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crystallization can be adapted as a feasible means for more efficiently adjusting
the crystallization of PEFT copolyesters in practical processing.

Introduction

Poly(ethylene terephthalate) (PET) is synthesized
with fossil-based chemicals of ethylene glycol (EG)
and terephthalic acid (PTA). It is a conventional
aromatic thermoplastic polyester, known as one of
the five popular engineering plastics. Owing to the
symmetry and regularity in chain structure as well as
the rigid benzene rings in the backbones, PET shows
good mechanical strength, heat resistance, dimen-
sional stability, optical clarity and barrier properties.
These good properties allow PET to be widely used
in optical films, synthetic fibers, beverage bottles,
electrical appliances, transportation and wind power
[1-4].

In the past decades, driven by the awareness of the
gradual depletion of the fossil resources, the explo-
ration and utilization of renewable energy have been
called on for sustainable developments. Biomass
resources are cheap and abundant in nature, and
have been utilized to produce chemicals and subse-
quently bio-based polymers for the purpose of high-
value-added materials [5, 6]. Poly(ethylene 2,5-fu-
randicarboxylate) (PEF) is synthesized with EG and
2,5-furandicarboxylic acid (FDCA) [7-11]. EG can be
produced from glycerol [7, 8] and FDCA from bio-
mass resources such as sugar, cellulose and ligno-
cellulose [12, 13]. Many routes have been reported for
synthesis of FDCA, with furfural and hydrox-
ymethylfurfural as starting chemicals being the most
popular [7, 8, 10]. FDCA has similar aromatic struc-
ture as PTA does, and thereby, PEF has been con-
sidered as the potential bio-based alternative of
petroleum-based PET. Hence, the synthesis, chain
mobility, thermal behavior, barrier and mechanical
properties of PEF, other FDCA-based polyesters and
copolymers have aroused intense interest among
both academic and industrial communities [7-22].
However, the high cost of FDCA has posed a big
obstacle for large-scale production of PEF and its
replacement of PET. Hence, partial substitution of
PTA units in PET with FDCA to prepare poly(-
ethylene 2,5-furandicarboxylate-co-ethylene tereph-
thalate) (PEFT) copolyesters is considered a practical
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pathway to realize gradual utilization of bio-based
feedstocks and replacement of fossil resources.

It is well known that PET is widely used in films,
fibers, bottles and foams, and crystallization behavior
plays a key role in drawing, spinning, blowing and
foaming. Therefore, the study on crystallization
behavior of PEF and PEFT copolyesters is of great
significance for optimizing the physical properties
and consequently for expanding their applications.
Till now, a few studies [9, 12-14, 23-25] have been
found concerning the crystallization behavior of PEF
and PEFT copolymers. Knoop et al. [9] and Burgess
et al. [14] reported that the melting point of PEF is
about 40 °C lower than that of PET. The crystalliza-
tion of PEF is restricted by the hindered chain
mobility due to the asymmetry and irregularity in
structure as well as the strong macromolecular
interaction owing to the permanent dipole. Papa-
georgiou et al. [23] compared the isothermal crystal-
lization, the cold crystallization and the melt
crystallization behavior of PEF with that of PET and
poly(ethylene naphthalate) (PEN). van Berkel et al.
[12] and Stoclet et al. [13] studied the isothermal
crystallization behavior of PEF and interpreted the
phenomenon of multiple melting peaks. Codou et al.
[24] compared the crystalline structure of PEF crys-
tallized from glass state and melt state, and similar
unit cell structure supports similar crystallographic
structure. Konstantopoulou et al. [25] studied the
cocrystallization behavior of PEFT copolymers and
found that the crystallization rate and the crys-
tallinity both decrease with the comonomer content,
and that only small amounts of comonomer units are
able to incorporate into the crystals of the
homopolymers. Since the crystallization of PEFT
copolyester is somehow hindered by the comonomer
units, how to efficiently and feasibly adjust its crys-
tallization in practical processing poses an important
question. However, based on the above literature
summary, it is pretty clear that the crystallization
behavior and kinetics of PEFT copolyesters have so
far seldom been thoroughly studied.

