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ABSTRACT: Biodegradable poly(butylene succinate-co-
butylene adipate) (PBSA)/multiwalled carbon nanotubes
(MWCNTs) nanocomposites were prepared via a simple
melt-compounding method at low MWCNTs contents.
Scanning and transmission electron microscopy observa-
tions revealed a relatively nice dispersion of MWCNTs
throughout the PBSA matrix. Both the nonisothermal and

isothermal melt crystallizations of PBSA were enhanced
significantly in the nanocomposites relative to neat PBSA
because of the presence of MWCNTs; however, the crystal
structure of PBSA remained unchanged. VC 2011 Wiley Peri-
odicals, Inc. J Appl Polym Sci 124: 4268–4273, 2012
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INTRODUCTION

Biodegradable poly(butylene succinate-co-butylene
adipate) (PBSA), a copolymer of poly(butylene succi-
nate), has received more attention recently.1–3 Rela-
tive to poly(butylene succinate), PBSA is very sus-
ceptible to biodegradation because of its lower
crystallinity and more flexible polymer chains. Car-
bon nanotubes (CNTs) were first reported by Iijima
in 1991;4 they possess excellent mechanical, electri-
cal, and thermal properties. Some polymer/CNTs
nanocomposites have been reported in the litera-
ture.5–8 It is clear that the combination of biodegrad-
able polymers with a very small quantity of CNTs is
of great interest and use from both academic and
industrial viewpoints.9–19

It should be noted that the fine dispersion of
CNTs in the polymer matrix is of great importance
for the preparation of high-performance polymer/
CNTs nanocomposites. To avoid the serious aggre-
gation of CNTs in the polymer matrix, the following
three factors are very important: (1) including the
use of CNTs containing functional groups, such as
carboxyl groups, (2) the preparation of polymer/
CNTs nanocomposites via solution casting with soni-
cation or the in situ polymerization method, and (3)

a lower CNTs content. However, melt compounding
is the simplest method for fabricating high-perform-
ance polymer nanocomposites at low cost, although
it may be less effective for dispersing CNTs in the
polymer matrix.5,11,20

In this study, we prepared PBSA/pristine multi-
walled carbon nanotube (MWCNTs) nanocomposites
at 0.5 and 1 wt % MWCNTs contents via a simple
melt-compounding method using a melting mixer at
a relatively high rotor speed to get a fine dispersion
of MWCNTs in the PBSA matrix; moreover, the
effects of the MWCNTs on the crystallization behav-
ior and crystal structure of PBSA were investigated.

EXPERIMENTAL

Materials and preparation of the PBSA/MWCNTs
nanocomposites

PBSA (weight-average molecular weight ¼ 3.77 �
104 g/mol) was obtained from Showa High Polymer
Co., Ltd. (Japan). Pristine MWCNTs (purity > 95%)
were purchased from Chengdu Institute of Organic
Chemistry, Chinese Academy of Sciences (Chengdu,
China). The diameter was around 30–50 nm with
lengths ranging between 10 and 20 lm. The PBSA/
MWCNTs nanocomposites containing 0.5 and 1 wt
% MWCNTs were prepared via a melt-compounding
method with a melting mixer (MS-II; Beihang
University) at 105�C for 15 min with a high rotor
speed of 150 rpm. In this work, neat PBSA and the
PBSA/MWCNTs nanocomposites were abbreviated
as 100/0, 99.5/0.5, and 99/1, respectively, with the
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first number referring to the percentage of PBSA
and the second number referring to the percentage
of MWCNTs.

Characterizations

A field emission scanning electron microscope (SEM)
(S-4700, Hitachi Co., Tokyo, Japan) was used to observe
the morphology of the surfaces of the PBSA/MWCNTs
nanocomposites fractured in liquid nitrogen. The sam-
ple was coated with gold before examination.

A transmission electron microscope (H-800, Hita-
chi Co.) was also used to investigate the dispersion
of MWCNTs in the PBSA matrix under an accelerat-
ing voltage of 200 kV. The nanocomposite specimen
for the transmission electron microscopy (TEM) ob-
servation was about 50–70 nm thick; the specimen
was prepared by ultramicrotoming under cryogenic
conditions with a Leica ultramicrotome (Leica EM
FC 6) with a diamond knife.

