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Abstract

A copolyester was characterized to have 91 mol% trimethylene terephthalate unit and 9 mol% ethylene terephthalate unit in a random
sequence by using '*C NMR. Differential scanning calorimeter (DSC) was used to investigate the isothermal crystallization kinetics in the
temperature range (7.) from 180 to 207 °C. The melting behavior after isothermal crystallization was studied by using DSC and temperature
modulated DSC (TMDSC). The exothermic behavior in the DSC and TMDSC curves gives a direct evidence of recrystallization. No exothermic
flow and fused double melting peaks at 7, = 204 °C support the mechanism of different morphologies. The Hoffman—Weeks linear plot gave an
equilibrium melting temperature of 236.3 °C. The kinetic analysis of the growth rates of spherulites and the morphology change from regular to
banded spherulites indicated that there existed a regime II — III transition at 196 °C.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Copolyester; NMR; Crystallization

1. Introduction

Linearly polymerized esters of terephthalic acid and glycols
have been synthesized by Whinfield and Dickson in 1941, and
have been patented in 1946 and 1949 [1,2]. It is advantageous
to use glycols having from 2 to 4 methylene groups, since
these give highly polymerized esters with very high melting
points. Poly(ethylene terephthalate) (PET) can crystallize
over a wide temperature range between the glass transition
temperature (T,, 78 °C) and the melting temperature (T,
253 °C) [3]. The multiple melting behavior of PET and the or-
igin of this phenomenon have been intensively studied [4—15].
However, PET has a slow rate of crystallization in molding
[16,17] and cannot be molded neat with acceptable molding
cycles. Poly(trimethylene terephthalate) (PTT) is also a
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aromatic polyester with a T, of 44 °C and a T}, of 228 °C
[3], and can be crystallized easily without adding nucleation
agents [18,19]. For a long time, PTT did not find commercial
interest due to 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 [20]. Only limited information is
available about its crystallization kinetics [21—26] and its
multiple melting behavior of PTT [27—30]. Temperature mod-
ulated differential scanning calorimetry (TMDSC) is a thermal
analysis technique [27,31—41], which could separate the total
heat flow into the heat capacity-related (reversible) and kinetic
(non-reversible) components. This makes TMDSC a powerful
technique for the separation of exotherm from glass transition,
reversible melting, or other heat capacity-related events.
Modifications of the chemical composition and the se-
quence distribution of semicrystalline polymers by copolymer-
ization will alter both the crystallization kinetics and the
morphology. Up to now, only a small number of works are
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reported on poly(ethylene terephthalate-co-trimethylene tere-
phthalate) (PET/PTT) copolyesters [3,42—49]. The composi-
tion of these copolyesters was determined only by proton
nuclear magnetic resonance ('"H NMR) [42—47]. Lee et al.
[45] synthesized a series of PET/PTT copolyesters by reacting
dimethyl terephthalate (DMT), ethylene glycol (2G) and 3G in
a two-step reaction sequence. Their thermal properties and
non-isothermal crystallization kinetics were studied by differ-
ential scanning calorimetry (DSC). Wu and Lin [46] studied
the isothermal crystallization kinetics and the melting behav-
ior of PET/PTT copolyesters by DSC. These copolyesters
were assumed to be random from the fact of a single T, rather
than two T,s corresponding to possible blocks of PET and PTT
[45,46]. In previous studies, Ko et al. [3] determined the com-
positions and the sequence distribution of 2G and 3G from the
quaternary aromatic carbons of a series of PET/PTT copoly-
esters and presented the melting behavior of copolyesters
after non-isothermal crystallization by using TMDSC.

The present study is one of the continuations of research on
random copolyesters [3]. This paper is focused on the crystal-
lization kinetics and the melting behavior of PT91/ET(09 copo-
lyester. *C NMR was used to determine the composition and
the sequence distribution of this copolyester. Over a wide
range of isothermal crystallization temperature (7,), the DSC
data were analyzed using the Avrami equation [50,51]. Linear
growth rates of spherulites were measured in polarized light
microscope (PLM) and the regime transition temperature
was analyzed from the Lauritzen—Hoffman (LH) equation
[52]. The morphology of this copolyester at various 7. was ob-
served under PLM. In addition, the origin of multiple melting
behaviors of isothermally crystallized specimens was eluci-
dated using wide-angle X-ray diffraction (WAXD), DSC and
TMDSC by varying the T, the crystallization time and/or
the heating rate. In the second part of PT91/ET09 copolyester,
the regime transitions of I — II and II — III will be reported
and further discussed.