It is known that polymer processing such as
drawing, spinning, blowing and foaming as well as
extrusion and injection molding generally involves
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non-isothermal crystallization. It is no doubt that
non-isothermal crystallization behavior of polymers
plays an important role in practical processing and
hence significantly affects the physical properties of
materials in end uses [26-29]. However, the non-
isothermal crystallization behavior and kinetics of
PEFT copolyesters have rarely been studied, and
almost no direct non-isothermal crystallization data
are available for theoretically supporting the practical
processing for property enhancement.

The objective of the present work is to compare the
non-isothermal melt and cold crystallization behavior
and kinetics of PEFT copolyesters. The non-isother-
mal melt and cold crystallization behavior of PET and
PEFT were comprehensively studied. The effect of
FDCA comonomer content on the melt crystallization
and cold crystallization behavior was systematically
investigated. The crystallization half-time and Mo
equation were applied to study the kinetics of non-
isothermal melt and cold crystallization of PEFT
copolyesters to reveal that it is the melt crystallization
or the cold crystallization that is more efficient for
adjusting the crystallization. Kissinger equation was
used to calculate the activation energy of non-
isothermal melt and cold crystallization.

Experimental
Materials

The PET and PEFT copolyesters were supplied by
Bio-Based Polymer Materials Group from Ningbo
Institute of Materials Technology and Engineering,
Chinese Academy of Sciences. Two-step melt poly-
condensation including transesterification and poly-
condensation was carried out for synthesis of PET
and PEFT copolyesters with dimethyl terephthalate
(DMT), dimethyl 2,5-furandicarboxylate (DMFD) and
EG as monomers and antimony trioxide as catalyst.
The details of the synthesis process and the descrip-
tions can be found in the previous publication [30].
The polyesters with FDCA and PTA units at a molar
ratio of 0/100, 5/95, 10/90, 15/85, 20/80 and 30/70
were named as PET, PEFT5%, PEFT10%, PEFT15%,
PEFT20% and PEFT30%, respectively.
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Chemical structure characterization

A Bruker AVANCE III 400 MHz proton nuclear
magnetic resonance ('H-NMR) spectrometer was
employed to characterize the chemical structure of
PET and PEFT copolyesters and hence to calculate the
real FDCA contents in PEFT. The deuterated trifluo-
roacetic acid (DTFA) was used as solvent.

Non-isothermal melt and cold
crystallization behavior during cooling
and heating

The non-isothermal melt and cold crystallization
behavior of PET and PEFT copolyesters were studied
on a Mettler-Toledo TGA /DSC1 differential scanning
calorimeter (DSC). The samples with weight of about
5-10 mg were placed in an aluminum pan, and the
measurement was taken under nitrogen atmosphere.
The samples were first heated from 30 to 300 °C at a
heating rate of 10 °C/min and isothermally kept at
300 °C for 5 min to eliminate thermal history. Then
the samples were cooled down to 30 °C at a cooling
rate of 10 °C/min. After that, a second heating scan
was performed from 30 to 300 °C at 10 °C/min. The
cooling curve and the second heating curve were
used to present the crystallization and melting
behavior. The melt crystallization temperature (T)
and melt crystallization enthalpy (AH.) were
obtained from the cooling scan. The melting tem-
perature (T,,), melting enthalpy (AH,,), cold crystal-
lization temperature (T.) and cold crystallization
enthalpy (AH.) were obtained from the second
heating scan.

