinty around the surface of the
glass fiber. It has been reported that the transcrystal-
line zone is not observed by microscopic investiga-
tions,16–18 although the glass fiber increased the nu-
cleation density. It has been recently shown that the
transcrystalline zone appeared when the glass fiber is
pulled out from polymer melt or when the shear stress
is applied at the crystallization temperature.19–22,23 In
addition, the literature reports that glass fibers gener-
ated the transcrystallinity in PET and nylon matrix
systems when their surfaces are specially treated with
compatible polymers.24

In addition, the bulk structure or macrostructure of
polymer depends on whether crystallization occurs
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from dilute solution or melt. When crystallization oc-
curs under quiescent conditions in a dilute solution,
then single crystals arise with folded chains. When
crystallization occurs from the melt under quiescent
conditions, chain folding occurs rapidly in all direc-
tions, leading to a spherical structure, which is com-
posed of a radiation array of fine fibrils, or the stacks
of ribbon-like crystals.25 The physical, mechanical, op-
tical, and electrical properties of polymeric materials
are usually affected by the quantity and orientation of
crystalline phase. For example, such properties as den-
sity, heat of fusion, spectroscopic, and X-ray diffrac-
tion intensities depend on the level and anisotropy of
crystallinity, which is usually affected by crystalliza-
tion processing conditions. In addition, the mechanical
strength, modulus, elongation and impact strength, and
optical properties including birefringence and transmit-
tance, vary with the crystalline morphology.25,26

In this study, the crystalline morphologies in PBT
and its composites were investigated through polar-
ized optical microscopy (POM), and the degree of
crystallinity were measured by the wide-angle X-ray
diffraction (WAXD) experiments as a function of crys-
tallization temperature. The PBT and the glass fiber-
reinforced PBT composites exhibited different types of
spherulite morphology for different crystallization
conditions, and subsequently their viscoelastic prop-
erties were correlated with the degree of crystallinity
and the dual-phase continuity model.

EXPERIMENTS

The PBT samples (SKYTON) used in this study was
provided by SK Chemical Co., Korea. Before the film
preparation, the PBT pellets were dried in a vacuum

Figure 1 Polarized optical micrograph of PBT spherulites crystallized at the various isothermal temperatures: (a) 0°C, (b)
20°C, (c) 40°C, (d) 60°C, (e) 80°C, (f) 100°C, (g) 120°C, (h) 140°C, (i) 160°C, (j) 180°C, (k) 200°C, and from (1) solution. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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oven at 100°C for 12 h. Dried pellets were heated on a
hot press between a cover glass and a Teflon film at
270°C for 10 min, and then compressed at 2500 psi for
2min. The resulting specimen was then quickly
quenched into a silicone oil bath at a specific temper-
ature ranging from 20 to 200°C. PBT melt was also
quenched in ice water to prepare the nearly amor-
phous specimens. The thickness of the resulting films
was typically below 100 �m. Solution-cast films were
prepared from a 10% solution of tetrafluoro acetic acid
(TFA) in CCl4.

For microscopic observation and wide-angle X-ray
diffraction (WAXD), thin films were molded with less
than 100 �m of thickness. The glass fiber-filled PBT
composite systems were investigated in this study
containing 0, 10, 20, and 30 wt % of glass fiber, each
referred as PBT0, PBT10, PBT20, and PBT30, respec-
tively.

Wide-angle X-ray scattering (WAXS) was per-
formed with a general area diffraction detector system
(GADDS) (Bruker) equipped with a collimator having

the diameter of 0.2 to 0.5 mm. CuK� (� � 1.541 Å)
radiation was utilized for all X-ray experiments scan-
ning from 5 to 45° (2�). The crystalline structures of the
prepared samples were examined by using a transmis-
sion polarized optical microscope (Nikon).

Dynamic mechanical thermal analysis (DMTA) was
performed by using Rheometric Scientific Mark IV in
a tension mode over the temperature range from �50
to 250°C. The storage modulus, G�, and loss modulus,
G�, were recorded automatically by the system for
data acquisition and analysis. The heating rate was
5°C/min, and frequency was fixed at 1 and 5 Hz.

