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ABSTRACT: Biodegradable polymeric composites were
fabricated from poly(butylene succinate) (PBS) and kenaf
fiber (KF) by melt mixing technique. The mechanical and
dynamic mechanical properties, morphology and crystalli-
zation behavior were investigated for PBS/KF composites
with different KF contents (0, 10, 20, and 30 wt %). The
tensile modulus, storage modulus and the crystallization
rate of PBS in the composites were all efficiently enhanced.
With the incorporation of 30% KF, the tensile modulus
and storage modulus (at 40�C) of the PBS/KF composite
were increased by 53 and 154%, respectively, the crystalli-
zation temperature in cooling process at 10�C/min from
the melt was increased from 76.3 to 87.7�C, and the half-

time of PBS/KF composite in isothermal crystallization at
96 and 100�C were reduced to 10.8% and 14.3% of that of
the neat PBS, respectively. SEM analysis indicates that the
adhesion between PBS and KF needs further improve-
ment. These results signify that KF is efficient in improv-
ing the tensile modulus, storage modulus and the
crystallization rate of PBS. Hence, this study provides a
good option for preparing economical biodegradable com-
posite. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 115: 3559–
3567, 2010
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INTRODUCTION

In recent decades, research on the application of nat-
ural fibers as the reinforcement in polymeric compo-
sites has attracted increasing interest.1–4 Natural
fiber has advantages of low cost, low density associ-
ated with acceptable specific mechanical properties.
Especially, its renewability and biodegradability
represent the viewpoint of protecting natural envi-
ronment.1,4 Therefore, it has been regarded as an ec-
onomical and ecological potential alternative to the
traditional synthetic reinforcement, such as glass
fibers and carbon fiber, in polymeric composite.2,4

The integration of natural fiber and conventional
polyolefins, polystyrene, and epoxy resin in compo-
sites, have been extensively studied,5–15 because of
the increasing interest in their applications in vari-
ous areas, such as automotive industry, furniture
industry and leisure industry.2–16 However, most of
the widely used conventional polymers are not bio-
degradable and induce some environmental prob-
lems. Therefore, increasing interest has been
attracted in developing environment-friendly com-
posites or biocomposites by reinforcing the biocom-

patible and biodegradable polymers with the plant-
derived fibers.17–29

Among the family of environment-friendly biode-
gradable polymers, aliphatic polyesters have
attracted increasing attention because of their bio-
compatibility and biodegradability.3,4 With a good
flexibility characterized by high fracture strain, the
commercialized poly(butylene succinate) (PBS) is a
high potential choice among the aliphatic polyesters.
However, the modulus of PBS is relatively low, typi-
cally 300–500 MPa, and its price is much higher than
the traditional thermoplastics. These drawbacks may
have some limitation in its commercial application.
A solution for this problem is fabricating the biode-
gradable composites of PBS with natural fiber as the
reinforcement. One of the natural fibers is the bam-
boo fiber, but it has been reported that the glyoxal
modified bamboo fibers did not show significant
improvement on either mechanical properties or
crystallization of PBS.28 Pan et al. have reported that
kenaf fiber shows a considerable effect of enhance-
ment in mechanical properties and crystallization on
poly(L-lactide)17 and poly(e-caprolactone).18 There-
fore, it is considered that reinforcing PBS with kenaf
fiber is possibly an efficient way to enhance its me-
chanical property, and to lower the price of PBS-
based materials. Such a composite can be a good
option as the economical and biodegradable compos-
ite. Moreover, polymer crystallinity plays an
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important role in the biodegradability of aliphatic
polyester,30 as well as their mechanical and thermal
properties. Usually, with increased crystallinity, bio-
degradability decreases, mechanical properties, espe-
cially tensile strength and modulus, and thermal
properties are enhanced. However, few of systematic
research referring to the effect of the incorporated
natural fiber on the crystallization of PBS are
reported. Therefore, for optimizing the processing
conditions and properties of the final product, it is
important to study the effect of KF on the crystalli-
zation of PBS, as well as its effect on the mechanical
properties of PBS/KF composites.

