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ABSTRACT: The shear-induced crystallization behavior of PET was investigated by
measuring the time-dependent storage modulus (G9) and dynamic viscosity (h9) with a
parallel-plate rheometer at different temperatures and shear rate. The morphology of
shear-induced crystallized PET was measured by DSC, X-ray, and polarizing optical
microscopy. When a constant shear rate was added to the molten polymer, the shear
stress increased with the time as a result of the orientation of molecular chains. The
induction time of crystallization is decreased with frequency. Moreover, the rate of
isothermal crystallization of PET was notably decreased with increasing temperature.
The shape of spherulites is changed to ellipsoid in the direction of shear. In addition,
aggregation of spherulites is increased with increasing frequency. Particularly, the row
nucleation morphology could be observed under polarized light for v 5 1. From the
results of DSC, the melting point and enthalpy have a tendency to decrease slightly
with increasing frequency. The crystallite size and perfectness decreased with fre-
quency, which was confirmed with X-ray data. The unit length of the crystallographic
unit cell of the PET increased and the (1# 0 3) plane peak increased with increasing
frequency. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80: 2640–2646, 2001
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INTRODUCTION

It is well recognized that the mechanical proper-
ties of plastic products are greatly affected by
microstructure determined during the fabrication
process. The microstructures are determined by
the choice of processing conditions such as melt-
ing, solidifying, and shearing. In the fabrication
processes the polymeric materials undergo com-
plicated thermal and shear histories, which have
a profound influence on the structure of the prod-
uct. Many recent investigations have focused on

understanding the effect of shear history on the
crystallization of crystalline polymers. Such stud-
ies have a practical importance because most of
the polymer fabrication processes usually involve
complex deformation histories. The flow stress is
reported to accelerate the crystallization of crys-
talline polymers because the shear stress gives
rise to the molecular orientation, reducing the
entropy of the melt.1–6 Thermodynamically, the
reduced entropy raises the melting temperature,
which results in increased supercooling.3,7

Several studies on PET were previously de-
scribed in the literature; the elongational flow-
induced crystallzation behavior and memory ef-
fect of shear history of PET were investigated
with rheometer and DSC.8–12 However, the ex-
periments of shear-induced crystallization of PET
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on the rheological base did not seem to include
X-ray data. Although there have been many re-
sults reported on X-ray data for the drawn PET
films or fibers,13–17 X-ray experiments on shear-
induced crystallized PET have not been carried
out. In this study, the shear-induced crystalliza-
tion behavior of PET was investigated. In addi-
tion, the effect of shear history on the crystalline
structure is also discussed in terms of thermal
and morphological properties on the basis of X-
ray data.

EXPERIMENTAL

Physical Properties

The material used in this study was poly(ethylene
terephthalate) supplied by SK Chemicals (Korea).
The polymer was predried in a vacuum oven at
120°C for 24 h. The inherent viscosity of 0.344
dL/g was determined in a mixture of trifluoroace-
tic acid and chloroform (1/3 v/v %) with a Ubbelo-
hde viscometer at 25 6 0.1°C.

The apparatus used was the Advanced Rheo-
metric Expansion System (ARES; Rheometric
Scientifics) with the parallel-plate geometry. The
plate diameter was 12.5 mm, the strain level was
5%, and the gap between the plates was 1 mm.
The PET chips were heated to 300°C. The initial
gap was set to a value equivalent to final gap plus
50 mm. Excess sample was trimmed off. The value
was reset to a final gap value of 1 mm and sam-
ples were relaxed for about 5 min at the temper-
ature in a nitrogen atmosphere, after which they
were cooled to be desired measurement tempera-
ture at a cooling rate of 20°C/min. A time-sweep
experiment was performed on the molten polymer
systems until the storage modulus reached a ceil-
ing value (a value at level-off of the curve). After
shearing, the sample was detached from the par-
allel plate for the DSC, X-ray diffractometer, and
polarizing optical microscopy.