RESULTS AND DISCUSSION

PBT morphology from different crystallization
conditions

Figure 1 shows the spherulite morphology of PBT thin
films crystallized at various crystallization tempera-
tures (Tc) and preparation methods. The well-defined

Figure 1 (Continued from the previous page)
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spherulites can be seen when Tc is between 0 to 100°C,
but nonspherical crystals can be observed with
smooth boundaries of impingement when Tc is be-
tween 120 and 200°C. It has been reported that the
spherulite boundaries examined by transmission elec-
tron microscopy have irregular features.27 Low molar
mass species have been found to accumulate in the
spherulite boundaries resulting in brittle layers in me-
chanical fracture due to the increased amount of low
molar mass species. In this study, however, the
boundaries of matured spherulites appear to maintain
spherical shape before and after the spherulite im-
pingement and no low-molecular-mass species or im-
purities are not clearly observed at the boundary lay-
ers.

Comparing the spherulitic morphologies obtained
from the melt [Fig. 1(a)–(k)] and from solution [Fig.
1(l)], the morphological difference is quite noticeable.
As shown in Figure 1(a)–(i), all the melt-crystallized
PBT films show the maltese crosses with 45° to the
polarizers, which is known as an unusual type of
sperulite. This unusual type is a characteristic of
spherulites whose optical axis lies at an angle of ap-
proximately 45° to the spherulitic radius.28,29 On the
other hand, as seen in the solvent-crystallized PBT
films in Figure 1(l), the maltese crosses are along the
polar direction (0° and 90°) under the polarized mi-

croscope, referred to as na usual type. It arises from
spherulites containing their optical axis either along or
perpendicular to the spherulitic radius. When Tc �180
and 200°C, however, the cross patterns exhibit a mix-
ture of the unusual and usual types of spherulites.

As a summary, the characteristic features of PBT
spherulites are shown in the Figure 2, representing
different maltese cross patterns referred to different
crystallization conditions. The 45° maltese cross (un-
usual-type) spherulites in Figure 2(a) are formed at
low temperatures, and the 90° maltese cross (usual-
type) spherulites are likely to develop from the solu-
tion [Fig. 2(c)]. When the temperature is higher than
180°C, both types of spherulites seem to be formed as
in Figure 2(b).

The spherulite size measured from the optical mi-
crograph is shown in the Figure 3 ploted as a function
of Tc. As Tc increases, the crystal size increases in an
accelerating fashion indicating that the crystal may
grow as large as it could in a hypothetical thermal
condition, for example, over 200°C. It should be no-
ticed that the degree of crystallinity usually exhibits a
asymptotic value with crystallization temperature.
Therefore, the crystal may grow big in size while the
number of crystal is low in a way of maintaining the
asymptotic degree of crystallinity with respect to crys-

Figure 2 Maltese cross patterns of PBT spherulites crystallized at different conditions exhibiting different polarization types:
(a) 45° maltese cross (unusual type) from low-temperature melt, (b) milex type from high-temperature melt, and (c) 90°
maltese cross (usual type) from solution. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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tallization temperature. The degree of crystallinity
shown in this figure will be discussed later.

Morphology of glass fiber-reinforced PBT
composites

The foreign bodies, such as nucleating agents, fibers,
or particulate fillers, usually provide extra active sites,

which usually enhance the initiation of crystallization,
although some nucleation may originate from local
tangling of ordering of polymer chains. The number of
nucleation sites often determines the morphology of
growing crystallites because a large number of nucle-
ation centers would lead to a large number of small
crystallites. Figure 4 shows the crosspolar optical mi-
crographs of melt-crystallized PBT composites. Figure
4(a) and (b) depicts the ice-water quenched films,
while Figure 4(c) and (d) the air-cooled films. It can be
clearly seen that glass fibers provide nucleating sites
when they are used as a reinforcementof PBT compos-
ites. PBT0 contains relatively large and distinguishable
crystals, whereas a dense granular texture of crystals
is formed in the vicinity of glass fibers. The number
density along the fiber surface is much greater than
that in the bulk, but the size of spherulites on the fiber
surface is smaller.

