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ABSTRACT: The effects of corn starch (CS) filler and ly-
sine diisocyanate (LDI) as a coupling agent on the crystalli-
zation behavior of a poly(butylene succinate) (PBS)/CS eco-
composite were investigated using differential scanning cal-
orimetry. In isothermal crystallization, n values for pure PBS
were from 2.33 to 2.82. On the other hand, both composites
showed values of 3 � n � 4. In nonisothermal crystalliza-
tion, the Avrami exponent varied from 2.12 to 2.55 for pure
PBS, from 1.58 to 1.96 for the composite without LDI, and
from 1.79 to 1.91 for the composite with LDI, depending on
the cooling rate. There was not a large difference of the
crystallization rate constant (k) as adjusted by the Jeziornay

suggestion. The activation energy for nonisothermal crystal-
lization was also calculated on the basis of three different
equations (Augis–Bennett, Kissinger, and Takhor equa-
tions). However, the values of the activation energy were in
contradiction with the results of the kinetics. The addition of
the filler (CS) and coupling agent (LDI) affected the mor-
phological structure of PBS spherulites. © 2005 Wiley Period-
icals, Inc. J Appl Polym Sci 97: 1107–1114, 2005
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INTRODUCTION

The development of biodegradable-polymer natural
resource composites has attracted much attention in
order to solve the environmental pollution that is due
to synthetic plastics waste, to effectively utilize bio-
based renewable resources, and to avoid the massive
usage of limited petroleum resources.

From these backgrounds, we have developed eco-
composites from poly(butylene succinate) (PBS) and
corn starch (CS) by a reactive melting process using
lysine diisocyanate (LDI) as a coupling agent.1 PBS is
one of the most popular biodegradable polymers and
it is a semicrystalline polymer. Its chemical structure is
shown below:

It can be very easily biodegraded in soil and by en-
zymes.2,3 Starch, which can be obtained from various
botanical sources, is one of the most abundant natural
polymers on the earth. Its application as a filler for
polymer matrix composites has been actively per-
formed because of its excellent biodegradability, low
cost, and good reinforcing effect.4–12 LDI used as cou-
pling agent is a lysine-based DI and it is expected to
produce polyurethane, which does not yield toxic deg-
radation products during degradation. Lysine is one
of the amino acids.13 It was found in our previous
study that the tensile properties and water resistance

of PBS/CS composites were improved, and these im-
provements were due to the improved interfacial ad-
hesion between the polymer matrix and CS by the
coupling effect of LDI. Furthermore, a sufficient effect
as a coupling agent was obtained even by the addition
of very small amount (�1 wt %) of isocyanates.1

In this study we investigated the effects of CS filler
and LDI as a coupling agent on the crystallization
behavior of PBS/CS biocomposites.

EXPERIMENTAL

Materials

PBS (Enpol G5300) was purchased from Ire Chemical
Ltd. (Wonju, Korea), and CS (28% amylose content)
was kindly supplied by Sanwa Cornstarch Co., Ltd.
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(Nara, Japan). CS was oven dried at 105°C for 6 h, and
PBS was vacuum dried at 40°C for 24 h before use. LDI
was kindly supplied by Kyowa Hakko Co., Ltd. (To-
kyo). All other chemicals were purchased from com-
mercial sources.

DSC measurements

The DSC measurements were performed on a Perkin–
Elmer DSC-7 differential scanning calorimeter. For
isothermal crystallization, each hot-pressed sample
was first heated to 150°C and kept for 5 min to elim-
inate the thermal history. Then, it was rapidly cooled
to a certain temperature (90–102.5°C), isothermally
crystallized for a certain time, and reheated to 150°C at
a rate of 20°C/min.

To examine the nonisothermal crystallization kinet-
ics, after heating, the samples were cooled to 40°C at
rates of 10, 20, 30, and 40°C/min and then reheated to
150°C at 20°C/min. The exothermic peak of the cool-
ing curves and the endothermic peak of the reheating
curves were termed the crystallization temperature
(Tc) and melting temperature (Tm), respectively.

Polarizing microscope

The morphologies of the spherulites of pure PBS and
PBS/CS composites with and without LDI were ob-
served with a polarizing microscope (Olympus BH-2).
Each sample was placed on a hot stage (Japan HIGHT-
ECH Co., LK-600PM), melted at 150°C, and kept for 5
min to remove the memory of previous thermal and
mechanical histories. When cooling it at a rate of
10°C/min, the spherulite growth was observed.

