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ABSTRACT: The copolyester was synthesized and char-
acterized as having 92.7 mol % ethylene succinate units
and 7.3 mol % butylene succinate (BS) units in a random
sequence, as determined by the use of nuclear magnetic
resonance. Isothermal crystallization kinetics of this copo-
lyester was examined in the temperature range (Tc) from
30 to 80�C with the use of differential scanning calorimetry
(DSC). The melting behavior after isothermal crystalliza-
tion was studied with DSC by varying the Tc, the heating
rate, and the crystallization time. The complex melting
behavior involves both mechanisms of various lamellar
crystals and melting–recrystallization–remelting. As the Tc

increases, the contribution of recrystallization gradually
decreases and finally disappears. The Hoffman–Weeks lin-

ear plot yielded an equilibrium melting temperature of
111.1�C, which is 1.6�C less than that of poly(ethylene suc-
cinate) (PES). The kinetic analysis of the spherulitic growth
rates (G) indicated that a regime II!III transition occurred
at �59�C (TII!III), which is � 11�C less than that of PES.
The overall crystallization rate, TII!III and G indicate that
the random incorporation of only 7.3 mol % BS units into
PES significantly inhibits the crystallization rate of PES.
Finally, the morphology of melt-crystallized samples was
examined using polarized light microscopy and scanning
electron microscopy. VVC 2009 Wiley Periodicals, Inc. J Appl
Polym Sci 113: 876–886, 2009
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INTRODUCTION

Plastics have been used extensively in the last sev-
eral decades because they are convenient and per-
form well. Environmental protection recently has
become an important policy issue for every govern-
ment. Pollution by chemosynthetic polymers has
caused a global environmental problem because they
are not degradable but stable. Biodegradable poly-
mers are friendly to our ecosystem and provide al-
ternative solutions for managing solid waste.
Aliphatic polyesters are biodegradable because they
are susceptible to enzymes and microorganisms.
Two general methods exist for obtaining biodegrad-
able polymers; they are biosynthesis and chemosyn-
thesis. Poly(ethylene succinate) (PES) has a relatively
high melting point (Tm, 103–106�C) and some favor-
able mechanical properties that are similar to those

of such extensively used polymers as low density
polyethylene (LDPE), poly(propylene),1 and others.

Chemical composition, crystalline structure, and
morphology dominate the biodegradation rate.2

Numerous researchers have found that the degree of
crystallinity, spherulite size, and lamellar structure
can affect the biodegradation rate because biodegra-
dation initially occurs in the amorphous region, such
that the rate of erosion in the amorphous region sub-
stantially exceeds that in the crystalline region.3,4

Therefore, research on the relationship among struc-
ture, crystallization kinetics, and morphology must
precede research on degradation behavior, and the
results thus obtained will help elucidate the degra-
dation mechanism, supporting the design and devel-
opment of various practical degradable polymers.

PES and poly(butylene succinate) (PBS) are prom-
ising candidate degradable aliphatic polyesters
because they have favorable mechanical properties.
The crystalline structure5–8 and the crystal growth
kinetics2,9 of PES have been investigated. The de-
pendence of the crystallization rate and the primary
nucleation rate of PES on molecular weight also
have been studied.10,11 A few works of the multiple
melting behaviors of PES have been published.2,9,12–14

PBS exhibits a lower biodegradation than PES
because it has a higher crystallization rate and
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greater crystallinity. The crystalline structure of PBS
has been investigated extensively.15–17 The crystalli-
zation, spherulite morphology, and melting behav-
ior of PBS also have been elucidated.14,18–21

Approaches have been used to promote the physi-
cal properties or extend the range of application of
PBS. They include physical blending, copolymeriza-
tion, and formation of composite with organoclay.
Copolymers are well known to have higher degra-
dation rates than homopolymers, which is basically
attributed to the limited crystallinity. In most
copolymers in which both components are crystal-
lizable, the degree of crystallinity declines as the
proportion of the minor component increases
because of incompatibility between the crystal latti-
ces of both components.22,23