2. Experimental
2.1. Materials and characterization

Developmental grade PT91/ET09 copolyester was synthe-
sized by three steps [3,53]. This copolyester had an intrinsic
viscosity [n] of 0.84 dL/g measured in phenol/1,1,2,2-tetra-
chloroethane (3/2, w/w) at 25+ 0.2 °C using an Ubbelohde
viscometer. 'H NMR spectroscopy was used to determine
the composition of the copolyester. '*C NMR analysis was
performed for determining both the copolyester composition
and the ester sequence distribution in the copolymer. The
13C NMR and 'H NMR spectra of CF;COOD/CDCl; (4/1,
v/v) solutions were recorded on the Bruker AMX-400 NMR
spectrometer at 320 K. In order to have a quantitative re-
sponse, the '*C NMR spectra were determined by using
a 20-s pulse cycle [3]. This condition ensured the complete re-
laxation of all the nuclei to be analyzed, therefore the relative
peak areas could be measured in an automatic integration
mode.

The copolyester pellets and the compressed sheets with
a thickness of about 0.2 mm were dried at 45 °C in a vacuum
oven for 12 h to remove moisture before using. Amorphous
specimen, quenched from the melt, was used to obtain its T,
in a Perkin—Elmer Pyris 1 DSC at a heating rate of 1, 5 and
10 °C/min. The corresponding T, at the zero heating rate is
42.1 °C (315.2 K).

2.2. Differential scanning calorimetry (DSC)
and sample preparation

A Perkin—Elmer Pyris 1 DSC was used to investigate the
isothermal crystallization kinetics and the melting behavior
of the copolyester under nitrogen. Both temperature and heat
flow scales were routinely calibrated with indium and zinc
under a constant nitrogen flux. About 3—5mg of sample
was used in this study. Each sample was first heated up to
245 °C with 10 °C/min and dwelled for 5 min at the melt, fol-
lowed by cooling to a chosen T, between 180 and 207 °C with
a most rapid rate. The samples were crystallized for 3—5 times
of the peak time to ensure the completion of crystallization.
After isothermal crystallization, the specimens were ready
for DSC, TMDSC and WAXD studies. The exothermal curves
of heat flow as a function of time were recorded and analyzed
by Avrami’s method [50,51]. To study the melting behavior,
the samples were scanned up to 250 °C at 10 and 50 °C/min.
To study the origin for the occurrence of the multiple melting
peaks, the samples were treated in the same pre-melting con-
dition except that the isothermal crystallization time was var-
ied. Then they were scanned directly from 7, up to 230 °C at
50 °C/min.

2.3. Temperature modulated DSC (TMDSC)

A TA Q100 TMDSC equipped with a refrigerated cooling
system was also used to investigate the melting behavior of
the specimens after completely isothermal crystallization. Ni-
trogen gas was used as a purge gas and the flow rate was
50 ml/min. The cell constant calibration was performed with
an indium standard, and the temperature calibration was ob-
tained with indium and lead metals. A standard sapphire sam-
ple was used to measure the heat capacity calibration constant
for the modulation study. The heating was operated at 2 °C/
min with the modulation amplitude of 0.212 °C and the mod-
ulation period of 40 s, based on the recommended specifica-
tions given in the instrument manual [54]. The modulation
amplitude was smaller relative to the heating rate, so there
was no local cooling during the scan, which was referred to
as heating-only.