In present work, the green composites from KF
and PBS were fabricated by the melt-mixing tech-
nique, and the effect of fiber weight contents on me-
chanical and dynamical mechanical thermal
properties, the nonisothermal and isothermal crystal-
lization behavior were systematically investigated.
Moreover, to study the influence of KF on the crys-
tallization process of PBS, the isothermal crystalliza-
tion kinetics and the spherulite morphology of KF-
reinforced PBS composite with different KF contents
were also analyzed.

EXPERIMENTAL

Materials

PBS (Mn ¼ 5.2 � 104, Mw/Mn ¼ 1.7) was purchased
from Showa Highpolymer Co. Ltd., Japan. Kenaf fiber
(average length ¼ 3 mm, average diameter ¼ 25 lm,
specific gravity ¼ 1.48) was kindly supplied by the
Nano Electronics Research Laboratories, NEC, Japan.

Composite fabrication

The two components for mixing, PBS and KF, were
dried under vacuum at 40�C for 48 h, before the fab-
ricating process. The composites were prepared by
extruding the polymer and fiber after mixing them
in a single screw machine (Imoto machinery, Kyoto,
Japan) with a speed of 100 rpm at 150�C for 2 min.
To obtain the desired film samples for various meas-
urements, the composite was hot-pressed with a
pressure of 10 MPa after melting at 150�C for 2 min,
before being quenched to 25�C under room condi-
tions. The samples are denoted as PBS/KF (x/y),
where x and y represent the weight percentages of
PBS and KF, respectively.

Measurements

Tensile test

Tensile properties were investigated with the EZ test
machine (Shimadzu, Kyoto, Japan) at a crosshead
speed of 5 mm/min. All samples have a gauge

length of 22.5 mm, width of 4.76 mm, and a thick-
ness of about 0.37 mm. Each value of mechanical
properties reported here was an average of seven
specimens.

Dynamic mechanical thermal analysis

The samples of composites were thin rectangular
strips with dimensions of 30 � 10 � 0.37 mm3. The
storage modulus (E0), loss modulus (E00), and loss fac-
tor (tand) of the pure PBS and the composites were
measured as a function of temperature (�70 to 130�C)
with the aid of a DMS210 (Seiko Instrument, Japan)
equipped with SSC5300 controller at a frequency of 5
Hz and a constant heating rate of 2�C/min.

Scanning electron microscopy

The morphology of KF and the fractured surface of
neat PBS and the PBS/KF composites were eval-
uated with a scanning electron microscope model
JSM-5200 (JEOL, Tokyo, Japan). Before the surface
characterization, the samples were coated with gold
particles up to thickness of about 10 nm.

Thermogravimetric analysis

A TG/DTA 220U with the Exstar 6000 Station (Seiko
Instrument, Tokyo, Japan) was used for thermogra-
vimetric analysis (TGA) on KF, neat PBS and the
PBS/KF composites. The samples were scanned
from 30 to 600�C at a heating rate of 5�C/min in the
presence of nitrogen flow.

Differential scanning calorimeter

The crystallization behavior of the neat PBS and
PBS/KF composites were analyzed with a Pyris Dia-
mond Differential scanning calorimeter (DSC) instru-
ment (Perkin–Elmer Japan, Yokohama, Japan). The
scales of temperature and heat flow at different heat-
ing rates were calibrated using an indium standard.
The samples were weighted and sealed in an alumi-
num pan. In the nonisothermal melt-crystallization,
the melted samples were cooled to �50�C at a cool-
ing rate of 10�C/min after melting at 150�C for 2
min. Subsequently, the crystallized sample was
heated to 150�C at 10�C/min to evaluate the melting
behavior. In the isothermal melt-crystallization, the
sample melted at 150�C for 2 min was cooled at a
rate of 100�C/min to the desired crystallization tem-
perature (Tc) and allowed to crystallize.

