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ABSTRACT: The copolyester was characterized as hav-
ing 71 mol % trimethylene terephthalate units and 29 mol
% ethylene terephthalate units in a random sequence
according to the NMR spectra. Differential scanning calo-
rimeter (DSC) was used to investigate the isothermal crys-
tallization kinetics in the temperature range (Tc) from 130
to 170�C. The melting behavior after isothermal crystalliza-
tion was studied using DSC and temperature-modulated
DSC by varying the Tc, the crystallization time, and the
heating rate. The DSC thermograms and wide-angle X-ray
diffraction patterns reveal that the complex melting behav-

ior involves melting-recrystallization-remelting and differ-
ent lamellar crystals. As the Tc increases, the contribution
of recrystallization gradually falls and finally disappears.
A Hoffman-Weeks linear plot yields an equilibrium melt-
ing temperature of 198.7�C. The kinetic analysis of the
growth rates of spherulites and the change in the mor-
phology from regular to banded spherulites indicate that a
regime II!III transition occurs at 148�C. VVC 2009 Wiley Peri-
odicals, Inc. J Appl Polym Sci 112: 2305–2314, 2009
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INTRODUCTION

Poly(ethylene terephthalate) (PET) is a popular poly-
ester, which is widely applied in fibers, films, bot-
tles, and engineering thermoplastics. The multiple
melting behavior of PET and its origin have been
intensively studied.1–12 However, PET crystallizes
slowly.13,14 When it is neat, it cannot be molded
with acceptable molding cycles. Poly(trimethylene
terephthalate) (PTT) is a relatively new commercial-
ized polymeric material that crystallizes easily with-
out the addition of nucleation agents.15,16 For a long
time, PTT did not find commercial interest because
of the limited availability of 1,3-propanediol (3G),
the monomer used for PTT synthesis. Recently, PTT
has drawn attention because of Shell’s break-through
in lower-cost monomer processes.17 Only limited in-
formation is available concerning its crystallization
kinetics17–22 and multiple melting behavior.23–26

Modifications of the chemical composition and the
sequence of comonomers in semicrystalline poly-
mers by copolymerization alter both the crystalliza-
tion kinetics and the morphology. Only a small
number of studies on poly[(ethylene terephthalate)-
co-(trimethylene terephthalate)] (PET/PTT) copo-
lyesters have been published.27–37 Most of these
copolyesters were crystallizable, but some were
amorphous depending on the compositions.27–32 The
composition of these copolyesters was determined
only by 1H-NMR.27–32 Ponnusamy and Balak-
rishnan28,29 synthesized a series of random PET/PTT
copolyesters from dimethyl terephthalate (DMT),
ethylene glycol (2G), and 3G by melt polycondensa-
tion techniques. A copolyester containing 71.0 mol %
of 3G was found to have a molecular weight of 1612
g/mol and an intrinsic viscosity of 0.11 dL/g (sol-
vent: o-chlorophenol at 30 � 0.1�C). This copolyester
was reported to be amorphous. Lee et al.30 synthe-
sized a series of PET/PTT copolyesters by reacting
DMT, 2G, and 3G in a two-step reaction sequence.
Thermal properties and nonisothermal crystallization
kinetics of these copolyesters were examined by dif-
ferential scanning calorimetry (DSC). Wu and Lin31

investigated the isothermal crystallization kinetics
and the melting behavior of PET/PTT copolyesters
using DSC. They assumed that the distribution of
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comonomers in these copolyesters was random,
based on the fact that a single Tg value rather than
two Tg values, which would correspond to possible
blocks of PET and PTT.30,31 Ko et al.35 determined
the compositions and the distribution of ethylene
terephthalate (ET) and trimethylene terephthalate
(TT) units from the quaternary aromatic carbons of a
series of PET/PTT copolyesters. They investigated
the melting behavior of copolyesters following noni-
sothermal crystallization using temperature-modu-
lated DSC (TMDSC). Additionally, the isothermal
growth rates of spherulites of PTT homopolymer,15

PT91/ET09 (containing 9 mol % ET units),36 and
PT62/ET3837 copolymers were measured. Crystalli-
zation kinetics and melting behaviors of them15,36–38

were also investigated in detail. Their properties are
tabulated in Table I.

