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ABSTRACT: Nonisothermal melt crystallization kinetics
of biodegradable PBSU/PVPh blend was investigated with
differential scanning calorimetry (DSC) from the viewpoint
of practical application. PBSU/PVPh blends were cooled
from the melt at various cooling rates ranging from 2.5 to
40°C/min. The crystallization peak temperature decreased
with increasing the cooling rate for both neat and blended
PBSU. Furthermore, the crystallization peak temperature of
PBSU in the blend was lower than that of neat PBSU at a
given cooling rate. Two methods, namely the Avrami
equation and the Tobin method, were used to describe the
nonisothermal crystallization of PBSU/PVPh blend. It was

found that the Avrami equation was more suitable to pre-
dict the nonisothermal crystallization of PBSU/PVPh blend
than the Tobin method. The effects of cooling rate and
blend composition on the crystallization behavior of PBSU
were studied in detail. It was found that the crystallization
rate decreased with decreasing the cooling rate for both
neat and blended PBSU. However, the crystallization of
PBSU blended with PVPh was retarded compared with
that of neat PBSU at the same cooling rate. © 2007 Wiley
Periodicals, Inc. ] Appl Polym Sci 104: 972-978, 2007
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INTRODUCTION

Biodegradable polymers have attracted much more
attention in the last two decades. PBSU is biode-
gradable polyester with the chemical structure of
(—OCH2CH2CH2CH202CCH2CH2CO—)n The crys-
tal structure, crystallization, and melting behavior
of PBSU have been reported in literature."® Polymer
blending is often used to modify the properties of
PBSU and extend its application field. PBSU was
miscible with some semicrystalline polymers, includ-
ing poly(vinylidene fluoride), poly(vinylidene chlo-
ride-co-vinyl chloride), and poly(ethylene oxide).'*"
On the other hand, PBSU was immiscible with some
biodegradable polymers, including poly(hydroxy-
butyrate), poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate), and poly(e-caprolactone).'*'

PVPh is an amorphous polymer with high glass
transition temperature. PVPh is miscible in many poly-
mers, and the miscibility of polymer blends contain-
ing PVPh usually arises from the hydrogen bonding
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interaction between the hydroxyl group of PVPh and
other groups of the partners, such as the carbonyl
group.'’ ! In previous work, we reported the miscibil-
ity, crystallization, and morphology of PBSU/PVPh
blends. PBSU and PVPh were completely miscible in
the amorphous phase over the entire composition
range as shown by the single composition dependent
glass transition temperature. The negative and compo-
sition dependent polymer—polymer interaction param-
eter indicated that PBSU/PVPh blends were thermo-
dynamically miscible in the melt.*'

The crystalline structure and morphology of semi-
crystalline polymers are influenced greatly by the
thermal history. It is well-known that crystallinity
plays an important role in the physical properties
and biodegradability of biodegradable polymers.
Therefore, much more attention should be paid to
the crystallization kinetics study, because it affects
not only the crystalline structure and morphology of
semicrystalline polymers but also the final physical
properties and biodegradability of the biodegradable
polymers. The isothermal crystallization of PBSU/
PVPh blends were studied in detail with DSC, OM,
wide-angle X-ray diffraction (WAXD), and small-
angle X-ray scattering (SAXS).*> It was found that
blending with PVPh did not change the crystalliza-
tion mechanism of PBSU, but reduced the crystal-
lization rate compared with that of neat PBSU at the
same crystallization temperature. The crystallization
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rate decreased with increasing crystallization tem-
perature, while the crystallization mechanism did
not change for both neat and blended PBSU irrespec-
tive of crystallization temperature.

It is essential to study the nonisothermal crystalli-
zation kinetics from the viewpoint of practical appli-
cation, because most polymer processing operations
are carried out under nonisothermal conditions. In
this work, we reported our results on the nonisother-
mal crystallization kinetics of PBSU/PVPh blend
cooled from the melt at various cooling rates by DSC.
It is expected that these results will be helpful for a
better understanding of the relationship between
structure and properties of biodegradable polymer
blends from the viewpoint of practical process.

EXPERIMENTAL

PBSU (M,, = 140,000) and PVPh (M, = 20,000) were
obtained from Showa High Polymer Co. and Aldrich
Company, respectively. PBSU/PVPh blends were
prepared with mutual solvent N,N-dimethylforma-
mide. The solution of both polymers (0.02 g/mL)
was cast on a petri dish at room temperature. The
solvent was allowed to evaporate in a controlled air
stream for 1 day and the resulting films were further
dried in vacuum at 50°C for 3 days. In this work, we
only studied neat PBSU and PBSU blended with
20 wt % PVPh, ie., PBSU/PVPh 80/20, because
PBSU did not crystallize or crystallized very slowly
in the case of the weight fraction of PVPh greater
than 40%.*' The glass-transition temperature and
equilibrium melting point temperature of neat PBSU
were —33.7 and 138.8°C, respectively, while those of
PBSU blended with 20% PVPh were —24 and
132.9°C, respectively.*"*

Nonisothermal crystallization studies were carried
out with a PerkinElmer Diamond DSC. Samples
weight varied about 4-6 mg, and all operations were
performed under nitrogen. The samples were first
heated to 150°C, held for 5 min to destroy any ther-
mal history, and then cooled at various cooling rates
ranging from —2.5 to —40°C/min. The exothermal
curves of heat flow as a function of temperature
were recorded and analyzed.