Polarizing optical microscopy

The spherulite morphology of the pure PBS and the
PBS/KF composites was observed on an Olympus
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BX90 polarizing optical microscopy (POM) (Olym-
pus, Tokyo, Japan) equipped with a digital camera.
The sample was placed between a microscope glass
slide and a cover slip, and the temperature was con-
trolled by a Mettler FP82 HT hot stage. The sample
was at first heated to 150�C and held for 2 min
before it was quenched to 96 and 100�C for isother-
mal crystallization. The spherulite morphology was
recorded by taking microphotographs after the crys-
tallization finished.

Wide-angle X-ray diffraction

A Rigaku RU-200 (Rigaku, Tokyo, Japan) was used
for wide-angle X-ray diffraction (WAXD) analysis on
the neat PBS and PBS/KF composites, working at 40
kV and 200 mA, with Ni-filtered Cu Ka radiation (k
¼ 0.15418 nm). Scans were made between Bragg
angles of 5–50� at a scanning rate of 2�/min.

RESULTS AND DISCUSSION

Tensile properties

The tensile strength, modulus, and fracture strain of
neat PBS and PBS/KF are summarized in Table I.
Table I shows the tensile modulus of neat PBS and
its composites with different content of KF. The neat
PBS has a tensile strength of 33.5 MPa, a modulus of
434 MPa, and a fracture strain of 213%. As shown in
Table I, the incorporation of KF improved the tensile
modulus of PBS, indicating that transferring of stress
from the polymer matrix to the stiffer fiber occurred.
Comparing to the neat PBS, the tensile modulus of
the PBS/KF composites containing 20 and 30 wt %
of KF increase by 33 and 53%, respectively. How-
ever, the tensile strength and the fracture strain of
the composites decrease with increasing content of
KF. This could be attributed to the less adequate ad-
hesion between KF and PBS, resulting in the poor
interfacial interaction and debonding of the matrix
from the fiber during the tensile deformation. The
debonding results in void formation, which lowers
the tensile strength because cracks can easily propa-
gate through regions containing voids.31

Generally, the addition of a high amount of fiber
can reduce the failure strain. In the composite, all of

the elongation arises from the polymer matrix
because the KF fiber is rigid relative to PBS. Increas-
ing the amount of filler decreases the amount of
polymer available for the elongation.31 Moreover,
adding higher amount of fiber increases the possibil-
ity of fiber agglomeration. Such an agglomeration
can lead to the formation of stress concentrated
region where less energy is required for elongating
the crack propagation.22 During the tensile deforma-
tion, the inefficient stress-transfer nearby the stress
concentrated region may result in the failure of
specimens before the yield.

Dynamic mechanical thermal analysis

Figure 1(a,b) show the dynamic storage modulus
(E0) and tand of the pure PBS and PBS/KF

TABLE I
Tensile Properties of Neat PBS and PBS/KF Composites

Sample

Tensile
strength
(MPa)

Tensile
modulus
(MPa)

Fracture
strain
(%)

PBS 33.5 � 1.7 434 � 21 213 � 11
PBS/KF (90/10) 18.9 � 1.0 469 � 24 10 � 0.5
PBS/KF (80/20) 19.1 � 1.0 578 � 29 7 � 0.4
PBS/KF (70/30) 18.6 � 0.9 664 � 34 5 � 0.3

Figure 1 Temperature dependence of (a) storage modu-
lus and (b) tand of neat PBS and PBS/KF composites: (A)
neat PBS, (B) PBS/KF(90/10), (C) PBS/KF (80/20) and (D)
PBS/KF (70/30).
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composites, respectively, as a function of tempera-
ture. As shown in Figure 1(a), with the incorporation
of KF, the storage modulus of PBS/KF composites is
higher than that of neat PBS. This indicates that the
stress transferred from the matrix to the kenaf fiber.
As shown in Table II, the E0 value of PBS/KF(70/30)
at 40�C increased by 154% relative to that of neat
PBS. In the composites, the change in modulus from
the glassy state to rubbery state is smaller than that
in neat PBS. This may be attributed to two reasons,
the combination of the hydrodynamic effects of the
fibers embedded in a viscoelastic medium and the
mechanical restraint introduced by the incorporated
filler, which reduced the mobility and deformability
of the matrix.11 Furthermore, the E0 value of both
PBS and its composites decreased with increasing
temperature, due to the softening of the polymer
matrix.