The aim of these works is to investigate the succi-
nates that were synthesized by copolymerization of
succinic acid with different diols (ethylene, 1,3-pro-
pylene, 1,4-butylene, etc.). PES, PBS, and a series of
their random copolymers were recently synthesized
in the laboratory.24 The measurements of wide-angle
X-ray diffraction (WAXD) patterns and heating ther-
mograms indicate that the incorporation of minor
amounts of butylene succinate (BS) units into PES
significantly inhibits the crystallization behavior of
PES. The glass transition temperature (Tg) decreases
from �10.8 to �41.1�C as the BS content increases
from 0 to 100%. A series of PES and PBS copolymers
have been studied,21,25,26 and a PBS-co-14%PES copo-
lyester has been extensively reported.20,27 To
increase the biodegradation rate without sacrificing
the melting temperature of PES, a copolymer with
only 7 mol % BS, PES-co-7%PBS, was synthesized
and characterized in this work. The differential scan-
ning calorimetric (DSC) data were analyzed over a
wide range of isothermal crystallization tempera-
tures (Tc) by use of the Avrami equation.28,29 Addi-
tionally, the origin of the multiple melting behaviors
of isothermal crystallized specimens was elucidated
with WAXD and DSC. The linear growth rates and
the morphology of spherulites were obtained under
a polarized light microscope (PLM), and the regime
transition temperature was determined with the
Lauritzene-Hoffman equation.30 The surface texture
of PES-co-7%PBS after hydrolysis was observed
under a scanning electron microscope (SEM).

EXPERIMENTAL

Synthesis and characterization

Ethylene glycol (EG) (Showa, 99.5%), 1,4-butanediol
(BD) (Acros, 99%), and succinic acid (SA) (Acros,
99%) were used without purification. Titanium tet-
raisopropoxide (TTP) (Acros, 98þ%) was used as
received. Other solvents used in the analysis were

also used without further purification. The reaction
mixture was charged into a 1-L stainless reactor
with an EG : BD : SA molar ratio of 0.95 : 0.05 : 1.
TTP was used as a catalyst: the amount was 0.1% of
the amount of diacid used. PES-co-7%PBS copo-
lyester was synthesized via a two-step esterification
reaction in the melt. It was purified after it was dis-
solved in chloroform and precipitated into ten times
as much vigorously stirred ice-cooled methanol. The
precipitate was filtered, washed in methanol, and
dried at reduced pressure and at room temperature.
This copolyester had an intrinsic viscosity [g] of
1.25 dL/g, measured in phenol/1,1,2,2-tetrachloro-
ethane (3/2, w/w) at 30�C. The number and weight
average molecular weights, Mn and Mw, were 1.83 �
105 and 2.60 � 105 g/mol, respectively, relative to
poly(methyl methacrylate). The Tg of an amorphous
specimen was obtained using a Perkin-Elmer Pyris 1
DSC (Shelton, CT) at a heating rate of 10�C/min.
The corresponding Tg was �11.7�C (261.4 K). The
13C-NMR spectrum of d-chloroform solution was
obtained with tetramethylsilane (TMS) as the refer-
ence standard using a Varian UNITY INOVA–500
NMR spectrometer (Palo Alto, CA) at 295.5 K.

All of the PES-co-7%PBS sheets were prepared in a
hot press machine. These sheets were formed by
compression molding for 5 min at 115�C. During the
molding process, the mold was pressed and released
several times to ensure void-free sheet. The sheet
was then allowed to cool slowly to room tempera-
ture. The compressed sheet had a thickness of
approximately 0.2 mm for use in DSC studies or
about 0.5 mm for obtaining WAXD patterns. Both
purified PES-co-7%PBS and sheets were dried at
room temperature in a vacuum oven for 12 h to
remove moisture before they were used.

DSC and specimen preparation

A Perkin–Elmer Pyris 1 DSC, equipped with a re-
frigerating system (Pyris Intracooler 2P), was cali-
brated with deionized water and indium. DSC was
calibrated with the heat fusion of indium. A speci-
men with a weight 4 � 0.5 mg was used. In the iso-
thermal crystallization study, the samples were
initially heated from 30 to 170�C at 20�C/min and
then held at 170�C for 5 min. They were then rap-
idly cooled at a nominal rate of 250�C/min to a pre-
set temperature (Tc) between 30 and 80�C and
crystallized for a period that was three times the
peak ending time, to ensure complete crystallization.
After isothermal crystallization, the specimens were
ready to be studied with DSC and SEM. The speci-
mens were scanned up to 140�C at 10�C/min to elu-
cidate their melting behavior. The samples were all
treated under the same premelting conditions,
except that the isothermal crystallization time was
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varied, to study the sequence of the multiple melting
peaks from the specimens that were crystallized at
62�C. They were then scanned directly from Tc up to
140�C at 10�C/min.

Specimens in TA sample pans were prepared iso-
thermally in Pyris 1 DSC under the same conditions
as described previously. A TA Instruments Q100
(New Castle, DE) equipped with a refrigerating sys-
tem was used. The cell constant calibration was per-
formed with an indium standard, and the
temperature calibration was performed with deion-
ized water and indium. To study the effect of the
heating rate on the multiple melting peaks, the
specimens crystallized at 62�C were scanned up to
136�C at 1, 10, 20, and 40�C/min, respectively, in
conventional mode.