The study reported here extends the current inves-
tigation on random copolyesters35 and focuses on
the crystallization kinetics and the melting behavior
of PT71/ET29 (that is containing 29 mol % ET units)
copolyester. 13C-NMR was used to determine the
composition and the comonomer distribution. In a
wide range of isothermal crystallization temperature
(Tc), DSC data were analyzed using the Avrami
equation.39,40 The linear growth rates of spherulites
were measured using polarized light microscopy
(PLM), and the regime transition temperature was
determined from the Lauritzen-Hoffman (LH) equa-
tion.41 The morphology of this copolyester at various
Tc values was observed under PLM. Furthermore,
the origin of the multiple melting behavior of iso-
thermal crystallized specimens was elucidated using
wide-angle X-ray diffraction (WAXD), DSC, and
TMDSC by varying Tc, crystallization time, and heat-

ing rate. In the next part of PT71/ET29 copolyester,
the regime transitions of I-II and II-III will be
reported and further discussed.

EXPERIMENTAL

Materials and characterization

Developmental-grade PT71/ET29 copolyester was
synthesized in three steps.35,42 This copolyester had
an intrinsic viscosity [g] of 0.70 dL/g measured
in phenol/1,1,2,2-tetrachloroethane (3/2, w/w) at
25 � 0.2�C. The 13C-NMR and 1H-NMR spectra of
CF3COOD/CDCl3 (4/1, v/v) solutions were re-
corded on a Bruker AMX-400 NMR spectrometer at
320 K.
Copolyester pellets and the compressed sheets

with a thickness of around 0.2 mm were dried at
45�C in a vacuum oven for 12 h to remove moisture
before use. Amorphous specimen, quenched from
the melt, was used to obtain its glass transition tem-
perature (Tg) with a Perkin-Elmer Pyris 1 DSC at
heating rates of 1, 5, and 10�C/min. The correspond-
ing Tg at the zero heating rate was 47.9�C (321.0 K).

DSC measurements and sample preparation

A Perkin-Elmer Pyris 1 DSC was routinely calibrated
with indium and zinc. About 3–5 mg of sample was
used herein. In the isothermal crystallization study,
the samples were initially heated up to 200�C at
10�C/min and held in the molten state for 5 min.
They were then rapidly cooled to the predefined Tc

between 130 and 170�C, and then crystallized (tc) for
three to five times the peak time to ensure complete

TABLE I
Typical Property Values15,36–38

PTT-1 PT91/ET09 PT71/ET29 PT62/ET38

TT (mol %) 100 91.1 70.5 62.1
ET (mol %) 0 8.9 29.5 37.9
Number sequence length of TT – 10.2 3.5 2.7
Number sequence length of ET – 1.0 1.5 1.6
Randomness, B 0 1.10 0.97 0.99
[g] (dL/g) at 25�C 0.66a 0.84 0.70 0.70
Tm (�C) 224.1 216.6 185.7 171.3
T0
m (�C) 240.6 236.3 198.7 188.5

Tg (
�C) 37.6 42.1 47.9 49.1

G0 (� 10 lm/s) at TG0 9.33 6.14 1.12 0.21
TG0 (�C) 180 180 130 120
G00 (� 102 lm/s) at TG00 0.50 6.10 2.05 0.28
TG00 (�C) 218 207 166 160
TII!III (

�C) 205 196 148 135
Enthalpy of crystallization (J/g) �55 �47 �35 �32
Absolute crystallinity (%)b 37.7 32.2 24.0 21.9

TT, trimethylene terephthalate; ET, ethylene terephthalate.
a At 37�C.
b Based on the heat of fusion for 100% crystalline PTT (146 J/g)
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crystallization. After isothermal crystallization, the
specimens were ready for DSC and WAXD studies.
The specimens were scanned up to 220�C at 10 and
50�C/min, respectively, to study their melting
behavior. The specimens were all treated under the
same premelting conditions, except that the isother-
mal crystallization time was varied, to study the
sequence of occurrence of the multiple melting
peaks. They were then scanned directly from Tc up
to 200�C at 50�C/min.