As shown in Figure 1(b), the temperature of tand
peak is about �23�C for all samples. Its height
decreased with the addition of KF. The decrease of
tan d peak can be attributed to the decrease of con-

tent of PBS in the composites. The damping or tand
in the transition region measures the imperfections
in the elasticity of a polymer.31 Therefore, with the
presence of KF, the molecular mobility of the materi-
als decreases and the mechanical loss to overcome
intermolecular chain friction is reduced.32 In the
composites, as the amount of incorporated fiber
becomes higher, the contact area between the fiber
and the polymer matrix increases, leading to the
stronger interfacial interaction between the fiber and
matrix. Hence, the chain mobility of PBS around the
fiber is restrained, resulting in the improvement in
the hysteresis of the system and a reduction in the
internal friction.

Morphology of composites

The morphologies of KF, neat PBS and PBS/KF com-
posites were investigated with Scanning electron mi-
croscopy (SEM). The SEM micrographs of the KF are
shown in Figure 2(a,b), where the diameter and the
morphology of KF are revealed. The kenaf fibers
have diameters ranging from 5 to 50 lm, with rough
surface with some small fibers and particles adhered
on. These variations are probably attributed to the
different sources and the processing history of the
fibers.
SEM micrographs of the tensile-fractured surfaces

of the neat PBS and PBS/KF composite are shown in
Figure 2(c–f). As shown in Figure 2(c), the tensile-
fractured surface of neat PBS is with craze and fibril
on the surface, revealing that PBS fractured in the

TABLE II
Storage Modulus of Neat PBS and PBS/KF Composites

Sample

E0 at
�50�C
(GPa)

E0 at
�23�C
(GPa)

E0 at
0�C
(GPa)

E0 at
40�C
(GPa)

PBS 4.81 1.99 1.01 0.67
PBS/KF(90/10) 5.50 2.82 1.66 1.16
PBS/KF(80/20) 5.62 3.02 1.78 1.30
PBS/KF(70/30) 5.98 3.53 2.27 1.70

Figure 2 SEM micrographs of (a) �100 and (b) �500 kenaf fiber, (c) tensile-fractured surface of neat PBS, (d) frozen-
fractured surface of PBS/KF (70/30), (e) �200 and (f) �500 tensile-fractured surface of PBS/KF (70/30).
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‘‘ductile’’ manner. The fracture surface of frozen-
fractured and tensile-fractured PBS/KF(70/30) speci-
mens are depicted in Figure 2(d–f), respectively. As
shown in Figure 2(d), the surface of KF is smooth in
the composite, and the fibrils linking the fiber sur-
face to the matrix can be observed. Furthermore, in
Figure 2(d), the fiber seems to be covered by a thin
layer of PBS matrix, but the separation between the
fiber and the polymer matrix is also observed. It
indicates that the interfacial adhesion between the
fiber and the matrix is less adequate. This may lead
to deficient stress transfer between the polymer ma-
trix and the reinforcing fiber. As seen in Figure
2(e,f), the fracture surface is irregular and the pull-
out fiber is prevailed over the fiber fracture. Addi-
tionally, as shown in Figure 2(e), the debonding of
the PBS matrix and fiber is observed. These suggest
that the interfacial adhesion between fiber and the
polymer matrix can be further improved. The me-
chanical properties of composite greatly depend on
the state of the filler dispersion and the strength of
the interfacial interaction or adhesion. As reported
by Dong et al., the interfacial interaction between
bulk polymer and nucleating agent has a significant
influence on the crystallization rate.33 Therefore, it is
expected that the mechanical properties as well as
the crystallization behavior can be further optimized,
if the compatilizers or coupling agents are used to
improve the interfacial interaction and the compati-
bility between the fiber and PBS matrix.

