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ABSTRACT: Poly(butylene succinate) (PBS)/pristine raw
multiwalled carbon nanotube (MWCNT) composites were
prepared in this work via simple melt compounding. Mor-
phological observations indicated that the MWCNTs were
well dispersed in the PBS matrix. Moreover, the incorpo-
ration of MWCNTs did not affect the crystal form of PBS
as measured by wide-angle X-ray diffraction. The rheol-
ogy, crystallization behaviors, and thermal stabilities of
PBS/MWCNT composites were studied in detail. Com-
pared with neat PBS, the incorporation of MWCNTs into
the matrix led to higher complex viscosities (|g*|), stor-
age modulus (G0), loss modulus (G00), shear thinning
behaviors, and lower damping factor (tan d) at low fre-
quency range, and shifted the PBS/MWCNT composites
from liquid-like to solid-like, which affected the crystalli-
zation behaviors and thermal stabilities of PBS. The pres-

ence of a very small quantity of MWCNTs had a
significant heterogeneous-nucleation effect on the crystalli-
zation of PBS, resulting in the enhancement of crystalliza-
tion temperature, i.e., with the addition of 0.5 wt %
MWCNTs, the values of Tc of PBS/MWCNT composites
could attain to 90�C, about 6�C higher than that of neat
PBS, whereas the values of Tc increased slightly with fur-
ther increasing the MWCNTs content. The thermogravi-
metric analysis illustrated that the thermal stability of PBS
was improved with the addition of MWCNTs compared
with that of neat PBS. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 121: 59–67, 2011
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INTRODUCTION

Biodegradable polymers have received much atten-
tion in fundamental research and technology
because of their potential in environmental protec-
tion and biomedical applications. Among these poly-
mers, poly(butylene succinate) (PBS) is a biocompati-
ble linear aliphatic polyester, which is usually
synthesized through the polycondensation reaction
between succinic acid and 1,4-butanediol. PBS exhib-
its good biodegradability, melt processibility, ther-
mal properties, and chemical resistance compared
with other aliphatic polyesters, and these properties
make it a potential and promising material in the
fields of plastics and has been made into injection-
molded products, films, and fibers.1–4 However, soft-
ness, low melt viscosity, and slow crystallization

rates have limited its processing and potential appli-
cations, particularly for injection molding. On the
one hand, the lower melt viscosity is unsuitable for
the processing properties of PBS. Also, for films and
fibers preparation, the crystallization of PBS can be
accelerated through drawing. However, in the case
of injection molding, it is impossible to draw the
molded plastics. If the crystallization rate is slow,
the molding process needs longer time and results
in a higher cost process. Therefore, it is very neces-
sary to improve the performance of PBS. Different
techniques, such as physical blending, chemical
copolymerization, and nanocompounding have been
explored to improve these performances.5–11 Among
these techniques, the incorporation of nanoinorganic
fillers into PBS matrix is an efficient strategy to pre-
pare composites with high performance. For exam-
ple, Someya et al.12 prepared PBS/clay nanocompo-
sites by a simple melt blending, and showed that the
addition of clay particle could increase the tensile
modulus of PBS. Miyauchi et al.13 investigated the
degradation behaviors of PBS/TiO2 nanocomposites
and concluded that the incorporation of low content
of fillers could enhance the degradation rate of PBS.
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In recent years, carbon nanotubes (CNTs) have
been regarded as an effective one-dimensional rein-
forcing filler for preparing composites with high per-
formance owing to its high flexibility, low mass den-
sity, and large aspect ratio.14 Generally, polymer/
MWCNT composites exhibit higher mechanical, ther-
mal, and electronic properties than those of neat poly-
mers, and these improved performances are usually
based on the good dispersion of MWCNTs in the
polymer matrix and strong interfacial interaction
between MWCNTs and polymer. However, owing to
the Van der Waals interactions between individual
tubes, MWCNTs bundles are often formed, resulting
in the poor dispersion states of MWCNTs into the
polymer matrix, which in turn affect the physical
properties of composites.15 Thus, the well dispersion
states of MWCNTs and good interaction effects
between polymer and MWCNTs are very important
for the enhancement on the properties of composites.
Polymer/MWCNT composites with higher perform-
ances have been prepared by melt compounding tech-
niques, which can provide high shear forces, resulting
in the good interactions between MWCNTs and poly-
mers.16–18 For example, Ray et al.19 prepared PBS/
MWCNT nanocomposites by melt compounding and
showed that the incorporation of 3 wt % MWCNTs
could largely increase the mechanical and electrical
properties of neat PBS. Also, Shih et al.4 investigated
the structure and properties of PBS/modified
MWCNT composites obtained by melt compounding.
It was shown that the electronic, thermal, and me-
chanical properties of neat PBS were enhanced with
the addition of MWCNTs, which would be potentially
useful in electronic packaging materials. In another
work, Pramoda et al.20 and Song and Qiu21 have
investigated the crystallization behaviors of PBS/
MWCNT composites obtained by melt-blending,
respectively, and concluded that MWCNTs could act
as a significant heterogeneous-nucleation agent on the
crystallization of PBS, leading to the enhancement in
crystallization rate of PBS. In addition, Shih et al.22

