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Abstract The crystallization behavior and morphological struc-
ture of isothermally melt-crystallized and cold-crystallized
poly(ethylene/trimethylene terephthalate) (ET) copolyesters were
investigated by differential scanning calorimetry, wide-angle X-
ray diffraction, and small-angle X-ray scattering. At a given
crystallization temperature, the rate of cold crystallization was
found to be faster than that of melt crystallization. The Avrami
analysis revealed that the nuclei formed rapidly during the
cooling process. This suggests that the nuclei formed during
rapid cooling and that the athermal nucleation mechanism con-
tributes to the cold-crystallization process of ET copolyesters.
The crystal thickness (/.), amorphous layer thickness (/,), and
long period (L) of ET53 and ET82 between the isothermal melt-
crystallization and cold-crystallization had no significant differ-
ence. The values of the linear crystallinity (¢.™) for PET, PTT,
and ET copolyesters under isothermal melt-crystallization and
cold-crystallization conditions were similar. This means that the
random distribution of the constitutional repeating unit in the
molecular chain of ET copolyesters was not exclusively in the
lamella formation.
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Introduction

Much research has been done on the crystallization and melt-
ing behaviors of poly(ethylene terephthalate) (PET) and
poly(trimethylene terephthalate) (PTT) homopolymers [1-7],
which became textbook examples [8]. The chain flexibility of
PTT is higher than that of PET. Huang reported that the chain
folding of nucleation in PTT was ca. 4.8 kcal/mol, which is
much lower than that of PET (ca. 10 kcal/mol) [9, 10]. The
crystallization rate of poly(trimethylene terephthalate) is faster
than that of poly(ethylene terephthalate) [11]. The crystalliza-
tion behaviors of PET and PTT in the melt and glassy states
have been compared [12—-14]. Lu and Hay [12] studied the
isothermal melt-crystallization and cold-crystallization kinet-
ics of PET with different crystallization temperatures. The
Avrami exponents were 2.6+0.2 for both melt-crystallization
and cold-crystallization. These results indicated that the crys-
tallization mechanism for both melt-crystallization and cold-
crystallization of PET is one of a spherulite being formed by
heterogeneous nucleation. Hong et al. [13] investigated the
crystallization kinetics and morphology of PTT from the melt
and glassy states. The Avrami exponent analyzed from the
melt-crystallization process was in the range of 2~3, indicat-
ing mixed growth and nucleation mechanisms. Chung et al.
[14] found that the crystal thickness of cold crystallization
(~2 nm) is about half that of melt crystallization (~4 nm). The
crystal thickness of ~2 nm is close to the c-axis of the required
unit cell for PTT (18.64 A). They considered that the bundle-
like or fringed-micelle crystal was more reasonable than the
chain-folded lamella for explaining the crystallite structure of
cold-crystallized PTT.

The sequence distribution and crystallization in the melt state
of poly(ethylene/trimethylene terephthlate) (ET) copolyesters
were investigated [15, 16]. The copolyesters can crystallize
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across the full range of compositions, and the main constitu-
tional repeating unit in the molecular chain dominates the
crystal conformation as a host crystal. The conformational
change and crystal structure of ET copolyesters under isother-
mal melt-crystallization conditions were also investigated [17].
The wide angle X-ray diffraction (WAXD) and in-situ Fourier
transform infrared (FTIR) results showed that highly flexible
propanediol-dimethyl terephthalate-propanediol (PDO-DMT-
PDO) segments in ET53 (EG/PDO: 52.68/47.32) dominated
the crystalline structure, a finding that was confirmed by trans-
mission electron microscopy (TEM) observation. However, the
crystallization behavior and microstructure of ET copolyesters
is not yet understood. The present study investigated the crys-
tallization behavior and morphological structure of ET
copolyesters by differential scanning calorimetry (DSC),
WAXD, and small-angle X-ray scattering (SAXS) under iso-
thermal melt-crystallization and cold-crystallization conditions.

Experimental
Materials

Poly(ethylene/trimethylene terephthalate) (ET) copolyesters
were synthesized with different molar volume ratios of eth-
ylene glycol (EG), 1,3-propanediol (PDO), and dimethyl
terephthalate (DMT), using a two-stage reaction sequence.
The compositions of the ET copolyesters used are listed in
Table 1. The viscosities of ET copolyesters were in the range
0f 0.7-0.75 dL/g. The details were reported elsewhere [15].