Thermal Properties

Thermal analysis was carried out from 50 to
300°C at the heating rate of 10°C/min using a
Perkin–Elmer DSC-7 (Perkin–Elmer, Foster
City, CA) with nitrogen purge. The isothermal
crystallization was fulfilled in two measurements.
First, the samples were heated to 300°C at the
rate of 200°C/min, held for about 5 min, then
cooled to the desired measurement temperature

and crystallized at this temperature for the same
time as with the ARES experiments. Second, PET
chips were melted at 300°C between two glass
slides for 5 min using the hot stage. They were
very quickly moved to an oil bath and isother-
mally crystallized at 220, 230, and 240°C for 2, 4,
and 10 h, respectively.

Morphological Properties

Wide-angle X-ray diffraction patterns of the sam-
ples isothermally crystallized in the oil bath and
the ARES tests were recorded on an X-ray diffrac-
tometer (Rigaku Denki) with Ni-filtered CuKa
radiation at 35 kV and 35 mA. Morphology of
quiescent and shear-induced crystallized PET
specimens was observed by polarized microscopy
(Nikon HFX-IIA). The spherulite structure was
observed by microtoming the specimens.

RESULTS AND DISCUSSION

Figures 1 and 2 show the various results obtained
for the G9 (storage modulus) and h9 (dynamic
viscosity) versus time for three shear rates (1, 3,
and 5 rad/s) at 220°C. The storage modulus value
increased slowly during the early stage of exper-
iments. The induction period is the stage when
randomly entangled polymer chains transform to

Figure 1 Variation of G9 with time for PET melt at
220°C at three different frequencies.
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the regular aligned lattice. Because of topological
obstruction of such entanglements, the polymer
crystallization is extremely slow.18 However, an
abrupt increase of both parameters, G9 and h9,
follows in some minutes. This phenomenon can be
inferred from the formation of crystallites, prob-
ably resulting from shear-induced crystallization.
It may be, though, that the homogeneous PET
melts change to a suspension system in which the
crystallites disperse in the amorphous ma-
trix.7,19–22 The shear stress on the molten poly-
mers results in two characteristic responses of the
molecules, orientation and slippage. In view of
macroscopic phenomena, the molecular orienta-
tion and slippage will correspond to elasticity and
flow, respectively. An oriented polymer molecule
has a lower entropy than that of an nonoriented
one because of fewer possible conformations. Also,
the free energy of the crystals equals that of the
melt at the melting temperature. Therefore, for
an oriented melt, the decrease in entropy may be
considered to have increased the melting temper-
ature and, therefore, supercooling.3

Tm 5
DHf

DSf
5

Hm 2 Hc

Sm 2 Sc
(1)

This is the reason that the induction time de-
creased with increasing frequency, as shown in

Figures 1 and 2. Figure 1 shows that the ceiling
value of G9 is the same, regardless of frequencies
and temperatures when crystallization was fin-
ished. On the other hand, the ceiling value of h9 is
decreased by increasing the applied frequency, as
shown in Figure 2. For example, a decrease in
frequency from 3 to 1 rad/s led to an abrupt in-
crease of viscosity. Such an abrupt increase of
viscosity in the low-frequency range suggests the
disappearance of zero-shear viscosity, which dem-
onstrates the existence of a positive yield stress,
indicating the system is heterogeneous.23 In ad-
dition, the ceiling value of h9 shows a gradual
decrease with time after having reached a maxi-
mum as shown in Figure 2, which is more notice-
able at the higher frequency. The gradual de-
crease of h9 seems to result from the restructuring
of the heterogeneous systems; that is, the viscos-
ity is decreased with shearing because of destruc-
tion of the ordered crystallite particle structure.
The destruction of the pseudostructure of crystal-
lite particles is increased as shear rate is in-
creased, as reflected in Figure 2.