studied the thermal degradation kinetic of PBS/
MWCNT nanocomposites and showed that the addi-
tion of MWCNTs could increase the heat and electri-
cal conductivity of PBS. However, to the best of our
knowledge, little work has been done about the effect
of pristine raw MWCNTs on the rheological proper-
ties of PBS and the relation between microstructure
and macroscopic properties of PBS/MWCNT compo-
sites, which is very important for the processing prop-
erties and potential application of neat PBS.

In this work, pristine MWCNTs were used without
any pretreatment, and PBS/pristine MWCNT compo-
sites were prepared through simple melt compound-
ing method, and the effect of pristine MWCNTs on
the rheology, crystallization behaviors, and thermal
stabilities of PBS were studied in detail with different

techniques. The morphology and crystal form of
PBS/MWCNT composites were investigated through
scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and wide-angle X-ray
diffraction (WAXD) analysis. The rheology, crystalli-
zation behaviors, and thermal stabilities were also
investigated to study the effect of MWCNTs loading
on the structure of PBS/MWCNT composites and the
relation between microstructure and macroscopic
properties of PBS/MWCNT composites.

EXPERIMENTAL

Materials and samples preparation

The multiwalled carbon nanotubes (MWCNTs) used
in this work were prepared by chemical vapor deposi-
tion method and were obtained from the Green Reac-
tion Engineering Laboratory of Tsinghua University,
Beijing, China. Their length was about 10 lm, and the
purity of CNTs produced was about 95%. CNTs were
used as received, without any pretreatment. PBS was
obtained from HeXing Chemical Corp., AnQing,
China, and its melt flow index was 15 g/10 min at the
temperature of 160�C. The melt blending of neat PBS
with 0.5, 1, 2, and 3 wt % of MWCNTs were conducted
using a mixer (HAAKE, RS600, German) at a tempera-
ture of 140�C for 10 min. PBS was dried at 60�C to
remove water and some impurities before mixing. The
samples obtained by melt mixing were used for com-
pression for various measurements. Compression tem-
perature was 150�C and pressure was 10 MPa (When
the researchers do this experiment, especially for add-
ing the MWCNTs into the polymer, the researchers
must put on the gas mask and rubber glove to avoid
sucking the MWCNTs into the body).