Measurements of TMDSC

The TMDSC measurements were performed on a TA
Instruments Q100, equipped with a refrigerating sys-
tem. The cell constant calibration was made using
an indium standard, and the temperature calibration
was conducted using indium and lead. A standard
sapphire sample was used to measure the heat
capacity calibration constant for the modulation
study. Specimens in TA DSC sample pans were pre-
pared isothermally in Pyris 1 DSC under the same
conditions as described in the previous section. A
heating rate of 3�C/min with a period of 40 s and a
modulation amplitude of 0.318�C were chosen as a
heating-only condition based on the specifications
presented in the instrument manual.43

WAXD measurements

Specimens with a thickness of about 0.5 mm after
complete isothermal crystallization at various Tc val-
ues were prepared using Pyris 1 DSC under the
same conditions as described earlier. X-ray diffracto-
grams at room temperature were obtained on a Sie-
mens D5000 diffractometer with Ni-filtered Cu Ka
radiation (k ¼ 0.1542 nm, 40 kV, 30 mA) at a scan-
ning rate of 1�/min.

PLM measurements

The setups and the measurements for the experi-
ments of PLM are described in previous studies.44,45

Specimens were prepared by melting the PET/PTT
samples on a slide glass at 220�C for 3 min. It was
found that there was no difference between the
measured growth rates after premolting at 200�C for
5 min or 220�C for 3 min.15,46 The latter treatment
was effective in reducing nucleation density to the
point of allowing the measurement of spherulitic
growth rate. The premolten specimens were rapidly
cooled to a predefined temperature between 130 and
166�C. The development of the spherulites was
recorded versus time during the crystallization. The
optical character was determined using a primary
red filter (k-plate) located diagonally between the
cross polarizers.

RESULTS

Copolyester composition and
sequence distribution

Figure 1 shows the 13C-NMR spectrum of the
copolymer and the peak assignments based on 13C-
NMR results obtained for PTT and PET homopoly-
mers.47 The three chemical shifts at 63.6, 62.9, and
28.0 ppm are associated with the ethylene carbons
(label a) in the AOCH2CH2OA units and the methyl-
ene carbons a (label b) and b (label c) bonded to the
ester oxygen in the AOCH2CH2CH2OA units,
respectively. The chemical shifts of the quaternary
aromatic carbons (label d), the aryl carbons (label e),
and the carbonyl carbons (label f) are at 133.6–134.0,
129.6–130.2, and 165.9–168.2 ppm, respectively. This
copolyester is characterized as having 70.5 mol % TT
units (PTT) and 29.5 mol % ET units (PET), based on
the analysis of quaternary aromatic carbons.35 TT
and ET units have average number sequence length
of 3.5 and 1.5, respectively. The randomness B is
given by P(ETP)/(2PTT � PET), where P(ETP) is the
probability of sequence ethylene-terephthalate-1,3
propylene (ETP, 40.3 mol% for this copolyester).35

The B value is 0.97, which is within the experimental
error, B ¼ 1.0 for a random copolymer. For compari-
son, the composition was also determined from the
1H-NMR integration area of the peak of the center
methylene proton in the 3G moiety at 2.3 ppm to
that of the methylene proton in the 2G moiety at 4.8
ppm.30 The composition is 71.7 mol % TT units,
which is very close to that observed in the 13C-NMR
spectrum. This copolyester was denoted as PT71/
ET29 in an earlier article.35

Isothermal crystallization kinetics

The second column in Table II presents the isother-
mal crystallization time at temperatures ranging
from 130 to 166�C by intervals of 4�C. The required
time for full crystallization (tc) increased from 27
min at 130�C to 150 min at 166�C. Columns 3 and 4
present the total enthalpy of crystallization (DH) and