Thermal analysis was carried out with a TA
Instruments differential scanning calorimeter (DSC)

(Q100) (New Castle, Delaware) with a Universal
Analysis 2000. All operations were performed under
nitrogen purge, and the weight of the samples vary-
ing between 4 and 5 mg. Two different procedures,
that is, nonisothermal melt crystallization and iso-
thermal melt crystallization, were employed to study
the crystallization behavior of neat PBSA and its
nanocomposites. For nonisothermal melt crystalliza-
tion, the samples were first heated to 130�C at 40�C/
min, held at 130�C for 3 min to erase any thermal
history, and then cooled to �10�C at different con-
stant cooling rates ranging from 2.5 to 12.5�C/min.
The crystallization peak temperature (Tp) was
obtained from the cooling traces. For isothermal
melt crystallization, the samples were annealed at
130�C for 3 min to erase any thermal history, cooled
to the desired crystallization temperature (Tc) at
40�C/min, and then maintained at Tc until the crys-
tallization was complete. The exothermal traces were
recorded for later data analysis.
The spherulitic morphologies of the neat PBSA

and the PBSA/MWCNTs nanocomposites were
observed with polarizing optical microscopy (POM;
Olympus BX51) (Tokyo, Japan) with a temperature
controller (Linkam THMS 600). The samples were
first annealed at 130�C for 3 min to erase any ther-
mal history and then cooled to 80�C at 40�C/min.
Wide-angle X-ray diffraction (WAXD) patterns

were recorded with a Rigaku D/Max 2500 VB2t/PC
X-ray diffractometer (Tokyo, Japan) from 10 to 40� at
3�/min. The Cu Ka radiation source (k ¼ 0.15418
nm) was operated at 40 kV and 200 mA. The sam-
ples were first pressed into films with a thickness of
around 0.5 mm on a hot stage at 130�C and then
transferred into a vacuum oven at 80�C for 24 h.

RESULTS AND DISCUSSION

Morphology and dispersion of the MWCNTs in
the PBSA matrix

The nice dispersion of CNTs in the matrix is one of
the most important factors for improving the me-
chanical, electrical, and thermal performances of a
polymer matrix; therefore, the dispersion of
MWCNTs in the PBSA matrix was investigated with
SEM and TEM first. Figure 1(a) shows an overview
of the fracture surface of the 99/1 nanocomposite
(abbreviated as 99/1 hereafter) as an example. As
shown in Figure 1(a), the bright dots and lines are
the ends of the broken CNTs and are indicative of a
relatively nice dispersion of MWCNTs in the PBSA
matrix. As shown in Figure 1(b), the MWCNTs
remained curved in shape or even interwoven in the
nanocomposite (as shown by the arrow) because of
the extreme flexibility of the nanotubes. Both the
SEM and TEM images revealed a fine dispersion of

Figure 1 Dispersion of the MWCNTs in the PBSA ma-
trix: (a) SEM and (b) TEM images.
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MWCNTs in the PBSA matrix; this indicated that
the PBSA/MWCNTs nanocomposites were success-
fully prepared without serious MWCNTs aggrega-
tion via a simple melt-compounding method at a rel-
atively high rotor speed and lower MWCNTs
contents.

Effect of the MWCNTs on the nonisothermal melt
crystallization of PBSA in the PBSA/MWCNTs
nanocomposites

The effect of MWCNTs on the crystallization behav-
ior of PBSA was studied. The nonisothermal melt
crystallization behaviors of neat PBSA and its nano-
composites were studied at various cooling rates
from 2.5 to 12.5�C/min first. Figure 2 shows the
DSC traces of 99/1 as an example. It is clear from
Figure 2 that the crystallization exotherms shifted to
a low-temperature range with increasing cooling
rate because there was not enough time for the sam-
ple to crystallize at a high-temperature range at a
high cooling rate. Figure 3 summarizes the variation
of Tp with different cooling rates for both neat PBSA
and its nanocomposites. It is clear from Figure 3 that
Tp shifted to a low-temperature range with increas-
ing cooling rate for both the neat PBSA and its nano-
composites. Meanwhile, the Tps of PBSA in the
nanocomposites were higher than that of neat PBSA
for a given cooling rate; moreover, the Tps shifted to
a high-temperature range with increasing MWCNTs
content in the nanocomposites. For example, in the
case of neat PBSA, Tp was around 54.6�C at 10�C/
min; however, in the case of the 99.5/0.5 and 99/1
nanocomposites, the Tps shifted up to 71.2 and
74.5�C, respectively. It was obvious that the variation
in Tp was around 16.6�C with increasing MWCNTs
content from 0 to 0.5 wt %, but the increase was
only around 3.3�C with further increases in the
MWCNTs content from 0.5 to 1 wt %. Such results
indicate that the nonisothermal melt crystallization

of PBSA was enhanced significantly by the presence
of MWCNTs, and the degree of enhancement in Tp

was influenced by the MWCNTs contents because of
the heterogeneous nucleation agent effect.9–11

