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ABSTRACT: Poly(butylene succinate) (PBS) nanocom-
posites with multiwalled carbon nanotubes (MWNTs)
prepared by melt compounding were studied for the
effect of MWNT dispersion on the modulus and crystalli-
zation kinetics. The nucleating effect of the addition of
0.1 wt % MWNT to PBS was clearly demonstrated. Differ-
ential scanning calorimetry nonisothermal crystallization
studies showed a clear decrease in the half-time of crys-
tallization with increasing MWNT content in PBS/
MWNT nanocomposites. It was observed with the Ozawa

method that the Ozawa parameter values for the nano-
composites were lower than those for neat PBS, and this
indicated that the crystal morphology was different. The
storage modulus of the nanocomposites increased about
23% with the addition of only 0.1% MWNT in compari-
son with neat PBS, whereas the glass-transition tempera-
ture was unaltered. VVC 2008 Wiley Periodicals, Inc. J Appl
Polym Sci 111: 2938–2945, 2009

Key words: crystallization; nanocomposites

INTRODUCTION

The preparation and characterization of polymer
nanocomposite materials have aroused a great deal
of interest among researchers over the past few
years.1,2 This is mainly due to their enhanced prop-
erties, including their mechanical strength, barrier
behavior, thermal stability, and heat deflection tem-
perature. This property enhancement is mainly due
to the high aspect ratio and low density of the nano-
particle reinforcement in the polymer matrix. Com-
mon nanoreinforcements are organoclay, carbon
nanotubes (CNTs), polyhedral oligomeric silses-
quioxanes, SiO2, and mica.1–4 Among them, CNTs
have recently become more attractive because of
their electrical conductivity, electromagnetic interfer-
ence shielding, and mechanical properties.5–7

Poly(butylene succinate) (PBS) is a biodegradable
aliphatic polyester and is semicrystalline in nature.
It has a wide range of engineering applications

because of its attractive combination of good proc-
essability and mechanical properties.8,9 Recently,
both conducting polymer–clay nanocomposites and
conducting polymer–CNT composites have been
widely studied to produce large-scale enhancements
of the physical, mechanical, optical, and conducting
properties.10–17 Chen and Yoon12 showed that the
crystallization of PBS was accelerated as a result of
the incorporation of an organoclay, and it was more
pronounced with an epoxy-functionalized organo-
clay because of the enhanced nucleation effect of the
more finely dispersed clay layers. Another study
of a PBS/3 wt % multiwalled carbon nanotube
(MWNT) nanocomposite13 showed an enhancement
of the mechanical properties and conductivity of the
composites. Ray et al.15 studied PBS/organoclay
nanocomposites and showed that there was a drastic
improvement in the modulus and thermal stability
of the composite samples in comparison with neat
PBS.
The study of the nonisothermal crystallization of

nanocomposites is of technological importance as
most composites and polymer blends are processed
under nonisothermal conditions. Structural proper-
ties such as the crystallinity and density and me-
chanical properties are also related to crystallization
conditions. Studies of polymer/MWNT composites
are expanding because of commercial research and
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development interest as they can be used as
advanced structural materials on account of their
attractive mechanical properties and because they
might possibly replace aluminum.10–17 Hence, an
understanding of optimum fabrication conditions,
such as processing, interfacial strength, and crystalli-
zation behavior, is urgently needed and requires in-
depth investigation.

In this article, we report the morphology and crys-
tallization behavior of PBS/MWNT nanocomposites.
The MWNT-initiated polymer crystallization behav-
ior was studied. The main objectives of the work are
(1) to study in detail the nonisothermal crystalliza-
tion kinetics of PBS/MWNT nanocomposites and
compare the results to those of neat PBS and (2) to
describe the effect of MWNT on the crystal morphol-
ogy and mechanical properties of the PBS matrix.

EXPERIMENTAL

Materials and PBS/CNT nanocomposites

PBS used in this study was purchased from Sigma–
Aldrich (China). The MWNTs were prepared by the
catalytic chemical vapor deposition of methane on
Co–Mo/MgO catalysts. The as-prepared MWNTs
were purified by an acid treatment, which has been
described in detail elsewhere.18 PBS composites con-
taining different amounts (0–2 wt %) of MWNTs
were prepared via a melt-compounding method
with a Brabender twin-screw mixer at 130�C for
10 min with a screw speed of 100 rpm. Film samples
(with a thickness of 0.5 mm) were prepared by
compression molding in a press at a temperature of

130�C and a pressure of 15 MPa, followed by rapid
quenching in an ice–water bath. Note that the melt-
ing temperature (Tm) of PBS is about 115�C as esti-
mated by differential scanning calorimetry (DSC)
measurements.