Figure 3 shows the time-dependent rheological
parameters at different crystallization tempera-
tures and frequencies. As can be seen from these
plots, both storage modulus and dynamic viscos-
ity are very susceptible to structural changes in
the fluid, and induction time is decreased with
increasing temperature. This suggests that the
number and growth rate of the nucleated crystal-
lites is greater at 220°C than that at 240°C; that
is, both nucleation density and growth rate of
crystallites are diminished by raising the anneal-
ing temperature. This stands to reason because
the maximum rate of the homogeneous crystalli-
zation of PET melts is observed in the vicinity of
190°C.24,25

The viscosity behavior of the PET melt with
crystallization (Fig. 3) may be accounted for by
adopting the Mooney equation in a qualitative
manner26:

lnS h

h1
D 5

KEF2

1 2 ~F2/Fm!
(2)

Fm 5
True volume of filler

apparent volume occupied by the filler
(3)

where h is the viscosity of the suspension, h1 is
the viscosity of the suspending medium, F2 is the
volume fraction of the filler, Fm is the maximum

Figure 2 Variation of h9 with time for PET melt at
220°C at three different frequencies.
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volume fraction that the filler can have, and KE is
the Einstein coefficient, whose value is known to
be 2.5 for the dispersed spherical filler.

Referring to the Mooney equation, the crystal-
lization patterns of PET melts at both 220 and
240°C are distinctively different. The Mooney
equation predicts that the degree of increase in

suspension viscosity with increasing F2 is greatly
increased if the spheres form aggregates because
the aggregation of spheres (spherulitic crystal-
lites or crystals in this study) increases the ap-
parent filler volume fraction. On this assumption,
it may be suggested that an application of higher
shear rate during isothermal crystallization tends
to increase the heterogeneous crystallization
characteristics. Hence, the higher nucleation den-
sity and higher growth rate of the nucleated crys-
tallites are obtained at higher frequency. More-
over, this can be confirmed, as shown in Figure 4,
which indicates that nucleation becomes increas-
ingly profuse and the size of spherulites decreases
with increasing frequency. In Figure 4(b) row nu-
cleation is observed for v 5 1, which is evidence of
the effect of shearing and also that the shape of
spherulites by shearing is elliptical.12 When fre-
quency increases, aggregation of spherulites is
often observed and the size of spherulites de-
creases. Indeed, in the photograph of the PET
sample crystallized for v 5 5, the spherulites
filled in the whole range because of the higher
nucleation density and higher growth rate of the
nucleated crystallites.

The melt endotherms of quiescently and shear-
induced crystallized PET are shown in Figure 5.
In Figure 5, v 5 0 rad/s indicates quiescent crys-
tallization: (a) indicates that the PET sample was
crystallized at 240°C for the same time as that
required in the ARES experiments, and (b) ex-
presses the PET sample crystallized in an oil bath
at the same temperature as in (a) for a time long
enough to fully crystallize. Because the holding
time at crystallization temperature in (a) is much
shorter than that in (b), an exothermic peak of
crystallization during the DSC heating scan is
observed in the thermogram (a) at around 155°C.
When the shear stress was applied, the induction
time of crystallization decreased and the possibil-
ity of nuclei formation increased as a result of
molecular orientation. These results make the
overall bulk crystallization rate more speedy, re-
sulting in the disappearance of the exothermic
peak in the upper three peaks of Figure 5.

In general, for the sheared melt the ensuing
reduction in entropy increases Tm, as shown in eq.
(1). As frequency increased, induction time of
crystallization decreased as a result of molecular
orientation, which indicates a reduction of DSf. In
addition, the size and perfectness of crystallites
decreased with increasing frequency (this is dis-
cussed later in detail), which is the reason that
DHf decreased with frequency, even though the

Figure 3 Variation of G9 (A) and h9 (B) for PET melt
at 3 rad/s at three different temperatures.
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amount of reduction was scarcely noticeable. In
the previous work,27 the sheared molecular chain
of PEN was better oriented than that of PET
because of its rigid backbone, and it was supposed
that the reduction of DSf might be greater than
that of DHf. Consequently, Tm increased with in-
creasing frequency. On the other hand, in the case
of PET, which has the more flexible backbone, it
may be thought that the reduction of DSf was
similar to that of DHf; hence, the melting point of
PET was not changed with frequency.