RESULTS AND DISCUSSION

Isothermal kinetics

Pure PBS and the PBS/CS (90/10) composites with
and without LDI were isothermally crystallized at 80–
100, 92.5–100, and 95–102.5°C from the melt, respec-
tively. Generally, isothermal crystallization kinetics
can be examined using the Avrami equation:

1 � X�t� � exp( � ktn) T � constant (1)

where t is time, k is the crystallization rate constant,
and n is the Avrami exponent. The relative degree of
crystallinity [X(t)] was calculated by the following
equation:

�
to

t

�dH/dt�dt�
to

t�

�dH/dt�dt (2)

where t0 and t� are the crystallization onset and end
time, respectively.

Equation (1) can be rewritten as follows:

log�1 � ln�1 � X�t��� � log K � n log t (3)

Figure 1 shows the Avrami plots of log[1 	 ln(1
	 X(t))] versus log t. The obtained Avrami exponents
(n) are summarized in Table I.

The exponent n is assumed to indicate the type of
nucleation and dimensionality of crystal growth. That
is, in homogeneous nucleation, n � 2 theoretically
means 1-dimensional (1D) growth, n � 3 is 2D growth,
and n � 4 is 3D growth. In heterogeneous nucleation,
n � 1 means 1D growth, n � 2 is 2D growth, and n � 3
is 3D growth.

Figure 1 Avrami plots of log[1 	 ln(1 	 X(t))] versus log t
of pure PBS and the PBS/CS (90/10) composites with and
without LDI.
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For pure PBS, the n values were from 2.33 to 2.82.
These values were somewhat confusing because the
PBS crystal shows spherulitic growth (3D). However,
other literature data show such experimental results,
and the cause is not clear at present.14–17.

In contrast, both composites showed values of 3 � n
� 4, which are obviously larger than that of pure PBS.
This suggests that there is no limitation of the crystal
growth direction in isothermal crystallization. Gener-
ally, nucleation and crystal growth are more compli-
cated in the case of the composite, because the filler
can play the role of a nucleation agent or limit the
normal crystal growth in certain area. Thus, the
Avrami exponents of the composites should be
thought of as complicated values in the two compo-
nent composites.

Nonisothermal crystallization

An understanding of nonisothermal crystallization be-
havior is of great importance, because most processing
techniques are actually conducted under nonisother-
mal conditions.

Figure 2 shows the crystallization exotherms of pure
PBS and PBS/CS (90/10) composites with and with-
out LDI for nonisothermal crystallization from the
melt at four different cooling rates ranging from 10 to
40°C/min. When the cooling rate increased, the exo-
therms became broader and shifted to the lower tem-
perature. Table II summarizes the values of the
nonisothermal crystallization temperatures (Tc) and
the crystallization enthalpies (
Hc). The Tc values of
the composites were higher than that of pure PBS at
the same cooling rate. Therefore, it can be said that the
CS in PBS is a nucleating agent in nonisothermal crys-
tallization. Furthermore, the composite with LDI
showed a higher Tc than the composite without LDI,
indicating that the crystallization rate was further in-
creased by the addition of LDI. Conversely, the 
Hc

values of the composites with LDI were slightly lower
than those of the composite without LDI at the same

TABLE I
Avrami Exponents (n) at Various Crystallization
Temperatures for Pure PBS and PBS/CS (90/10)

Composites with and without LDI

Temp. (°C)

Avrami exponent (n)

PBS
PBS/CS (90/10)

without LDI
PBS/CS (90/10)

with LDI

102.5 — — 3.55
100 2.81 3.26 3.78
97.5 — 3.56 3.60
95 — 3.30 3.36
90 2.35 2.55 —
85 2.34 — —
80 2.33 — —

Figure 2 The crystallization exotherms of pure PBS and
PBS/CS (90/10) composites with and without LDI for
nonisothermal crystallization from the melt at four different
cooling rates ranging from 10 to 40°C/min.

CRYSTALLIZATION BEHAVIOR OF PBS/CS COMPOSITE 1109



cooling rate. This means that the crosslinking attrib-
utable to LDI may make it difficult to move the PBS
molecules, restricting the folding of the molecule
chains.