Crystalline structure investigation

PET and PEFT copolyester sheets with a thickness of
2 mm were prepared with a compression molding
machine (Huzhou Shuangli Automation Technology,
XLB50-D) at 290 °C for 10 min under a pressure of
10 MPa followed by slow cooling at room tempera-
ture. Wide-angle X-ray diffraction (WAXD) analysis
was carried out with the sheet samples using an
X-ray diffractometer (Bruker AXS, D8 ADVANCE
DAVINCI). The wavelength of X-ray is about
0.154 nm from the source of CuKo. The samples were
scanned in a 26 angle rang from 5° to 60° within
15 min.

@ Springer
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Non-isothermal melt and cold
crystallization behavior and kinetics
at various cooling and heating rates

The non-isothermal melt and cold crystallization
behavior and kinetics of PET and PEFT copolyesters
were comprehensively studied at various cooling and
heating rates, respectively. First, PET, PEFT5% and
PEFT10% samples were cooled down from 300 to
30 °C at cooling rates of 2.5, 5, 10, 15 and 20 °C/min,
respectively, after being isothermally kept at 300 °C
for 5 min under nitrogen atmosphere using DSC. In
parallel, the quenched PET, PEFT5% and PEFI10%
samples were heating from 30 to 300 °C at heating
rates of 2.5, 5, 10, 15 and 20 °C/min, respectively. The
preparation process of the quenched samples was
described as follows: PET, PEFT5% and PEFT10%
samples were first melt compressed at 290 °C under a
pressure of 10 MPa for 5 min using an XLB50-D
compression molding machine and then were quickly
quenched into cold water. The cooling and the heat-
ing curves of various samples were recorded to show
the dependence of the melt and the cold crystalliza-
tion behavior on the cooling rate and the heating
rate, respectively. Second, the cooling and the heating
curves were converted into those of the relative
crystallinity as a function of time, and subsequently,
the non-isothermal melt and cold crystallization
kinetics were studied and the relevant activation
energy was calculated.

Results and discussion

Characterization of FDCA contents in PEFT
copolyesters

The "H-NMR spectra and the chemical structure of
PET and PEFT copolyesters are shown in Fig. 1a and
b. The protons of the benzene ring and the ethylene
diol part of PET were located at about 8.2 ppm (a
protons) and 4.9 ppm (b protons), respectively. It can
be seen that besides these two peaks, PEFT copolye-
sters also exhibited the resonance peak at 7.4 ppm (c
protons) of the protons of the furan ring. The protons
of the ethylene diol part in PEFT copolyesters dis-
played four small split peaks (d, e, f and g protons) at
about 4.9 ppm, as shown in Fig. 1c. Based on previ-
ous studies [15, 25, 30], the real FDCA content in
PEFT copolyesters was calculated with the intensity
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of the four peaks and was 4.5%, 10.8%, 14.3%, 21.2%
and 289% in PEFT5%, PEFT10%, PEFT15%,
PEFT20% and PEFT30%, respectively.

Non-isothermal melt and cold
crystallization behavior of PEFT
copolyesters at cooling and heating
processes

The non-isothermal melt and cold crystallization
behavior of PET and PEFT copolymers were studied
with DSC. The cooling and the heating curves are
shown in Fig. 2, and the relevant melt and cold
crystallization and melting data are presented in
Table 1. The cooling curves (Fig. 2a) showed that
only PET, PEFT5% and PEFT10% had melt crystal-
lization peaks. With the increase in the comonomer
content of FDCA, the crystallization temperature
gradually decreased to lower temperatures, at 198.3,
177.8 and 157.6 °C, respectively. The melt crystal-
lization enthalpy was reducing in value as well. With
more FDCA comonomers, PEFT15%, PEFT20% and
PEFT30% were not able to crystallize at the cooling
rate of 10 °C/min set in this procedure. The heating
curves (Fig. 2b) showed that PET, PEFT5%, PEFT10%
and PEFT15% displayed melting peaks, with the
melting temperature at 258.1, 2439, 234.1 and
217.8 °C, respectively. With the increase in the
comonomer content, the melting temperature grad-
ually decreased and the melting enthalpy also turned
smaller. For PEFI20% and PEFT30%, no melting
peaks were even observed. These results indicated
that the copolymerization of FDCA units significantly
hindered the melt crystallization of the copolyesters.
Konstantopoulou et al. [25] and Sousa et al. [31] also
found that the crystallization behavior of PEFT
copolymers was closely related to FDCA comonomer
content.

