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ABSTRACT: With the help of differential scanning calo-
rimeter (DSC), the basic thermal behaviors, nonisothermal
crystallization kinetics, and subsequent melting behaviors
of poly(butylene succinate) (PBS) and its copolyester
(PBSTMA) modified with trimellitic imide units were
investigated in this paper. The DSC thermograms of PBS
and PBSTMA showed that the crystallization behaviors of
PBS were affected seriously because of the addition of a
small quantity of trimellitic imide units. The nonisothermal
crystallization processes of them were represented by the
Avrami equation modified by Jeziorny and the method

developed by Ozawa. After that, the conception of “crys-
tallization rate coefficient (CRC)” introduced by Khanna
was employed. The Values of CRC for PBS and PBSTMA
are 174.6 and 88.2 h™', respectively. At the end of this pa-
per, the melting behaviors of PBS and PBSTMA after being
cooled from 130 to 30°C at different cooling rate were
studied in detail. © 2006 Wiley Periodicals, Inc. ] Appl Polym
Sci 102: 2493-2499, 2006
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INTRODUCTION

With the development of society and improvement
of human life, the utility of biodegradable polymers
has received much more attention' due to the poten-
tial applications in the recent years. Aliphatic poly-
esters are one of the most promising structural mate-
rials for biodegradable or compostable fibers, non-
wovens, films, sheets, bottles, and injection-molded
products.” However, its full-scale commercialization
met with obstruction because of its poorer mechani-
cal properties and higher cost compared with other
universal plastics.’*

Poly(butylene succinate) (PBS) is one of the best
members in the family of aliphatic polyesters be-
cause of its relatively high melting point. So far, to
promote its physical properties or extend its applica-
tion fields, a number of techniques, such as physical
blending and copolymerization, have been used. At
the same time, many new copolymers of PBS have
been reported in several literatures.”® However, in
the case of PBS, these modifications have been little
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investigated compared with other aliphatic poly-
esters. In particular, the studies on crystallization
behaviors and morphologies were mainly focused on
PBS homopolymer’'® and there was in general a
lack of this information for PBS copolymer."*"” For
example, Wang et al.'* studied the multiple melting
behavior of poly(butylenes succinate-co-adipate) iso-
thermally crystallized from the melt. The crystal
structure and growth kinetics of isothermal melt-
crystallized poly(butylenes succinate-co-14 mol %
ethylene succinate) copolyester have been investi-
gated by Gan et al.'” In our previous paper,'® the
crystallization behavior and morphology of Poly
(butylene succinate) modified with rosin maleopimaric
acid anhydride have been reported. It was obvious
that these researches on the crystallization process
were limited to isothermal condition. However, the
crystallization in a varying condition is of practical
interest because industrial processes generally pro-
ceed under nonisothermal environment. To obtain
materials with better physical properties and get the
optimum condition in an industrial process, it is nec-
essary to compare the nonisothermal crystallization
properties of different polymer systems.

Polyimides are one of the most important com-
mercial polymers because of their good thermal
properties and mechanical properties. To our knowl-
edge, the combination of polyesters and polyimides
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Scheme 1 The chemical structures for PBSTMA and PBS.

has achieved great success and yielded a series of
new materials with high performance.'®*° In our
previous work,?! we introduced rigid trimellitic im-
ide units (TMA) into the main chain of PBS for the
first time and found that the mechanical properties
of PBS were improved obviously without a notable
deterioration of melting temperature. In this paper,
the basic thermal properties of the new copolyester
(PBSTMA) were investigated. And then several equa-
tions for nonisothermal crystallization kinetics were
employed to study the nonisothermal crystallization
characteristics of PBS and PBSTMA. After that, the
melting behaviors of them nonisothermally melt-
crystallized were studied in detail.

EXPERIMENTAL
Materials

PBSTMA (denoting the copolyester of PBS modified
with trimellitic imide units in this paper) and PBS
were synthesized by us as reported in one of our
previous papers.”! Before characterization and inves-
tigation all the polyesters were purified by reprecipi-
tation from chloroform solution using methanol
repeatedly followed by drying under vacuum. The
composition of the copolyester was determined by
"H-NMR techniques and the mole percentage of tri-
mellitic imide units in segment was 5.1%. The intrin-
sic viscosity of PBS and PBSTMA was 1.10 and
0.96 dL/g, respectively, which was determined by
viscosimetry in metacresol at (25 * 0.1)°C at a con-
centration of 1 g/dL. The chemical structures for
PBSTMA and PBS are shown as follows (Scheme 1).