WAXD measurements

Specimens with a thickness of approximately 0.5
mm after complete isothermal crystallization at vari-
ous Tc values were prepared using PLM under the
same conditions as described in the section on
DSC. X-ray diffractograms were obtained at room
temperature using a Siemens D5000 diffractometer
(Karlsruhe, Germany) and Ni-filtered Cu Ka radia-
tion (k ¼ 0.1542 nm, 40 kV, 30 mA) at a scanning
rate of 1�/min.

PLM measurements

A Nikon Optiphot-pol polarizing microscope
(Tokyo, Japan) was employed in combination with a
Linkam (Tadworth, UK) THMS–600 heating stage
and a TMS–91 temperature control system. The
video photograph system included a SONY DXC–
755 CCD color video camera and a Pioneer DVR–
510H DVD recorder. Measurements of spherulite
growth rates were taken on a freshly made film,
which was formed at temperatures between 100 and
105�C under nitrogen. The specimen was initially
cooled, and then heated from room temperature at
20�C/min to 170�C, at which temperature it was
maintained for 5 min to melt the crystalline residues.
The premolten specimen was cooled rapidly to the
required Tc, which ranged from 80 to 30�C. It was
found that the homogeneous nucleation rate was
very slow at temperatures above 60�C for PES11 and
PES dominated copolymer.31 To save time, combin-
ing self-nucleation and nonisothermal temperature
programs32,33 were applied for Tc � 60�C. The pre-
molten specimen was cooled down rapidly from 170
to 55�C, held for 15 min, and then heated at 50�C/
min to Tc. The development of the spherulites was
recorded as a function of time during crystallization.
The growth rates of numerous spherulites in each
specimen were examined.

SEM studies

Specimens, after complete isothermal crystallization
at various Tc, were prepared under the same condi-
tions as described in the section ‘‘DSC and specimen
preparation.’’ These specimens were immersed in
19 M sodium hydroxide solution at room tempera-
ture. The samples were removed from the solution
after 4 h, washed in distilled water several times,
and dried under a vacuum at room temperature.
The etched surfaces of the samples were gold-coated
and observed using a JEOL JSM–6400 SEM at an
accelerating voltage of 15 kV.

RESULTS AND DISCUSSION

Copolyester composition and sequence distribution

Figure 1 displays the 13C-NMR spectrum of the co-
polymer and the peak assignments. The two chemi-
cal shifts at 64.08–64.20 and 25.11–25.22 ppm are
associated with the methylene carbons a and b
bonded to the ester oxygen in the butylene group.
The diol carbon atoms of ethylene group are at
62.25–62.38 ppm (C2). The chemical shifts of the
methylene group and the carbonyl group of succinic
acid are at 28.70–29.00 (C1) and 171.94–172.30 (C5)
ppm, respectively. A magnified view of the 13C-
NMR spectrum indicates that the signals of the car-
bonyl carbons (C5) are split into three peaks, as pre-
sented in the inset in Figure 1. The assigned a–c
peaks represent the carbonyl carbons of ESE, ESB-E
side, and ESB-B side structures, respectively (where
E represents EG unit, S is SA unit, and B denotes
BD unit). This copolyester is characterized as having
92.7% ethylene succinate (ES) units and 7.3%

Figure 1 13C-NMR spectrum (solvent: d-chloroform at
295.5 K) and its peak assignments.
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butylene succinate (BS) units, based on the analysis
of carbonyl carbons. ES and BS units have average-
number sequence lengths of 12.6 and 1.0, respec-
tively. The randomness, B, is 1.08,23,24 which is
within the experimental error, B ¼ 1.0 for a random
copolyester. Therefore, the distribution of ES and BS
units in this copolyester is supposed to be random
given the presence of a single Tg at �11.7�C and a
randomness value of 1.08.

WAXD results

Figure 2 presents WAXD patterns of this copolyester
after crystallization at various isothermal tempera-
tures and the WAXD pattern of PES that was iso-
thermally crystallized at 80�C.34 The crystal unit cell
of PES is orthorhombic,7,8 and the diffraction peaks
from the (120) and (200) planes are observed at 2y �
20.2� and 23.4�, respectively. All the samples exhibit
the same PES diffraction peaks over the entire range
of temperatures, indicating only one crystalline form
(a) in the samples that were crystallized isothermally
between 30 and 80�C. As the Tc increases, these two
diffraction peaks become sharper and the diffraction
peak of the (121) plane turns out to be more pro-
nounced, indicating improvement of crystalline
order. The crystallinity increased from 27.5 to 30.7%,
as determined from the relative areas under the
crystalline peaks and the amorphous background.
Accordingly, the multiple melting peaks may be
associated with the melting of different populations
of lamellar crystals and/or the melting of recrystal-
lized crystals. PBS homopolymer has a monoclinic
unit cell15 and has a higher overall crystallization
rate than PES. WAXD patterns and the average-
number sequence length (1.0) show that a minor BS
comonomer (unit) is excluded from PES crystals.20