Figure 2b shows that during the heating scan, PET
did not show cold crystallization peak, while
PEFT5%, PEFT10% and PEFT15% showed cold crys-
tallization peaks. With the increase in the FDCA
comonomer content, the cold crystallization temper-
ature gradually moved to higher temperature direc-
tion, ie., 144.5, 151.9 and 178.7 °C, respectively.
Based on the previous studies [5, 6, 23, 32], the cold
crystallization occurs due to the fact that the chain
mobility is too weak for the melt crystallization to
occur during the cooling process, whereas the
macromolecular chains are mobilized during the next
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Figure 1 Chemical structure
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COPSIYEST}:S for ﬂ:;c}:"ﬂt'i’;g PET 198.3 258.1 - 533 528 -
sean and He second heating PEFT5% 177.8 243.9 144.5 24.7 33.6 5.8
sean PEFTI0%  157.6 234.1 151.9 10.6 27.9 247
PEFT15% - 217.8 178.7 - 10.5 9.9
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heating process and hence can be able to crystallize.
The polymers like PET and poly(lactic acid) (PLA)
generally show cold crystallization due to the slow
melt crystallization characteristics [5, 6, 23, 32]. Kon-
stantopoulou et al. [25] also reported that PEFT
copolyesters with FDCA mole content of 5%-15%
displayed cold crystallization behavior. The above
results indicated that on the one hand, the melt
crystallization of PET was easier than that of PEFT
copolyester, and hence, cold crystallization did not
occur in the heating scan for the former but did for

the later, and that on the other, with the increase in
the FDCA comonomer content, the cold crystalliza-
tion of PEFT copolyesters gradually became more
difficult. In addition, some other interesting findings
can be obtained with careful examination and com-
parison of the cold crystallization enthalpy of the
PEFT copolyesters in Table 1. The cold crystallization
enthalpy of PEFT5%, PEFT10% and PEFT15% was
5.8, 24.7 and 9.9 ]/g, respectively. First, the cold
crystallization enthalpy is the lowest for PEFT5%. It is
considered that with a lower comonomer content of
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5% FDCA, although the melt crystallization of
PEFT5% is more difficult than that of PET, it is still
much more prominent than that of PEFIT10%. Hence,
its cold crystallization is less prominent than that of
PEFT10%. Second, the cold crystallization enthalpy is
the largest for PEFT10%. It is considered that with a
relatively high comonomer content, the melt crystal-
lization of PEFT10% turned weak, and inversely, the
cold crystallization became very remarkable. Third,
the cold crystallization of PEFT15% occurred in a
broad temperature range, and the relevant enthalpy
turned smaller compared with that of PEFT10%. This
was attributed to the relatively high comonomer
content leading to not only the melt crystallization
not happening, but also the cold crystallization
becoming very difficult. Stronger evidence can be
supported by PEFT20% and PEFT30%, for which,
neither melt crystallization nor cold crystallization
was even observed due to a larger FDCA comonomer
content. Moreover, more interesting findings can be
obtained with a careful and comprehensive compar-
ison between the cold crystallization enthalpy and
the melting enthalpy of the PEFT copolyesters in
Table 1. In specific, the cold crystallization enthalpy
was much smaller than the melting enthalpy for
PEFT5%, the difference became much smaller for
PEFT10%, while the two were similar in value for
PEFT15%. These phenomena were considered being
closely related to the contribution to the melting
enthalpy, more by melting of the crystals formed
during the melt crystallization, or more by melting of
the crystals formed during the cold crystallization.
From PEFT5% to PEFT10%, the melt crystallization
weakened, while the cold crystallization became
more remarkable, resulting in the crystals formed
during the cold crystallization instead of melt crys-
tallization contributing more to the melting enthalpy.
For PEFT15%, the melt crystallization hardly occur-
red, and thereby, the crystals melted in the melting
range were generally formed during the cold crys-
tallization. In summary, the copolymerization of
FDCA exerts a significant effect on the melt and cold
crystallization behavior of PEFT copolyester, and the
comonomer content really matters in determining the
crystallization behavior. In addition, for PEFT copo-
lyesters with hindered melt crystallization behavior,
it is considered that cold crystallization can be uti-
lized as a feasible means to adjust the crystallinity.
This would be very meaningful for practical
processing.
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Crystalline structure of PEFT copolyesters