Characterization

For the isothermal crystallization behavior study, the ET
copolyesters were melted using a Linkam THMS 600 heater
equipped with a LINKAM TMS91 electric microscope con-
troller. The crystallization and melting behaviors were observed
with a Du-Pont DSC Q10 instrument using a TA2000 thermal
analysis system. The instrument was calibrated with In and Pb.
The weight of the samples was in the range of 4-6 mg. The
flow rate of the purge gas N, was approximately 50 cm’/min.
Due to the thermal gravimetric analysis of ET copolyesters,
there was no significant weight loss of the sample until heating

to 300 °C. It was supposed that the transesterification reaction
did not happen below 300 °C. Samples were melted at 265 °C,
held for 3 min, then rapidly cooled to the isothermal crystalli-
zation temperature for 4 hours at 100 °C/min for melt-
crystallization. The melt samples were rapidly cooled to
35 °C at 100 °C/min, and then reheated to the isothermal
crystallization temperature for 4 hours at 40 °C/min for cold-
crystallization. The isothermal crystallization temperatures
were set according to the DSC results. Here, ET53 and ET66
were melted at 250 °C to compare them with the isothermal
melt-crystallization results in the previous study [17].

The crystal structure of the samples was studied using a
Bruker D8 SSS wide-angle X-ray diffractometer with Cu K«
radiation. The electric voltage was 40 kV; electric current
was 300 mA; scanning step was 0.02° for 0.5 s; the 26
scanning angle was 3-70°. The reflection profiles were
deconvoluted using Jade 5.0 software, Materials Data, Inc.,
with a peak search method. The FWHM (full width at half
maximum) value used to separate the amorphous phase and
crystal reflections was 4.

For the morphological structure study, the small angle X-ray
scattering results were obtained using a Bruker NanoSTAR
SAXS instrument, which consisted of a Kiristalloflex K760
1.5 kW X-ray generator (operated at 40 kV and 35 mA). The
cross-coupled Gébel mirrors for Cu Kx-radiation (A=1.54 A)
resulted in a parallel beam of about 0.05 mm? in cross section at
the sample position. A Siemens multiwire type area detector with
1024 x 1024 resolution mode was used. All data were corrected
by empty beam scattering and the sensitivity of each pixel of the
area detector. The area scattering pattern was circularly averaged
to increase the efficiency of the data collection. The intensity
profile was outputted as the plot of the scattering intensity I(q) vs.
the scattering vector, q=47/Asin(6/2) (0=scattering angle).

Results and discussion

Isothermal crystallization and melting behaviors of ET
copolyesters

In order to compare the difference in crystallization behavior
of ET copolyesters between isothermal melt-crystallization
and cold-crystallization, the samples were melt-crystallized

Table 1 Compositions of the ET

copolyesters used Sample Triad probabilities (%) Relative amount” Relative amount®
PETE PETP PPTP (PEG/PPDO) (PEG/PPDO)
ET43 18.83 47.89 33.28 41.41/58.59 42.78/57.22
ET53 26.84 51.69 21.47 52.70/47.30 52.68/47.32
. . ET66 43.53 44.78 11.70 66.53/33.47 65.91/34.09
Caleulated by H NMR ETS2 67.07 29.00 3.93 82.78/17.22 81.57/18.43

° Calculated by '* C NMR
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and cold-crystallized at the same isothermal temperature
(T.). The copolyesters ET43, ET53, ET66, and ET82 were
isothermal at 135, 110, 135, and 150 °C, respectively. After
isothermal crystallization for 1 hour, the samples were di-
rectly heated at 10 °C/min to melt in order to observe their
melting behavior. Figure 1 shows the isothermal melt-
crystallization and cold-crystallization and the melting be-
havior of the ET copolyesters. For the isothermal melt-
crystallization, ET82 shows a weak and broad exothermic
peak (see Fig. d1). The heat flow increased slightly, although
there was no significant exothermic peak in ET43-ET66 (sce
Figures al, bl, and cl). When the sample was reheated
directly, multiple endothermic peaks in the range of 140-
187 °C and 154-240 °C were observed for ET 43 and ET82,
respectively (see Figures a2 and d2). A small endotherm for
ET53 and ET66 was found in the range of 142-175 °C and
162-188 °C , respectively (see Figures b2 and c2).