Isothermal crystallization kinetics

Figure 3 shows DSC exothermic traces of specimens
that are isothermally crystallized at temperatures
from 30 to 67�C. DSC traces are not presented for Tc

greater than 67�C because the exothermic heat flow
becomes too small and slow to be accurately defined
the end of the crystallization process. The second
column in Table I presents isothermal crystallization
times (tc) at temperatures from 30 to 80�C. The
required tc decreased from 55 min at 30�C to 40 min
at 45�C, and then increased gradually to 300 min at
70�C, reaching 1000 min at 80�C. The exothermic
trace was integrated to yield the heat of crystalliza-
tion (DHexo, third column), and the degree of crystal-
linity (Xc,exo) was determined by dividing the heat of
crystallization by 163 J/g,24 evaluated from the Flory
equation. Xc,exo increases from 26.2% at 35�C to
32.7% at 67�C, as indicated in column 4 of Table I.
Because the isothermal crystallization at Tc � 67�C is
slow, the values of DHexo and Xc,exo from 70 to 80�C
were not estimated.

The relative degree of crystallinity at time t [Xc(t)]
was calculated for each Tc. The half-time of crystalli-
zation (t1/2 – defined as the time required for half of
the final crystallinity to develop) was evaluated. The
value of t1/2 falls from 7.93 min at 30�C to 5.21 min
at 45�C, and then increases gradually to 24.89 min at
67�C. Figure 4 plots the overall crystallization rate
(t1/2)�1 as a function of temperature as open squares.
The curve reaches a maximum at approximately
45�C. For comparison, the (t1/2)�1 values of PES34

are also presented in Figure 4 using open triangle
symbols. The maximum (t1/2)�1 value of this copo-
lyester is only half of that of PES.

It is well known that the Avrami equation28,29 can
be applied to describe the initial or the primary
stage of isothermal crystallization of polymers, as
followed:

Figure 2 X-ray diffraction patterns of the PES-co-7%PBS
specimens isothermally crystallized at various tempera-
tures and of PES isothermally crystallized at 80�C.

Figure 3 Crystallization isotherms of specimens at the
indicated temperatures (Tc).
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1 � XcðtÞ ¼ expð�k1t
n1Þ (1)

log½� lnð1 � XcðtÞÞ� ¼ n1 log tþ log k1 (2)

where k1 is the crystallization rate constant and n1 is
the Avrami exponent describing the crystal geome-
try and nucleation mechanism. According to Equa-
tion (2), the plot of log[�ln(1 � Xc(t))] versus log t
will give the slope n1 and the intercept log k1.

Figure 5 displays a typical Avrami plot for the
specimen that was crystallized isothermally at 62�C.
The best linear regression was obtained between the
relative crystallinities of 4.4 and 92.9% with a corre-
lation coefficient (r2) of 0.9995, which values are
listed in the Tc ¼ 62�C row in Table I. This curve
has an initial linear portion that corresponds to an
Avrami exponent (n1) of 2.75. The second linear part
is fitted to the part that levels off. The point of inter-
section between these two linear regression lines
was at 21.25 min, as shown in Figure 5. The Avrami
plots yield n1 and the rate constant (k1) at various Tc

values. As Tc increases, n1 increases from 2.54 to
2.84, as shown in column 7 in Table I. k1 increases

first from 3.55 � 10�3 to 9.35 � 10�3, and then
declines to 7.53 � 10�5; the results are plotted as
filled circles in Figure 4. The k1 values of PES34 are
displayed as filled triangles in the same figure for
the comparison.

Figure 4 presents both the maximum values of
(t1/2)�1 and k1 at 45�C. The maximum rate of spheru-
lite growth (G) was at 52�C (described later). Ume-
moto et al.11 measured the primary nucleation rate of
PES. A maximum was found at 18–32�C, depending
on the molecular weight. The nucleation rate of PES-
co-7%PBS is less than that of PES, because incorporat-
ing BS units into PES markedly inhibits the crystalli-
zation behavior of PES. Therefore, the overall
crystallization rate (t1/2)�1 is maximal at a tempera-
ture between the temperatures of the maximum
nucleation rate and the maximum growth rate.