X-ray diffraction is a powerful and useful means to
study the crystalline structure of semicrystalline
systems. The WAXD patterns of PET and PEFT
copolyesters are presented in Fig. 3. The main char-
acteristic peaks observed for PET were located at
15.9°, 17.6°, 21.6°, 23.2° and 26.7°, respectively, con-
sistent with the previous studies [33, 34]. The
diffraction peaks of PEFT5%, PEFT10%, PEFT15%
and PEFT20% appeared at almost the same positions.
The previous publications [13, 24, 35] also reported
that PEF and PET have similar crystalline structure of
triclinic unit cell. It indicates that the copolymeriza-
tion of FDCA does not change the crystallographic
structure of PEFT relative to PET. However, with the
increase in the comonomer content, the diffraction
intensity decreased. It means that the hindered chain
mobility with copolymerization of FDCA units
restricts the crystallization of PEFT. It was observed
that PEFT30% was not able to crystallize even under
the slow cooling conditions, proving again the hin-
dered crystallization of PEFT with a higher content of
FDCA comonomer. Sousa et al. [31] reported that the
diffraction pattern of PEFT copolyester with FDCA
mole content of 50% showed no crystallization.

'PEFT30%

PEFT20%

PEFT15%
PEFT10%

PEFT5%

Intensity (a.u.)

10 20 30 40 50 60
20 (°)

Figure 3 XRD diffraction of PET and PEFT copolyesters.
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Non-isothermal melt and cold
crystallization behavior of PEFT
copolyesters at various cooling and heating
rates

The melt crystallization during the cooling scan at a
rate of 10 °C/min almost did not happen for
PEFT15%, PEFI20% and PEFT30% (Fig.2a), and
hence, PET, PEFT5% and PEFT10% were chosen in
the following work to study the non-isothermal melt
and cold crystallization behavior and kinetics.

The non-isothermal melt and cold crystallization of
PET, PEFT5% and PEFT10% were studied at various
cooling and heating rates of 2.5, 5, 10, 15 and 20 °C/
min, respectively. The cooling and the heating curves
are shown in Fig. 4, and the corresponding melt and
cold crystallization temperature and the width of
crystallization peak are presented in Fig. 5a and
Fig. 5b, respectively. The following three observa-
tions are worthy being mentioned. First, with the
increase in the cooling rate, the melt crystallization
temperature decreased to lower temperatures
(Fig. 4a;-4c; and Fig. 5a). This is attributed to the
movement of the macromolecular chains not being
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able to catch up with the higher cooling rate, thus
leading to melt crystallization occurring at lower
temperatures. This phenomenon of thermal lag has
been reported elsewhere in non-isothermal crystal-
lization [23, 36-38]. For the similar reason, with the
increase in the heating rate, the cold crystallization
temperature increased to higher temperatures
(Fig. 4a;-4c; and Fig. 5a) [23]. Second, with the
increase in the cooling or the heating rate, both the
melt and the cold crystallization peaks of PET and
PEFT copolyesters turned wider (Fig. 4 and Fig. 5b).
The width of the crystallization peak is usually
applied to evaluate the perfection of the crystals [39].
The wider the crystallization peak is, the less perfect
the crystals are. Hence, it is obvious that, with the
increase in the cooling or the heating rate, the crystals
of PET and PEFT copolymers became more imper-
fect. Third, for a certain cooling rate, with the increase
in the FDCA comonomer content, the melt crystal-
lization temperature decreased to lower tempera-
tures, and the width of the crystallization peak
increased (Fig. 5a and b). It appears that the increase
in FDCA units led to decrease in symmetry and
regularity and hence restriction in movement of the
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Figure 4 Non-isothermal melt (a;-c;) and cold (a,-c,) crystallization curves of (a;, a,) PET, (b, b,) PEFT5% and (c,, ¢,) PEFT10% at