From the exothermic peaks of each sample, the rel-
ative degree of crystallinity [X(T)] was calculated by
the following equation:

�
To

T

�dH/dT�dT�
To

T�

�dH/dT�dT (4)

where T0 and T� are the onset and end crystallization
temperatures, respectively; and dH is the enthalpy of
crystallization released during an infinitesimal tem-
perature range dT.

Figure 3 shows the plot of X(T) versus the crystal-
lization temperature (T) of each sample at different
cooling rates. This temperature scale can be changed
into a time scale by using the following relationship:

t � �T0 � T�/� (5)

where T is the temperature at crystallization time t
and � is the cooling rate.

Figure 4 shows the plots of the X(t) as a function of
time for pure PBS and the composites with and with-
out LDI. Thus, the Avrami plots of log[1 	 ln(1
	 X(t))] versus log(t) at different cooling rates can be
plotted as shown in Figure 5. The half-crystallization
time and Avrami exponent were obtained from Fig-
ures 4 and 5, respectively, and these values are sum-
marized in Table III. However, the crystallization rate
constant of the Avrami equation should be corrected,
because the temperature changes instantly in noniso-
thermal crystallization.18,19 The crystallization rate
constant of nonisothermal crystallization can be ade-
quately adjusted by the following equation:

log knon � (log k)/� (6)

where knon is the crystallization rate constant in
nonisothermal crystallization.

The adjusted values are also summarized in Table
III. In all samples, when the cooling rate increased, the
half-crystallization time decreased. Both composites
showed shorter times than pure PBS at the same cool-
ing rate, but there was no significant difference be-
tween both composites with and without LDI.

TABLE II
Crystallization Temperatures (Tc) and Enthalpies (�Hc)
for Pure PBS and PBS/CS (90/10) Composites with and

without LDI at Various Cooling Rates (�)

Sample
� Tc 
Hc

(°C/min) (°C) (J/g)

PBS 10 73.74 60.92
20 68.08 60.13
30 62.99 56.79
40 56.25 56.24

PBS/CS (90/10) 10 83.37 52.89
without LDI 20 81.56 53.08

30 77.82 53.50
40 73.56 53.00

PBS/CS (90/10) 10 86.44 49.95
with LDI 20 81.66 51.12

30 77.94 52.05
40 73.63 51.81

Figure 3 The plot of X(T) versus the crystallization tem-
perature (T) of each sample at different cooling rates.
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For the nonisothermal melt crystallization, the
Avrami exponent varied from 2.12 to 2.55 for pure
PBS, from 1.58 to 1.96 for the composite without LDI,
and from 1.79 to 1.91 for the composite with LDI,
depending on the cooling rate. At all cooling rates, the
Avrami exponent of all samples did not show large
differences, indicating the nucleation mechanism and
crystal growth geometries are similar regardless of

changing the cooling rate. As compared to isothermal
crystallization, in the case of pure PBS, the values were
similar to those of isothermal crystallization. How-
ever, the values of both composites were smaller than
those of isothermal crystallization. Furthermore, the
values were obviously smaller than those of pure PBS.
This decrease assumes that the crystallization growth
of PBS in the composites was more limited in noniso-

Figure 4 The plots of the relative degree of crystallinity
[X(t)] as a function of time, which is converted from the
relationship of the temperature and cooling rate for pure
PBS and the composites with and without LDI.

Figure 5 The Avrami plots of log[1 	 ln(1 	 X(t))] versus
log t at different cooling rates.
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thermal crystallization, in which the temperature is
instantly changing, than in isothermal crystallization,
in which the temperature is constant. There was not a
large difference in the adjusted crystallization rate
constant (k) in all samples.

Activation energy for crystallization

The activation energy for nonisothermal crystalliza-
tion can be obtained following the Augis–Bennett
equation,20

d�ln��/�T0 � T���/d�1/T� � � E/R, (7)

the Kissinger equation,21

d�ln��/�T2���/d�1/T� � � E/R, (8)

and the Takhor equation,22

d�ln����/d�1/T� � � E/R, (9)

where T0 is an initial temperature and T is a peak
temperature.

Figure 6 shows the plots based on Augis–Bennett,20

Kissinger,21 and Takhor22 equations in nonisothermal
crystallization. From the slope, the E values of all
samples were calculated and are summarized in Table
IV.