Characterization

The crystallization and melting behavior of neat PBS
and its nanocomposites with different concentrations
of MWNTs was studied by DSC with a TA DSC
2980 (New Castle, DE) that had been calibrated with
an indium standard under a nitrogen flow rate of
20 mL/min. Cooling and heating rates (b) of 2.5, 5,
10, and 20�C/min were used. The samples were
first heated to 140�C and then cooled to 30�C. The
morphology was examined with a polarized optical
microscope (Nikon, New York, NY) coupled to a
Linkam FP-90 hot stage. The images were captured
with a digital camera.

RESULTS AND DISCUSSION

Structure and morphology of the
PBS/CNT nanocomposites

X-ray diffraction (XRD) analysis was performed at
room temperature, and the patterns are shown in
Figure 1(a). The XRD patterns of the neat PBS and
its MWNT nanocomposite samples are quite similar.
This indicates that the samples had the same crystal
structure, an a-form of the PBS crystal. The main
characteristic diffraction peaks observed at 2y values
of 19.7, 21.9, and 22.8� are assigned to (020), (021),

Figure 1 (a) XRD patterns of neat PBS and MWNT nanocomposite samples and (b) transmission electron micrograph of
PBS/MWNT 0.2%.
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and (110) planes of the a-form PBS crystal.9 Figure
1(b) presents a transmission electron micrograph of
a PBS nanocomposite sample with 0.2 wt % MWNT.
It indicates the dispersion of MWNT in the PBS ma-
trix, and the inset shows a high-magnification image
of the micrograph.

The crystallization behavior, as observed with op-
tical microscopy, is shown in Figure 2. It shows clas-
sical Maltese cross patterns in PBS spherulites. The
well-defined spherulites are much larger for neat
PBS than those for PBS/MWNT nanocomposites,
and this indicates that the MWNTs act as nucleating
sites for PBS crystallization. However, apart from
being small spherulites, they are also imperfect and

grow rapidly, being nucleated by the addition of
MWNTs and impinged by the surrounding spheru-
lites, which restrict further growth of the spherulites.
The neat PBS showed crystallites with a size of
about 30 lm, whereas the PBS/MWNT composite
showed crystallites only about 1–2 lm in size.

Crystallization and melting behavior

Crystallinity plays an important role in the physical
properties and biodegradability of biodegradable
polymers. Moreover, the crystalline structure and
morphology of a semicrystalline polymer are also
influenced greatly by its thermal history. Figure
3(a,b) shows the DSC heating and cooling thermo-
grams for neat PBS and its nanocomposites mea-
sured at a heating (cooling) rate of 10�C/min.
Although the exothermic peaks represent the crystal-
lization process, the endothermic peaks correspond
to the melting of PBS and its MWNT nanocomposite
samples. The crystallization peak temperature (Tp)
and Tm of neat PBS and its nanocomposites were
thus obtained and are listed in Table I. Tp of PBS
(83�C) increases with the incorporation of MWNTs
(95�C), and this implies that the crystallization of
PBS is faster in the presence of MWNTs. It is
believed that the addition of MWNTs induces the
crystallization of PBS. However, in comparison with
neat PBS, Tm (� 114�C) is not much affected either
by the addition of MWNTs or different heating rates,
probably because of their small size and the low
component of the MWNTs in the nanocomposites.
In addition, both the melting and crystallization
peaks in the PBS/MWNT nanocomposites are nar-
rower than those in neat PBS. This would suggest a

Figure 3 (a) DSC heating thermograms, (b) DSC cooling thermograms, and (c) Tp values for neat PBS and its
nanocomposites.

Figure 2 Polarized optical microscopy morphology of
neat PBS and its nanocomposites.
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narrower crystallite size distribution in the PBS/
MWNT nanocomposites versus neat PBS.