Characterization

SEM was used to examine the microstructure mor-
phology of fractured surface of the samples. The
images were observed under an acceleration voltage
of 20 kV with a JSM-7401 for SEM experiment. TEM
observations were also carried out to examine the
microstructure morphology of the samples. Ultrathin
sections of specimens were cut from the compressed
sheets using a Ultramicrotome-LeiCa EM. The thin
slices were put on copper grids and then observed
on a JEM-2010 TEM with an acceleration voltage of
200 kV. WAXD analysis was carried out at room
temperature using an X-ray diffractometer (Rigaku,
D/max-RB) with Cu Ka radiation at a scanning rate
of 6�/min. All rheological measurements were per-
formed on a strain-controlled rheometer (Anton
Paar, MCR301) using 25-mm diameter parallel plates
at 140�C. Testing sample disks with a thickness of
1.5 mm and a diameter of 25 mm were prepared by
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compression molding of the samples at 150�C for 8
min. Small-amplitude oscillatory shear (c ¼ 0.5%)
measurements were conducted within a frequency
range from 0.05 to 120 rad/sec. DSC experiment was
performed using a Shimadzu DSC-60 differential scan-
ning calorimeter under nitrogen atmosphere in the
temperature range from 30�C to 160�C. Neat PBS and
PBS/MWCNT composites were scanned from 30�C to
160�C (Run I), retained at 160�C for 5 min to eliminate
the thermal history, and then cooled to 30�C at a rate
of 10�C/min, and after that the samples were reheated
to 160�C at a rate of 10�C/min (Run II). Spherulite
morphology of neat PBS and PBS/MWCNTs compo-
sites were observed using a polarizing optical micro-
scope (Olympus BH-2). Thermogravimetric analysis
was performed on a Shimadzu DTG-60 thermogravi-
metric analyzer by heating the samples to 550�C at a
rate of 20�C/min under nitrogen atmosphere.

RESULTS AND DISCUSSION

Morphology of neat PBS and PBS/MWCNT
composites

The morphology and dispersion states of MWCNTs
in polymer matrix were investigated using SEM and

TEM. Figure 1 shows the SEM images of fracture
surfaces of PBS/MWCNT composites with different
MWCNTs loading. It is clear from Figure 1(a) that
the small amounts of MWCNTs are well dispersed
and embedded in the PBS matrix without showing
noticeable MWCNTs aggregates. With the increasing
of MWCNTs content, the MWCNTs are homogene-
ously dispersed in the PBS matrix [Fig. 1(b,c)], which
indicated that the MWCNTs are partly compatible
with the PBS matrix. However, when the MWCNTs
content increase to 3 wt %, as shown in Figure 1(d),
small amounts of MWCNTs partly aggregates by
themselves in the PBS matrix. The reason for this
can be ascribed to the Van der Waals interaction
between MWCNTs.23 Also, the fracture surface of
PBS/MWCNT composites is relatively smooth and
the boundary between MWCNTs and PBS is not
clear and showed that the MWCNTs are wrapped
by PBS molecular chains and mixed well each other.
TEM photos are generally used to characterize the
dispersion state of MWCNTs in the PBS matrix at
even higher magnification. Figure 2 shows the TEM
images of ultrathin section of PBS/MWCNT compo-
sites with 2 wt % MWCNTs content. It is shown
from Figure 2(a) that the individual MWCNT is

Figure 1 SEM images of the fractured surface of PBS/MWCNT composites with various MWCNTs loading: (a) 0.5 wt %,
(b) 1 wt %, (c) 2 wt %, and (d) 3 wt %.
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uniformly dispersed in the PBS matrix with a small
quantity of aggregates because of the high shear
forces applied by melt blending. Meanwhile, most
MWCNTs are curved in the composites because of
the flexibility of the MWCNTs. At higher magnifica-
tion, it can be seen from Figure 2(b) that the individ-
ual MWCNT is regarded as a long hollow fiber with
diameter around 20 nm and length below 1 lm.
Moreover, it is very necessary to investigate the
effect of pristine MWCNTs loading on the crystal
form of neat PBS. Figure 3 shows the WAXD pat-
terns of neat PBS and PBS/MWCNT composites
with different MWCNTs content. It is clear that
PBS/MWCNT composites exhibit the same diffrac-
tion peak locations as those of neat PBS, suggesting
that the addition of pristine MWCNTs has almost no
effect on the crystal form of neat PBS. The main
peaks, which located at around 2y ¼ 19.61�, 21.92�,
and 22.67�, were assigned to (020), (021), and (110)
planes of the a form of PBS, respectively.24