2.4. Wide-angle X-ray diffraction

X-ray diffractograms at room temperature were acquired
by a Siemens D5000 diffractometer using Ni-filtered Cu Ka.
radiation (A =0.1542 nm, 40 kV, 30 mA) at a scanning rate of
1°/min.
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2.5. Polarized light microscopy (PLM)

The setups and the measurements for the experiments of
polarized light microscopy are described in previous studies
[55,56]. Specimens were prepared by melting the PTT/PET
sample on a slide glass at 260 °C for 3 min to remove thermal
history. The pre-molten specimens were quickly cooled to
a preset temperature between 180 and 204 °C. Development
of the spherulites was recorded as a function of time during
the crystallization process. The sign of birefringence of the
spherulite textures was determined by means of a primary
red filter (A-plate) located diagonally between cross polarizers.

3. Results and discussion
3.1. Copolyester composition and sequence distribution
'3C NMR spectrum of this copolyester is shown in Fig. 1a,

where the assignment of each peak is based on the '>*C NMR
results of PTT and PET homopolymers [57]. The ranges of

(a)

2417

carbon chemical shifts are 63.2—64.0, 62.5—63.0, and 27.8—
28.1 ppm, respectively, for the ethylene carbons (label a) in
the —OCH,CH,O— unit and the methylene carbons a. (label b)
and 3 (label c) to the ester oxygen in the —OCH,CH,CH,0—
unit. The chemical shifts of quaternary aromatic carbons (label
d), aryl carbons (label e), and carbonyl carbons (label f) are
133.6—134.0, 129.6—130.2, and 165.9—168.2 ppm, respec-
tively. The possibilities of three triads in this copolyester are
P(ETE), P(PTP) and P(ETP) (where E represents ethylene gly-
col unit, T is terephthalate unit, and P denotes 1,3-propanediol
unit). An enlarged '>C NMR spectrum in the range of 133.3—
134.2 ppm is shown in Fig. 1b, where four peaks are assigned
to ETE (A, 133.7 ppm), PTP (B, 133.8 ppm), ETP-E side (C,
133.6 ppm), and ETP-P side (D, 133.9 ppm) triads, respectively
[3]. This copolymer is characterized to have 91.1 mol% of tri-
methylene terephthalate (PT) unit, and 8.9 mol% of ethylene
terephthalate (ET) unit. The composition was also determined
from 'H NMR integration of the center methylene in the 1,3-
propanediol moiety at 2.3 ppm relative to the methylenes in
the ethylene glycol moiety at 4.8 ppm [45]. The composition
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Fig. 1. (a) 100 MHz "> C NMR spectrum and its peak assignment; (b) an enlarged spectrum in the range of quaternary aromatic carbons.
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is 93.1 mol% of PT unit, which is very close to that observed in
the '*C NMR spectra. This copolyester was denoted as PT91/
ETO09 in the previous paper [3].

The randomness or irregularity factor B [58,59] is given by
P(ETP)/(2Ppr X Pgt), where Ppr and Pgr are the mole fraction
of PT and ET units. The B value is 1.10 which is close to
B =1.0 for a random copolyester. The average number se-
quence lengths [58,60] for PT and ET units are 10.2 [2Ppy/
P(ETP), Lnpy] and 1.0 [2Pg/P(ETP), Lngt], respectively.
These results suggest that the sequence distribution of PT
and ET units is statistically random for this copolyester.

3.2. Isothermal crystallization kinetics

The isothermal crystallization time, at temperatures ranging
from 180 to 207 °C in an interval of 3 °C, is listed in the sec-
ond column of Table 1. The required time (¢.) increased from
5 min at 180 °C to 163 min at 207 °C. The total enthalpy of
crystallization (AH ) and the half time of crystallization (¢,,)
are tabulated in columns 3 and 4 of Table 1. The average value
of AH is —47 +2J/g, and the individual AH is higher than
that reported by Wu and Lin [46] at the same T.. When
T.=180°C, the exothermic signal disappeared at about
2 min, and when T,.=207 °C, the complete crystallization
time was longer than 70 min. The values of ¢, increased
with T, from 0.5 min at 180 °C to 24.8 min at 207 °C. The rel-
ative degree of crystallinity [X.(¢)] at time ¢ was calculated.
From the Avrami plot of log[—In(1 — X (7))] versus log ¢, the
Avrami exponents and rate constants, n; and ky, are tabulated
in the last two columns of Table 1. The n; values increased
from 2.2 to 3.0 with an increasing 7. This phenomenon can
be explained as follows. First, the thickness of samples for
DSC studies is about 0.2 mm. At higher T.s, the nucleation
density is low and the diameter of the spherulite is larger
than 0.1 mm. Therefore, the growth of the spherulites was lim-
ited in two-dimensional space during the later stage of isother-
mal crystallization. Next, the homogeneous nucleation rate
increases rapidly at low T.. It represents an athermal nucle-
ation process followed by three-dimensional crystal growth
in the early stage of isothermal crystallization. Finally, the
cooling rate of the coolant system is not fast enough to avoid