As shown in Table I, an increase in Tp of PBS can
be observed due to the presence of MWNTs. It is
clearly shown that the incorporation of MWNTs into
PBS results in an increase in the crystallization tem-
perature. The crystallinity percentages for neat PBS
and its MWNT nanocomposites were determined
with the following equation:

Crystallinityð%Þ ¼ DHm

DH0
m

� 100% (1)

where DHm and DH0
m are the melting enthalpies of

the crystalline sample and the standard melting en-
thalpy of a perfect PBS crystal (210 J/g),8 respec-
tively. Here we assume the same perfect
crystallization enthalpies for PBS and PBS/MWNT
samples and evaluate the crystallinity of both PBS
and PBS/MWNT samples according to eq. (1). As
shown in Table I, the crystallinity of the neat PBS
decreases from 43 to 33% in the presence of
MWNTs.

The values of Tp for PBS and PBS/MWNT sam-
ples at different cooling rates are shown in Figure
3(c). Tp decreases with an increasing cooling rate.
The incorporation of MWNTs into the PBS matrix
results in an increase in Tp of about 10�C, and this
indicates that the presence of MWNTs induces the
crystallization of PBS chains. The trend of the de-
pendence of Tp on the cooling rate for PBS/MWNT
systems is similar to that obtained for neat PBS. This
observation is consistent with studies in the litera-
ture11–13 on the crystallization behavior of PBS with
the addition of an organoclay. Figure 3(c) shows that
at a given cooling rate, Tp increases with the MWNT
content increasing, and this indicates that the crys-
tallization rate increases with MWNTs. As expected,
the value of the half-time of crystallization (t1/2)

decreases with an increasing cooling rate for both
PBS and PBS/MWNT composites. The values of t1/2
for the PBS/MWNT composites are smaller than
those for neat PBS, and this indicates that the pres-
ence of MWNTs accelerates the overall crystalliza-
tion of PBS. The effect of MWNT addition on PBS
crystallization is probably twofold: the presence of
MWNTs provides heterogeneous nucleation sites for
PBS crystallization and hinders the formation of
large crystals.

Nonisothermal crystallization kinetics

The relative degree of crystallinity (Xt) as a function
of the crystallization temperature for the neat PBS
and PBS/MWNT composites at various cooling rates
is plotted in Figure 4. Tp of PBS and PBS/MWNT
composites decreases with increasing cooling rates.
All curves in Figure 4(a–c) show a reverse sigmoidal
shape, suggesting that the crystal nucleation takes
place freely from the melt and slows down during
the crystal growth. To describe the evolution of crys-
tallinity in a nonisothermal crystallization process, a
number of kinetic models are available in the litera-
ture. In this report, we have used mainly the
Ozawa19 and Mo20 models to describe the noniso-
thermal crystallization behavior, the Kissinger,21

Takhor,22 and Augis–Bennett23 methods for the acti-
vation energy estimation, and the Dobreva model24

for the nucleation determination.
Figure 5 shows the nonisothermal crystallization

kinetics of PBS and its MWNT nanocomposites with
the Ozawa method. Data analysis was carried out
from plots of ln[�ln(1 � Xt)] versus ln b within the
crystallization temperature range of 64–86�C for neat
PBS and within the crystallization temperature range
of 74–94�C for the nanocomposites. Qualitatively, the
Ozawa method is satisfactory for describing the

TABLE I
Melting and Crystallization Temperatures and Crystallinity Values for PBS and Its MWNT Nanocomposites

Sample b (�C/min) Tm (�C) Ton (�C) Tp (
�C) DHm (J/g) Xt (%) t1/2 (min)

PBS 2.5 115 88.5 83.4 91.2 43.4 4
5 114.5 84.7 79.3 94.1 44.8 2.5

10 114.4 80.4 74.5 91.5 43.6 1.3
15 114 77.6 71.3 89 42.4 1
20 115 75.7 69.4 84.5 40.2 0.7

PBS/MWNT 0.1% 2.5 114.9 95.4 93.5 69.4 33 2.7
5 114.4 93 90.7 67.7 32 1.7

10 114.3 90 87.3 65.2 31 0.9
15 114.4 88 84.8 62.8 29.9 0.7
20 114.3 86.5 82.8 61.5 29.3 0.5