Rheological properties

The complex viscosity (|g*|), storage modulus (G0),
loss modulus (G00), and damping factor (tan d) of
neat PBS and PBS/MWCNT composites as a func-
tion of frequency for a typical response are shown in
Figure 4. It is clear from Figure 4(a) that the values
of |g*| of neat PBS and PBS/MWCNT composites
decrease with the increasing frequency, which indi-
cates a non-Newtonian behavior over the whole fre-
quency range. However, PBS/MWCNT composites
exhibit higher |g*| values than those of neat PBS at
low frequency and increase gradually with the
increasing MWCNTs content. In addition, this rein-
forcement effect is more significant at low frequency
than at high frequency and showed that the inter-
connected or network-like structures are formed,
which may be due to the polymer–particle and parti-
cle–particle interactions.25 The PBS/MWCNT com-
posites exhibit a higher shear thinning behaviors

than those of neat PBS, which is attributed to the ori-
entation and entanglement of molecular chains dur-
ing the applied shear force. To further study the
effect of MWCNTs on the rheological properties of
PBS/MWCNT composites, the shear thinning expo-
nents (n) for flow process of PBS/MWCNT compo-
sites are described owing to the relationship of |g*|
� xn,26 and their results are summarized in Table I.
It is clear that the shear thinning behavior of PBS/
MWCNT composites largely depended on the con-
tent of MWCNTs; the higher the MWCNTs content,
the stronger the shear thinning behaviors of PBS/
MWCNT composites, and the n values of PBS/
MWCNT composites decrease largely with the
increasing MWCNTs content, which can be ascribed
to the break down of network-like structures with
increasing of the frequency.
The storage modulus (G0) and loss modulus (G00)

for neat PBS and PBS/MWCNT composites as a
function of frequency are shown in Figure 4(b,c).
The values of G0 and G00 of neat PBS and PBS/
MWCNT composites increase with increasing of the
frequency, and this enhancement effect is more

Figure 2 TEM images of the fractured surface of PBS/MWCNT composites with 2 wt % MWCNTs loading.

Figure 3 X-ray diffractograms of neat PBS and PBS/
MWCNT composites.
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significant at low frequency. These results are very
similar to the relaxation behaviors of the typical
filled-polymer composites systems.27,28 The slopes of
the terminal region of G0 and G00 for PBS/MWCNT
composites are shown in Table I. It is clear that the
slopes of G0 and G00 for PBS/MWCNT composites
decrease with increasing of the MWCNTs content,
which can explain that the polymer–nanotube or
nanotube–nanotube strong interactions result in the
formation of network-like structure, leading to the
pseudo solid-like behaviors of PBS/MWCNT com-
posites.29 Moreover, the values of G0 and G00 of the
PBS/MWCNT composites are higher than those of
neat PBS and increase with increasing of MWCNTs
loading, particularly at low-frequency region, indi-
cating that the network structure is formed by the
filler–filler and filler–polymer interaction in the pres-
ence of MWCNTs, leading to more elasticity than
neat PBS. In addition, the PBS/MWCNT composites
show almost similar or a little higher values of G0

and G00 than that of neat PBS at high frequency and

showed that the network structures are broken
down under the effect of higher shear force.
The variation of tan d with frequency for neat PBS

and PBS/MWCNT composites is shown in Figure
4(d). It is clear that the value of tan d decreases with
the increasing MWCNTs contents and showed that
the elastic properties are improved by incorporating
the MWCNTs into PBS matrix. Moreover, the value
of tan d decreases with the increasing frequency,
which may be due to the partial orientation of

Figure 4 Dynamic complex viscosity (|g*|) (a), storage modulus (G0) (b), loss modulus (G00) (c), and damping factor (tan
d) (d) as a function of frequency of neat PBS and PBS/MWCNT composites.

TABLE I
Variations of Low-Frequency Slopes of (|g*|), G0, and
G00 versus x of Neat PBS and PBS/MWCNT Composites

Samples
Slope of

|g*| versus x
Slope of

G0 versus x
Slope of

G00 versus x

PBS �0.01 1.72 0.98
PBS/MWCNTs-0.5 �0.03 1.59 0.96
PBS/MWCNTs-1 �0.06 1.38 0.93
PBS/MWCNTs-2 �0.29 0.61 0.73
PBS/MWCNTs-3 �0.67 0.25 0.52
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polymer chains caused by shear. Interestingly, the
values of the tan d maximum of PBS/MWCNT com-
posites shifted to higher frequency with the increas-
ing MWCNTs content, indicating that the network
structure was formed in the PBS/MWCNT compo-
sites.30 The plots of the phase angle versus the abso-
lute value of complex modulus for PBS/MWCNT
composites, known as the Van Gurp–Palmen Plot,31