various cooling/heating rates.
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Figure 5 a Crystallization
temperature, b width of
crystallization peak, ¢ glass
transition temperature (T,) and
d temperature difference
between cold crystallization
and glass transition (T,-Tg) of
PET, PEFT5% and PEFT10%
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PEFT macromolecular chains. Generally, a larger
degree of supercooling is required for the macro-
molecular chains of lower mobility to crystallize,
forming crystallization peak very wide [38]. Particu-
larly, it can be seen that the crystallization peak of
PEFT10% at the cooling rate of 20 °C/min was very
weak and wide (Fig. 4cy). In parallel, for a certain
heating rate, with the increase in the FDCA como-
nomer content, the cold crystallization temperature
increased to higher temperatures. It can also be
observed that the width of the crystallization peak of
PEFT10% was larger in value than that of PEFT5%
(Fig. 5b). Based on the above three observations, a
more interesting finding is also observed that, no
matter with increase in the cooling or heating rate, or
with increase in the FDCA content, the change in
crystallization temperature or in width of crystal-
lization peak is more prominent for melt crystalliza-
tion than for cold crystallization.

The glass transition temperature (T,) of PET,
PEFT5% and PEFT10% at various heatmg rates is
obtained from Fig. 4a,-4c, and is presented in Fig. 5c.
It is understandable that T, of all three samples
increased with the heating rate [5]. However, it is out
of expectation that T, of PET was higher than that of
PEFT5%. Through a careful comparison of the cold

@ Springer

Heatmg rates (°C/min)

crystallization enthalpy and the melting enthalpy of
PET, PEFT5% and PEFI10% at each heating rate, it is
found that the melting enthalpy was larger than the
cold crystallization enthalpy. Hence, it is deduced
that melt crystallization still happened for all three
samples during quenching. Through calculation, the
crystallinity for quenched PET, PEFI5% and
PEFT10%, for example, at a heating rate of 10 °C/min
(Fig. 4ay-4c,), was 16.9%, 10.1% and 4.5%, respec-
tively. Since PET had the largest crystallinity after
quenching, it is believed that crystalline regions in
PET restricted very prominently the movement of the
macromolecular chains in amorphous regions [33].
Further, the temperature difference (T.-T,) between
cold crystallization temperature and glass transition
temperature of PET, PEFT5% and PEFT10% at vari-
ous heating rates is shown in Fig. 5d. Three inter-
esting findings are observed. First, T.-T, increased
with the heating rate for all three samples. This is
believed to be attributed to the fact that the cold
crystallization is more difficult than the movement of
chain segments. Second, T.-T, of PET was much
lower than that of PEFI5% and PEFI10%, probably
due to its more prominently increased T, after
quenching. Third, T.-T, of PEFT10% was the largest
among three samples at each heating rate. It is
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understandable that the hindered chain movement
due to a higher comonomer content led to the
occurrence of cold crystallization at a higher
temperature.