PBS/MWNT 0.2% 2.5 114.5 96.7 95 72 34.3 2.8
5 114.1 94.4 92.4 69.4 33 1.4

10 113.8 91.6 89.2 68.3 32.5 0.8
15 113.8 89.8 87.2 66.2 31.5 0.6
20 114.1 88.5 85.4 66.2 31.5 0.5
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nonisothermal crystallization of PBS and PBS/
MWNT nanocomposites, as shown in Figure 5. Xt

strongly depends on the cooling rate at the initial
stage of crystallization but is affected slightly by the
cooling rate at the end of the crystallization process.
The kinetic parameters [i.e., Ozawa exponent m and
kinetic parameter /(T)], analyzed by the Ozawa
method, are summarized in Table II. The average
values of m are 3.1 for PBS and 2.8 and 2.3 for its
nanocomposites containing 0.1 and 0.2 wt %
MWNTs, respectively. The value of /(T) for neat
PBS decreases with increasing temperature, except at
an early stage of crystallization, and this suggests
that the crystallization is a nucleation-controlled pro-
cess. However, in the PBS/MWNT systems, it is
interesting to note that /(T) increases with an
increase in temperature at the initial stage of crystal-

lization, whereas a decrease with increasing temper-
ature can be observed at the later stage of
crystallization. It implies that the crystallization is
hindered by the presence of MWNTs, and the over-
all rate of the crystallization process will thus be
reduced.
Mo’s model is a combination of the Ozawa and

Avrami equations. The importance of this method is
that it correlates cooling rate b to the crystallization
time t or temperature T and the morphology for a
given degree of crystallinity as follows:

ln b ¼ ln FðTÞ � b ln t (2)

where F(T) ¼ [K(T)/Zt]
1/m refers to the value of the

cooling rate chosen at the unit of crystallization time
when the system has a certain degree of crystallinity

Figure 4 Variation of Xt with the temperature for nonisothermal crystallization.

Figure 5 Ozawa plots of ln[�ln(1 � Xt)] versus ln b for the crystallization of neat PBS and PBS/MWNT samples.
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and b is the ratio of the Avrami exponent (n) to m,
that is, b ¼ n/m. At a given degree of crystallinity,
the plot of ln b against ln t provides a straight line
with an intercept of ln[F(T)] and a slope of �b (the
figure is not shown here for brevity). The F(T) and b
values obtained from the straight lines are listed in
Table III. The F(T) values increase with Xt. F(T) and
b values for the nanocomposites are lower than those
for neat PBS, indicating that the crystallization pro-
cess in the nanocomposites is faster than that in the
neat PBS. This result confirms the effect of MWNTs
on the crystallization as nucleating agents, as
discussed earlier.

Dobreva and Gutzow24 proposed a simple method
for the determination of the nucleating activity of a
foreign body in a polymer melt. The nucleation ac-
tivity (w) is a factor by which the three-dimensional
nucleation process decreases with the addition of a
filler. If the filler is extremely active for the nuclea-

tion, w approaches 0, whereas for an inert filler, it
approaches 1. For homogeneous nucleation near Tm,
cooling rate b is related to Tp:

log b ¼ A� B

2:3DT2
p

(3)

For heterogeneous nucleation, it becomes

log b ¼ A� B�

2:3DT2
p

(4)

w ¼ B�

B
(5)

where A is a constant and DTp is the degree of
supercooling (i.e., DTp ¼ Tm � Tp). B is a parameter
that can be calculated from the following equation:

B ¼ xr3V2
m

3nkTmDS2mn
(6)

where x is a geometrical factor, r is the specific
energy, Vm is the molar volume of the crystallizing
substance, DSm is the entropy of melting, and k is the
Boltzmann constant. Therefore, w can be determined
simply from the ratio of the slope of the plot of log b
versus 1/DT2

p in the presence of the nucleation agent
or in the absence of the nucleation agent. Figure 6
shows plots of log b versus 1/DT2

p for neat PBS and
PBS/MWNT composites. The w values of PBS/
MWNT composites containing 0.1 and 0.2 wt %
MWNT were calculated to be 0.5 and 0.4, respectively.
As mentioned previously, the presence of a nanofiller,
which serves as a nucleating agent and affects the

TABLE II
Nonisothermal Crystallization Kinetics of PBS and Its

Nanocomposites Analyzed by Ozawa, Kissinger, Takhor,
and Augis–Bennett Methods

Temperature
(�C) m /(T)

Activation energy (kJ/mol)

Kissinger Takhor
Augis–
Bennett

PBS 175 148 132
66 1.77 5.72
70 2.31 6.35
74 2.89 6.41
78 3.09 4.96
82 3.99 4.62
86 4.55 2.89

PBS/MWNT 0.1% 235 211 146
74 1.53 5.60
78 1.65 5.41
82 1.62 4.48
86 2.27 4.26
90 4.72 6.15
94 5.79 4.02

PBS/MWNT 0.2% 263 239 178
74 1.29 5.17
78 1.24 4.55
82 1.29 4.13
86 1.38 3.32
90 3.27 4.97
94 4.97 4.75

TABLE III
Kinetic Parameters Based on Mo’s Method

Sample
Kinetic

parameters

Xt (%)