Figure 1 13C-NMR spectrum of the copolymer and its
peak assignments.
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the half-time of crystallization (t1/2). The average DH
is �35 � 1 J/g. The values of t1/2 increased with Tc

from 3.3 min at 130�C to 28.8 min at 166�C. The rela-
tive degree of crystallinity [Xc(t)] at time t was calcu-
lated. The Avrami plots of log[�ln(1 � Xc(t))] vs. log
t give the Avrami exponents and rate constants, n
and k, which are presented in the last two columns:
n increases from 2.2 to 2.4 while k decreases from
4.1 � 10�6 to 2.3 � 10�8 min�n as Tc increases.
Because of the slow isothermal crystallization, the
values of DH and Xc(t) at 170

�C were not estimated.

Elucidating the melting behavior using
conventional DSC

Figure 2 presents DSC thermograms at a heating
rate of 50�C/min for specimens isothermally crystal-
lized at 146 and 162�C for different time durations.
Specimens crystallized at 146�C isothermally for 4 or
�6 min yield double or triple melting peaks, respec-
tively, in Figure 2(a). In Figure 2(b), specimens crys-
tallized at 162�C isothermally for 10 min or �15 min
yield a single melting peak or double melting peaks,
respectively. The smallest induction times for the
occurrence of the lower melting peak are about 6
and 15 min, respectively, for Tc values of 146 and
162�C. Figure 2(b) shows only one melting peak in a
short crystallization time. These results reveal that
the upper melting peaks appear first, and the lower
melting peak occurs after further crystallization. In
Figure 2, the peak location of the upper melting
peaks remains constant over the full range of crystal-
lization times.

Figures 3 and 4 present the DSC curves at heating
rates of 10 and 50�C/min, respectively, for the speci-
mens after complete crystallization at the indicated
Tc. A small endothermic signal at 60–70�C is the Tg

of semicrystalline specimens. Both heating curves
show multiple endothermic peaks similar to those
noted elsewhere.30,31 However, a very broad and

Figure 2 DSC thermograms at a heating rate of 50�C/
min for specimens after premelting at 200�C for 5 min and
then crystallized isothermally at (a) 146�C and (b) 162�C
for various periods of time.

Figure 3 DSC thermograms at a heating rate of 10�C/
min for specimens isothermally melt-crystallized at the
temperatures indicated.

TABLE II
Conditions and Kinetic Results of the Crystallization of

Specimens Isothermally Crystallized in the
Range 130–166�C

Tc (
�C) tc (min) D H (J/g) t1/2 (min) n k (min�n)

130 27 �34.9 3.3 2.24 4.11 � 10�6

134 30 �34.8 3.5 2.31 3.95 � 10�6

138 34 �33.6 3.6 2.34 4.04 � 10�6

142 39 �34.4 4.3 2.33 1.99 � 10�6

146 45 �34.3 5.1 2.35 1.07 � 10�6

150 52 �35.1 6.4 2.34 8.38 � 10�7

154 60 �37.3 8.2 2.36 6.05 � 10�7

158 70 �36.4 9.0 2.36 3.02 � 10�7

162 84 �35.8 15.1 2.38 5.41 � 10�8

166 150 �33.6 28.8 2.41 2.31 � 10�8
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weak endothermic peak was detected between Tg

and the temperature of the followed peak. The rea-
son is unclear. This smooth peak centers around
160�C, which is close to the melting temperature of
PT50/ET50.35 Table III presents the temperatures of
the melting peaks after deconvolution for heating
rates of 10 and 50�C/min. They are denoted as TI,
TII, and TIII in the order of increasing temperature:
TI is about 10�C above Tc at 10�C/min, and 11�C
above Tc at 50

�C/min. The peak temperature of pri-
mary crystals36,37 (TII) measured at a heating rate of
50�C/min is designated as Tm. Figure 5 shows Tm as
a function of Tc to determine the equilibrium melt-
ing temperature, T0

m. A solid line is plotted where Tc

¼ Tm. According to the Hoffman-Weeks approach,48

the experimental data are extrapolated (based on the
linear regression of the data points, plotted as filled
symbols, for Tc ranging from 130 to 166�C) until
they intersect with the solid line. The temperature of
intersection is T0

m, which yields a value of 198.7�C.