The exothermic peaks could be observed clearly under
isothermal cold-crystallization conditions for all ET
copolyesters (see Fig. 1). The cold-crystallization of the
ET copolyesters was nearly completed in less than 30-
minutes. The multiple endothermic peaks in the range of
114-188 °C and 140-242 °C were observed in all ET
copolyesters when the isothermally crystallized samples
were directly reheated. The multiple-melting phenomenon
has been widely investigated in the literature [18]. The
lowest melting peak temperature (T,,;) is close to the cor-
responding isothermal crystallization temperature (T.), in
part due to the melting of the secondary crystallites. The
low melting peak temperature (T ;) and the highest melting
endothermic temperature (T,,3) are a result of (1) melting of
the primary crystallites and the recrystallization and (2) re-
melting of the recrystallized crystallites formed during the
heating scan, respectively. It can be seen that the endother-
mic peak (T,,;) for the secondary crystallites existed in the
isothermal cold-crystallized ET43, ET53, and ET66
copolyesters. However, the endothermic peak (T,,;) was
not observed in the reheating curves of the isothermal
melt-crystallized ET53 and ET66 copolyesters. The crys-
tallization exotherm of cold-crystallized copolyester started
earlier than that of the corresponding melt-crystallized
copolyester, and the enthalpies of crystallization and melt-
ing of the cold-crystallized copolyester were larger than
those of the corresponding melt-crystallized copolyester.
This indicates that the crystallization rate of the isothermal
cold-crystallized copolyester was faster than that of the
corresponding melt-crystallized copolyester at the same
isothermal temperature. This indicates that the nuclei
formed during the rapid cooling process at 100 °C/min,
and that they enhanced the crystallization behavior of the
ET copolyesters during the isothermal cold-crystallization
process. Supsphol et al. [18] also reported that the crystal-
lization rate of isothermal cold-crystallized syndiotactic

polypropylene (sPP) was faster than that of melt-
crystallized sPP at the same isothermal temperature in
DSC analysis.

The crystallization kinetics of ET43, ET53, and ET66
under varied isothermal cold-crystallization conditions were
investigated using the classic Avrami equation [19-21] as
follows:

1-X; = exp(—kt") (1)

where X; is the degree of crystallinity at isothermal crystal-
lization time t, n is the Avrami exponent depending on the
type of nucleation and growth geometry of the crystals, and k
is a rate constant involving both nucleation and growth rate
parameters. The kinetic parameters of the ET copolyesters
are listed in Table 2. The Avrami exponents (n) of
copolyesters are in the range of 2.1~2.8, and the crystalliza-
tion rate constants (k) are plotted at isothermal crystallization
temperature in Fig. 2. The crystallization rate constants ver-
sus the crystallization temperature of three ET copolyesters
are plotted in Fig. 2, and a single bell shape curve can be
observed for each copolyester. The maximum crystallization
rate constants (k) of ET43, ET53, and ET66 occurred at 130
°C, 120 °C, and 140 °C, respectively. The ideal crystalline
structure is interrupted significantly by incorporation of the
third constitutional unit into the host crystal and decreases
the crystallization rate of ET copolyesters. Supaphol et al.
[18] observed double bell shaped curves in melt-crystallized
sPP, and described it as the result of nucleation control at a
low degree of supercooling and diffusion control at a high
degree of supercooling. The cold-crystallization process is dom-
inated by the athermal nucleation mechanism, and therefore
these curves exhibit only one maximum for each copolyester.
The results of the Avrami exponents and the single bell shaped
curves in cold-crystallized ET copolyesters indicate that the
cold-crystallization process of ET copolyesters is influenced
by the athermal nucleation mechanism. The nuclei formed
during the cooling process, which benefits the crystallization
of the ET copolyesters during isothermal cold-crystallization.

The chain flexibility of PET is lower than that of PTT. The
activation energy of ET copolyesters is interesting, and can
be calculated approximately using an Arrhenius equation as
follows:

AE,
RT

%(lnk) = Inko— (2)
where kg is a temperature-independent pre-exponential fac-
tor, AE, is the total activation energy, and R is the universal
gas constant. The activation energy can be determined from
the slope of the Arrhenius plots using (1/n)(In k) versus 1/T.
The activation energies of ET43, ET53, and ET66 were
calculated as -11.38, -6.40, and -5.00 kcal/mol, respectively.
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Fig. 1 Isothermal melt-
crystallization and cold-
crystallization and melting
behaviors of ET copolyesters.
Figures al, bl, cl, and d1 are
the DSC curves for isothermal
crystallization; Figures a2, b2,
c2, and d2 are the reheating
DSC curves
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Table 2 Isothermal cold-crystallization kinetic parameters of ET copolyesters