Differential scanning calorimetry

The thermal parameters, nonisothermal crystalliza-
tion kinetics and melting behaviors studies were car-
ried out using a Perkin-Elmer differential scanning
calorimetry (DSC)-7. The calibration of the tempera-
ture was performed using indium as the standard
before the measurements. All the measurements were
conducted under high-purity helium gas.

For basic thermal properties studies, the sample was
heated to 150°C quickly, stayed there for 5 min to erase
any thermal history, and then quenched to -100°C at
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Figure 1 DSC thermograms of PBS and PBSTMA: 1 for
PBS heating curve; 3 for PBSTMA heating curve; 2 for PBS
cooling curve; 4 for PBSTMA cooling curve.

a rate of 200°C/min. After that, it was heated from —
100 to 130°C at a rate of 20°C/min for heating scan
and stayed there for 5 min before being cooled to
30°C at the same rate for cooling scan. The endother-
mic and exothermic curves were recorded to deter-
mine the thermal parameters.

The nonisothermal crystallization kinetics and
melting behaviors studies were performed as fol-
lows: the samples were heated to 150°C and held
there for 5 min to eliminated thermal history before
cooling the melt to 30°C at different cooling rates.
After that, they were reheated from 30 to 130°C at a
rate of 20°C/min at once. The cooling and heating
curves were recorded. The cooling rates were 5, 10,
15, 20, and 30°C/min respectively.

RESULTS AND DISCUSSION
Basic thermal parameters of PBS and PBSTMA

The basic thermal properties of PBS and PBSTMA
were characterized with DSC. Figure 1 showed the

TABLE I
Basic Thermal Parameters of PBS and PBSTMA
Determined by DSC

T T.> T, T AT®  AH,A

Sample (O (9 9 9 o dJd
PBS —43.1 - 739 1117 378 657
PBSTMA 383 68 577 1063 486  57.7

? Glass-transition temperature.

" Cold crystallization temperature taken from the DSC
heating curves.

¢ Degree of supercooling. AT = T,, — T..

4 Enthalpy of fusion.
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Figure 2 The DSC curves of PBS (a) and PBSTMA (b) cooled from the melt at various cooling rates.

heating curves and cooling curves of them and the
interrelated thermal parameters were given in Table 1.

From Figure 1 we could see that the heating curve
of PBS showed melting temperature (T,,) at 111.7°C,
which was little higher than that of PBSTMA (106.3°C).
This was in agreement with the general rule of copoly-
mers. But the crystallization temperature (T;) of PBS
was much higher compared with that of PBSTMA.
The degree of supercooling (AT = T,, — T,) is an im-
portant parameter for determining the crystallization
of polymer.22 Generally speaking, an increasing in
AT means the crystallizability became poorer. In this
case, as shown in Table I, the AT value of PBS was
increased largely when the trimellitic imide units
was added. These results showed that the crystalli-
zation rate of PBSTMA was much lower than that of
PBS. The most important thing we should pay atten-
tion to was that the heating curve of PBSTMA showed
an obvious cold-crystallization peak at 6.8°C. How-
ever, for PBS, the cold-crystallization peak could not
be seen. This also meant PBSTMA was more difficult
to crystallize compared with PBS in the same condi-
tion. Based on these points, in the next section the
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crystallization behaviors under nonisothermal condi-
tions of PBS and PBSTMA were discussed in detail.

Nonisothermal crystallization kinetics: Avrami
equation modified by Jeziorny

The nonisothermal crystallization exothermic curves
of PBS and PBSTMA at various cooling rates (R) are
illustrated in Figure 2. T, is the peak temperature at
which the crystallization rate is maximal, and T, shifts
to a lower temperature region with increasing R both
for PBS and PBSTMA because of the fact that the
motion of the polymer chains can not follow the cool-
ing temperature in time due to the influence of heat
hysteresis. This observation is a common phenomenon
for semicrystalline polymer being crystallized noniso-
thermally. It was also seen that, for a given R, the T, of
PBSTMA was lower than that of PBS, which indicated
PBS had a higher crystallization rate again.