Elucidating the melting behavior using TMDSC

The total curves of TMDSC traces in Figure 6 pres-
ent three distinct melting peaks labeled PI, PII,endo,
and PIII with increasing temperatures, denoted as TI,
TIIendo, and TIII. One small exothermic peak that
appears just prior PIII for Tc � 146�C is labeled as
PII,exo with a peak temperature at TIIexo. PI shifts to
the high-temperature region as Tc increases, and TI

is about 5–6�C above Tc. PII,endo shifts slowly to
higher temperature and its intensity increases with
Tc. The position of PIII (or TIII) varies very slightly
with Tc, however, its intensity decreases with an
increase in Tc. The total enthalpies of melting of the
three peaks are then summed up as follows: they
increase from 33.0 to 41.3 J/g as Tc increases. The
exothermic enthalpy decreases from �1.3 to �0.1 J/g

Figure 4 DSC thermograms at a heating rate of 50�C/
min for specimens isothermally melt-crystallized at the
temperatures indicated.

TABLE III
Melting Peak Temperatures (�C) at Two Heating Rates

Tc (
�C)

Tpeak (�C) at 10�C/min Tpeak (�C) at 50�C/min

TI TII TIII TI TII TIII

130 138.1 167.9 188.9 141.4 169.0 184.9
134 141.8 169.5 189.0 145.6 170.7 185.7
138 149.3 173.0 189.7 148.9 172.3 185.7
142 149.8 173.0 189.5 152.3 174.0 185.7
146 153.7 174.7 189.7 156.4 175.7 185.7
150 157.3 176.4 190.0 159.8 177.3 185.7
154 161.9 178.2 190.0 164.0 179.0 185.7
158 167.5 180.8 190.3 168.2 181.5 185.7
162 181.6 183.4 191.1 174.8 184.9 –
166 180.4 185.9 191.5 177.3 185.7 –
170 182.4 188.4 – 183.2 188.2 –

Figure 5 Hoffman-Weeks plot for determining the equi-
librium melting temperature of the copolyester from con-
ventional DSC data at a heating rate of 50�C/min.

Figure 6 Total heat flow of TMDSC thermograms at a
heating rate of 3�C/min for specimens isothermally melt-
crystallized at the temperatures indicated.
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as Tc increases from 122 to 138�C and is zero at Tc

� 142�C.
TMDSC cannot discriminate quantitatively

between reversible and nonreversible (NR) contribu-
tions of polymer melting.49–51 A qualitative interpre-
tation of NR curves is described later. NR curves
(Fig. 7) show three endothermic melting peaks at Tc

> 158�C, denoted as PI,NR, PII,NRendo, and PIII,NR,
with increasing temperature. At Tc < 170�C, one
crystallization exotherm is observed between the
two melting endotherms. The exothermic enthalpy
(DHexoNR) decreases as Tc increases from 122 to
166�C and is zero at Tc ¼ 170�C.

WAXD results

Figure 8 shows WAXD patterns of this copolyester
after crystallization at various isothermal tempera-
tures. All of the samples yield the same diffraction
peaks over the entire range of temperature, indicat-
ing that there is only one crystalline form in all the
samples crystallized isothermally between 130 and
170�C. The same pattern was obtained with low
noise signal for thicker specimens.35 These patterns
have the similar diffraction peaks as PTT homopoly-
mer with a triclinic unit cell.26,52–56

Kinetic analysis of the growth rates of spherulites

The growth rate (G) of spherulites was determined
before their impingement by measuring the spheru-
litic radii from PLM micrographs obtained at succes-
sive intervals during isothermal crystallization.44,45