RESULTS AND DISCUSSION

Nonisothermal melt crystallization
of PBSU/PVPh blend

Polymer crystallization has been of great interest for
several decades from both the scientific and the
industrial viewpoints. Crystallization studies are
usually limited to idealized conditions for simplicity,
where the external conditions are constant. However,
the external conditions change continuously in real
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Figure 1 DSC traces of PBSU/PVPh blend cooled from the
melt at various cooling rates; (a) neat PBSU and (b) PBSU/
PVPh 80/20.

situations, resulting in that the study of nonisother-
mal crystallization is more complex than that of
isothermal crystallization. Compared with the suc-
cessful studies of isothermal crystallization by the
Avrami equation and the secondary nucleation
crystal growth theories,”?® only a few methods
have been proposed to study the nonisothermal crys-
tallization from the melt on the basis of the modifica-
tions of the Avrami equation, including the Ozawa,
Ziabicki, Nakamura, Tobin models, and so on.?” Di
Lorenzo has recently reviewed the basic hypotheses
of various models of nonisothermal crystallization of
polymers and their relative drawbacks.””

As described in the experimental section, the non-
isothermal crystallization kinetics of PBSU/PVPh
blend, i.e., neat PBSU and PBSU/PVPh 80/20, were
studied with DSC. Figure 1 shows the DSC traces
of neat and blended PBSU cooled from the melt at
various cooling rates. The well-defined crystalliza-
tion exotherms shifted to lower temperature range
with increasing the cooling rate for both neat and
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Figure 2 Plots of crystallization peak temperature T, as a
function of cooling rate for PBSU/PVPh blend.

blended PBSU. At the same cooling rate, the exother-
mic curve of blended PBSU shifted to lower temp-
erature range compared with that of neat PBSU,
indicating that the crystallization of PBSU was
retarded in the blends. It is interesting to study the
effects of the cooling rate and the addition of amor-
phous PVPh component on the variation of crystalli-
zation peak temperature (T,) of PBSU/PVPh blend.
Figure 2 summarizes the variation of T, against the
cooling rate (®) for neat and blended PBSU. It can
be seen that T, decreased with the increase of the
cooling rate for both neat and blended PBSU. At the
same cooling rate, T, of blended PBSU was lower
than that of neat PBSU. Moreover, the difference of
T, between neat and blended PBSU became more
significant with the increase of the cooling rate. Such
results could be attributed to the following reasons.
The time for PBSU to crystallize at high crystalliza-
tion temperature was not long enough with increas-
ing the cooling rate, so T, shifted to low crystalliza-
tion temperature range. Similarly, blending with
PVPh reduced the crystallizability of PBSU; there-
fore, T, of blended PBSU shifted to low temperature
range compared with that of neat PBSU. The fact
that T, difference became more significant could be
explained as follows. Blending PVPh reduced the
crystallizability of PBSU in the blend compared with
neat PBSU. At any cooling rates, the T, of blended
PBSU should be lower than that of neat PBSU.
The crystallization of PBSU was also influenced by
the cooling rate. Increasing the cooling rate may sup-
press the crystallization. At low cooling rate, both
neat and blended PBSU had enough crystallization
time to crystallize and the supercooling required for
the crystallization was small; therefore, the T, differ-
ence is small. However, at high cooling rates, the
blended PBSU did not have enough crystallization
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Figure 3 Plots of crystallization peak temperature T,
against log ® for PBSU/PVPh blend.

time and needed larger supercooling to crystallize
since the crystallizability of PBSU in the blends
was suppressed compared with neat PBSU. The
larger supercooling required for the blended PBSU
to crystallize at high cooling rates resulted in the
big T, difference.

