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Abstract In this work, the isothermal and nonisothermal
crystallization kinetics of three novel biobased poly
(ethylene succinate-co-ethylene sebacate) (PESSe) copoly-
mers was systematically investigated with differential
scanning calorimetry under different crystallization con-
ditions from the amorphous state. For the isothermal cold
crystallization kinetics study, the Avrami equation could
well describe the crystallization process of PESSe at vari-
ous crystallization temperatures. All three PESSe copoly-
mers crystallized through the same crystallization
mechanism; moreover, the overall isothermal cold crys-
tallization rate of PESSe decreased with increasing ethy-
lene sebacate (ESe) comonomer content. The non-
isothermal cold crystallization kinetics of PESSe was also
studied at different heating rates. With increasing ESe
content or heating rate, the nonisothermal cold crystal-
lization exotherm of PESSe copolymers shifted to high
temperature range. Both the crystallization rate parameter
and crystallization rate coefficient of PESSe copolymers
decreased with increasing ESe content, indicating that
PESSe copolymer with higher ESe content crystallized
more slowly than that with lower ESe content. The Ozawa
equation was used to analyze the nonisothermal cold
crystallization kinetics of PESSe copolymers, which was
found to fit the crystallization process very well.
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Introduction

Biodegradable polymers have received more and more
research interests because of their advantages in solving
problems associated with both the fossil shortage and the
environmental pollution [1-3]. Poly(ethylene succinate)
(PES), a typical biodegradable polymer, has been widely
studied in recent years, as it shows the comparative prop-
erties with traditional plastics such as polyethylene and
polypropylene; moreover, the monomer for the synthesis of
PES can also be prepared from renewable resources [4—13].

PES is a biodegradable polymer with its melting points
over 100 °C and relatively good mechanical properties;
therefore, PES may find many end uses as packing material
and agricultural film in practical application fields. Despite its
relatively high melting point and excellent mechanical prop-
erties, PES has not received more interests than some other
commercially available biodegradable polyesters, such as
poly(butylene succinate) (PBS) and poly(lactide) (PLA). To
extend the application fields of PES, many efforts have been
devoted to improving the physical properties. Copolymer-
ization is one of the most effective methods in polymeric
materials modification. As far as PES is concerned, some
comonomers, such as adipic acid, butanediol, 1,8-octanediol,
and 1,10-decanediol, have been used for the synthesis of PES-
based copolymers to modify its chemical structure and adjust
its physical properties [14—19]. We once synthesized a series
of novel biobased poly(ethylene succinate-co-ethylene seba-
cate) (PESSe) copolyesters and studied their basic thermal
properties, crystal structure, mechanical properties, and
hydrolytic degradation behavior in detail [19]. PESSe
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copolymers showed good mechanical properties, making
them good candidates as packaging materials or to modify and
improve the physical properties of other polymeric materials
with poor properties through polymer blending; moreover,
depending on ESe content, the mechanical properties may be
adjusted to meet practical requirements. In addition, by
adjusting ESe content, PESSe copolymers may show different
thermal properties, mechanical properties, and hydrolytic
degradation behaviors.

The crystallization kinetics study is of great interest and
importance from both research and practical application
viewpoints, as the final crystallinity as well as the crystalline
structure and morphology not only affect the physical
properties but also influence the biodegradation process of
biodegradable polymers; moreover, such study is also rela-
ted to polymer processing conditions. Depending on the
initial state of the occurrence of crystallization, polymer
crystallization may involve mainly two kinds of types,
including melt crystallization from the crystal-free melt and
cold crystallization from the completely amorphous state. In
most cases, semicrystalline polymers usually only undergo
melt crystallization, as they crystallize so fast that com-
pletely amorphous state cannot be achieved even fast cooling
rate is used. Consequently, relative to polymer melt crys-
tallization, polymer cold crystallization has seldom been
reported [20-26]. As PESSe copolymers crystallize slowly,
they can reach the completely amorphous state during fast
cooling process from the crystal-free melt; therefore, they
are good models to perform the polymer cold crystallization
study. In this work, the cold crystallization kinetics study of
PESSe copolymers was studied from the amorphous state in
detail under different crystallization conditions, including
both isothermal cold crystallization at different crystalliza-
tion temperatures and nonisothermal cold crystallization at
different heating rates. The novelty of this work may be
summarized as follows. First, the effects of both different
crystallization conditions and ESe content on the cold crys-
tallization kinetics of novel PESSe copolymers were sys-
tematically investigated with DSC for the first time. Second,
to our knowledge, this work may probably be the first sys-
tematic research to study the effect of comonomer content on
the cold crystallization kinetics of biodegradable copoly-
mers; therefore, it may provide a good example on how to
perform the related study of other biodegradable polymeric
materials based on copolymers.