Figure 9 plots the temperature dependence of
the growth rate. The growth rates range from 11.15
� 10�2 lm/s at 130�C to 2.05 � 10�2 lm/s at 166�C.
Error bars are also plotted in Figure 9 for each ex-
perimental point (or Tc). As expected, the decline in

the radial growth rate with increasing Tc is con-
firmed in this temperature range. The measurable
maximum growth rate of this copolyester is around
1/16 of the measurable maximum growth rate of
PTT homopolymer.15,16

The regime analysis based on the LH model41 is
used to treat the growth rate data presented in Fig-
ure 9. Figure 10 plots logG þ U*/[2.303R(Tc � Tg

þ30)] as a function of 1/(TcDTf), yielding the value
of Kg (slope � 2.303) in each regime. U* and T1 are
the WLF (Williams-Landel-Ferry) energy term and
the WLF temperature, respectively, DT ¼ (T0

m-Tc)
represents the undercooling, and f denotes a correc-
tion term of the order of unity, which is normally
expressed as

f ¼ 2Tc=ðT0
m þ TcÞ (1)

The regime analysis of the LH model was con-
ducted using the following values: U* ¼ 1500 cal/

Figure 7 Nonreversible heat flow of TMDSC thermo-
grams at a heating rate of 3�C/min for specimens isother-
mally melt-crystallized at the temperatures indicated.

Figure 8 X-ray diffraction patterns of specimens isother-
mally crystallized at various temperatures.

Figure 9 Variation of spherulitic growth rates with
temperature.
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mol, and T1 ¼ Tg � 30 K with Tg at 321.0 K. T0
m

¼ 198.7�C ¼ 471.8 K was adopted. The two optimal
fit lines correspond to the correlation coefficients
(0.9990 and 0.9992), as shown in Figure 10. The
break in the curve occurs at Tc ¼ 148.5�C, and the
ratio of the two slopes is 1.72. These results show
that this sample exhibits a regime II!III transition
at � 148�C.

Figures 11 and 12 present the photographs of the
samples (between crossed polarizing plates), crystal-
lized from the melt at various Tc. These spherulites

exhibited typical negative birefringence, marked by
a dark Maltese cross. Furthermore, a system of dark
concentric rings was observed when the samples
were crystallized at higher temperature, between 148
and 158�C (Fig. 12). These ringed images observed
are similar to those of the morphology of banded
spherulite, which is generally observed in crystalline
polymers.52 At lower temperatures of crystallization
(130, 138, 146, and 147�C as presented in Fig. 11),
the banded morphology disappears and a regular
spherulitic image is obtained. PLM revealed a clear
change in morphology (from 147 to 148�C). This
temperature is very close to the regime II!III transi-
tion at 148.5�C, as determined from the kinetic anal-
ysis of the growth rates.

DISCUSSION

The occurrence of a single Tg at 60–70�C and a ran-
dom parameter value of 0.97 indicate that the distri-
bution of TT and ET units is statistically random.
These units have number-average sequence lengths of
3.5 and 1.5, respectively. DSC results of isothermal
crystallization between 130 and 166�C reveal that this
PT71/ET29 copolyester has a heat of crystallization of
�35 � 1 J/g. The WAXD pattern also indicates that
this copolyester is crystallizable. These results are dif-
ferent from those reported by Ponnusamy and Balak-
rishnan.28,29 It might be due to the low molecular
weight28,29 and the premelting condition.35

Figure 10 Kinetic analysis of the growth rate of spheru-
lites. In this case, U* ¼ 1500 cal/mol, T1 ¼ Tg � 30 K
¼ 291.0 K and T0

m ¼ 471.8 K.