The exponent n1 decreases from 2.84 to 2.54 as Tc

decreases. It is less than 4.0, which is the theoretical
value in the case of sporadic nucleation and three-

Figure 4 Temperature dependencies (Tc) of the overall
crystallization rate (t1/2)�1 and the rate constant (k1).

Figure 5 Plot of log[�ln(1�Xc(t))] vs. log t for the speci-
mens crystallized isothermally at 62�C.

TABLE I
Summary of the Condition and the Kinetic Analysis of Crystallization for the Isothermally

Melt-Crystallized Specimens

Tc (�C) tc (min) DHexo (J/g) Xc,exo (%, abs)a DHendo (J/g) Xc,endo (%, abs)a n1 Xc(t) range (%, rel) r2

30 55 �43.0 26.3 52.8 32.3 2.54 4.3–98.5 0.9996
35 50 �42.8 26.2 46.2 28.3 2.57 3.3–95.4 0.9998
40 45 �44.4 27.2 48.5 29.7 2.58 7.5–96.3 0.9998
45 40 �46.3 28.3 50.0 30.6 2.59 4.0–93.5 0.9996
50 50 �47.9 29.3 50.1 30.7 2.60 1.8–97.8 0.9997
55 55 �48.3 29.6 51.6 31.6 2.69 3.1–95.4 0.9998
60 75 �50.1 30.7 51.1 31.3 2.75 5.3–96.6 0.9995
62 110 �50.4 30.9 52.7 32.3 2.75 4.4–92.9 0.9995
65 180 �50.8 31.1 49.8 32.8 2.81 0.2–99.8 0.9998
67 250 �53.4 32.7 53.6 32.8 2.84 2.1–99.9 0.9995
70 300 – – 50.8 32.9 – – –
75 500 – – 54.4 33.3 – – –
80 1000 – – (54.3) (33.2) – – –

a Enthalpy of fusion of PES is 163 J/g.24
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dimensional crystal growth, for the following rea-
sons. First, the thickness of the samples for the DSC
studies is approximately 0.2 mm. At higher Tc val-
ues, the nucleation density is low and the diameter
of the spherulite is about 0.1 mm. Therefore, the
growth of the spherulites was restricted to two
dimensions during the latter stage of isothermal
crystallization. Second, the growth rate of this copo-
lyester is low, reaching a maximum value of 6.58 �
10�2 lm/s (described later). The primary and sec-
ondary crystallizations are suggested to proceed
simultaneously before the impingement of crystals.
(See Table I and the following paragraph) Third, the
homogeneous nucleation rate increases as Tc

declines, representing an athermal nucleation pro-
cess that is followed by three-dimensional crystal
growth during the early stage of isothermal crystalli-
zation. Finally, the cooling rate of the refrigerating
system is not sufficiently high to prevent crystalliza-
tion of this copolyester before it is cooled to a low
Tc. Similar results have been observed in an earlier
study for PES copolyester that contains 5 mol % tri-
methylene succinate.31,34

Melting behavior of specimens crystallized at 62�C

The premelting temperature of isothermal crystalli-
zation was maintained for 5 min at 170�C, which
was 59�C higher than T0

m (111.1�C, Fig. 9). Following
this premelting treatment, the subsequent isothermal
crystallization behavior was independent of the prior
thermal history. The maximum growth rate of spher-
ulite was 6.58 � 10�2 lm/s at 52�C. The growth rate
was 4.88 � 10�2 lm/s at 62�C. PLM experiments
indicated that the homogeneous nucleation rate of

PES-co-7%PBS was very low at temperatures of over
60�C,11,31 and that the regime II ! III transition
occurred at approximately 59�C. In general, the crys-
tals that formed in regime III had more defects and
lower crystallinity than those that formed in the
other regimes. These results are used to elucidate
the melting behavior following complete isothermal
crystallization at 62�C.

Figure 6 displays DSC thermograms obtained at a
heating rate of 10�C/min for specimens that had
been isothermally crystallized at 62�C. The inserts in
the left-hand side of this figure enlarge the thermo-
grams at around 67�C. Specimens crystallized iso-
thermally for 11 or �13 min, yield double or triple
melting peaks, respectively. The peak temperatures
of the melting peaks are denoted Tm1, Tm2, and Tm3

in order of increasing temperature (as in both Figs. 7
and 8). Small amount of exothermically produced
heat can be found between the two upper melting
peaks, and the enthalpy of the exotherm increases
slightly with the crystallization time. However, this
exothermic curve is much lower than the peak at
Tm3, because both the nucleation rate and the crystal
growth rate are low (or the recrystallization rate is
low) at 62�C. Therefore, the ratio of intensity of the
peak at Tm3 to that at Tm2 varies very little. These
results indicate that the upper peaks at Tm2 and Tm3

appear initially and the lower peak at Tm1 appears
after further crystallization. The minimum time for
the occurrence of Tm1 (� 13 min) is less than
21.25 min (Fig. 5). As presented in the final two col-
umns of Table I, the range of relative crystallinities
(4.4–92.9%) in which the curve is initially linear also
suggests that the endothermic peak at Tm1 (the sec-
ondary process) arises before the spherulites have
impinged on each other.