Experimental
Materials

Three PESSe copolymers with different ESe contents of 5,
10, and 15% were synthesized in our lab as described
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elsewhere [19], and they were named as PESSeS,
PESSel10, and PESSel5, respectively, for brevity. The
weight average molecular weights were 8.7 x 107,
7.8 x 10%, and 9.4 x 10* g mol™' for PESSe5, PESSel0,
and PESSel5, respectively.

Characterizations

The isothermal and nonisothermal cold crystallization
behaviors of PESSe copolymers were systematically
investigated with a TA instrument differential scanning
calorimeter (DSC) Q100 under different crystallization
conditions with a nitrogen flow of 50 mL min~'. Before
each DSC test, a fresh sample of about 5 mg was used.
Through the following thermal treatment, the completely
amorphous state of each sample was reached by heating at
20 °C min~' to 140 °C, holding there for 3 min to erase
any previous thermal history, and quenching to —80 °C at
60 °C min~'. For the isothermal cold crystallization
kinetics study, the sample was heated quickly from the
amorphous state to desired crystallization temperature (7;)
and held for sufficient time to ensure complete crystal-
lization. For the nonisothermal cold crystallization behav-
ior study, the sample was heated from the amorphous state

at different heating rates ranging from 4 to 10 °C min~"'.

Results and discussion

The isothermal cold crystallization kinetics studies of
PESSe copolymers were first investigated at different T,
values of 20, 25, 30, and 35 °C in this work. The plots of
relative crystallinity versus crystallization time for the
three PESSe copolymers during isothermal cold crystal-
lization process are shown in Fig. 1. From Fig. 1, the time
required for each sample to complete crystallization
became shorter with increasing 7., while the time became
longer with increasing ESe content at a given T.. For
example, at a T, of 35 °C, it needed about 13 min for
PESSe5 while about 17 and 30 min for PESSelO and
PESSel5, respectively, to complete crystallization, indi-
cating that increasing ESe content decreased the isothermal
cold crystallization of PESSe copolymers.

To better investigate the isothermal cold crystallization
kinetics of PESSe copolymers, the well-known Avrami
equation was used to analyze the related crystallization
process. The Avrami equation describes the evolution
of relative crystallinity (X;) with crystallization time (f)
as follows:

1 — X, = exp (—kt") (1)

where n is the Avrami exponent, reflecting crystallization
mechanism, and k is the crystallization rate constant,
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Fig. 1 Plots of relative crystallinity versus crystallization time for
a PESSe5, b PESSelO, and ¢ PESSel5 during isothermal cold
isothermal crystallization

involving both nucleation and crystal growth [27, 28].
Figure 2 shows the corresponding Avrami plots of PESSe
copolymers at indicated 7. values, from which a set of

almost parallel lines were obtained for each copolyester.
Therefore, the Avrami equation was suitable to fit the
isothermal cold crystallization process of each copolyester.