Furthermore, T, displays a linear relation as a
function of log ® for PBSU/PVPh blend as shown in
Figure 3. The slope of the plot for neat PBSU was
lower than that of blended PBSU, indicating again
that the crystallization of PBSU was influenced
more significantly in the blend with the increase
of the cooling rate. Similar results were also re-
ported for the nonisothermal melt crystallization of
polypropylene.?®

Crystallization enthalpy is also an important pa-
rameter in studying the nonisothermal crystallization
of polymers. Figure 4 shows the variation of crystal-
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Figure 5 Plots of relative crystallinity against crystalliza-
tion temperature for neat PBSU during nonisothermal melt
crystallization.

lization enthalpy as a function of the cooling rate for
PBSU/PVPh blend. The values of the crystallization
enthalpy of neat PBSU are around 65 J/g and almost
unchanged irrespective of the cooling rate, while
those of blended PBSU are around 50 J/g. All the
aforementioned results indicate that the cooling rate
does not exert a significant influence on the final
crystallinity of PBSU/PVPh blend despite the high
or the low cooling rate used. On the basis of the
heat fusion of 100% crystalline PBSU (200 ]/ g)6 and
the blend composition, the degrees of crystallinity of
neat and blended were estimated to be around 32%
after the nonisothermal crystallization from the melt
at various cooling rate.

Integration of the exothermic peaks during the
nonisothermal crystallization shown in Figure 1 gave
the relative crystallinity as a function of temperature.
Figure 5 shows the plots of relative crystallinity
versus crystallization temperature for neat PBSU as
an example. The plots shifted to the low temperature
range with increasing the cooling rate. During the
nonisothermal crystallization from the melt at a con-
stant cooling rate, the relationship between the crys-
tallization time ¢ and the crystallization temperature
T can be described as

t=—% 1)

where ® was the cooling rate, and T, was the onset
temperature of crystallization. Using eq. (1), the plot
of relative crystallinity as a function of crystallization
could be transformed into the plot of relative crystal-
linity as a function of crystallization time. Figure 6
shows the relative crystallinity as a function of crys-
tallization time for PBSU/PVPh 80/20. The crystalli-
zation time became shorter with the increase of the
cooling rate.

Two methods, namely Avrami*** and Tobin me-

thods,”! were employed to investigate the kinetics
of nonisothermal crystallization of PBSU/PVPh
blend. The well-known Avrami equation is often
used to analyze the isothermal crystallization kinetics;
it assumes that the relative degree of crystallinity
development with crystallization time ¢ is

Xi =1 —exp(—k,t") (2)

where n, is the Avrami exponent depending on the
nature of nucleation and growth geometry of the
crystals, and k, is a composite rate constant involv-
ing both nucleation and growth rate parameters.” >

The Avrami equation has also been applied dir-
ectly to describe the nonisothermal crystallization of
polymers, although it is often used to study the iso-
thermal crystallization behavior of polymers.>>>*
Using eq. (2) in its double logarithmic form, and
plotting log(—In(1 — X)) against log t for each cool-
ing rate as shown in Figure 7, a series of straight
lines were obtained, from which the values of 1, and
k, were obtained and listed in Table I. It should be
noted that negative deviation from linearity were
found for high X; values in the case of low cooling
rates, indicating the underestimation of secondary
crystallization. The values of n, varied between 3.6
and 4.6 for PBSU/PVPh blend within the cooling
rates of 2.5 to 40°C/min. On the other hand, the val-
ues of k, increased with the cooling rate for PBSU/
PVPh blends. The value of k, for neat PBSU was
higher than that of blended PBSU at the same cool-
ing rate, indicating that the addition of amorphous
PVPh component reduced the crystallization rate of
PBSU in the blend.

However, it must be emphasized that in the noni-
sothermal crystallization the values of n, and k, do
not have the same physical meaning as in the
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Figure 6 Plots of relative crystallinity against crystalliza-

tion time for PBSU/PVPh 80/20 during nonisothermal
melt crystallization.
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Figure 7 Avrami plots of PBSU/PVPh blend during
nonisothermal melt crystallization; (a) neat PBSU and (b)
PBSU/PVPh 80/20.

isothermal crystallization due to the fact that under
nonisothermal condition the temperature changes
continuously. This must affect the rates of both nuclei
formation and spherulite growth since they are both

QIU AND YANG

temperature dependent. Although the physical mean-
ing of n, and k, cannot be related in a simple way to
the isothermal case, the direct application of the
Avrami equation do provide further insight into the
kinetics of nonisothermal crystallization. Considering
the nonisothermal character of the investigated pro-
cess, Jeziorny suggested that the value of rate
parameter k. should be used, which was corrected
by the cooling rate @ factor as log k. = log k,/®.*
The meaning of k. was also the crystallization rate
constant depending on nucleation and growth rate
as k, in the Avrami equation. The obtained values of
k. were listed in Table I, too, for PBSU/PVPh blend.
The variation trend of the values of k. was similar to
that of k, for PBSU/PVPh blend.