Table 1
Summary of the condition and the kinetic analysis of crystallization for the
specimens isothermally crystallized ranging from 180 to 207 °C

T. (°C) t. (min) AH (J/g) t1» (min) n ky

180 5 —46.2 0.5 2.23 4.14 x 107
183 7 —433 0.6 2.36 1.30 x 107
186 9 —46.7 0.9 2.56 246 x107°
189 12 —47.6 1.3 2.58 9.06 x 107°
192 15 —50.9 1.9 2.66 253 x10°°
195 18 —485 2.8 272 6.13 x 1077
198 27 —47.1 45 2.97 401 x 1078
201 42 —44.7 75 2.96 8.28 x 107°
204 78 —45.9 125 2.98 1.82x107°
207 163 —45.7 24.8 2.98 228 x 10710

crystallization of this copolyester before cooling to a lower T.
As shown in Table 1, the values of k; decrease from
41x107* to 2.3 x107'° with an increasing T.; in other
words, it means that the overall rate constant decreases
when the crystallization temperature increases.

3.3. Wide-angle X-ray diffraction

Fig. 2 shows the WAXD patterns of PT91/ET09 copolyester
melt-crystallized isothermally at various temperatures. All of
the patterns have the same diffraction peaks as PTT homopol-
ymer with a triclinic unit cell [30,61—65]. The characteristic
peaks at 2¢ = 15.6°, 17.2°, 19.5°, 21.8°, 23.7°, and 24.9°
were assigned to (010), (012), (012), (100), (102, 103), and
(113) planes, respectively [61—65]. Therefore, there is only
one form of crystal for the samples crystallized isothermally
between 180 and 207 °C. The possibility of different crystal
structures is excluded for this study. The multiple melting
peaks should be due to the melting of different populations
of lamellar crystals and/or the melting—recrystallization—
remelting processes.

3.4. Melting behavior and mechanism of multiple melting
peaks studied by conventional DSC

The DSC thermograms at a heating rate of 50 °C/min for
specimens isothermally crystallized at 195 and 204 °C for
different time durations are plotted in Fig. 3. In Fig. 3a, dou-
ble melting peaks are shown for specimens crystallized at
195 °C isothermally up to 5.5 min. In Fig. 3b, single endother-
mic melting peak is shown for specimens crystallized at
204 °C isothermally up to 40 min. A lower melting peak at
~10 °C above T. is not detected for T.s at 195 and 204 °C,
even the isothermal time is more than double of #;,. The
peak intensities of all the peaks increase as the crystallization
time increases, but the peak locations of the melting peaks re-
main constant over the range of crystallization time examined.
The fact that the constant intensity ratio of two peaks in

204 °C

198 °C

186 °C
180 °C
1T TT 7T T T T T T T T T

8§ 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
20 (degree)

Intensity (a.u.)

Fig. 2. X-ray diffraction patterns of the specimens isothermally crystallized at
various temperatures.
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Fig. 3. DSC thermograms at a heating rate of 50 °C/min for the specimens
after melting at 245 °C for 5 min, and then crystallized isothermally at (a)
195, (b) 204 °C for various time.

Fig. 3a and only one crystal structure regardless of T, in Fig. 2
can be explained in two ways. First, these two peaks represent
two populations of lamellae that grow simultaneously. How-
ever, it is hard to explain the phenomenon of single peak in
Fig. 3b. The second possibility is the application of melt-
recrystallization theory. The original crystallite formed at T,
(195 °C) started to melt above T, and part of the melt recrys-
tallized and remelted in the temperature range from 215 to
222 °C with a peak temperature around 218 °C as in Fig. 3a.
As T, increases from 195 to 204 °C, less time is allowed to re-
crystallize during the heating scan at a rate of 50 °C/min and
the growth rates of crystallites reduce to half (see the follow-
ing section). It indicates that the contribution of recrystalliza-
tion decreases and the melting peaks of original (or primary)
and recrystallized crystallites may merge together. The melt-
ing endotherms in Fig. 3 can be explained by the recrystalliza-
tion phenomenon.