Effect of the MWCNTs on the isothermal melt
crystallization of PBSA in the PBSA/MWCNTs
nanocomposites

The isothermal melt crystallization kinetics of neat
PBSA and its nanocomposites were further investi-
gated with DSC at different Tcs. On the basis of the
exothermic curves of heat flow as a function of time,
recorded in the Experimental section, the relative
degree of crystallinity (Xt) at the crystallization time
(t) could be calculated by the following equation:

Xt ¼
R t
to

dHc

dt

� �
dt

R t1
to

dHc

dt

� �
dt

(1)

where dHc/dt is the rate of heat evolution and t0 and
t1 are the onset and end of the crystallization time,
respectively. Figure 4(a,b) shows the development of
Xt with t for both neat PBSA and 99/1 at different
Tcs, respectively. t was prolonged with increasing Tc

for both neat PBSA and 99/1; this indicated that the
crystallization was slowed at high Tc because of low
supercooling. Meanwhile, at a given Tc of 80�C, the
crystallization finished within around 19.5 min for
neat PBSA, whereas the crystallization finished
within around 2.1 min for 99/1. It was obvious that
the addition of MWCNTs enhanced the isothermal
melt crystallization of PBSA significantly.
The well-known Avrami equation was used to an-

alyze the overall isothermal crystallization kinetics
of both neat PBSA and its nanocomposites. The
Avrami equation is as follows:

1� Xt ¼ expð�ktnÞ (2)

Figure 2 DSC traces of 99/1 cooled from the melt at var-
ious cooling rates ranging from 2.5 to 12.5�C/min.

Figure 3 Variation of Tps with cooling rates for neat
PBSA and its nanocomposites.

4270 ZHU, ZHAO, AND QIU

Journal of Applied Polymer Science DOI 10.1002/app



The equation was taken as double logarithms on
both sides, as follows:

log½� lnð1� XtÞ� ¼ n log tþ log k (3)

where Xt is the relative degree of crystallinity at time
t, k is the crystallization rate constant, involving both
nucleation and growth rate parameters, and n is the
Avrami exponent and depends on the nature of
nucleation and the growth geometry of the crys-
tals.21,22 Figure 5 shows the Avrami plots of neat
PBSA and 99/1. It is clear from Figure 5 that the
Avrami equation described the isothermal melt crys-
tallization process very well because a serials of par-
allel lines were obtained. The values of n and k were
obtained from the slopes and intercepts, respectively,
of the Avrami plots. All of the related crystallization
kinetics parameters are summarized in Table I for
comparison. The value of n was 2.6 for neat PBSA;
however, the value of n decreased to around 2.0 for
99.5/0.5 and 99/1. Such decrease in n was also found
in nylon 66/MWNTs nanocomposites;23 this suggests
that the addition of MWCNTs decreased the growth

dimension for the following two reasons. First, CNTs
serve as one-dimensional templates (nuclei) from
polymer crystal growth; therefore, the initial con-
sumption of the polymer melt was one-dimensional
in nature. Second, the growth of the polymer crystals
is confined between the adjacent crystals because of
the dense nucleation on the CNTs surfaces; this,
thereby, decreases the dimension.11

However, it should be noted that it is difficult to com-
pare the overall crystallization rate directly from the
values of k because the unit of k is min�n and n is not
constant. Thus, the crystallization half-time (t0.5), the
time required to achieve 50% of the final crystallinity of
the samples, is an important parameter for discussing
the crystallization kinetics. The crystallization rate can
usually be described by the reciprocal of t0.5. The value
of t0.5 can be calculated by the following equation:

t0:5 ¼ ðln 2

k
Þ1=n (4)

As shown in Table I, the values of 1/t0.5 decreased
with increasing Tc for both neat PBSA and its nano-
composites, whereas those of t0.5 increased with

Figure 4 Development of Xt with t for (a) neat PBSA and
(b) 99/1.

Figure 5 Avrami plots of (a) neat PBSA and (b) 99/1 at
indicated Tcs.

BIODEGRADABLE PBSA/MWCNTS NANOCOMPOSITES 4271

Journal of Applied Polymer Science DOI 10.1002/app



increasing Tc. Such variations suggest that the iso-
thermal crystallization rate decreased with increas-
ing Tc for both neat PBSA and its nanocomposites.