Kinetics of non-isothermal melt and cold
crystallization of PEFT copolyesters

Crystallization half-time

The relative crystallinity of PET, PEFT5% and
PEFT10% during non-isothermal melt and cold
crystallization at various cooling and heating rates
versus crystallization time is shown in Fig. 6. With
the increase in the cooling rate or the heating rate, the
curves turned gradually narrowed. The increased
slope indicates the shortened crystallization time and
hence the increased crystallization rate [38].

The crystallization half-time (t;,) is defined as the
crystallization time for the relative crystallinity to
amount to 50% [40, 41] and is usually used to eval-
uate the crystallization rate. The smaller the value of
t1» is, the higher the crystallization rate is. The t;/, of
PET, PEFT5% and PEFT10% for various cooling rates
is shown in Fig. 7. First, with the increase in the
cooling or heating rate, t;, gradually decreased,
indicating that the melt and the cold crystallization
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Figure 7 Crystallization half-time of PET, PEFT5% and
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rate were faster under larger cooling and heating rate,
respectively [41]. Second, t;;, was smaller for cold
crystallization than melt crystallization, indicating
the crystallization was much faster for the former.
Third, for a certain cooling rate, t;, was the smallest
for PET and gradually increased for PEFI5% and
PEFT10%, meaning that the melt crystallization rate
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was the largest for PET, followed by PEFT5% and
PEFT10%. The results indicated that the copolymer-
ization of FDCA significantly reduced the melt crys-
tallization rate of PEFT. In comparison, for the cold
crystallization, the effect of copolymerization of
FDCA on the crystallization rate was not so promi-
nent as for melt crystallization. It is observed that
PEFT5% showed the largest cold crystallization rate.

Analysis with Mo equation

Mo equation was proposed for describing the non-
isothermal crystallization kinetics via combination of
the Avrami equation and the Ozawa equation, and it
is the relation of cooling or heating rate and crystal-
lization time at a fixed relative crystallinity, shown in
Eq. 1 [36-38].

log¢ = logF(T) — alogt (1)

where ¢ is the cooling or heating rate and a is the
ratio of Avrami exponent n to Ozawa exponent m
(a =n/m). F(T) is the cooling or heating rate that is
required in unit crystallization time to amount to a
certain crystallinity. A higher F(T) value means a
lower crystallization rate, and vice versa.

In this study, the fixed relative crystallinity was
chosen as 20%, 40%, 60% and 80%, and the fitting
curves of log ¢ as a function of logt of PET, PEFI5%
and PEFT10% showed good linearity (not shown
here), indicating that Mo equation was very practical
in describing the non-isothermal crystallization
kinetics. Based on Eq. 1, logF(T) and a can be
obtained as the intercept and the slope, respectively.
The values of F(T) are presented in Fig. 8. First, F(T)
value increased with the increase in the relative
crystallinity, consistent with the previous studies
[36-38]. Second, F(T) value was smaller for cold
crystallization than melt crystallization, indicating
the crystallization rate was higher for the former.
Third, for the melt crystallization with a certain
degree of crystallinity, F(T) value increased with the
FDCA comonomer content, indicating a decreasing
sequence in crystallization rate of PET, PEFT5% and
PEFT10%. The result again indicated that the
copolymerization of FDCA significantly restricted the
melt crystallization of the copolyesters. In compar-
ison, the effect of copolymerization of FDCA on the
cold crystallization rate was not so remarkable. These
findings about F(T) were consistent with those about

t1p.
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Activation enerqy of non-isothermal melt and cold
crystallization of PEFT copolyesters.