ET43 ET53 ET66

T. (°C) n k (1/min) ty2(min) T. (°C) n k (1/min) to(min) T. (°C) n k (1/min) ty2(min)
115 23 5.1x107 8.6 110 25 1.2x1073 12.5 125 2.8 1.0x107 10.2
120 22 12.6x1073 6.0 115 25 1.2x1073 12.7 130 2.7 2.6%107 8.2

125 2.1 14.2x107 6.2 120 2.6 1.5x107 10.5 135 2.6 45%107 7.1

130 2.1 14.9%107 6.0 125 25 1.3%x107 11.8 140 25 45%107 7.5

135 22 12.7x1073 6.2 130 2.6 9.6x10™ 12.6 145 2.6 43%107 73

140 22 7.8%x1073 8.0 135 25 7.5%x10™ 15.1 150 25 2.7x1073 9.2

145 23 3.2x1073 10.8 140 2.8 3.7x10™ 15.4 155 2.6 2.3%1073 9.2

It is evident that the increase in activation energy of the ET
copolyesters is a result of the increase in the EG content.

After isothermal cold-crystallization, the sample was
reheated directly, showing the multiple melting endothermic
peaks of ET copolyester (see Fig. 3). The Hoffman-Weeks
extrapolative method was used to estimate the equilibrium
melting temperature [22]. Because T, is contributed to the
melt of the primary crystallites of copolyesters [18], it was
applied to calculate the equilibrium melting temperature using
a linear Hoffman-Weeks equation. The equilibrium melting
temperatures of the copolyesters obtained from the cold-
crystallization of ET43, ET53, and ET66 were 184.6 °C,
172.3 °C, and 229.2 °C, respectively. These results are close
to the estimated equilibrium melting temperature of the corre-
sponding ET copolyesters that were determined from the melt-
crystallization in our previous work (see Fig. 4) [16]. The
equilibrium melting temperature decreased with an increase
of the third co-monomer content. A minimum equilibrium
melting temperature was obtained in ET53 (174 °C) [16].
We found that although the nucleation mechanism of the
melt-crystallization and cold-crystallization processes is dif-
ferent, the equilibrium melting temperatures of both processed
copolyesters are similar.
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=
< 8 .
>
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Fig. 2 Crystallization rate constants (k) of ET copolyesters at various
isothermal cold-crystallization temperatures

Crystal structure of ET copolyesters

The copolyesters were isothermally cold-crystallized for 4-
hours (ET82 at 150 °C, ET66 at 105 °C, ET53 at 110 °C, and
ET43 at 135 °C), which were selected from our previous
study [17], to study their crystal structure. The deconvoluted
reflections of the WAXD profiles of these ET copolyesters
are shown in Fig. 5. The two broad curves describe the
amorphous phase, and all crystal reflections are clearly sep-
arated. There are eight PET-related reflections in ET82, and
three PET-related reflections in ET66. In ET53, there are six
reflections, including two PET-related reflections, three PTT-
related reflections, and one new 20 diffraction peak at ca.
20.67°. In ET43, there are six reflections visible, containing
four PTT-related reflections, one PET-related reflection, and
anew 20 diffraction peak at ca. 20.93°. The crystal structures
of the ET copolyesters obtained from isothermal cold-
crystallization were compared with these obtained from iso-
thermal melt-crystallization at the same isothermal crystalli-
zation temperatures [17]. We found that the reflections of
ET82 and ET43 obtained from the isothermal cold-
crystallization are the same as those from the melt-
crystallization. However, one additional PET-related reflec-
tion was observed at 11.68° in the cold-crystallized ET53.
The highest diffraction intensity in the cold-crystallized
ET53 was at 16.48°, which is a PET-related reflection. How-
ever the highest diffraction intensity in the melt-crystallized
ET53 was at 22.02°, which is a PTT-related reflection. For
ET66, two more PET-related reflections were found in cold-
crystallized ET66 at 11.92° and 32.07°. The maximum dif-
fraction intensity of cold-crystallized ET53 and ET66 are
PET-related reflections, which correspond to the reflection
plane of (011). The new 20 diffraction peaks at ca. 20.67° in
ET53 and 20.93° in ET43 were supposed that the comono-
mer units included in the crystal lattice to distort the subcell
resulting from the inclination of molecular chain.