Because the spherulites can be seen in ice water-
quenched samples, it may be concluded that a per-
fectly amorphous state of PBT specimen may not be
achieved in a practical range of cooling rates. In addi-
tion, the spherulite size of films quenched in ice water
[Fig. 4(a) and (b)] is much smaller than that quenched

Figure 3 Crystal size and degree of crystallinity of PBT
spherulites as a function of crystallization temperature.

Figure 4 Optical micrograph comparison of melt-crystallized films of PBT polymer (PBT0) in (a) and (c), and glass
fiber-reinforced PBT composite (PBT30) in (b) and (d). Crystallization cooling conditions by ice water quenching in (a) and
(b), and natural-air cooling in (c) and (d). [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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in air [Fig. 4(c)and (d)]. It demonstrates that the cryst-
allization rate of PBT systems is so fast that the cryst-
allization of PBT is nearly unavoidable, and it should
be mentioned that the resulting morphology is
strongly affected by the cooling rate and temperatu-
reee in polymer manufacturing processes.

Figure 5 shows the solvent-crystallized films com-
paring the pristine PBT polymer [Fig. 5(a) and (c)]
and its composite [Fig. 5(b) and (d)}. Figure 5(a) and
(b) shows ice water-quenched samples, and Figure
5(c) and (d) air-cooled samples. It can be seen that
the size of spherulites around the glass fiber is
smaller than that in the bulk, and the number den-
sity of crystal is higher at the fiber surface than in
the bulk. However, it should be mentioned that the
transcrystalline is not clearly observed around the
fiber surfaces in both cases of solvent- and melt-
crystallized PBT films. This indicates that the nucle-
ation density is increased by the fiber surface, but it
may not be sufficient enough to form transcrystal-
line layers. This result is agreed with other investi-
gations.16 –18

Crystallinity determination by WAXD analysis

The Ruland method has often been used as a funda-
mental method to evaluate the polymer crystallinity.30

The correction factor (K) included in Ruland equation
has been estimated by integrating the scattering factor
and disorder function in the selected s-range (s0–s1),
viz:

K �

�
s0

s1

s2f 2 ds

�
s0

s1

s2f 2D2 ds

(1)

where s � (2sin�)/�, � is wavelength, D is disorder
function, and f� 2 is the mean-square atomic scattering
factor for the polymer. As proposed for the first-order
defects (e.g., thermal vibrations), the disorder function
was assumed as:30

D2 � exp(�ks2) (2)

Figure 5 Optical micrograph comparison of solvent-crystalized films of PBT polymer (PBT0) in (a) and (c), and glass
fiber-reinforced PBT composite (PBT30) in (b) and (d). Crystallization cooling conditions by ice water quenching in (a) and
(b), and natural-air cooling in (c) and (d). [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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where k is a constant. It should be mentioned that K
values may be evaluated for different values of k spec-
ified in different range of s or different forms of dis-
order functions.

Figure 6 shows the X-ray diffraction pattern of PBT0
and PBT30 composite systems crystallized at various
Tc. The pattern of the film crystallized at 0°C shows a
diffuse halo without a clear evidence of crystalline
orientation. As Tc is increased, the pattern exhibits
intense crystalline reflections indicating both in-
creased crystallinity and increased crystalline size.
The same trend can be seen in the diffraction patterns
for composites (PBT30), but they are relatively dif-

fused to the polymer (PBT0), seemingly due to scat-
tering by glass fibers.

Figure 7 shows typical WAXD patterns for the films
crystallized isothermally from the polymer melt.
Strong diffraction peaks and several weak peaks are
observed for the samples crystallized above 40°C, but,
there are no distinct peaks observed Tc � 20°C, indi-
cating the film in the nearly amorphous phase. The
observed and calculated d-spacings are summarized
in Table I. No reflections of characteristics of the all-
trans form are identified.31 It should be mentioned that
there can be seen a peak at 2� � 39.538° only when the
crystallization temperature is above 180°C, and it be-
comes stronger as the crystallization temperature is
increased. As discussed in Figure 2, the 90° maltese
cross pattern begins appearing at Tc � 180°C, and it is
mixed with the 45° cross pattern. Further research
should be performed to validate the relationship be-
tween the type of PBT crystal structure and the crys-
tallographic observation.