Figs. 4 and 5 show the DSC thermograms at heating rates of
10 and 50 °C/min, respectively, for the specimens after com-
pletion of isothermal crystallization at the indicated T.. In
Fig. 5, a small endothermic signal at 60—70 °C is the T, of
semicrystalline specimens. The results of '>*C NMR analysis

180°C

“—ﬁ/

F

M~ L 186°C
— L 192°C

M~ J L 198°C
— \ 204 °C
207 °C

Endo —

T T T T T T
50 100 150 200 250

Temperature (°C)

Fig. 4. DSC thermograms at a heating rate of 10 °C/min for the specimens
isothermally melt-crystallized at the indicated temperatures.

and single T, suggest that the sequence distribution of PT
and ET units is statistically random for this copolyester. At
T. <192 °C, three distinct endothermic peaks are observed
in both figures, and a small exothermic peak can be detected
between two endothermic peaks located at the high tempera-
tures in Fig. 4. A little exothermic peak is also detected at
T.=180 °C in Fig. 5. This phenomenon indicates that during
the heating scan, recrystallization is much easier in the speci-
mens crystallized under higher supercooling and heated at
a lower rate. The endothermic peaks are labeled with Greek
letters o, B and y with increasing temperature in both figures.
The peak temperatures of the melting peaks after deconvolu-
tion are tabulated in Table 2 for heating rates of 10 °C/min
(columns 2—4) and 50 °C/min (columns 5—7), and are de-
noted as T,, Tg and T,. T, is 3—4 °C above T, at 10 °C/min,
and 7+ 1°C above T, at 50 °C/min. Peak o shifts to the
high temperature region as 7T, increases, and its intensity is

ISmW
[— 180°C
[ — 186 °C
- [— 192°C
=
=
=
— 198 °C
— 204 °C
S— ~——207°C
T T T T T T T T T T
0 50 100 150 200 250

Temperature (°C)

Fig. 5. DSC thermograms at a heating rate of 50 °C/min for the specimens
isothermally melt-crystallized at the indicated temperatures.



2420 C.-Y. Ko et al. | Polymer 48 (2007) 2415—2424

Table 2
Melting peak temperatures at heating rates of 10 and 50 °C/min, respectively.
All temperatures are in °C

T, Tpeax at 10 °C/min Tpeax at 50 °C/min

T, Tg T, T, Tg T,
180 183.4 (201.1) 219.7 185.7 201.6 215.8
183 186.5 (203.1) 219.6 189.0 203.2 215.8
186 189.7 204.9 218.9 192.4 204.9 216.6
189 192.9 206.7 218.9 195.7 206.6 216.6
192 196.0 208.7 219.6 199.1 209.1 216.6
195 199.2 210.4 220.1 202.4 210.7 216.6
198 — 212.1 220.6 205.8 212.4 216.6
201 - 214.1 220.6 - 214.1 -
204 — 216.1 219.9 — 216.6 —
207 — 218.7 — — 219.9 -

relatively small that is associated with secondary crystalli-
zation. Peak [ shifts to higher temperatures and increases in
intensity as T, increases, it is attributed to the fusion of the
crystals grown during primary crystallization. The position
of peak vy varies very little with T., however, its intensity
decreases with increasing T.. These results indicate that part
of peak y is due to the melting of the crystals recrystallized
during the subsequent heating run after crystallized at a
chosen T..

