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ABSTRACT: Plant-derived kenaf fiber (KF)-reinforced
poly(e-caprolactone) (PCL) biocomposites were successfully
fabricated by the melt mixing technique. The crystallization
behavior, morphology, and mechanical and dynamic me-
chanical properties of PCL/KF composites with various KF
weight contents were investigated. The crystallization rate,
tensile and storage moduli significantly improved as com-
pared to the virgin polymer. The half times of PCL/KF com-
posite (20 wt % fiber content) in isothermal crystallization at
40°C and 45°C reduced to 31.6% and 42.0% of the neat PCL,
respectively. Moreover, the tensile and storage modulus of

the composite are improved by 146% and 223%, respectively,
by the reinforcement with 30% KF. The morphology eval-
uated by SEM indicates good dispersion and adhesion
between KF and PCL. Overall, these findings reveal that KF
can be a potential reinforcement for the biodegradable poly-
mer composites owing to its good ability to improve the me-
chanical properties as well as crystallization rate. © 2007
Wiley Periodicals, Inc. ] Appl Polym Sci 107: 3512-3519, 2008
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INTRODUCTION

Polymer composites reinforced with plant-derived
natural fiber, emerging as one kind of ecologically
friendly materials, have attracted increasing attention
from the standpoint of protection of the natural envi-
ronments in recent years.'” Natural fibers have
many advantages, for example low weight, renew-
ability, biodegradability, low cost, low density, ac-
ceptable specific mechanical properties, ease of sepa-
ration, and carbon dioxide sequestration,” as com-
pared to the traditional reinforcing fibers. Therefore,
they have been looked upon as an eco-friendly and
economical alternative to glass fibers. Natural fiber-
reinforced composites are making inroads in many
application areas including automobiles, housing,
packaging, and electronic products.”> The composites
from natural fibers and conventional polyolefins
have been studied extensively.* Nevertheless, the
vast use of the fossil-resource-based polymers has
induced many environmental problems. Therefore,
there is an increasing interest in developing eco-
friendly green composites or biocomposites by rein-
forcing the biocompatible and biodegradable plastics
with the plant-derived natural fibers.” '

Recently, aliphatic polyesters have attracted much
research interest due to their biodegradability and
biocompatibility.** Poly(e-caprolactone) (PCL) is one
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of the typical aliphatic polyesters, and it is fully bio-
degradable, biocompatible, and nontoxic to living
organisms.23 Also, PCL has good resistance to water,
oil, solvent, and chlorine. The unique properties of
PCL render its potential in biomedical fields, and it
has been used in the development of controlled drug
delivery systems, as well as in surgical sutures and
other resorbable fixation devices.'*** On the other
hand, kenaf has recently been gaining a lot of atten-
tion as biomass-based additive, and it is well known
as a cellulosic source with ecological and economical
advantages, exhibiting low density, nonabrasiveness
during processing, high sg»eciﬁc mechanical proper-
ties, and biodegradability.” Furthermore, it has been
reported that kenaf has a significantly high ability to
accumulate carbon dioxide, and its photosynthesis
speed is at least three times higher than that of the
usual plants, and it can absorb carbon dioxide 1.4
times its own weight.”> Kenaf has been mainly used
as textiles and paper for a long time, and recently
composites of kenaf fiber (KF) and plastics have
been studied owing to their promising proper-
ties,1213.26,27

Among the family of environmentally friendly bio-
degradable polymers, PCL has a good flexibility
characterized by high fracture strain. However, PCL
has a disadvantage in low thermal resistance and
heat deflection temperature because its melting point
is only about 60°C. Moreover, the modulus of PCL is
very low, typically 200400 MPa. These drawbacks
have limited its commercial application to some
extent. Therefore, it is considered that reinforcing
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PCL with kenaf fibers is possibly an efficient way to
enhance its mechanical and thermal properties, as
well as to decrease the cost of PCL-based materials.

This article presents the fabrication of the biode-
gradable composite from kenaf fiber and PCL by the
melt mixing technique. Also, the effect of fiber
weight contents on the crystallization behavior and
mechanical and dynamical mechanical thermal prop-
erties of the composites will be investigated. More-
over, to study the influence of KF on the crystalliza-
tion process of PCL, the isothermal crystallization
kinetics of KF reinforced PCL composite with differ-
ent KF contents is analyzed. In addition, the mor-
phology of the composite is also evaluated by fracto-
graphic analysis with scanning electron microscopy
(SEM).