Figure 11 Transmission PLM micrographs with regular spherulites for specimens melt-crystallized at the indicated tem-
peratures: (a) 130, (b) 138, (c) 146, and (d) 147�C.
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Melting behavior and mechanism of multiple
melting

As Tc increases from 134 to 170�C or when the heat-
ing rate increases from 3, 10, to 50�C/min, the gen-
eral phenomena that are shown in Figures 3, 4, and
6 occur as follows. The peaks at TI and TII shift to
higher temperature, and increase in intensity as Tc

increases. This trend indicates that thicker crystalline
lamellae develop as Tc increases. The position of the
peak at TIII varies very little with Tc, but the inten-
sity of the peak decreases as Tc increases. The ratio
of intensities of the peak at TIII and that at TII

decreases as the heating rate increases, because less
time is available for recrystallization since the heat-
ing rate is increased. These results show that the
peak at TIII is related to the melting of the recrystal-
lized crystals. The peak at TII is associated with the
fusion of the crystals that are grown during primary
crystallization, and the peak at TI is attributed to the
final step, which is secondary crystallization. The
distinctiveness of the peaks at TI and TIII is ascribed
to the slow growth rate of the primary crystals and
the low crystallinity of this copolymer.35–37

In this study, only one crystal structure was
formed, excluding the possibility of the presence of
different crystal structures. Accordingly, the multiple
melting peaks should be related to the melting of
various lamellar crystals and/or recrystallized crys-
tals. The isothermal crystallized specimens examined
by TMDSC were prepared under the same condi-
tions as used for conventional DSC. According to
the NR curves (Fig. 7), the exothermic enthalpy
(DHexoNR) gives direct evidence of the melting-

recrystallization-remelting behavior of PT71/ET29
copolyester. Exothermic recrystallization was not
detected at Tc ¼ 170�C because the growth rate of
this copolyester was very low (<2 � 10�2 lm/s as
in Table I). As Tc decreases, the melting temperature
of the secondary crystals also decreases, and more
time is available to recrystallize during the heating
scan at a rate of 3�C/min. The crystallization exo-
therm is also assumed to be absent at Tc ¼ 170�C in
Figures 3 and 4 because less time is available for the
recrystallization during heating at a rate of 10 or
50�C/min. However, in Figures 3, 4, and 6, an over-
lapped double or triple melting peaks are observed
at Tc ¼ 170�C. The absence of exothermic flow and
the triple melting peaks support the mechanism,
which involves various populations of lamellar crys-
tals in the specimens that are isothermally crystal-
lized over this temperature range. These results
indicate that the complex melting behavior of this
copolyester proceeds by both a melting-recrystalliza-
tion-remelting mechanism and a mechanism that
involves various lamellar crystals. As Tc increases,
the contribution of melting-recrystallization-remelt-
ing process to the upper melting peak gradually
decreases and finally disappears.

Melting peak temperatures and equilibrium
melting temperature

Comparing the peak temperatures obtained at rates
of 10 and 50�C/min at the same Tc reveals that TI

and TII values at 50�C/min are in general higher
than those at 10�C/min for Tc � 158�C (see Table

Figure 12 Transmission PLM micrographs with banded spherulites for specimens melt-crystallized at the indicated tem-
peratures: (a) 148, (b) 150, (c) 154, and (d) 158�C.
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III). This result may follow from the superheating of
the polymer at higher heating rate. The rise of TII of
the primary crystals is less than 1�C for Tc � 158�C.
However, it becomes reduced and is 0.2�C less for
Tc � 166�C. Conversely, TIII values obtained at
50�C/min are about 4�C less than those obtained at
10�C/min because the longer heating period at
10�C/min allows the specimens to recrystallize and/
or reorganize during the heating scan. Figure 3
shows that at Tc � 142�C, the melting peak of pri-
mary crystals at TII is much smaller than that at TIII

as the heating rate is 10�C/min. Additionally, PII is
followed immediately by an exothermic behavior. TII

value for Tc � 142�C is not a true primary melting
peak temperature when measured at a heating rate
of 10�C/min. From the number of data points and
the correlation coefficient values of linear regression,
the results indicate that TII measured at 50�C/min in
this study maybe a better way to estimate T0

m with-
out the superposition problem between the primary
melting peak and the recrystallization exothermic
peak. T0

m of 198.7�C, linearly extrapolated from the
Hoffman-Weeks plot of the TII values at a heating
rate of 50�C/min, is used to estimate the regime
transition temperature.