The activation energy of non-isothermal melt and
cold crystallization of PET and PEFT copolyesters can
be calculated using Kissinger equation, as shown in
Eq. 2 [41, 42].

oot)] ae N
o) F
TV
where ¢ is the cooling or heating rate, T), is the peak
crystallization temperature, R is the universal gas
constant and AE is the crystallization activation
energy.

ln<%) as a function of 1/T, is shown in Fig. 9.
P

Based on Eq. 2, it is clear that with the slope of the
curves, i.e.,, — %, the crystallization activation energy
can be calculated. For the non-isothermal melt crys-
tallization, it was — 172.8, — 125.5 and — 112.1
kJ/mol for PET, PEFT5% and PEFT10%, respectively,
while for the cold crystallization, it was 136.7, 171.6
and 111.8 kJ/mol, respectively. It has been discussed
that in this study, for the melt crystallization, the
crystallization rate was the fastest for PET, followed
by PEFT5% and PEFT10%, and that for the cold
crystallization, PEFT5% showed the fastest crystal-
lization rate. Based on the previous studies [41, 42], a
higher crystallization rate is usually accompanied
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unexpectedly with a higher absolute value of the
slope of ln(%) as a function of 1/T,, i.e., a higher
4

absolute value of activation energy. However, this is
not unaccountable. Zhang et al. [33] reported that the
heterogeneous nucleating agent induces a rapid
crystallization rate, but the crystalline regions formed
significantly hinder the movement of PET macro-
molecular chains, thus leading to an increase in the
absolute value of the activation energy. Liu et al. [32]
also found that although inorganic particles induces a
large crystallization rate, the confinement effect of
inorganic particles on PET macromolecular chains
led to the increase in absolute value in activation
energy. The seemingly contradictory phenomenon
can be explained as follows. The function of nucle-
ating agent is generally twofold: One is enhancing the
nucleation, while the other is restricting the chain
mobility. The crystallization basically involves
nucleation and crystal growth, and nucleation is
generally the controlling step of the crystallization
rate [41]. However, the hindered chain movement
leads to difficulty in crystal growth and hence results
in increase in activation energy [42]. Thereby, a larger
crystallization rate and a larger absolute value of
activation energy can be obtained simultaneously,
which is not contradictory.

Conclusions

In the present work, the non-isothermal melt and
cold crystallization behavior and kinetics of PEFT
copolyesters were comprehensively compared. First,
the non-isothermal melt and cold crystallization
behavior of PET and PEFT at a fixed cooling and
heating rate were studied with DSC, and the

23 24
T (x103K")

24 25 26 27 28
T (x103-K™)

crystalline structure was studied with WAXD. It was
found that with the increase in the FDCA comonomer
content, the melt crystallization of PEFT copolyester
turns more difficult, and PEFT5%, PEFT10% and
PEFT15% show cold crystallization behavior. The
copolymerization of FDCA does not change the
crystallographic structure of PEFT, but decreases the
crystallinity. Second, the non-isothermal melt and
cold crystallization behavior of PET, PEFT5% and
PEFT10% at various cooling and heating rates were
studied, respectively. Third, the non-isothermal melt
and cold crystallization kinetics of PET, PEFT5% and
PEFT10% were analyzed with crystallization half-
time and Mo equation, and the activation energy was
calculated with Kissinger equation. It was found that
with the increase in the cooling and the heating rate,
both the non-isothermal melt and cold crystallization
rate increase. At the same rate of cooling and heating,
the cold crystallization proceeds faster than the melt
crystallization. The copolymerization of the FDCA
units in PEFT significantly restricts the melt crystal-
lization, while its effect on the cold crystallization is
not so prominent. PET shows the largest melt crys-
tallization rate, followed by PEFT5% and PEFT10%.
However, the melt crystallization in PET during
quenching hinders its cold crystallization, thus lead-
ing to the cold crystallization rate of PET unexpect-
edly lower than that of PEFI5%. For both non-
isothermal melt and cold crystallization, a larger
crystallization rate induces rapid formation of crys-
talline regions and thus leads to a larger absolute
value of activation energy. Through comprehensively
comparing the non-isothermal melt and cold crys-
tallization behavior and kinetics of PEFT copolye-
sters, the cold crystallization is proved more efficient
for adjusting the crystallization. The findings in this
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study are very important for practical processing and
properties enhancement.
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