The bulk crystallinity was calculated from the
deconvoluted reflections of the WAXD profiles using Jade
5 software. The bulk crystallinity of ET82 and ET43 under

@ Springer



186, Page 6 of 10

J Polym Res (2013) 20:186

T, (°C)

13

120

140

Fig. 3 Typical subsequent
melting curves of ET43
copolyester after isothermal Tos
cold-crystallization at specific
temperatures

£

Z

Exo Up
110

isothermal cold-crystallization was 33.4 % and 31.9 %, re-
spectively, which is similar to the results from the isothermal
melt-crystallized ET82 and ET43 (32.9 % and 31.4 %) [17].
It is obvious that the bulk crystallinity of ET66 and ET53
under isothermal cold-crystallization (10.5 % and 20.3 %) is
higher than that under isothermal melt-crystallization, which
is 1.9 % and 10.8 %, respectively.

Morphological structure of ET copolyesters

The morphological structures at the lamellar length scale
were studied by SAXS. The Lorentz-corrected SAXS pro-
files of PET (ET100), PTT(ETO), and ET copolyesters after
isothermal crystallization for 4 hours are shown in Fig. 6.
Here, the PET and PTT were isothermally crystallized at
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Fig. 4 Hoffman-Weeks plots for melt- and cold-isothermally crystal-
lized ET copolyester. Melt-crystallization data taken from Ref. [16]
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200 °C and 210 °C, respectively. Other ET copolyesters were
isothermally crystallized at the same temperatures as those
for the WAXD samples. All melt-crystallized and cold-
crystallized samples were found to exhibit a scattering peak
except for ET66, which showed the scattering peak only after
cold crystallization (see Fig. 6).

The observed scattering peak corresponds to the long
period (L) representing the sum of the thickness of the
crystalline (I;) and amorphous (l,) layers in the lamellar
stack, i.e., L=I.+1,. The one-dimensional correlation func-
tion analysis was adopted to determine 1. and 1,. The one-
dimensional correlation function is defined as the Fourier
cosine transform of the scattering intensity, viz [23]:

1 /OO 2
X)=—= 1/ I cos(gx)d 3
7(x) 50/, (9)g~cos(qx)dg (3)
where ~(0) is the scattering invariant.
0=1(0)= /Olqqu 4)

Since the experimentally accessible scattering vector (g)
range is finite, extrapolation of intensities to both low and
high ¢ are necessary for the integrations. Extrapolation to the
high q values was performed according to the Porod—Ruland
model [24-26]:

exp(-o?q?)

K p

1(q) = 4 +1In (5)

where K, is the Porod constant, o is a parameter related to the
thickness of the interphase between the crystal and amor-
phous layers, and /I is the background intensity arising from
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Fig. 5 WAXD deconvolution curves of the ET copolyesters. Samples
were isothermally cold-crystallized for 4 hours

the thermal density fluctuation. The values of K, o, and I
are obtained by curve fitting the intensity profile at high ¢
region. Extrapolation to zero is accomplished by the Debye—
Bueche model [27]:

A
1(q) = m (6)

where A4 is a constant and a. is the correlation length. The
values of 4 and a, can be obtained from the plot of I(q) ™"
versus q° using the intensity at the low q region.

The one-dimensional correlation function of PET, PTT,
and ET copolyesters under isothermal melt-crystallization
and cold-crystallization conditions is shown in Fig. 7. It is
evident that y(x) of the cold-crystallized samples generally
exhibited a more rapid damping than did the melt-
crystallized copolymers, indicating a broader distribution
of lamellar thickness. As shown in Fig. 1, the endothermic
peak (T,,;) is associated with the melting of the secondary
crystallites in the cold-crystallized ET43, ET53, and ET66
copolyesters, and thus the insertion of the secondary crys-
tallites in the lamellar stacks may therefore broaden the
lamellar thickness distribution of the cold-crystallized ET
copolyesters. Hong et al. also reported that the long period
structure of cold crystallized PTT exhibits a shorter range
order compared with that of melt-crystallized PTT [14].

The long period L of the lamellar stacks can be deter-
mined from the position of the first maximum in the corre-
lation function. The thickness of the thinner layer (/;) is
obtained from the intersection between the straight line ex-
tended from the self-correlation triangle and the baseline of
the minimum of y(x). The thickness of the thicker layer (/,)
is given by [,=L-/;.