Figure 6 DSC thermograms (at a heating rate of 10�C/
min) for specimens after premelting at 170�C for 5 min,
and then crystallized isothermally at 62�C for periods of
time.

Figure 7 DSC thermograms at different heating rates for
specimens crystallized isothermally at 62�C. These meas-
urements were made on a Q100 instrument in conven-
tional mode.
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Figure 7 presents DSC thermograms obtained at
four heating rates for specimens after complete iso-
thermal crystallization at 62�C. When the heating
rate is increased from 1, 10, 20, to 40�C/min, triple
melting peaks are observed as follows. The peaks at
Tm1 (� 69�C) and Tm2 (� 85�C) shift to a greater tem-
perature and increase in intensity. The exothermic
peak just before the major melting peak (Tm3) slowly
decreases to zero. The peak at Tm3 (about 97�C)
shifts to a lower temperature but its intensity
increases with the heating rate. The ratio of the
intensities of the upper two melting peaks declines
significantly as the heating rate increases, because
less time is available for the recrystallization and/or
reorganization during the heating scan. As the heat-
ing rate increases from 1 to 10�C/min, the enthalpy
of the recrystallization becomes lower, such that the
contribution of remelting to the main melting peak
becomes less. The remelting peak is distinct in the
case of PES with a viscosity molecular weight of
10,000.12,13 The molecular weight of PES24 synthe-
sized in the authors’ laboratory is higher than that
of any PES used in the cited papers.2,9,12–14 The max-
imum growth rate in one such investigation24 is only
half of that in another.2 As stated previously, incor-
porating BS units into PES significantly inhibits the
crystallization behavior of PES. The spherulitic
growth rate and recrystallization rate of this PES-co-
7%PBS are expected to be lower than those of PES.
Therefore, the peaks at Tm2 and Tm3 in Figures 6 and
7 are due primarily to the melting of different popu-
lations of lamellar crystals.

Elucidating the melting behavior

Figure 8 presents the results of DSC heating scans at
a heating rate of 10�C/min. The heating curves ex-
hibit multiple endothermic peaks. A small exother-
mic peak is detected just before the melting of peak
at Tm3, and is denoted as Texo. Tm1 is 5–10�C above
Tc. The peak at Tm2 appears when Tc � 50�C and
becomes a major peak for Tc � 75�C. The peaks at
Tm1 and Tm2 shift to higher temperatures and
increase in intensity as Tc increases. This trend dem-
onstrates that thicker crystalline lamellae develop as
Tc increases. The position and intensity of the peak
at Tm3 vary very little with Tc, but the area under
the peak declines as Tc increases from 30 to 70�C.
The ratio of intensity of the peak at Tm3 to that at
Tm2 increases significantly as Tc decreases, because
the melting temperature of the secondary crystals
(Tm1) decreases, and more time is allowed to recrys-
tallize during the heating scan. These results reveal
that the lower-temperature part of the peak at Tm3 is
related to the melting of the recrystallized crystals.31

As Tc increases, the contribution of the melting–
recrystallization–remelting process to the upper
melting peak slowly declines and finally disappears.
Therefore, the peak at Tm2 is attributed to the fusion
of the crystals that grow during primary crystalliza-
tion. The origin of the peak at Tm1 is still under
debate. Interpretation includes the superposition of
melting and recrystallization,9,35–37 the enthalpic
relaxation of the rigid amorphous fraction,38,39 and
both of these two mechanisms.40 Some progresses
are caused by new techniques; however, different
polymers have different characteristics. The growth
rates of crystals should be correlated with the overall
crystallization rate and the melting behavior
obtained from DSC. In the study of two copolyester
series of poly(trimethylene terephthalate-co-ethylene
terephthalate)41–44 and poly(ethylene succinate-co-tri-
methylene succinate),23,31,45 it was found that the
peak at Tm1 turns out to be more pronounced when
the amount of the minor comonomer increases
because both the growth rate and overall crystalliza-
tion rate of the copolyester decreases. Therefore, the
peak at Tm1 is primarily associated with the melting
of the secondary crystals in this study. Furthermore,
the melting temperature is rigorously defined as the
temperature at which the last trace of crystals melts,
and is given by Tm3-end. Tm3-end remains constant at
94.5 � 0.5�C. The fifth column of Table I presents
the measured total enthalpy of melting (DHendo). Its
value increases from 46.2 to 54.4 J/g as Tc increases
from 35 to 75�C. The corresponding degree of crys-
tallinity (Xc,endo) increases from 28.3 to 33.3%, as
indicated in the sixth column of Table I.