In the case of 10 °C/min, triple-melting peaks are detected
at T, <195 °C and a single melting peak with a shoulder at
high temperature side is observed at T, =204 °C (see Fig. 4
and Table 2). When the specimen is heated at 50 °C/min,
triple-melting peaks are detected at 7. < 198 °C (see Fig. 5
and Table 2). Peak B and peak y merge together to form a fused
peak at T, =204 °C. Finally, peak B and peak y merge com-
pletely to become a single peak at T, =207 °C, as shown in
Fig. 5. Comparing the peak temperatures at the same 7. in Ta-
ble 2, T,, and T at 50 °C/min are higher than those at 10 °C/
min. This may be due to the superheating of polymer at
a higher heating rate. However, the maximum temperature
rise for peak [ (or primary peak) is only 0.5°C for
T, <204 °C. In addition, T at T, = 180 and 183 °C for heat-
ing rate of 10 °C/min is not accurate because it is a superposi-
tion of melting of primary crystals with almost simultaneous
exothermic recrystallization. T,s at 50 °C/min are less than
those at 10 °C/min because a longer heating period at 10 °C/
min allows the specimens to be recrystallized and/or reorgan-
ized during the heating scan. These results suggest that Tp
measured at 50 °C/min is a better way to estimate the equilib-
rium melting temperature, Ty, without the superposition
problem between the primary melting peak and the recrystal-
lization exothermic peak. Therefore, the peak temperature of
primary crystals measured at a heating rate of 50 °C/min (col-
umn 6 of Table 2) is designated as Ty,. In order to determine
Ty, T is plotted versus T, in Fig. 6. A solid line is drawn
where T.=T,,. According to the Hoffman—Weeks method
[66], the experimental data are extrapolated (dotted line
made from the linear regression of the data points of filled
squares with T, ranging from 180 to 204 °C and a correlation
coefficient of 0.9988) to the intersection with the solid line.

240 236.3°C
y=89.55+0.6211x r=0.9988 >

220 4

-
- L
-
"

T, (°C)

200

180

T T T
180 200 220 240
T.(°C)

Fig. 6. Hoffman—Weeks plot for determining the equilibrium melting temper-
ature of the copolyester from the conventional DSC data at a heating rate of
50 °C/min.

The temperature of intersection is T},, which yields a value of
236.3 °C for this copolyester. Wu and Lin [46] presented that
the Ty was 231.5°C when the PET/PTT copolyester
containing 91.4 mol% PT unit with T, ranging from 180 to
195 °C was heated at 10 °C/min.

3.5. Melting behavior and mechanism of multiple melting
peaks studied by TMDSC

Fig. 7 shows multiple peaks in the total curves of TMDSC
traces. An enlarged curve for the melting peak P, at
T.=180 °C is inserted in the upper left corner. The melting
peaks are labeled as P,, Pgendo, Pprendo and P, with increasing
temperature in the figure, and denoted as Ty, Tgendos I pendo
and T,. One exothermic peak is labeled as Pp.y, with a peak
temperature at Tpexo. This peak appears just prior to Pgicndo

for T.,<195°C and/or immediately after Pgengo for
P [
0.54{C2 isothermally at 180 °C Po X Pﬁ‘*\endo 180°C
053 1 4/ _1secc
|
0.52
l 192°C
_g 0.51
180 190
= o
= P ento 198°C
2/
£ 204 °C
34
=
3 207 °C
S|
F
:[0.5 Wig
T T T T
140 160 180 200 220 240

Temperature (°C)

Fig. 7. Total heat flow of the TMDSC thermograms at a heating rate of 2 °C/
min for the specimens isothermally melt-crystallized at the indicated
temperatures.
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T.> 186 °C. P, is very small and shifts to the high tempera-
ture region as T, increases. T, is only about 2—4 °C above
T.. P endo shifts to higher temperature and increases in inten-
sity as T, increases. It becomes a major peak for 7, > 204 °C.
As T, increases, a complicated melting behavior in the high
temperature side is described as follows: (a) the position of
P, (or T,) varies very little; (b) Pg enao appears as a shoulder
of P, at T, = 180 °C and increases in intensity; (c) the appar-
ent Tgengo increases; (d) the relative intensity ratio of Py enao/
P, increases and merges into a single peak; (e) this single peak
decreases in intensity and becomes as a shoulder of Pgengo.
The total enthalpies of multiple peaks (AHu.1) are summed.
Its value increased from 47 to 57 J/g as T, increased. The exo-
thermic enthalpy from the total curve (AH xo.tora)) decreases
from —5.8 to —0.3J/g as T, increases from 180 to 195 °C
and is zero for T, > 198 °C.