Wu and Lin31 presented T0
m to be 197.6�C when

PET/PTT copolyester containing 69 mol % TT units
was heated at 10�C/min. Lee et al.30 estimated T0

m to
be 216.4 and 230.0�C for PET/PTT copolyesters that
contain 60 and 78 mol % TT units, respectively.
These T0

m values exceed the T0
m of the PT71/ET29

used in this study, and the T0
m used in Wu and Lin’s

article, even though they are all determined using
the same Hoffman-Weeks plot method. In the work
of Lee et al., all of the specimens were crystallized at
Tc for 40 min, and then heated at a rate of 10�C/
min. This isothermal time may be not long enough
to complete the crystallization at most of the Tc

according to Table II. Significant recrystallization is
assumed to have occurred during the heating run at
10�C/min, based on the DSC thermograms in Figure
3 of the work of Lee et al. The overlap of the melting
peak of the primary crystals at the lower tempera-
ture with the melting peak of the recrystallized crys-
tals at the higher temperature may overestimate the
peak temperature of the primary crystals, resulting
in an overestimate of T0

m.

Avrami exponent and regime transition
temperature

In this study, n in the Tc range between 138 and
154�C is 2.3 � 0.1, which fits very well with n of 2.3
� 0.1 for Tc values between 139 and 154�C reported
by Wu and Lin.31 However, in that study the value
of DH is between 16 and 22 J/g, which is much less
than 35 � 1 J/g measured in this study. In this

study, the premelting condition for isothermal crys-
tallization was held for 5 min at 200�C, which is
higher than T0

m that was linearly extrapolated in Fig-
ure 5. The values of n are less than three, because,
first, the thickness of the samples in the DSC studies
is around 0.2 mm. At higher Tc values, the nuclea-
tion density is low and the diameter of the spheru-
lites is about 0.1 mm. Hence, the growth of the
spherulites was limited in two-dimensional spaces
during the later stage of isothermal crystallization.
Then, the homogeneous nucleation rate increases at
low Tc, representing an athermal nucleation process
that is followed by three-dimensional crystal growth
in the early stage of isothermal crystallization.
Finally, the cooling rate of the coolant system is not
sufficiently high to avoid crystallization of this copo-
lyester before cooling to a lower Tc.
PT71/ET29 copolyester showed a regime II!III

transition at about 148�C, which was based on the
LH kinetic analysis of the growth rates over the tem-
perature range from 130 to 166�C. Wu and Lin31 also
measured the growth rates of spherulites. The re-
gime transition was not found because only six data
ranging from 139 to 154�C were used to do the ki-
netic analysis in that study.

CONCLUSION

The PET/PTT copolyester used had 71 mol % TT
units and 29 mol % ET units. The value of the ran-
dom parameter, 0.97, is close to 1.0 for a random co-
polymer. The average number sequence lengths of
TT and ET units are 3.5 and 1.5, respectively. A sin-
gle Tg value also suggests that this copolymer is a
random copolyester. WAXD patterns suggest that
there is only one crystal structure formed isother-
mally between 130 and 170�C. Conventional DSC
and TMDSC curves showed triple melting peaks.
The melting behavior revealed that primary crystals
form before secondary crystals. A melting peak that
follows the melting of primary crystals is related to
the melting of the crystals that are recrystallized
during the DSC heating scan. The exothermic behav-
ior revealed by the TMDSC curves gives direct evi-
dence of recrystallization. At Tc ¼ 170�C, the
absence of exothermic flow and the appearance of
triple-melting peaks support the mechanism that
involves various lamellar crystals. As Tc increases,
the contribution of recrystallization gradually
decreases and finally to zero.
Isothermal crystallization indicated that the values

of the Avrami exponent were 2.3 � 0.1. The Hoff-
man-Weeks linear plot gave an equilibrium melting
temperature of 198.7�C. The kinetic analysis of the
growth rates of the spherulites indicated a regime
II!III transition at 148.5�C. A clear morphological
change from regular negative spherulites to banded
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negative spherulites was observed at 148�C in PLM
micrographs. This temperature is consistent with the
regime II!III transition, as determined from the ki-
netic analysis.
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