Thermogravimetric analysis

The thermal stability of neat PBS, KF and PBS/KF
composites was investigated with TGA. The results
are shown in Figure 3. In Table III, the 5%, 25%,

50%, and 75% weight-loss temperatures, which are
represented by T5, T25, T50, and T75 respectively, are
listed for all the samples shown in Figure 3. As
reported in a research by Pan et al., KF degrades by
three stages with heating,17 similar with the decom-
position behavior of other plant fibers such as the
bamboo fiber and the recycled newspaper fiber.21,22

The first stage, from 30 to 140�C, is attributed to the
release of absorbed moisture in the KF fiber. The
second transition, from 140 to 360�C, is due to the
degradation of cellulosic substances such as hemicel-
luloses and cellulose. The third stage, from 360 to
500�C, is related to the degradation of noncellulosic
materials in the fiber. As seen in Figure 3, in the sec-
ond stage, the degradation rate of KF is slow below
250�C, but after 250�C it becomes fast. In third stage,
the relationship between weight and temperature is
almost linear. The neat PBS shows an onset tempera-
ture of thermal degradation around 350�C, which
is much higher than that of KF at about 220�C.
Therefore, with increased content of KF, the rate of
thermal weight-loss of the PBS/KF composites
increased, and the onset temperature of thermal deg-
radation of the composites decreased. However, this
may not mean that the thermal stability of PBS/KF
composites is worse than that of neat PBS. The
weight-loss may be attributed to the char yield of
the composite, which may limit the production of
the pyrolysis reaction and inhibit the thermal con-
ductivity of the burning material.25 This implies that
the incorporation of KF in the composite might
increase the thermal stability of the samples.

Nonisothermal crystallization

For neat PBS and PBS/KF composites, DSC curves
of the nonisothermal melt-crystallization with a cool-
ing rate of 10�C/min and the subsequent melting
with a heating rate of 10�C/min, are presented in
Figure 4(a,b), respectively. The thermal properties
including the crystallization temperature (Tc), melt-
ing peak temperature(Tm), crystallization enthalpy
(DHc), melting enthalpy (DHm), all obtained from the
DSC analysis, as well as the calculated degree of
crystallinity (Xc%), are summarized in Table IV. The
degree of crystallinity (Xc%) was calculated from

Figure 3 TGA curves of (A) neat PBS, (B) PBS/KF (90/
10), (C) PBS/KF (80/20), (D) PBS/KF (70/30), and (E) KF.

TABLE III
TGA Characterization of Neat PBS, KF and PBS/KF

Composites

Sample T5 (
�C) T25 (

�C) T50 (
�C) T75 (

�C)

PBS 345 377 392 404
KF 220 310 338 356
PBS/KF(90/10) 330 371 387 400
PBS/KF(80/20) 313 365 385 399
PBS/KF(70/30) 281 357 382 398
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DHm/DH0
m, where DH0

m is the melting enthalpy of
the polymer when its crystallinity is 100%. The DH0

m

of PBS has been reported to be 200 J/g.34 As shown
in Figure 4, the neat PBS sample shows a low crys-
tallization temperature (76.3�C) during the cooling
process, however, the crystallization peak of PBS
shifted to a higher temperature and became sharper
with the addition of KF in the composites, demon-
strating that the crystallization rate of PBS was
enhanced with incorporated KF. In the subsequent
heating process, the melting behavior of PBS has a
distinct feature that PBS crystals partially melted
and recrystallized,33 as shown in Figure 4(b). Tm1,
Tm2, Tm3 indicate the melting peaks. The melting
peak Tm3 observed at the highest temperature
(� 113.6�C) is not dependent to the crystallization in
the previous cooling process, but corresponds to the

recrystallization of the partially melted crystals dur-
ing the heating process.33,35 The Tm1 and Tm2 peaks
are possibly attributed to the melting of original
crystalline.35 As shown in Figure 4(b), with incorpo-
rated KF, PBS in the composites exhibits higher val-
ues of Tm1, Tm2 than those of the neat PBS. This
indicates the formation of more perfect crystalline
phase, corresponding to the higher crystallization
temperature of PBS/KF composites in the cooling
process.
Generally, the crystallization process in the poly-