The exothermic enthalpy (AHexo.ora) gives a direct evi-
dence of the model of melting—recrystallization—remelting
behavior of PT91/ET09 copolyester. As T, decreases, the melt-
ing temperature of the secondary crystals also decreases, and
more time is allowed to recrystallize during the heating scan
at a rate of 2 °C/min. It can be assumed that the crystallization
exotherm is also not detected at T, > 204 °C in Figs. 4 and 5
because less time is available for the recrystallization during
the heating at a rate of 10 or 50 °C/min. However, a distinct
shoulder located at T, is observed at T, =204 °C in Fig. 4.
No exothermic flow and fused double melting peaks support
the mechanism of different populations of lamellar crystals
for the specimens isothermally crystallized at T, =204 °C.
These results indicate that the complex melting behavior of
this copolyester is due to both mechanisms of melting—recrys-
tallization—remelting and different morphologies. As T,
increases, the contribution of melting—recrystallization—
remelting process to the upper melting peak gradually de-
creased, and finally disappeared.

One additional endotherm was reported by Wu and Lin [46]
for PTT and PET/PTT copolyester containing 91.4 mol% PT
using conventional DSC. This phenomenon was observed
only when these two polyesters were crystallized at lower
T.s and it was explained as the fusion of recrystallized crystal-
lites with different stabilities. This additional endotherm was
reported in the non-isothermal study of PT91/ET09 copo-
lyester and other PT enriched PET/PTT copolyesters [3]. In
this study, two peaks in the high temperature side are due to
different lamellar thickness or due to remelting of the recrys-
tallized crystals formed during the heating scan at a rate of
2 °C/min. From the comparison of PT91/ET09 in this study
with poly(ether ether ketone) (PEEK) [41], PET and poly(eth-
ylene naphthalate) (PEN) in the literatures [13,14,37,39], the
melting peak of perfect crystals by the reorganization process
appeared behind the melting peak of primary crystals (i.e.,
double melting peaks in the high temperature side) for PET
and PEN samples [39] in the reversing curves, however,
both melting peaks always merge together to form one single
melting peak for PEEK samples [41]. This is due to the fact
that the upper melting peak for PEEK sample was mainly at-
tributed to the primary crystal, while that for PET and PEN

samples were dominated by the perfect crystal due to the
reorganization process.

3.6. Kinetic analysis of the growth rates of spherulites

By measuring the spherulitic radii from PLM micrographs
taken at successive intervals during the isothermal crystalliza-
tion, the growth rate (G) was determined by a linear least
squares fit of the initial linear portion of the growth rate curves
before impingement [53,54]. Fig. 8 plots the temperature de-
pendence of the growth rate for the specimen after equilibra-
tion at 260 °C for 3 min. The growth rates range from
6.14 x 10" pm/s at 180 °C to 6.10 x 10~% pm/s at 207 °C.
The error bar is also plotted in Fig. 8 for each data point (or
T.). As expected, this confirms the decrease of the radial
growth rate with increasing 7, in this temperature range. The
measurable maximum growth rate of this copolyester is about
one-third of the measurable maximum growth rate of PTT
homopolymer [18,19]. High rates of nucleation and growth
resulted in a high recrystallization rate of this PT91/ET09
copolyester.

Let us follow the regime analyses of the LH model [50] to
treat our fitted growth rate data shown in Fig. 8. Fig. 9 shows
a plot of log G + U*/[2.303R(T,. — T, + 30)] versus 1/(T.ATf)
[52,55,56], which can provide the value of K, (slope x 2.303)
and log G, (intercept) for each regime. G, is the preexponen-
tial factor. U* and T, denote the WLF (Williams—Landel—
Ferry) energy term and WLF temperature, respectively, AT =
(TS —T¢) is the undercooling, and f represents a correction
term of the order of unity, which is normally expressed as

fZZTc/(T§1+Tc) (1)