EXPERIMENTAL
Materials

PCL (M, = 179,000, M,/M, = 1.53), supplied by
the courtesy of Daicel Chemical, Japan, was used as
received. Kenaf fiber (average length = 3 mm, aver-
age diameter = 25 pm, specific gravity = 1.48) was
kindly supplied by the Nano Electronics Research
Laboratories, NEC, Ibaraki, Japan.

Composite fabrication

Prior to processing, PCL and KF were dried under
vacuum at 40°C for 48 h. The composites were fabri-
cated by extruding the polymer and fibers after
mixed in a single screw machine (Imoto Machinery,
Kyoto, Japan) with a speed of 80 rpm at 100°C for
5 min. To obtain the desired film samples for various
measurements and analysis, the composite was hot-
pressed with a pressure of 10 MPa after melting at
100°C for 2 min, and then the hot-pressed sample
was quenched to 25°C under room conditions. The
samples are denoted as PCL/KF (x/y), where x and
y represent the weight percentages of PCL and KEF,
respectively.

Measurements
Differential scanning calorimeter (DSC)

The crystallization behavior of the neat PCL and
PCL/KF composites were analyzed by a Pyris Dia-
mond DSC instrument (Perkin-Elmer Japan, Tokyo,
Japan). The scales of temperature and heat flow at
different heating rates were calibrated by using an
indium standard. The samples were weighted and
sealed in an aluminum pan. In the nonisothermal
melt-crystallization, the melted samples were cooled
to —50°C at a cooling rate of 10°C/min after melted
at 100°C for 2 min. Subsequently, the crystallized
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sample was heated to 100°C at 10°C/min to evaluate
the melting behavior. In the isothermal melt-crystal-
lization, the melted sample was cooled at a rate of
100°C/min to the desired crystallization temperature
(T.) after melted in the same conditions, and allowed
to crystallize.

Polarizing optical microscopy (POM)

The spherulite morphology of the pure PCL and its
composites was observed on an Olympus BX90
polarizing optical microscopy (Olympus, Tokyo, Ja-
pan) equipped with a digital camera. The sample
was placed between a microscope glass slide and a
cover slip, and the temperature was controlled by a
Mettler FP82 HT hot stage. The sample was at first
heated to 100°C and held for 2 min at this tempera-
ture, and then it was quenched to 45°C for the iso-
thermal crystallization. The spherulite morphology
was recorded by taking microphotographs after the
crystallization finished.

Tensile test

Tensile properties were investigated with the aid of
Shimadzu (Tokyo, Japan) EZ test machine at a cross-
head speed of 5 mm/min. All the samples have a
gauge length of 22.25 mm, a gauge width of 4.76 mm,
and a thickness of about 0.65 mm. Each value of me-
chanical properties reported here was an average of
seven specimens.

Dynamic mechanical thermal analysis (DMTA)

The storage modulus (E), loss modulus (E”), and
loss factor (tan 8) of the pure PCL and the compo-
sites were measured as a function of temperature
(=70°C to 80°C) by a DMS210 (Seiko Instrument, Ja-
pan) equipped with SSC5300 controller at a fre-
quency of 5 Hz and a constant heating rate of 2°C/
min. The samples were thin rectangular strips with
dimensions of about 30 X 10 X 0.65 mm°.

Scanning electron microscopy (SEM)

A JEOL scanning electron microscope (model JSM-
5200) was used to evaluate the morphology of frac-
tured surfaces of pure PCL and the composites. The
samples were sputter-coated with gold particles up
to a thickness of about 10 nm before the surface
characterization.

RESULTS AND DISCUSSION
Nonisothermal crystallization

The nonisothermal melt-crystallization at 10°C/min
and the subsequent melting at a heating rate of

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 DSC curves of (a) nonisothermal melt-crystalli-
zation at a cooling rate of 10°C/min and (b) subsequent
heating scanning at 10°C/min for PCL and its composites.

10°C/min of the neat PCL and PCL/KF composites
are presented in Figure 1(a,b), respectively. The ther-
mal properties, including the crystallization tempera-
ture (T.), melting temperature (Ty,), crystallization
enthalpy (AH.), melting enthalpy (AH,,), and the
degree of crystallinity (X.%) obtained from the DSC
analysis are summarized in Table I. The degree of
crystallinity (X.%) was calculated from AH,,/ AHY,
where AHp, is the melting enthalpy expected for a
polymer with 100% crystallinity, assuming that the
heat of fusion AHp,of PCL is 166 J/g.*® As shown in
Figure 1(a) and Table I, a marked increase of the
crystallization peak temperature can be observed
when small amount of fibers are incorporated in the
PCL matrix. However, the crystallization peak shifts
to lower temperature as the weight percent of KF is
more than 20%, which signifies that the crystalliza-
tion rate of PCL is enhanced firstly and then
decreased with the increase of KF content.