are shown in Figure 5. It is clear that the phase angle
of PBS/MWCNT composites decreased with the
increasing complex modulus, and indicated that the
incorporation of MWCNTs can enhance the elasticity
of neat PBS. When the MWCNTs content is over 1
wt %, PBS/MWCNT composites showed smaller d
at lower values of complex modulus and decreased
with the increasing MWCNTs content, and it can be
concluded that the elastic properties of neat PBS
were enhanced by the addition of MWCNTs, and
this enhancement effect was more pronounced at
higher MWCNTs content.

The plots of G00 versus G0 for neat PBS and PBS/
MWCNT composites are shown in Figure 6. It is

well known that if the polymer melt is isotropic and
homogeneous, the Cole–Cole plot provides a master
curve with a slope of 2, irrespective of tempera-
ture.32 However, PBS/MWCNT composites did not
exhibit the single master curve, and the slopes of the
curves in the terminal regime were less than 2 and
decreased with the increasing MWCNTs content,
and showed that PBS/MWCNT composites were
heterogeneous and underwent some chain conforma-
tional changes because of the interconnected or net-
work structures in the presence of MWCNTs. In
addition, when the G00 value is over 104, the slope of
PBS/MWCNT composites increased and attained a
slope similar to that of neat PBS, indicating that the
interconnected or network structures were destroyed
by the higher shear force.

Crystallization behaviors

Figure 7 shows the DSC thermograms of first cool-
ing and second heating for neat PBS and PBS/
MWCNT composites, respectively. The related

Figure 5 Plots of phase angle versus complex modulus of
neat PBS and PBS/MWCNT composites.

Figure 6 Plots of G0 versus G00 for neat PBS and PBS/
MWCNT composites.

Figure 7 DSC curves of (a) the first cooling and (b) the second heating of neat PBS and PBS/MWCNT composites.
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thermal data are summarized in Table II. From Fig-
ure 7(a) and Table II, it is clear that the crystalliza-
tion temperature (Tc) of PBS/MWCNT composites
were all higher than that of neat PBS and increased
with the increase in the MWCNTs loading, indicat-
ing that the MWCNTs have heterogeneous-nuclea-
tion effects on the crystallization of PBS and pro-
moted the crystallizability of PBS. Interestingly, we
also noted that the value of Tc of PBS is increased by
6�C via adding only 0.5 wt % MWCNTs, whereas
the Tc increased slowly with further increasing the
MWCNTs content. These results showed that the
nucleation effects were not proportional to the
MWCNTs content, indicating that a saturation nucle-
ation effect existed particularly at higher MWCNTs
content. The reason for this can be concluded as fol-
lows: when the MWCNTs content is over 0.5 wt %,
the rheological network is formed, leading to the
decreased chain mobility of PBS and limited the
crystallization behavior of PBS. Yang et al.33 studied
the crystallization behaviors of PPS/MWCNT nano-

composites and showed that the nucleation effects
increased weakly with the increasing MWCNTs con-
tent. From Figure 7(b), it is shown that the melting
peaks of PBS/MWCNT composites were all sharper
than those of neat PBS, indicating that the crystal of
PBS/MWCNT composites were more regular than
those of neat PBS. In addition, two melting endo-
therms were found for both neat PBS and PBS/
MWCNT composites, denoted as Tm1 and Tm2 from
low to high temperatures, and these two melting
peaks were attributed to the melting–recrystalliza-
tion–remelting process of the lamellar, which has
been reported for PBS and its copolymers.34–36 The
temperature and area of Tm1 for the PBS/MWCNT
composites were higher than those of neat PBS, and
increased with the increasing MWCNTs content.
They are probably connected with the melting point
of original lamellae, whereas the temperature of Tm2

was almost not affected by the incorporation of the
MWCNTs, that is, the temperature of Tm2 was simi-
lar to that of neat PBS, which was probable due to
the melting point of the crystallites formed through
the melting–recrystallization of the original lamellae
during the DSC heating process. Moreover, it can be
seen from Table II that the crystallinity degree (Xc)
of PBS/MWCNT composites was higher than that of
neat PBS, indicating that the incorporation of
MWCNTs could slightly increase the crystallinity
degree (Xc) of PBS.
The spherulite morphologies of neat PBS and