meric composites system is more complicated than
that of the neat polymer, because of the impact of
the incorporated filler, such as KF in the present
work. This process may be mainly controlled by two
factors:21,36 the positive one that the filler has the
nucleation effect on the crystallization and thereby
enhances the crystallization, and the negative one
that the filler hinders the migration and diffusion of
polymeric molecular chains to the surface of the
growing face of the polymer crystal in the
composites.
As seen in Figure 4 and Table IV, the crystalliza-

tion temperature of PBS was raised dramatically in
the presence of small amount of KF. This indicates
the significant promotion in the crystallization rate
due to the nucleating effect of KF, and results in the
increase of crystallinity of PBS in the composites
when the KF content is less than 20%. Nevertheless,
in the PBS/KF composites, the Tc value was almost
not changed with further increase in the KF content.
Besides, as presented in Table IV, when the KF con-
tent is higher than 20%, the degree of crystallinity of
the composites decreased as KF content increased,
signifying that the KF fibers may also hinder the
migration and diffusion of PBS molecular chain to
the surface of the nucleus in the composites, besides
the nucleation effect.

Isothermal crystallization

DSC was also used for the investigation on the iso-
thermal crystallization behavior of neat PBS and
PBS/KF composites at a series of temperatures from
75 to 105�C. The results at 96 and 100�C are pre-
sented in Figure 5(a,b), respectively. From the DSC

Figure 4 DSC curves of (a) nonisothermal melt-crystalli-
zation with cooling rate of 10�C/min and (b) subsequent
melting with heating rate of 10�C/min of PBS and its com-
posites with KF.

TABLE IV
Crystallization and Melting Behavior of Neat PBS and

PBS/KF Composites from DSC Analysis

Sample
Tc

(�C)
DHc

(J/g PBS) Tm (�C)
DHm

(J/g PBS)
Xc

(%)

PBS 76.3 �67.1 105.8 113.6 63.8 31.9
PBS/KF(90/10) 87.3 �58.1 103.1 112.2 64.8 32.4
PBS/KF(80/20) 87.5 �69.5 102.6 111.6 70.1 35.1
PBS/KF(70/30) 87.7 �49.2 102.7 111.7 52.6 26.3
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measurements, the crystallization kinetics was ana-
lyzed. The isothermal heat flow curve was investi-
gated to determine the degree of crystallinity of the
samples as a function of crystallization time. The rel-
ative crystallinity (X(t)) at any given time t was cal-
culated from the integrated area of the isothermal

heat flow curve from t ¼ 0 to t ¼ t divided by that
of the whole heat flow curve.
The isothermal bulk crystallization kinetics was

analyzed with the Avrami equation:37,38

XðtÞ ¼ 1� expð�ktnÞ (1)

where n is the Avrami index related to the dimen-
sional growth and the way of forming primary
nuclei, and k is the overall rate constant associated
with both nucleation and growth contributions. The
linear form of eq. (1) is given as eq. (2):

log½� lnð1� XðtÞÞ� ¼ log kþ n log t (2)

The values of n and k are obtained by plotting
log[(ln(1( X(t))] against log t. Meanwhile, the crystal-
lization half-time t1/2, which is defined as the time
when the crystallinity arrives at 50%, can be deter-
mined from the kinetics parameters measured by
using the following equation:

t1=2 ¼ ðln 2=kÞ1=n (3)