From the plots shown in Fig. 2, the Avrami parameters
of n and k were acquired and are listed in Table 1 for
comparison. Table 1 clearly shows that the n values varied
slightly between 2.0 and 2.2 for the three PESSe copoly-
mers after crystallizing at indicated 7, values, indicating
that PESSe copolymers should crystallize through the same
crystallization mechanism [29]. The k values are also
summarized in Table 1; moreover, the k values were
greater at higher 7, than at lower T, for each copolyester
when the n values were the same. As the unit of k was
(min™™), it was not reasonable to use the k values to
directly compare the crystallization rate of different sam-
ples at different T, values, if the n values were not the
same. Thus, crystallization half-time (zy55), the time
required to achieve 50% of the final crystallinity, was used
to compare the crystallization rate, which could be calcu-
lated through the following equation:

0= (%2)" )

Accordingly, the reciprocal of 7,5 may represent the
crystallization rate. Figure 3 shows the temperature
dependence of 795 for PESSe copolymers at indicated T,
values. From Fig. 3, fy5 decreased with increasing T, for
each sample, indicating faster crystallization rate at higher
T.. The increased isothermal cold crystallization rate with
increasing 7, of PESSe copolymers was similar to that of
their homopolymer PES undergoing isothermal cold crys-
tallization process [11]. On the other hand, 7,5 increased
significantly with increasing ESe content for the three
PESSe copolymers at a given T, suggesting that increasing
the comonomer content decreased obviously the isothermal
cold crystallization rate of PESSe.

In the above section, the isothermal cold crystallization
kinetics of PESSe copolymers was studied with DSC at
indicated 7, values and analyzed by the well-known
Avrami equation. In this section, the nonisothermal cold
crystallization behavior of PESSe copolymers was further
investigated with DSC at different heating rates. The
effects of different heating rates and ESe content on the
nonisothermal cold crystallization behavior of PESSe
copolymers were studied with DSC in detail. Figure 4a
displays the nonisothermal cold crystallization behavior of
PESSe5 at indicated heating rates to study the effect of
heating rate, while Fig. 4b illustrates the nonisothermal
cold crystallization behavior of PES and PESSe copoly-
mers at the same heating rate of 6 °C min~" to investigate
the influence of ESe content. Figure 4a shows that the
nonisothermal cold crystallization exotherm of PESSe5
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Fig. 2 Avrami plots of a PESSe5, b PESSe10, and ¢ PESSel5 during
isothermal cold crystallization
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Table 1 Isothermal crystallization kinetics parameters based on the
Avrami equation of PESSe copolymers from the amorphous state

Samples T./°C n k/min~"
PESSe5 20 22 1.97 x 1072
25 2.1 691 x 1072
30 2.0 3.36 x 107!
35 2.1 5.05 x 107!
PESSe10 20 2.0 1.62 x 1072
25 2.1 476 x 1072
30 2.0 1.00 x 107!
35 2.0 1.80 x 107!
PESSel5 20 2.1 3.75 x 1073
25 2.0 8.32 x 1073
30 2.1 1.39 x 1072
35 2.1 1.92 x 1072
14
12 o PESSe5
o PESSel0
10 - A& PESSel5
8 -
g
£
N‘g 6 T
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(o]
2 -
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Fig. 3 T. dependence of f#ys for the PESSe copolymers during
isothermal crystallization process from the amorphous state

shifted upward to high temperature range with increasing
heating rate, indicating the occurrence of nonisothermal
cold crystallization at high crystallization temperature.
With increasing heating rate from 4 to 10 °C min~", the
nonisothermal cold crystallization peak temperature (7}) of
PESSe5 increased from 30.5 to 40.0 °C. Figure 4b
demonstrates that the nonisothermal cold crystallization
exotherm shifted to high temperature range with increasing
ESe content, suggesting that the nonisothermal cold crys-
tallization became more difficult for PESSe copolymer
with high ESe content. With increasing ESe content from 5
to 15 mol%, T, increased from 34.3 to 45.3 °C for PESSe
copolymers. Moreover, the nonisothermal cold crystal-
lization of PES was also included in Fig. 4b for
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Fig. 4 DSC heating traces of a PESSe5 at indicated heating rates and
b PESSe copolymers at a heating rate of 6 °C min~' from the
amorphous state

comparison. The T, value was 34.1 °C for PES, which was
lower than those of all copolymers, further evidencing that
the introduction of ESe retarded the nonisothermal cold
crystallization process.