The regime analysis of the LH model was performed by
using the following values: U* = 1500 cal/mol, and T'o, =T, —
30 K with the T, at 285.2 K. The value of Tp, =236.3°C =
509.4 K was employed. The optimal fit with two lines is re-
flected in the correlation coefficients (0.9979 and 0.9999), as
shown in Fig. 9. In this case, the growth rate data from 180
to 195 °C are plotted with filled triangles and used to fit a linear
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Fig. 8. Variation of spherulitic growth rates with temperature.
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Fig. 9. The kinetic analysis of the growth rate data of spherulites. In this case,
U* = 1500 cal/mol, T, =T, —30 K=2852K and T, = 509.4K, and the
growth rate data from 180 to 195 °C (filled triangles) are used to fit a linear
line in the higher undercooling region.

line in the higher undercooling region. The break in the curve
occurs at T, = 196.1 °C and the ratio of the two slopes is 2.01.
Obviously, an attempt to put one straight line through all the
data would lead to an inadmissible fit. Our results have thus
demonstrated that this sample exhibits a regime II — III tran-
sition at 196 °C.

The appearance of the samples, crystallized from the melt
at different Ts, between crossed polaroids is shown in Figs.
10 and 11. These melt-crystallized thin films with free surface
formed well-developed, two-dimensional spherulites with neg-
ative birefringence. They revealed a dark Maltese cross along
the vibrational directions of polarizer and analyzer. In addition
to these usual observations for polymeric materials, a system
of dark concentric rings could be seen while the samples
were crystallized at higher T, ranging from 197 to 204 °C
(Fig. 11). These observed ringed images are similar to the
morphology of banded spherulite, which is generally observed
in certain polymeric materials. At lower T, (180, 189, 195, and
196 °C as shown in Fig. 10a—d), the banded morphology dis-
appeared and exhibited regular spherulitic image. A clear
change in morphology (from 196 to 197 °C) was detected
based on PLM observation. This temperature is very close to
the regime II — III transition at 196.1 °C, as determined
from the kinetic analysis of the growth rates. Wu and Lin
[46] also measured the growth rates of spherulites for the
PET/PTT copolyester containing 91.4 mol% PT unit. The re-
gime transition was not found because only six data ranging
from 180 to 195 °C were used to do the kinetic analysis in
that study. Ty, determined from the non-linear extrapolation
of the Marand—Xu plot, and the effect of 77 values on the
regime transition temperature will be reported in the next
manuscript.

Fig. 10. Transmitted PLM micrographs with regular spherulites for the specimens melt-crystallized at the indicated temperatures: (a) 180, (b) 189, (c) 195, and (d)

196 °C.
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Fig. 11. Transmitted PLM micrographs with banded spherulites for the specimens melt-crystallized at the indicated temperatures: (a) 197, (b) 198, (c) 201, and (d)

204 °C.

4. Conclusion

The composition of this PET/PTT copolyester was found to
have 91.1 mol% trimethylene terephthalate (PT) unit and
8.9 mol% ethylene terephthalate (ET) unit. The value of the
random parameter, 1.10, is close to 1 for a random copolymer.
In addition, a single T, also suggests that this copolymer is
a random copolyester. The average number sequence lengths
for PT and ET units are 10.2 and 1.0, respectively. Single
ET unit is distributed randomly along the polymer chain. The
WAXD patterns suggest that there is only one crystal struc-
ture formed isothermally between 180 and 207 °C. Triple-
melting peaks were found in the conventional DSC and
TMDSC. The results indicate that the complex melting behav-
ior of this copolyester is due to both mechanisms of melting—
recrystallization—remelting and different morphologies. As
the isothermal crystallization temperature increases, the con-
tribution of melting—recrystallization—remelting process to
the upper melting peak gradually decreased, and finally
disappeared.

From the isothermal crystallization study, the n; values of
Avrami exponent increased from 2.2 to 3.0 with an increasing
T.. The Hoffman—Weeks linear plot gave an equilibrium melt-
ing temperature of 193.6 °C. From the kinetic analysis by us-
ing the growth rates of the spherulites, there existed a regime
IT — III transition at 196.1 °C. A clear change in morphology
from regular negative spherulites to banded negative

spherulites was also observed at 196 °C based on the PLM
micrographs. This temperature is consistent with the regime
II — III transition determined from the kinetic analysis.
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