Figure 9 plots Tm1 and Tm2 as functions of Tc. A
solid line is drawn where Tm ¼ Tc. The values of

Figure 8 DSC thermograms (at a heating rate of 10�C/
min) for specimens isothermally melt-crystallized at the
indicated temperatures.
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Tm1 (open squares) fall on a line with a slope of
0.9142, approaching the Tm ¼ Tc line as Tc increases.
According to the Hoffman–Weeks approach,46 the
values of Tm2 are extrapolated (based on a linear
regression of the filled circular points with Tcs ¼ 62,
65, 67, 70, 75, and 80�C) until they intersect with the
solid line. The temperature of the intersection is T0

m,
which equals 111.1�C. This value is approximately
16.5�C greater than Tm3-end. This T0

m that is estimated
from the Hoffman–Weeks plot may be less reliable,
but the regime transition temperature TII!III can be
assumed to be almost independent of the values of
T0
m.20

Kinetic analysis of growth rates of spherulites

The growth rate (G) of spherulites was determined
before their impingement by measuring the spheru-
litic radii from PLM micrographs taken at intervals

during the isothermal crystallization. Figure 10 plots
the temperature-dependence of the growth rate as
open circles. The growth rate increases smoothly
from 2.11 � 10�2 lm/s at 30�C, passing a maximum
of 6.58 � 10�2 lm/s at 52�C, before falling smoothly
to 0.46 � 10�2 lm/s at 80�C. Figure 10 also plots the
growth rates of PES31,34,45 as open squares. The max-
imum growth rate of this PES-co-7%PBS copolyester
is about half of that of PES. One of the reasons for
this result is that incorporating BS units into PES sig-
nificantly inhibits the crystallization of PES.

According to the secondary nucleation theory of
Lauritzen–Hoffman (LH),30 the spherulitic growth
rates can be expressed as

G ¼ G0 exp
�U	

RðTc � T1Þ

� �
exp

�Kg

TcðDTÞf

� �
(3)

where G0 is a preexponential factor, R represents the
gas constant, U* is the activation energy of repta-
tional diffusion, T1 is a hypothetical temperature
below which motion ceases, DT ¼ (T0

m � Tc) repre-
sents undercooling, and f is a correction term of the
order of unity, and is usually given by f ¼ 2Tc/(T0

m

þ Tc). The regime analysis based on the LH model is
applied to the growth rate data that are plotted in
Figure 10. Figure 11 plots log G þ U*/[2.303R(Tc �
T1)] as a function of 1/(TcDTf), yielding Kg (slope �
2.303) in each regime. The regime analysis of the LH
model was performed using the following values;
U* ¼ 5,950 cal/mol and T1 ¼ Tg � 30 K with Tg at
261.4 K. T0

m ¼ 111.1�C ¼ 384.2 K was adopted. The
two optimal fit lines correspond to the correlation
coefficients (0.9955 and 0.9958), as plotted in Figure
11. The curve is broken at Tc ¼ 59.2�C and the ratio
of the two slopes is 2.00.

Columns 3 to 8 in Table II present the calculated
values of Kg, correlation coefficient (r2) and TII!III

Figure 10 Variation of spherulitic growth rates with
temperature.

Figure 11 Kinetic analysis of the growth rate data of
spherulites. In this case, U* ¼ 5,950 cal/mol, and T1 ¼ Tg

- 30 K.