Using the Ruland’s method for estimating the crys-
tallinity of the isothermally crystallized films, I(2�)
curves are transformed into s2I(s) curves and resolved
into the background. The analysis results are summa-
rized in Table II for k � 0 and k � 7.32 Table II shows
that the degree of crystallinity of PBT0 is about 0.02 to
0.346 in the range of 0°C � Tc � 200°C with a disorder
parameter k � 7. As a result of this analysis, the degree
of crystallinity can be seen as a function of Tc in Figure
3. As the crystallization temperature increase, the de-
gree of crystallinty approaches 35%, which agrees well
with the degree of crystallinity of 36% at 200°C esti-
mated by the density measurement.8

Figure 7 Comparison of WAXD peak patterns of PBT poly-
mer (PBT0) crystallized at indicated Tc.

Figure 6 WAXD pattern of (a) PBT polymer (PBT0) and (b)
glass fiber-reinforced PBT composite (PBT30) cyrstallized at
indicated Tc. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Viscoelastic characterization

Figures 8, 9, and 10 show the complex moduli of PBT
samples crystallized at different temperatures. As can
be seen, the glass transition temperature decreases
with the degree of crystallinity, for example, Tg � 64°C
at Xc � 2.0% and Tg � 89°C at Xc � 34.6% as measured
by tan � in Figure 10. As discussed in the literature, Tg

of crystalline polymers may increase or decrease with
crystallinity depending on the nature and the role of
cyrstalline phase in the glass transition process.33,34

For the PBT system used in this study, it is clearly seen
that the glass transition temperature decreases with
crystallinity.

In addition, the elastic modulus increases due to
the increased degree of crystallization in the all the

temperature ranges of DMTA measurement.35 In
particular, the increment of the modulus in the rub-
bery state of PBT over Tg seems more than one order
of magnitude approximately from 108 to 109 dyne/
cm2, depending on the degree of crystallinity. The
elastic modulus drops at the main crystalline melt-
ing temperature around 230°C, which is often re-
ferred as the � transition. The characteristic temper-
atures measured by the dynamic mechcanical tests
and the crystallinity obtained by WAXS are summa-
rized in Table III.

Crystalline polymers have a damping peak corre-
sponding to the glass transition as well as crystalline
melting. As can be seen in Figure 9 and 10, the inten-
sity of tan � at the glass transition is reduced with Tc,
indicating that the more the crystalline phase exists in
the sample, the lower the intensity and damping of
glass transition. It can also be interpreted that the time
lag between the applied stress and strain is reduced as
the crystallinity is increased, resulting in more elastic
feature of the sample.

In addition to the damping peak of Tg, tan � and G�
show another peak located between the glass transi-
tion and the melting temperature in the region of Tc is
between 80 and 160°C. It may be ascribed to the melt-
ing of a different or additional crystalline phase in-
duced by annealing.6,35 This peak seems to increase
with the annealing temperature, but it appears at a
temperature higher than the annealing temperature.
This transition in PBT does not appear when Tc is
lower than 80°C or higher than 160°C in this study.
Although they are not included here, the DSC exper-

TABLE I
Experimental and Theoretical d-Spacings for

PBT Triclinic Unit Cell [a � 4.83 Å (99.9°);
b � 5.95 Å (64.6°); c � 11.67 Å (69.4°)]

I/I0

Measured Calculated

hkl
Angle

2-theta0
d-Spacing
angstrom

Angle
2-theta0

d-spacing
angstrom

mw 8.899 9.929 9.116 9.7 001
ms 15.981 5.541 16.100 5.50 101�
s 17.236 5.140 17.220 5.15 010
m 20.562 4.316 20.506 4.33 102�
vs 23.274 3.819 23.190 3.83 100
vs 25.135 3.540 25.371 3.51 021�
vw 29.352 3.040 27.442 3.25 003
w 31.457 2.842 30.720 2.91 113�
vw 39.538 2.277 39.344 2.29 105�

TABLE II
Crystallinity, Xc as a Function of k and Integration Interval

Tc
0C k

Integration interval, s0 � sp

Mean Xc

Std. dev.
(�10�2)0.05–0.2 0.05–0.3 0.05–0.4 0.05–0.5

0 0 0.022 0.021 0.014 0.008
7 0.023 0.025 0.018 0.012 0.020 0.578

20 0 0.051 0.049 0.033 0.027
7 0.058 0.053 0.052 0.051 0.052 0.121

40 0 0.136 0.131 0.108 0.096
4 0.147 0.155 0.143 0.144 0.147 0.536

60 0 0.174 0.160 0.127 0.114
4 0.188 0.189 0.168 0.171 0.179 1.110

80 0 0.216 0.198 0.167 0.155
4 0.233 0.234 0.220 0.233 0.230 0.637

100 0 0.245 0.223 0.198 0.168
4 0.265 0.263 0.261 0.252 0.260 0.567

120 0 0.282 0.261 0.226 0.197
4 0.305 0.308 0.298 0.296 0.302 0.570

140 0 0.293 0.278 0.230 0.209
4 0.316 0.328 0.304 0.314 0.315 0.503

160 0 0.312 0.286 0.253 0.219
4 0.337 0.337 0.334 0.329 0.334 0.412

180 0 0.311 0.290 0.256 0.217
4 0.347 0.342 0.338 0.326 0.335 0.709

200 0 0.321 0.397 0.262 0.226
4 0.347 0.350 0.346 0.340 0.346 0.477
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iments also support the additional crystallization
melting corresponding to the annealing process.

The effects of crystallinity on the modulus are illus-
trated in Figure 11. The modulus values below and
above Tg were taken from the curves in Figure 8 at 0
and 100°C, respectively, where the moduli were rea-
sonably considered to maintain the initial crystallinity
irrespective of the increasing temperature in dynamic
mechanical experiments. As a result of Figure 11, the
modulus in the amorphous phase may be obtained by
extrapolating the curves at Xc � 0, providing two
moduli before and after the glass transition tempera-
ture: G�a � 3.0 � 108 Pa below Tg and G�a �2.0 � 107

Pa above Tg. It demonstrates that the modulus in the
amorphous phase decreases by an order of magnitude
due to the increased chain mobility through the glass
transition. In addition, extrapolating the two curves in
Figure 11 up to Xc � 1.0, the value of G�c may be
obtained as 2.0 � 1010 Pa in both cases. Then, the
storage modulus may be described as a function of
crystallinity by the dual-phase continuity model with
the one-fifth power for both crystalline and amor-
phous phases:36

G�1/5 � waG�a
1/5 � wcG�c

1/5 (3)

where wa and wc are the weight fraction of amorphous
and crystalline phases, respectively, and G�a and G�c

being the storage moduli of the amorphous and crys-
talline phases, respectively. The model eq. (3) is com-
pared well with the experimental result in Figure 11
for below and above glass transition temperature. It is
interesting to note that the same value of the storage
modulus of crystalline phase, G�c, is used for the
model prediction in the two cases.

To investigate the effect of crystallinity on the vis-
coelastic properties, the storage modulus curve ob-
tained from the specimen crystallized at 0°C may be
used as a reference state containing a minimal quan-
tity of crystallinity that can be achieved in a practical
experiment. Subsequently taking the curve at Tc � 0°C
in Figure 8 as G�a and the other curves in the same
figure as G�, eq. (3) may used to extract out G�c to
represent the modulus of the crystalline phase chang-
ing during the DMTA experiments at a constant heat-
ing rate. Rewriting eq. (3) for the storage modulus of
crystalline phase as a function of temperature,

G�c �
1

wc
�	G�
1/5 	 wa	G�a


1/5� (4)

TABLE III
Transition Temperatures with Various Crystallization

Temperature, Tc and Degree of Crystallinity, Xc

Tc
°C

Xc
%

Tg onset
°C

Tg end
°C

Ta onset
°C

Ta end
°C

0 2.0 57.2 111.3 — —
40 14.7 57.1 96.4 — —
80 23.0 49.3 91.6 151.7 206.2

120 30.2 48.4 87.9 156.7 211.3
160 33.4 47.4 86.8 166.3 220.8
200 34.6 42.3 81.7 196.3 226.3

Figure 8 Storage modulus of PBT crystallized at various Tc
plotted as a function of temperature.