Generally, the crystallization process of polymers
includes two stages, that is, the nucleation and the
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crystal growth. A primary nucleation process may
be either homogenous or heterogeneous.”” Homoge-
nous nucleation occurs sporadically in the melt by
thermal fluctuation, whereas the heterogeneous one
starts on the surface of microscopic insoluble par-
ticles dispersed randomly in the polymer melt, such
as impurities or nucleating agents arbitrarily added.
Whenever there is nucleating agent present in a
polymer melt, it can affect the free energy balance
for nucleation, usually so as to increase the nuclea-
tion rate and prevent homogeneous nucleation. For
heterogeneous nucleation, due to a much reduced
surface energy, the nucleation rate can increase by
several orders of magnitude. Therefore, the effect of
homogeneous nucleation can be totally smeared by
heterogeneous nucleation.?

As for polymeric composite system, the crystalliza-
tion process becomes more complicated, and it is
chiefly controlled by two factors.>* First, the addi-
tives, which have a nucleating effect on the crystalli-
zation, enhance the crystallization and so they have
a positive influence on the degree of crystallinity.
Second, the additives, which have a negative effect
on the crystallization, hinder the migration and dif-
fusion of polymeric molecular chains to the surface
of the growing face of the polymer crystal in the
composites, leading to a decrease in the crystalliza-
tion rate. Due to the nucleation effect of KF, the
crystallization rate of PCL was improved dramati-
cally in the presence of small amount of KF. Never-
theless, the T. value of the PCL/KF composites
decreases with the increase of KF content when the
weight percent of KF is larger than 20%, owing to
the hindrance of polymer diffusion by KF. Further-
more, as shown in Table I, when the KF content is
larger than 10 wt %, the degree of crystallinity of the
composites reduces as KF content increases, which
indicates that the KF fibers hinder the migration and
diffusion of molecular chains to the surface of the
nucleus in the composites. Similar results were also
observed for the PLLA /talc (70/30) composite.’

Isothermal crystallization

The isothermal crystallization behavior of neat PCL
and its composites with KF at 40°C and 45°C was
also investigated by DSC, and the results are
depicted in Figure 2(a,b), respectively. Clearly, the
isothermal crystallization of composites is much
faster than that of the pure PCL, confirming that the
crystallization rate is effectively enhanced with the
incorporation of KF. Moreover, crystallization
kinetics was analyzed from the isothermal DSC
results. The isothermal heat flow curve was inte-
grated to determine the degree of crystallinity of the
samples as a function of crystallization time. The rel-
ative crystallinity (X;) at any given time was calcu-
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TABLE I
Crystallization and Melting Behavior of Neat PCL and PCL/KF Composites
Sample T. (°C) AH, (J/g PCL) T (°C) AH,, (J/g PCL) X, (%)
PCL 28.3 —52.1 55.6 58.1 35.0
PCL/KF(90/10) 31.8 —55.8 56.4 59.9 36.1
PCL/KF(80/20) 32.6 —51.7 56.8 57.1 34.4
PCL/KF(70/30) 31.6 —50.1 54.5 55.9 33.7

lated from the integrated area of the DSC curve
from t = 0 to t = t divided by the integrated area of
the whole heat flow curve.

The isothermal bulk crystallization kinetics was
analyzed by the Avrami equation:*'

Xy =1—exp(—kt") (1)

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

log[—In(1 — X;)] = logk + nlogt (2)

The values of n and k are obtained by plotting
log[—In(1 — X,)] against log t. Meanwhile, the crys-
tallization half-time t,,,, defined as the time when
the crystallinity reaches 50%, can be determined
from the kinetics parameters measured according to
the following equation:

n2\ "
tp = (k) 3)

The crystallization parameters k, n, and t;,, of the
materials crystallized at 40°C and 45°C are presented
in Table II. Because of the heterogeneous nucleation
effect of KF, t1,, reduces and Avrami rate constant k
increases markedly with the addition of KF. On the
other hand, due to the hindrance of polymer diffu-
sion by KF, when the weight percent of KF is more
than 20%, t,, increases as the increase of KF con-
tent. With the incorporation of 20 wt % KF, the t;,,
of the composite crystallized at 40°C and 45°C
reduces to 31.6% and 42.0% of the neat PCL, respec-
tively. Due to the more ordered crystal produced at
higher T., AH. of the pure PCL and its composites
crystallized at 45°C is larger, compared with those
crystallized at 40°C.