Figure 9 Hoffman–Weeks plot for determining the equi-
librium melting temperature of the copolyester from DSC
data at a heating rate of 10�C/min.
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(transition temperature of regime II!III) as T1 and
U* were varied. In the first and second rows for
which T1 is Tg – 30 K, TII!III is not obtained when
U* is 1500 cal/mol. For T1 ¼ Tg – 51.6 K, the ratio
of Kg(III)/Kg(II) increases from 1.45 to 2.00 as U* is
changed from 4200 to 10,400 cal/mol. The respective
values of TII!III are 59.4 and 59.3�C (rows 3 and 4).
These results have indicated that PES-co-7%PBS

exhibits a regime II!III transition at 59.3 � 0.1�C,
which is approximately 11�C less than that of
PES.31,45

Morphology of spherulites

Figure 12 presents the samples, crystallized from the
melt at various Tc, between the crossed polarizing

TABLE II
Values of Kg, Correlation Coefficient, and Transition Temperature Determined from Secondary Nucleation Theory

T1 (K) U* (cal/mol) Kg(III) � 10�5 r2(III) Kg(II) � 10�5 r2(II) Kg(III)/Kg(II) TII!III (�C)

Tg-30 1,500 – – – – – –
Tg-30 5,950 4.94 0.9955 2.47 0.9958 2.00 59.2
Tg-51.6 4,200 2.33 0.9992 1.60 0.9973 1.45 59.4
Tg-51.6 10,400 5.69 0.9958 2.85 0.9954 2.00 59.3

Figure 12 Representative PLM micrographs for specimens melt-crystallized at the indicated temperatures: (a) 50, (b) 55,
(c) 57, (d) 60, (e) 62, and (f) 65�C. The scale bar of 100 lm at the lower right applied to all six micrographs.
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plates. The optical behavior of these spherulites
exhibited typical negative birefringence, marked by
a dark Maltese cross. Morphology did not change
abruptly as Tc was increased from 30 to 55�C. Figure
12 (a) and (b) show small crystals in clusters because
the homogeneous nucleation rate increases rapidly
as Tc is in regime III. The number of spherulites
decreases as Tc increases from 57 to 65�C, as dis-
played in Figure 12(c–f). Because self-nucleation
method was applied for the experiments of Tc �
60�C, straight boundaries can be found in Figure
12(d–f). Gan et al.2 indicated that the radiating lines
from the center of the PES spherulites became coarse
as Tc increases. They examined the morphological
changes at the spherulitic level and lamellar level in
regimes II and III using a PLM and atomic force
microscope, indicating the presence of a transition
from regime II to regime III at about 71�C. The
incorporation of BS units into PES significantly
inhibits the crystallization behavior of PES. The TII-

III decreases from 71�C for PES to 59�C for PES-co-
7%PBS. The increase in the coarseness of the PES-co-
7%PBS spherulites can be assumed to be nearly
60�C, as revealed by the textures of Figure 12.

Figure 13 presents the SEM micrographs of etched
PES-co-7%PBS samples that were isothermally crys-
tallized at 60 and 70�C. The texture after hydrolysis
reflects the size and shape of the lamella, which are
composed of spherulites. These SEM observations of
spherulite morphology are highly consistent with
the PLM observations. These micrographs reveal
that the hydrolysis preferentially attacked amor-
phous regions rather than crystalline regions.

CONCLUSIONS

This PES-co-7%PBS copolyester has 92.7 mol % ES
units and 7.3 mol % BS units. The value of the ran-
dom parameter, 1.08, is close to 1.0 for a random co-
polymer. The average-number sequence lengths of
ES and BS units are 12.6 and 1.0, respectively. A sin-

gle Tg also suggests that this copolymer is a random
copolyester. Isothermal crystallization was associated
with a drop in the n1 values of the Avrami exponent
from 2.84 to 2.54 as Tc decreased from 67 to 30�C. At
higher Tc, the n1 values of the Avrami exponent are
less than the theoretical value of four because the
secondary crystals may already grow within the pri-
mary crystal lamellae. The rate of overall crystalliza-
tion is expected to be maximal at a temperature
(45�C) between the temperature of the maximum
nucleation rate and the temperature of the maximum
growth rate (52�C). The growth rate data are exam-
ined using Hoffman–Lauritzen nucleation theory.
The classical regime II! III transition occurs at
approximately 59.3�C.

WAXD patterns indicate that only one crystal
structure formed isothermally between 30 and 80�C.
DSC curves revealed triple melting peaks. The melt-
ing behavior was such that the upper two melting
peaks appeared initially and then the lower melting
peak occurred at a longer crystallization time.
Weakly exothermic behavior between the upper two
melting peaks provides direct evidence of recrystalli-
zation. As Tc increases, the contribution of recrystal-
lization gradually declines and finally disappears.
The absence of exothermic flow and the appearance
of triple melting peaks support the involvement of
various lamellar crystals. The linear Hoffman–Weeks
plot yielded an equilibrium melting temperature of
111.1�C, which is 16.6�C greater than the melting
temperature of the last trace of crystals. The copoly-
merization effect by feeding 5 mol % 1,4-butanediol
on the melting temperature and crystallinity of PES
can be found in this and previous studies. The effect
of copolymerization on the biodegradability is still
under investigation.
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