Figure 9 Loss modulus of PBT crystallized at various Tc
plotted as a function of temperature.

Figure 10 Dynamic damping peaks (tan �) of PBT crystal-
lized at various Tc plotted as a function of temperature.
Curves were vertically shifted maintaining the same scale
for comparison.
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The weight fraction of each curve in Figure 12 is listed
in Table III. As can be seen in Figure 12, the modulus
of the crystalline phase (G�c) maintains a constant
value in the glassy state for all the curves. They de-
crease during the glass transition but recover their
previous value right after the transition, maintaining
nearly constant values until the crystalline melting
starts. The modulus curve at Tc � 200°C has the high-
est value of crystallinity, and thus shows the highest
G�c throughout the whole range of temperature, and it
decreases at the � transition of major melting of PBT.
The G�c curves obtained at 80°C 
 Tc 
 160°C exhibit
lower values of modulus in the glassy and rubbery
states because their degree of crystallinity is lower
than the curve at Tc � 200°C. When Tc � 40°C, the
crystalline phase does not show a modulus plateau in
the rubbery state seemingly because the degree of
crystallinity, Xc � 0.147, is not high enough to act as an
effective reinforcement of PBT systems.

The effects of glass fibers on the storage modulus
(upper four curves) are shown in Figure 13, where

they are also compared with PBT0 (lower four curves).
It can be clearly seen that the glass fibers act as a
reinforcement, providing higher values of modulus
throughout the whole range of temperatures. In par-
ticular, the modulus in the rubbery state maintains
much higher values than pristine PBT resin. It can also
be seen that the glass fiber-reinforced composites do
not seemed to be much affected by the degree of
crystallization or additional crystallization. Although
the modulus values are altered by the degree of crys-
tallization, they do not exhibit low-temperature melt-
ing in the temperature range between 150 and 200°C.
It should also be mentioned that the � transition of the
glass fiber-reinforced composites is increased by 30–
50°C compared to the neat PBT resin.35

CONCLUSIONS

The crystalline morphologies of PBT thin-film com-
posites were examined through a polarizing optical
microscope (POM) in relation to the degree of crystal-
linity measured by the wide-angle X-ray diffraction
(WAXD) experiments. A dynamic mechanical thermal
analysis (DMTA) was used to identify the relationship
among crystalline structures, crystallinity, and visco-
elacity properties of PBT.

The morphology of PBT exhibited three different
types in maltes cross pattern; 90° maltese cross (usual
type) by solvent crystallization, 45° maltese cross (un-
usual type) by melt crystallization at lower crystalli-
zation temperature, and mixed type by melt crystalli-
zation at higher crystallization temperature above
160°C. Different types of spherulite structure showed
different melting peaks and different viscoelastic char-
acteristics. The glass fibers increased the number den-
sity and decreased the size of crystallites acting as
crystallization nucleation sites. However, transcrystal-
line layer was not clearly observed at the vicinity of
the glass fiber surfaces.

Figure 11 Storage modulus below and above Tg plotted as
a function of crystallinity: data taken from Figure 8 at 0 and
100°C, respectively.

Figure 12 Calculated storage modulus of a crystalline
phase using a dual-phase continuity model based on the
reference state of amorphous PBT at Tc � 0°C.,

Figure 13 Comparison of PBT polymer (PBT0: lower four
curves) and glass fiber-reinforced PBT composite (PBT30:
upper four curves) crystallized at different Tc.
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The storage modulus was analyzed by using an
empirical model to extract out the effect of crystalline
phase on the modulus change. The crystal-phase mod-
ulus (G�c) was extracted out from the experimental
data by using the model equation. Finally, the effect of
glass fiber on the modulus of PBT composite systems
was experimentally measured and compared with
neat PBT resin systems in various thermal treatment
conditions.
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neering Foundation (96-0502-0601-3).
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