The nonisothermal crystallization kinetics of PBSU/
PVPh blend were also studied by the Tobin methods,
which suggested a theory of phase transformation
kinetics with growth site impingement to describe
the nonisothermal crystallization process of poly-
mers.”* ' According to this approach, the equation
of phase transition is

ket™

Xy =
! 1 —+ ktt”t

®)

where X; is the relative crystallinity as a function of
time, k; is the Tobin crystallization rate constant, and
n; is the Tobin exponent. Equation (3) could be
rewritten as follows to calculate the Tobin crystalli-
zation kinetics parameters.

log(X:/(1 — X)) = logk; + n;log t 4)

Figure 8 shows the Tobin plots for PBSU/PVPh
blend, from which »; and k; were obtained and listed
in Table I, too. It must be noted that positive devia-
tion from linearity were found for high X; values,
especially in the case of high cooling rates, probably
indicating the overestimation of impingement. The
values of n; varied between 5.1 and 5.9 for PBSU/
PVPh blend. On the other hand, the values of k;
increased with the cooling rate for both neat and

TABLE I

Nonisothermal Crystallization Kinetics Parameters from the Avrami Method

and the Tobin Method for Neat and Blended PBSU

® (°C/min) 1, k. k. (min™") i k; (min~")
PBSU 25 45 652 x 1073 0.133 52 471 x 1073
5.0 45 795 x 1072 0.602 54 838 x 1072
10 46 563 x 107! 0.944 56 874 x 107!
20 4.1 498 1.083 55 178 x 10!
40 39 242 x 10! 1.082 55  1.87 x 10°
PBSU/PVPh 80/20 25 39 942 x 1073 0.154 51  4.69 x 1073
5.0 42 434 x 1072 0.534 59 270 x 1072
10 40 457 x 107! 0.924 56 754 x 107!
20 3.9 2.81 1.053 56  1.09 x 10!
40 36  1.25 x 10! 1.065 53 117 x 10?

Journal of Applied Polymer Science DOI 10.1002/app
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blended PBSU. The values of k; for blended PBSU
were lower than those of neat PBSU at the same
cooling rate, indicating that the crystallization of
PBSU was retarded in its blend with amorphous
PVPh component.

It was interesting to compare the results obtained
from the Avrami method and the Tobin approach. It
was clear that the values of Avrami exponent n,
were always smaller than those of the Tobin expo-
nent n, at the same cooling rate By taking the aver-
age of the difference between the two values for the
PBSU/PVPh blend, it could be concluded that n,
~ n, + 1.4. Similar results were also found for poly
(ethylene succinate) and syndiotactic polypropylene
(s-PP). 343

To test the efficiency of both methods in describing
the nonisothermal crystallization process of PBSU/
PVPh blend, the relative crystallinity X; was recon-
structed as a function of crystallization time for each
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Figure 8 Tobin plots of PBSU/PVPh blend during noni-
sothermal melt crystallization; (a) neat PBSU and (b) PBSU/
PVPh 80/20.
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Figure 9 Model predictions based on the Avrami and the
Tobin equations are shown as solid and dashed lines,
respectively, to fit the experimental relative crystallinity as
a function of crystallization time for various cooling rates
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cooling rate using the mathematical egs. (2) and (3).
On the basis of the kinetics parameters listed in
Table I, the reconstructed X; was calculated and
shown in Figure 9 for neat PBSU as an example,
where the Avrami prediction was shown as solid
lines, and the Tobin prediction was shown in dashed
lines. It is clear that both methods could provide a
good fit to the experimental data for the majority of
X;. However, the Tobin method always gave the low
values compared with the experimental data in the
higher X; range (X; > 70%), especially for the low
cooling rates. The reason was perhaps due to the
overemphasis of the impingement effect. Similar
results were also found for poly(ethylene succinate)
and s-PP. Compared with the Tobin method, the
Avrami model could fit almost the whole range of
X; well.

CONCLUSIONS

Nonisothermal melt crystallization kinetics of biode-
gradable crystalline/amorphous PBSU/PVPh blend
was investigated with DSC. The effects of the addi-
tion of amorphous component PVPh and cooling
rates on the nonisothermal crystallization kinetics of
PBSU were studied in detail. The crystallization peak
temperature decreased with increasing cooling rate
for both neat and blended PBSU. Furthermore, the
crystallization peak temperature of PBSU in the
blend was lower than that of neat PBSU at a given
cooling rate. The Avrami equation and the Tobin
method were employed to describe the nonisother-
mal crystallization kinetics of PBSU/PVPh blend
from the melt. The Avrami equation was found to
be more suitable to predict the whole nonisothermal

Journal of Applied Polymer Science DOI 10.1002/app
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crystallization process of PBSU/PVPh blend than the
Tobin method. It was concluded that the crystalliza-
tion of PBSU in the blend was retarded compared
with that of neat PBSU at the same cooling rate.
Meanwhile, the crystallization rate decreased with
decreasing the cooling rate for both neat and blended
PBSU.
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