Moreover, at a given Tc, such as 80�C, 1/t0.5 was
greater in the nanocomposites than in neat PBSA,
and the value of 1/t0.5 in 99/1 was higher than that
in the 99.5/0.5 nanocomposite. Such results indicate
again that the crystallization process of PBSA in the
nanocomposites was accelerated gradually with
increasing MWCNTs content because of the hetero-
geneous nucleation effect.

Effect of the MWCNTs on the spherulitic
morphology and crystal structure of PBSA in the
PBSA/MWCNTs nanocomposites

The effect of the presence of MWCNTs on the spheru-
litic morphology of PBSA was studied with POM.
Figure 6 shows the POM images of neat PBSA and 99/
1 crystallized at 80�C. From Figure 6(a), it was found
that the well-developed spherulites grew to a size of
roughly several hundreds of micrometers in diameter
in the case of neat PBSA. However, Figure 6(b) shows

TABLE I
Avrami Parameters for Neat PBSA and Its Nanocomposites

Sample Tc (
�C) n k (min�n) t0.5 (min) 1/t0.5 (min�1)

Neat PBSA 72 2.6 2.84 � 10�2 3.43 2.92 � 10�1

74 2.6 1.58 � 10�2 4.20 2.38 � 10�1

76 2.6 9.89 � 10�3 4.98 2.01 � 10�1

78 2.6 3.72 � 10�3 7.31 1.37 � 10�1

80 2.6 2.57 � 10�3 8.74 1.14 � 10�1

PBSA/MWCNTs 99.5/0.5 78 2.1 1.26 7.51 � 10�1 1.33
80 2.1 5.74 � 10�1 1.09 9.14 � 10�1

82 2.1 2.52 � 10�1 1.63 6.12 � 10�1

84 2.0 1.08 � 10�1 2.52 3.97 � 10�1

86 1.9 4.32 � 10�2 4.15 2.41 � 10�1

PBSA/MWCNTs 99/1 80 1.8 1.63 6.27 � 10�1 1.59
82 2.0 6.69 � 10�1 1.02 9.82 � 10�1

84 2.2 2.65 � 10�1 1.55 6.44 � 10�1

86 2.0 1.29 � 10�1 2.29 4.38 � 10�1

88 1.8 6.30 � 10�2 3.87 2.58 � 10�1

Figure 6 Optical micrographs (same magnification, bar ¼
50 lm) of the spherulitic morphology of neat PBSA and
99/1 after complete crystallization at 80�C: (a) neat PBSA
and (b) 99/1.

Figure 7 WAXD patterns of neat PBSA and its
nanocomposites.
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that the size of the PBSA spherulites became much
smaller in the presence of MWCNTs; this was indica-
tive of a heterogeneous nucleation effect of MWCNTs.
On the basis of the POM study, it could be seen that
the nucleation density of PBSA in 99/1 was higher
than that of neat PBSA. Such results were consistent
with the DSC results presented in the previous sec-
tion. In brief, the presence of MWCNTs in the PBSA
matrix had a significant influence on the spherulitic
morphology and the overall crystallization process of
PBSA in the nanocomposites.

It was of great interest to study the effect of
MWCNTs on the crystal structure of PBSA. Figure 7
shows the WAXD patterns of neat PBSA and its
nanocomposites after crystallization at 80�C for 24 h.
As shown in Figure 7, both neat PBSA and its nano-
composites exhibited nearly the same diffraction
peaks at almost the same locations; this indicated
that incorporation with the MWCNTs did not mod-
ify the crystal structure of PBSA. The three main
peaks located around 19.5, 21.7, and 22.6� were
assigned to the (020), (021), and (110) planes of
PBSA, respectively.1

CONCLUSIONS

Biodegradable PBSA/MWCNTs nanocomposites at
low MWCNTs contents were prepared successfully
through the simple melt-compounding method at a
relatively high rotor speed in this work. Both the
SEM and TEM observations revealed a relatively
fine dispersion of MWCNTs throughout the PBSA
matrix. The effects of MWCNTs on the nonisother-
mal melt crystallization, isothermal melt crystalliza-
tion kinetics, and crystal structure of PBSA in the
nanocomposites were investigated with DSC, POM,
and WAXD in detail. The results show that both the
nonisothermal and isothermal melt crystallizations
of PBSA were enhanced by the presence of
MWCNTs and that the degree of enhancement was
influenced by the MWCNTs contents because of the
heterogeneous nucleation effect. The isothermal melt

crystallization kinetics of neat PBSA and its nano-
composites were successfully described by the
Avrami method. The crystal structure of PBSA did
not change, despite the presence of MWCNTs in the
nanocomposites.
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