Based on DSC data, the value of the relative
degree of crystallinity X(t) at different crystallization
temperature was calculated and Figure 3 presents
X(t) as a function of temperature.
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Figure 3 Plots of X(t) as a function of crystallization temperature T (a) for PBS; (b) for PBSTMA.
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Figure 4 The relative crystallinity as a function of time (a) for PBS; (b) for PBSTMA.

At the same time, the temperature abscissa in
Figure 3 could be transformed into a time scale, as
shown in Figure 4, based on the following equation:

t=(T—Ty)/R 1)

where R was the cooling rate, T was the temperature
at crystallization time ¢ and T, was the onset temper-
ature of crystallization. It could be seen from Figure 4,
the higher the cooling rate, the shorter the time of
crystallization completion. Because of the spherulite
impingement in the later stage, the curves tended to
flat and became S-shape, which was in consistent
with other polymers reported.

Although the Avrami equation®** was often used
to study the isothermal crystallization behavior of
polymers, Mandelkern®® considered that the primary
stage of nonisothermal crystallization could be de-
scribed by the Avrami equation:

ol 5°Cimin (@
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X(t)=1—exp(—2Zt") (2)
In{—In[1-X(#)]} —nln t+1In Z; 3)

where X(t) is the relative degree of crystallinity at
time f, Z; is the rate constant in the nonisothermal
crystallization process. Considering the nonisother-
mal character of the process investigated, Jeziorny
suggested that the value of the rate parameter Z;
should be corrected.®® Because the temperature was
constantly changing during the process, the final
form of the Z, characterizing the kinetics of noniso-
thermal crystallization was given as follows:

In Z.=1In Z/R 4)

By using eq. (3), a plot of In{—In[1-X(#)]} versus In ¢
is shown in Figure 5. The values of Avrami exponent
n and the rate parameter Z; or Z. determined from
the slope and intercept are shown in Table II. The
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Figure 5 Plots of In{—In[1—-X(t)]} versus In ¢ for crystallization of (a) PBS; (b) PBSTMA.
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TABLE II
Non-Isothermal Crystallization Kinetics Parameters
of PBS and PBSTMA Based on Avrami Equation
Modified by Jeziorny

PBS PBSTMA
R (°C/min) Z. n Z. n
5 0.032 3.8 0.023 41
10 0.184 39 0.131 4.7
15 0.357 41 0.276 4.6
20 0.458 4.4 0.419 4.8
30 0.677 39 0.623 43

values of Avrami exponent n for PBSTMA ranged
from 4.1 to 4.8 and that of PBS ranged from 3.8 to
4.4 depending on the cooling rate. Apparently, the
spherulite growth of them occurred with homogene-
ous nucleation.”’ At the same time, the values of
Avrami exponent n for PBSTMA were larger than
that of PBS, which meant that the mode of spheru-
litic growth for PBSTMA might be more complicated
than that of PBS. On the other hand, the values of Z.
increased with increasing the cooling rate for both
PBS and PBSTMA. At the same cooling rate, the Z.
for PBSTMA was smaller than that of PBS, indicating
again the crystallization rate of PBS was higher than
that of PBSTMA.

Ozawa models analysis in nonisothermal
crystallization

Considering the effect of cooling rate on the noniso-
thermal crystallization, Ozawa® shifted the Avrami
equation into the case of nonisothermal crystallization
by assuming that the sample was cooled with a con-
stant rate from the molten state. According to Ozawa,
the relationship between X(t) and R is as follow:

In{—In[1 — X(#)]} =In Kt —nyln R (5)

where X(f) is the relative degree of crystallinity, n is
the Ozawa exponent, K; is the kinetic crystallization
rate constant and R is the cooling rate. If the Ozawa
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equation could describe the nonisothermal crystalliza-
tion process very well, drawing the plots of
In{—In[1-X(#)]} as a function of In R, we should get a se-
ries of straight lines. Ozawa equation is found to be able
to describe the nonisothermal crystallization of many
polymers such as poly(trimethylene terephthalate)
well.?? Tt was obvious that, the Ozawa equation failed
to describe the nonisothermal crystallization process of
PBS [Fig. 6(a)]. On the other hand, Figure 6(b) showed
a series of straight lines, from which it was found that
Ozawa method could describe the nonisothermal
crystallization process successfully. The possible rea-
son might be that the secondary crystallization of PBS
was more apparent than that of PBSTMA, which was
similar to other report.lg"30 However, Ozawa took no
account of the secondary crystallization and assumed
that the Ozawa exponent was constant over the entire
crystallization process.”® Therefore, it failed to de-
scribe the nonisothermal crystallization process of
PBS because of its serious secondary crystallization.