20 40 60 80

PBS F(T) 2.37 2.56 2.70 2.87
b 1.19 1.19 1.2 1.24

PBS/MWNT 0.1% F(T) 1.90 2.07 2.22 2.49
b 1.11 1.16 1.21 1.25

PBS/MWNT 0.2% F(T) 1.83 1.98 2.15 2.40
b 1.06 1.11 1.16 1.21 Figure 6 Plots of log b versus 1/DT2

p for neat PBS and
PBS/MWNT nanocomposites.
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molecular mobility, also affects the crystallization
behavior and crystalline structures of the material.

The activation energy for nonisothermal crystalli-
zation (DEa) can be calculated on the basis of the
variation in the onset crystallization temperature
(Ton), Tp, and b through the plotting of the following
equations with different methods. According to Kis-
singer, the apparent activation energy is described
by the following equation:

d½lnðb=T2
pÞ�

dð1=TpÞ ¼ �DEa

R
(7)

where R is the universal gas constant.
Based on the Augis–Bennett method, the activa-

tion energy is given by the following equation:

d½lnðb=ðTon � TpÞ�
dð1=TpÞ ¼ �DEa

R
(8)

According to the Takhor method

dðln bÞ
dð1=TpÞ ¼ �DEa

R
(9)

Figure 7(a–c) shows linear plots of ln(b/T2
p), ln[b/

(Ton � Tp)], and ln b against 1/Tp, respectively, for
both PBS and its MWNT nanocomposites. The acti-
vation energies were determined from the slopes
(�DEa/R) of the linear regressions, and the results
are tabulated in Table II. The activation energy for
neat PBS is 175 kJ/mol, whereas that of the nano-
composites is 235 or 263 kJ/mol when 0.1 or 0.2 wt
% MWNT is incorporated, respectively, according to
the Kissinger method. Although lower values are
seen with the Takhor and Augis–Bennett methods, a
similar trend can be seen for the three approaches:

neat PBS has the lowest value in comparison with
its MWNT nanocomposites.
Usually, the crystallization activation energy indi-

cates the crystallization ability of polymers. The
higher the activation energy is, the lower the crystal-
lization ability is. The overall crystallization process
is the combination of nucleation and growth. Poly-
mer chains are highly entangled in the melt state,
and during crystallization, the polymer chains must
overcome certain energy barriers to diffuse and
attach onto the growing front of a crystal. However,
in the nanocomposites, MWNTs act as an embryonic
crystal or nucleus for the heterogeneous nucleation
of polymer chains. Hence, the nucleation density
will be higher for higher MWNT content samples. In
addition, MWNTs can be visualized as long stiff
chains of carbon atoms and possibly act as a con-
straint on the polymer chain mobility, especially
when they have good interactions with polymer
chains. Therefore, the presence of MWNTs here
probably plays two different or competing roles for
the crystallization of PBS, that is, promoting the
nucleation process by acting as a heterogeneous
nucleating agent and, at the same time, hindering
the crystal growth process by imposing the con-
straints upon the surrounding polymer chains.

CONCLUSIONS

PBS/MWNT nanocomposites were prepared by melt
compounding. The storage modulus was found to
increase by about 23% with an MWNT content of
only 0.1 wt %. The nucleating effect of the addition
of MWNTs to PBS was clearly demonstrated. The
nonisothermal crystallization studies showed a clear
decrease in t1/2 with increasing MWNT content in

Figure 7 Calculated activation energy for nonisothermal crystallization based on the Kissinger, Takhor, and Augis–
Bennett methods.

2944 PRAMODA ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



PBS/MWNT nanocomposites. From the Ozawa
method, lower m values were observed for the nano-
composites in comparison with neat PBS, indicating
that the crystal morphology was changed. The pres-
ence of MWNTs increased the activation energy of
the nanocomposites and also contributed to w.

Two of the authors (P.K.P. and N.T.T.L.) gratefully acknowl-
edge the continued support of the research work presented in
this article by the Institute ofMaterials Research and Engineer-
ing of theAgency for Science, Technology, and Research.
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