The crystallization parameters k, n, and t1/2 of
neat PBS and PBS/KF composites crystallized at 96
and 100�C are listed in Table V. As seen in Figure 5,
obviously, the isothermal crystallization rate of PBS
in composites is efficiently increased, comparing to
that of the neat PBS, signifying that the crystalliza-
tion of PBS is dramatically enhanced with the addi-
tion of KF. This result is also supported by the
results of kinetic analysis as listed in Table V. In vir-
tue of the heterogeneous nucleation effect of KF on
the crystallization of PBS, the t1/2 reduces with the
presence of KF. The t1/2 values of the PBS/KF(80/
20) composite crystallized at 96 and 100�C reduce to
8.9% and 11.7% of the neat PBS, respectively. How-
ever, as the KF content in the composite is higher
than 20%, the t1/2 value increases with the increase
of KF content, due to the hindrance of polymer dif-
fusion by KF. The result corresponds well with the
results of the nonisothermal DSC analysis. Because
of the hindrance of polymer diffusion caused by KF,
the crystallization enthalpy of the PBS/KF compo-
sites decreases as the KF content increases, when the
KF weight content is larger than 20%. Because the
more ordered crystal is developed at higher Tc, the

Figure 5 DSC curves of PBS and PBS/KF composites iso-
thermally melt-crystallized at (a) 96 and (b) 100�C.

TABLE V
Kinetic Parameters of Neat PBS and PBS/KF Composites Isothermally Melt-Crystallized at 96�C and 100�C

Sample

Tc ¼96�C
Tc ¼100�C

t1/2 (min) DHc (J/g PBS) n log(k) t1/2 (min) DHc (J/g PBS) n log(k)

PBS 15.62 �61.9 2.65 �3.40 38.56 �68.1 2.49 �4.12
PBS/KF(90/10) 1.56 �57.5 2.17 �0.59 7.74 �60.7 2.09 �2.38
PBS/KF(80/20) 1.39 �56.3 2.33 �0.44 4.50 �57.3 2.05 �1.81
PBS/KF(70/30) 1.69 �44.7 2.17 �0.72 5.50 �46.7 2.40 �1.95
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crystallization enthalpy of PBS and its composites
crystallized at 100�C is larger than that of those crys-
tallized at 96�C.

The spherulite morphology of neat PBS and PBS/
KF(90/10) composite isothermally melt-crystallized
at 96 and 100�C were observed by POM, and the
results are shown in Figure 6. It is obviously
observed that, with the addition of KF, the nuclea-
tion density increases significantly and the spherulite
size drops drastically at both 96 and 100�C, confirm-
ing that KF can accelerate the nucleation of PBS. On
the other hand, with increasing crystallization tem-
perature, the nucleation density is reduced and the
spherulite size increases.

The crystalline structure of the PBS and PBS/KF
composites crystallized isothermally at 100�C, as
well as the neat KF, was investigated with WAXD,
as shown in Figure 7. The two peaks around 2y ¼
15.4� and 2y ¼ 22.2�, as shown in the KF sample,
indicating that KF includes the cellulose crystal of
type I, though the crystallinity seems to be relatively
low.27 The neat PBS and its composites all show
strong reflections around 2y ¼ 19.6� and 22.6�,
because of the diffraction from (020) and (110)
planes, respectively.39 For these two peaks, no
obvious change related to the diffraction peaks and

peak position was observed with the increase of KF
content, indicating that the crystalline structure of
PBS is almost not affected by the addition of KF.

Figure 6 Optical micrographs of (a) and (c) neat PBS, (b) and (d) PBS/KF (90/10) composite isothermally melt-crystal-
lized at (a,b) 96�C and (c,d) 100�C.

Figure 7 WAXD patterns of kenaf fiber, neat PBS, and
PBS/KF composites. The PBS and its composites were pre-
pared by isothermal melt-crystallization at 100�C.
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CONCLUSIONS

In this study, the physical properties of the fabri-
cated composites from untreated natural fiber KF re-
inforced PBS were investigated. Particularly, the
effect of untreated KF on the mechanical properties
and crystallization behavior of PBS in the composite
were systematically studied. With the incorporation
of KF, both the tensile modulus and the storage
modulus are improved, and the crystallization rate
of PBS is significantly enhanced. SEM analysis
shows that the interfacial adhesion between PBS and
KF needs further improvement. Future work will be
focused on the improvements of the interfacial adhe-
sion between KF and the polyester matrix and on
the evaluation of the effect of KF on the biodegrad-
ability of polyester matrix in the composites.
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