PBS/MWCNT composites were also observed using
polarizing optical microscope. The samples were

TABLE II
Thermal Properties of Neat PBS and PBS/MWCNT

Composites

Samples Tm(
�C) I/II DHm (J/g) Tc (

�C) Xc (%)

PBS 104.5/116.2 45.7 83.4 41.5
PBS/MWCNTs-0.5 106.8/115.1 53.1 90.0 48.3
PBS/MWCNTs-1 107.4/114.5 55.9 91.4 50.8
PBS/MWCNTs-2 108.9/115.0 51.9 92.2 47.2
PBS/MWCNTs-3 108.5/114.5 58.1 92.8 52.8

Figure 8 Polarized optical micrographs for PBS/MWCNT composites with (a) 0%, (b) 0.5%, and (c) 1% MWCNTs. These
samples were all melt crystallized at 95�C.
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pressed between two glass slides and melted at the
temperature of 190�C for 5 min, followed by fast
moving to the hot stage preliminarily set at 95�C for
isothermal crystallizations. The corresponding micro-
scopic photographs are shown in Figure 8. It is clear
that the appearing spherulites are relatively big, and
the spherulites boundaries can be clearly observed
for neat PBS, whereas for the PBS/MWCNT compo-
sites, as shown in Figure 8(b,c), the spherulites size
of PBS/MWCNT composites is smaller than that of
neat PBS, and the spherulites boundaries are not
clear with increasing MWCNTs content. These
results suggest that the incorporation of MWCNTs
increase the nuclei in system. The increased nuclei,
of course, would induce more spherulites formation,
many growing spherulites impinge each other,
finally leading to the smaller spherulites size.37

Thermal stabilities

Thermogravimetric analysis was usually used to
characterize the thermal stabilities of neat PBS and
PBS/MWCNT composites, and their results are
shown in Figure 9. It is clear that the incorporation
of MWCNTs into the PBS matrix can slightly
enhance the thermal degradation temperatures and
the residual yields of neat PBS, and this enhance-
ment effect was more significant with increasing
MWCNTs content. For example, when the MWCNTs
content is 0.5 wt %, the onset decomposition (at
weight loss of 5%) is 356�C, about 5�C higher than
that of neat PBS. This showed that the incorporation
of MWCNTs can enhance the thermal stabilization
of PBS matrix. The enhancement in the thermal sta-
bilization might be ascribed to the good dispersion
of MWCNTs in the PBS matrix; the well dispersion
of MWCNTs into PBS matrix is probable to be an
effective barrier effect to the volatile molecules pro-

duced from the PBS thermal decomposition. Similar
result was also found in the PBS/functional
MWCNT nanocomposite.21

CONCLUSIONS

Biodegradable PBS/pristine raw MWCNT compo-
sites were prepared through simple melt compound-
ing method. The morphology of MWCNTs in the
PBS matrix was observed by SEM and TEM, which
indicated the well dispersion of MWCNTs in the
PBS matrix. The WAXD results showed that the
addition of MWCNTs had almost no effect on the
crystal form of neat PBS. The rheology, crystalliza-
tion behaviors, and thermal stabilities of PBS/
MWCNT composites were performed to investigate
the effect of the pristine MWCNTs on the structure
and properties of neat PBS. The incorporation of
MWCNTs into PBS matrix can lead to higher com-
plex viscosities (|g*|), storage modulus (G0), loss
modulus (G00), shear thinning behaviors, and lower
damping factor (tan d) as measured by dynamic rhe-
ometer. The crystallization behaviors indicated that
a small quantity of MWCNTs can effectively act as
heterogeneous-nucleating agent, resulting in the
enhancement on the crystallization temperature of
neat PBS, i.e., with the addition of 3 wt % MWCNTs,
the values of Tc of PBS/MWCNT composites can
increase to 93�C, about 10�C higher than that of neat
PBS. Moreover, the thermal stabilities of PBS/
MWCNT composites are higher than those of neat
PBS.
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