On the basis of Fig. 4 and the relationship between
crystallization temperature and crystallization time, we
could get the development of relative crystallinity with
crystallization time for PESSe copolymers during non-
isothermal cold crystallization. Figure Sa displays the plots
of relative crystallinity versus crystallization time for
PESSe at indicated heating rates, while Fig. 5b illustrates
the evolution of relative crystallinity with crystallization
time for PESSe with different ESe contents at the same
heating rate of 6 °C min~'. Figure 5 clearly shows that
crystallization time became shorter with increasing heating
rate for PESSe5, indicating faster nonisothermal cold
crystallization rate at higher heating rate; moreover,
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Fig. 5 Plots of relative crystallinity versus crystallization time for
a PESSe5 at indicated heating rates and b PESSe copolymers at a
heating rate of 6 °C min~" from the amorphous state

crystallization time became longer with increasing ESe
content for PESSe copolymers at the same heating rate,
suggesting a slower crystallization rate for PESSe
copolymer with higher ESe content. From Fig. 5, non-
isothermal cold crystallization half-time (#;,), the time
required to finish 50% of final crystallinity, was directly
read from the plots of relative crystallinity versus crystal-
lization time and the values are listed in Table 2. From the
summary of #;,, listed in Table 2, we could draw the same
conclusions as from Fig. 5. In brief, increasing heating rate
or decreasing ESe content accelerated the nonisothermal
cold crystallization of PESSe copolymers.

To better understand the influence of ESe content on the
nonisothermal cold crystallization behavior, the crystal-
lization rate parameter (CRP) and crystallization rate
coefficient (CRC) of PESSe copolyesters were calculated
in this research. In the literature, Zhang et al. introduced
CRP to compare the crystallization rate of different
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Table 2 Nonisothermal cold crystallization parameters of PESSe
copolymers

Samples Heating rate/°C min~! T,/°C t12/min
PESSe5 4 30.5 3.61
343 2.58
8 37.6 2.01
10 40.0 1.66
PESSel0 4 30.8 4.49
36.6 3.08
8 40.0 2.40
10 42.3 2.04
PESSel5 4 39.0 5.63
45.3 4.00
8 49.1 3.02
10 51.9 247

systems [30], which may be determined from the slope of
the plot of 1/t;,, versus cooling (or heating) rate. The
greater CRP value indicates faster crystallization rate.
Figure 6 illustrates the related plots of 1/¢1,, versus heating
rate for PESSe copolyesters, from which the CRP values
were calculated to be 5.4 x 10_2, 4.5 x 10_2, and
3.8 x 1072°C~! for PESSe5, PESSel0, and PESSel5,
respectively. Consequently, increasing ESe content
decreased the nonisothermal cold crystallization rate of
PESSe copolymers.

In the literature, Khanna once introduced CRC to rank
the crystallization rate of different systems. CRC indicated
a change in cooling rate required for 1 °C change in the
supercooling of the polymer melt, which may be calculated
from the slope of the plot of cooling rate versus Ty, — T,
where Ty, and T}, are the melting point and nonisothermal

melt crystallization peak temperature, respectively.
0.7
0.6 o PESSe5
o PESSel0
A PESSel5
0.5
i
£ 044
03
0.2 -
0.1 T T T T T T T T T T T T T T
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Fig. 6 Plots of 1/t;,, versus heating rate for PESSe copolymers to
determine the CRP values

@ Springer

Therefore, the greater CRC value indicated fast crystal-
lization rate [31]. To better understand the nonisothermal
crystallization behaviors of PESSe copolymers from the
amorphous state, the CRC values were also estimated in
this work. In this research, PESSe copolymers were non-
isothermally crystallized from the completely amorphous
state; therefore, T, — T, (T} is glass transition temperature)
was used instead of T, — T}, to determine CRC, which
should represent a change in heating rate required for 1 °C
change in the superheating of the amorphous phase
[22, 23]. Figure 7 shows the plots of heating rate versus
T, — T, for PESSe copolyesters, from which the CRC
values were determined to be 0.62, 0.50, and 0.45 min~!
for PESSe5, PESSe10, and PESSel5, respectively. In brief,
increasing ESe content decreased the nonisothermal cold
crystallization rate of PESSe copolymers. From the above
mentioned studies, both the CRP and CRC values
decreased with increasing ESe content, indicating that
PESSe copolymer with higher ESe content crystallized
more slowly than that with lower ESe content during
nonisothermal cold crystallization.