Crystallization rate coefficient

To get a direct comparison of the crystallization rate
in the nonisothermal crystallization process on a sin-
gle scale, Khanna®' introduced the “‘crystallization
rate coefficient (CRC),” which represented a change
in cooling rate required to bring about 1°C change in
the supercooling of the polymer melt.** The value of
CRC could be determined from the slope of the plot
of cooling rate versus the crystallization peak tem-
perature T,. According to the definition, the CRC
values are higher for faster crystallization systems.

Figure 7 showed the plots of cooling rate R versus
T, based on Khanna’s treatment. The values of CRC
obtained from Figure 7 for PBS and PBSTMA were
174.6 and 88.2 h™', respectively, which was another
proof for the higher crystallization rate of PBS com-
pared with that of PBSTMA.
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Figure 6 Ozawa plots of PBS and PBSTMA during the nonisothermal crystallization from the melt: (a) PBS; (b) PBSTMA.
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Figure 7 The plots of cooling rate R versus T, based on
Khanna's treatment.

Melting behaviors of PBS and PBSTMA
after the nonisothermal crystallization

Figure 8 shows the subsequent melting behaviors of
PBS (a) and PBSTMA (b) crystallized from the melt
at different cooling rate. It was obvious that the dou-
ble melting behavior (Peak L and Peak H in Fig. 8)
was observed for PBS samples when the cooling
rates were lower than 10°C/min. While when the
cooling rates were higher (=15°C/min), it exhibited
the single peaks companied with a shoulder peak
(see the arrow in Fig. 8). But for PBSTMA the
appearance of the Peak L was seen only when the
cooling rate was lower than 5°C/min. Yasuniwa and
Satou® and Qiu et al.** also found that PBS showed
double melting peaks after crystallizing nonisother-
mally from the melt at a constant cooling rate, which
was ascribed to the re-crystallization and melting
mechanism. That was to say, the low-temperature
and high-temperature peaks in the Figure 8 were
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attributed to the melting of some amount of the pri-
mary crystallites and the melting of the more stable
crystals formed through the melt-recrystallization
process during the heating scan, respectively. These
facts leaded to the conclusion that there was less
re-crystallization growth in PBSTMA compared with
that of PBS at the same condition. When the cooling
rates were fast enough (>20°C/min), a broad exo-
thermic peak could be found before the Peak H. At
the same time, the temperature of the exothermic
peak decreased with increasing cooling rate. Based
on these facts, it could be postulated that the melting
and recrystallization were competitive in the heating
process. The primary crystallites formed during
nonisothermal melt-crystallization were not stable
enough and, upon subsequent heating, the rate of
recrystallization exceeded that of the melting. This
fact was true for many other polymers.?>°

CONCLUSIONS

The basic thermal properties of PBS and PBSTMA were
studied using DSC. The DSC thermograms of PBS and
PBSTMA indicated that the crystallizability was
affected largely when the trimellitic imide units were
added into the chain of PBS. The nonisothermal crystal-
lization processes of PBS and PBSTMA were described
by the Avrami equation modified by Jeziorny and the
method developed by Ozawa. The crystallization rate
of PBSTMA was much slower and the mode of spheru-
litic nucleation might be more complicated than that of
PBS because of the addition of trimellitic imide units.
The Ozawa equation could describe the nonisothermal
crystallization process of PBSTMA successfully. But for
PBS, it did not provide an adequate description because
of the serious secondary crystallization. The CRC val-
ues determined from the Khanna’s treatment were

Peak H n
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Figure 8 Subsequent melting endotherms for (a) PBS and (b) PBSTMA after nonisothermal crystallization at different

rates. The heating rate was 20°C/min.
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174.6 and 88.2 h™! for PBS and PBSTMA, respectively,
from which the same outcomes as that in the crystalli-
zation kinetics were obtained. The subsequent melting
behaviors of PBS and PBSTMA nonisothermal crystal-
lized from the melt were investigated using DSC. The
facts leaded to the conclusion there was less re-crystalli-
zation growth in PBSTMA compared with that of PBS
at the same condition.
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