The absolute E value of both composites was larger
than that of pure PBS, indicating that the composite
required more energy to crystallize in nonisothermal
crystallization. However, this result is in contradiction
with the results mentioned above. That is, the nucle-

ation of the composites was easier than that of pure
PBS. Thus, these values of activation energy have to be
adjusted and do not have the same physical meaning
as the general activation energy. Wang et al. reported
the same conclusion as our results.18 They investi-
gated the activation energy for the nonisothermal

TABLE III
Half-Crystallization Time (t1/2), Avrami Exponent (n),
and Corrected Crystallization Rate Constant (knon) at

Different Cooling Rates for Pure PBS and PBS/CS (90/10)
Composites with and without LDI

Sample
� t1/2

n
knon

(°C/min) (min) (min	n)

PBS 10 0.48 2.12 1.37
20 0.34 2.55 1.13
30 0.24 2.14 1.09
40 0.23 2.15 1.07

PBS/CS (90/10) 10 0.41 1.93 1.15
without LDI 20 0.20 1.96 1.15

30 0.13 1.58 1.09
40 0.12 1.61 1.07

PBS/CS (90/10) 10 0.29 1.91 1.22
with LDI 20 0.20 1.79 1.13

30 0.16 1.87 1.11
40 0.14 1.86 1.09

Figure 6 The determination of the activation energy de-
scribing the nonisothermal crystallization process for PBS
and PBS/CS (90/10) composites with and without LDI.
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crystallization of pure poly(ethylene terephthalate)
(PET) and PET/clay nanocomposites and concluded
that the values of the activation energy are just adjust-
able parameters because the nanocomposite crystal-
lizes faster than PET, whereas the activation energy
was higher than pure PET.

Crystalline morphology

The introduction of the filler (CS) and coupling agent
(LDI) will influence the morphological structures of
the PBS crystal such as spherulite size, shape, and
nucleation density. Figures 7–9 show the crystalline
growth of pure PBS and PBS/CS (90/10) composites
without and with LDI, respectively.

The spherulites of pure PBS grew over 20 �m at
81.9°C and the shape was a clear round. However, the
composites without and with LDI started to crystallize
at 91.4 and 92.5°C, respectively. That is, the crystalli-
zation rate was faster in the order of the composite
with LDI � the composite without LDI � pure PBS.
This result agreed with the results of the DSC. Fur-
thermore, the addition of CS decreased the size of the
spherulites and the shape of the spherulites was irreg-
ular. In both composites, the interfaces of the spheru-
lites were blurry and the nucleation density was
higher than pure PBS.

CONCLUSION

In isothermal crystallization, the n values for pure
PBS were from 2.33 to 2.82. In contrast, both com-
posites showed values of 3 � n � 4, suggesting that
there is no limitation of the crystal growth direction
in isothermal crystallization. In nonisothermal crys-
tallization, the Avrami exponent varied from 2.12 to
2.55 for pure PBS, from 1.58 to 1.96 for the composite
without LDI, and from 1.79 to 1.91 for the composite
with LDI, depending on the cooling rate. These
smaller values in both composites assumed that the
crystallization growth or nucleation of PBS in the
composites was more limited or faster in noniso-
thermal crystallization, respectively. There were no
large differences in the crystallization rate constant
adjusted by the Jeziornay19 suggestion. The activa-
tion energy for nonisothermal crystallization was
calculated on the basis of three different equations.
However, the values of the activation energy were
in contradiction with the results of the kinetics. The
addition of CS and LDI affected the morphological
structure of PBS spherulites, decreasing the size of

TABLE IV
Activation Energy for Crystallization of Pure PBS and

PBS/CS (90/10) Composites with and without LDI

Sample

E (kJ/mol)

Augis–Bennett
equation

Kissinger
equation

Takhor
equation

PBS 	37.41 	101.16 	71.79
PBS/CS (90/10) 	63.85 	158.34 	132.13
PBS/CS (90/10)

with LDI 	47.35 	131.95 	105.96

Figure 7 The spherulite growth appearance of pure PBS.

Figure 8 The spherulite growth appearance of the PBS/CS
(90/10) composite without LDI.

Figure 9 The spherulite growth appearance of the PBS/CS
(90/10) composite without LDI.
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the spherulites and making the shape of the spheru-
lites irregular.
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