The nonisothermal cold crystallization kinetics of
PESSe copolymers was analyzed by the recognized Ozawa
equation. The Ozawa equation is described as follows:

—K(T))

(3)

XTlexp( o

where Xt is the relative crystallinity at T, @ is cooling (or
heating) rate, K(7) is the cooling (or heating) function at T,
and m is the Ozawa exponent reflecting the type of
nucleation and growth mechanism [32]. For example,
Fig. 8 shows the typical Ozawa plots of PESSel5 at indi-
cated T, values of 30, 32, 34, and 36 °C. The linear plots
shown in Fig. 8 indicate that the Ozawa equation was

@/°C min™

o PESSe5
o PESSel0
A PESSel5

T T T T — 7T T
44 48 52 56 60 64 68 72 76 80
T-T)/°C

p g

Fig. 7 The plots of heating rate versus 7, — T, for PESSe copoly-
mers to estimate the CRC values
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Table 3 Nonisothermal crystallization kinetics parameters of the

PESSe copolymers calculated from the Ozawa equation from the
amorphous state

Samples T./°C m K(T)/(°C min~H"
PESSe5 30 3.9 2.26

32 3.7 241

34 3.4 2.55

36 32 2.62
PESSe10 30 3.6 2.00

32 33 2.05

34 3.1 2.13

36 29 217
PESSel5 30 2.8 6.30 x 107!

32 2.4 6.48 x 107!

34 22 7.22 x 107!

36 2.1 8.25 x 107!

suitable to describe the nonisothermal cold crystallization
kinetics of PESSe5. In addition, PESSe5 and PESSel(
showed the similar results as PESSe5. For brevity, they
were not shown here. In the literature, the Ozawa equation
could fit the nonisothermal melt and cold crystallization
kinetics of PES [11, 33] but failed to analyze the non-
isothermal melt crystallization kinetics of PBS and poly
(ethylene suberate) [33, 34]. Table 3 lists the obtained
m and K(T) values of PESSe copolymers. From Table 3,
the following conclusions were drawn. First, the m values
were not constant and changed with 7, and ESe content,
indicating that the crystallization mechanism should also
not be the same and varied. Second, K(7) gradually
increased with increasing T, for each sample, suggesting
faster crystallization rate at higher 7.. Such enhanced
crystallization rate with increasing 7. was reasonable for
semicrystalline polymers during nonisothermal cold crys-
tallization from the amorphous state. The crystallizability

of polymer is obviously improved at higher 7T, than at
lower T, as the mobility of polymer chain increases with
increasing 7., and the crystal growth should be dominant
factor of influencing the overall crystallization rate.

Conclusions

In this research, the isothermal and nonisothermal cold crys-
tallization kinetics of three novel biobased PESSe copolymers
was studied for the first time with DSC under different crys-
tallization conditions in detail. In the case of isothermal cold
crystallization kinetics study, three PESSe copolymers with
different ESe contents were isothermally crystallized at dif-
ferent crystallization temperatures ranging from 20 to 35 °C
from the amorphous state. Through the Avrami equation
analysis, the related isothermal cold crystallization kinetics
data were obtained. Regardless of crystallization temperature
and ESe content, PESSe copolymers crystallized through the
same crystallization mechanism; however, increasing ESe
content or decreasing crystallization temperature decreased
the cold crystallization rate of PESSe copolymers. In the case
of nonisothermal cold crystallization kinetics study, PESSe
copolymers were nonisothermally crystallized at different
heating rates ranging from 4 to 10 °C min~" from the amor-
phous state. The nonisothermal cold crystallization exotherm
of PESSe copolymers shifted upward to high temperature
range with increasing heating rate or ESe content. Increasing
ESe content reduced both the crystallization rate parameter
and crystallization rate coefficient of PESSe copolymers,
suggesting that PESSe copolymer with higher ESe content
crystallized more slowly than that with lower ESe content.
The Ozawa equation was found to be able to well fit the
nonisothermal cold crystallization process of PESSe
copolymers.
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