The WAXD results revealed that the bulk crystallinity
(i.e., the crystallinity of the sample as a whole) of all
copolyesters was lower than 0.5, and thus it is reasonable
to assign /;= /. and [,=[,. When knowing the values of /. and
L, the linear crystallinity (or the crystallinity within the
lamellar stack) ¢,/ of the ET copolyesters can be calculated
as

I le

lin__:
o L 1.+,

(7)
Figure 8 plots ¢, as a function of the ET content of the
copolymer subjected to melt and cold crystallization. The
crystalline lamellar thickness was found to decrease slightly
with the increase of the third comonomer content
irrespective of the crystallization condition, when the maxi-
mum reduction (occurs at 53 % ET content) was ca. 0.4 nm.
The linear crystallinity appeared to be independent of the
comonomer content, as its value remained at approximately
0.35. For the crystallization of random copolymers, there are
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Fig. 6 Lorentz-corrected
intensity profiles of ET
copolyesters after isothermal
crystallization for 4 hours
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two models that describe the location of the comonomer
units in the crystallites, the exclusion model and the inclu-
sion model [28]. The exclusion model asserts that the co-
monomers are excluded from the crystalline lattice. In this
case, we expect the crystallite thickness to decrease signifi-
cantly when the comonomer content increases. In the inclu-
sion model, the comonomers are considered to be included in
the crystal lattice, acting as a kind of defect. In that case, the
lamellar thickness, although it may be disturbed by the
presence of comonomer, may not exhibit as strong a reduc-
tion as prescribed by the exclusion model. Our results show
that both the crystallite thickness and linear crystallinity
depend weakly on the comonomer composition, which
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strongly implies that the comonomer units in the polymer
chains are included in the interior of the crystallite and may
serve as the point defects in the lattice.

Conclusions

The crystal structure, crystallization behaviors, and mor-
phological structure of isothermal melt-crystallized and
cold-crystallized ET copolyesters were analyzed in this
study. Crystallization of polymer starts at a supercooling.
Prior to the isothermal cold-crystallization of the ET
copolyester, the sample was rapidly cooled to 35 °C at
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Fig. 7 The one dimensional
correlation function of PET, ".I
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(a)Melt-crystallization

100 °C/min, resulting in a non-uniform inner structure of
the ET copolyester. The behaviors of isothermal melt-
crystallization and cold-crystallization rates of ET copo-
lyesters are different. DSC analyses showed that exother-
mic peaks can be observed for all of the ET copolyesters
under isothermal cold-crystallization condition, while this
is not the case under the isothermal melt-crystallization
condition. The enthalpies of crystallization and melting of
the cold-crystallized copolyester are larger than those of the
corresponding melt-crystallized copolyester. The crystalli-
zation rate of the ET copolyester at the isothermal cold-

20 . £/

16 linear crystallinity
15 {04
1 P
.
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(= |
-

Linear crystallinity

3l—e 8 o .
: —7F T T T T 0.0
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Fig. 8 The long period (L), lamella thickness (/.=/;), amorphous layer
thickness (/,=/,), and linear crystallinity (¢¢™) of ET copolyesters
under isothermal melt-crystallization (filled symbols) and cold-
crystallization (open symbols)

(b) Cold-crystallization

crystallization is faster than that of the corresponding ET
copolyester at the same isothermal melt crystallization tem-
perature. The Avrami exponents of cold-crystallized ET
copolyesters are in the range of 2.1~2.8. Single bell shape
curves were observed when the crystallization rate constants
were plotted with the crystallization temperatures. WAXD
analyses showed that the deconvoluted reflections and bulk
crystallinity of isothermal cold-crystallized ET53 and ET66
were obviously higher than those of isothermal melt-
crystallized ET53 and ET66. This suggests that the nuclei
formed during the rapid cooling process at 100 °C/min, where
the nuclei benefited from the crystallization behavior of the
ET copolyesters during the isothermal cold-crystallization
process. The cold-crystallization process of ET copolyesters
is influenced by the athermal nucleation mechanism.

SAXS analyses showed a more rapid damping of the
one-dimensional correlation function for cold-crystallized
ET copolyesters, due to broader lamellar thickness distri-
bution. It was suggested that the insertion of the secondary
crystallites, which were abundant in cold crystallization,
broadened the thickness distribution. The fact that the crys-
tallite thickness and linear crystallinity did not vary sub-
stantially with the composition of the comonomers implied
that the comonomer units were included in the crystal
lattice as the point defects during both melt-crystallization
and cold-crystallization.
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