Figure 6 presents WAXD patterns of PET spec-
imens with shear-induced crystallization at
240°C at several frequencies. For the separation
of peaks, we used the method of Hindeleh and
Johnson,28 which is the only procedure based on a
reliable mathematical method for resolution of
overlapping peaks and separation of amorphous
scatter. This method has been successfully ap-
plied to the X-ray investigations of cellulose,29–31

polyamide, and poly(ethylene terephthalate) fi-

bers.32 In this method, an experimental X-ray
diffraction pattern is approximated by the theo-
retical function

Yc 5 O
i51

k

Qi 1 B (4)

where k is the number of crystalline peaks. Q is
expressed as either a Gaussian or a Cauchy func-
tion, or as a combination of both. B is a back-
ground function, which can be expressed as a
polynomial:

B 5 a 1 bx 1 xd2 1 dx3 (5)

where x is the scattering angle 2u.

Qi 5 fiAiexpH2ln 2F2~x 2 Pi!

Wi
GJ

1
~1 2 fi!Ai

1 1 @2~x 2 Pi!/Wi#
2 (6)

Figure 4 Polarizing optical micrographs of PET crystallized at 240°C at the following
frequencies: (A) v 5 0, (B) v 5 1, (C) v 5 3, and (D) v 5 5. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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Each peak is represented by four parameters: Ai,
the peak width at half-height Wi, the peak angu-
lar position Pi, and the profile function parameter

fi (fi 5 0 for a Cauchy function, fi 5 1 for a
Gaussian function, and can be any fraction for
combined functions). If necessary, other functions
could be used in place of Qi and B. All the param-
eters are found by minimization of the function

S 5 O
i51

n

~Yci 2 Yei!
2 (7)

where Yci and Yei are the calculated and experi-
mental X-ray scattering intensities, respectively,
and n is the number of intensity data. The mini-
mization procedure is completed at a value of S,
given by

S 5 r2 O
i51

n

~Yci!
2 (8)

where r is the relative experimental error. As a
result one can resolve multiple peak data into
individual crystalline peaks, an amorphous region,
and the half-width. The reciprocal of the half-height
broadening is used as a reliable parameter to eval-
uate both size and perfectness of the crystal-

Figure 5 DSC thermograms of PET isothermally crystallized at 240°C at various
frequencies.

Figure 6 WAXD patterns of PET isothermally crys-
tallized at 240°C at various frequencies.
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lites.33,34 It is possible in this way to obtain the
crystallites’ size and perfectness from peak separa-
tion and the reciprocal of the half-width. Figure 7
presents the variation of the value of the reciprocal
of the half-width with frequency. In Figure 7, the
crystallites’ size and perfectness of (0 1# 1), (0 1 0),
and (1 0 0) planes, which correspond to 25.9, 17.5,
and 16.3°, respectively, have a tendency to decrease
with increasing frequency, which is evidence of the
reduction of DHf (in Fig. 5). In Figure 6, the (1# 0 3)
plane peak appears at around 24°, for v 5 0, and
keeps growing with increasing frequency. In addi-
tion, all diffraction peaks of Figure 6 shift to a lower
angle when frequency is increased. This suggests
that the unit length of the crystallographic unit cell
of the PET changes slightly when crystallites grow
under shear condition. The length increased with
increasing frequency at every crystallization tem-
perature. This deformation might be the result of
the shear stress affecting the crystallites during or
after crystalline formation. It could be suggested
that the unit length deformation negatively affects
the amount of DHf, like the value of 1/half-width.

This work was supported by grant No. 1999-2-301-
006-5 from the Basic Research program of the Korea
Science & Engineering Foundation.
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