In addition, the spherulite morphology of pure
PCL and PCL/KF (90/10) composite isothermally
crystallized at 45°C was observed by POM, and the
results are shown in Figure 3. Obviously, the nuclea-
tion density increases significantly and the spherulite
size drops drastically with the addition of KF, con-

firming that the KF can greatly accelerate the nuclea-
tion during the crystallization of PCL.

Tensile properties

The tensile properties of the neat PCL and its com-
posites were evaluated, and their stress-strain curves
are shown in Figure 4. Figure 5(a—c) presents the
tensile strength, modulus, and fracture strain of pure
PCL and its composites with various KF contents,
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Figure 2 DSC curves of PCL and PCL/KF composites
isothermally melt-crystallized at (a) 40°C and (b) 45°C.
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TABLE II
Kinetic Parameters of Neat PCL and Its Composites Isothermally Melt-Crystallized at 40°C and 45°C
T. = 40°C T. = 45°C
Sample t1 /> (min) AH. (J/g PCL) n log(k) t1/2 (min) AH. (J/g PCL) n log(k)
PCL 474 —49.9 2.88 —2.40 22.94 —52.7 2.81 —3.99
PCL/KF(90/10) 1.86 —49.2 2.58 —0.85 10.96 —50.9 2.74 —3.02
PCL/KF(80/20) 1.50 —484 2.49 —0.60 9.64 —50.1 2.56 —2.72
PCL/KF(70/30) 1.63 —47.9 2.38 —0.67 10.30 —49.5 2.40 —2.59

respectively. Mechanical properties of a short-fiber-
reinforced composite depend on many factors, such
as fiber content, fiber aspect ratio, fiber-matrix adhe-
sion, and fiber orientation." Besides, tensile strength
is more dependent on the matrix and the compatibil-
ity between fiber and the matrix, while tensile mod-
ulus is more influenced by the fiber impregnation
and fiber ratio.” The pure PCL film has a yield
strength of 13.8 MPa, a modulus of 244 MPa, and a
fracture strain of 894.7%. As shown in Figure 5(a),
the yield strength of the composites increases from
13.8 MPa (neat PCL) to 14.2 MPa with addition of
15 wt % KF. This can be explained by the fact that
the filler is well wetted by the polymer matrix at
low fiber content, which results in an efficient stress
transfer from the PCL matrix to the fiber. Neverthe-
less, there is a decrease in the yield strength of
PCL/KF composites afterward when the KF content
is larger than 20 wt %. A possible explanation of this
can be the agglomeration of KF fibers.

As depicted in Figure 5(b), the incorporation of KF
improves the modulus of PCL significantly, signify-
ing that the stress transfers from the PCL matrix to
the stiffer fiber occurred. The tensile modulus of
PCL/KF composite is improved by 146% at 30 wt %
fiber content, 601 MPa, as compared with the neat
PCL, 244 MPa. However, the fracture strain of the
composites shows decrease with the increase of KF
content, as shown in Figure 5(c). Generally, the addi-

tion of high fiber content increases the probability of
fiber agglomeration, which creates regions of stress
concentrations that require less energy to elongate
the crack propagation.” During tensile deformation,
the stress can not transfer efficiently nearby these
flaws, resulting in the failure of the specimen. On
the other hand, in the composite all the elongation
arises from the polymer since the KF is more rigid
relative to the flexible PCL matrix. Hence, increasing
the amount of filler decreases the amount of polymer
available for elongation, and thus decreases the fail-
ure strain.

Dynamic mechanical thermal analysis

Figure 6(a,b) presents the dynamic storage modulus
(E') and tan & of the pure PCL and PCL/KF compo-
sites, as a function of temperature, respectively. As
seen in Figure 6(a), the storage modulus of PCL/KF
composites is higher than that of the unfilled PCL
matrix, indicating that the stress transfers from the
matrix to the kenaf fiber. The E’ value of the PCL/
KF composite containing 30 wt % KF at 20°C
increases by 223%, as compared to that of the neat
PCL. Besides, the E’ values decrease for both the
pure PCL and the composites with increasing tem-
perature, due to the softening of the polymer matrix.

As shown in Figure 6(b), the height of the tan &
peak decreases with the presence of kenaf fiber. One

Figure 3 Optical micrographs of (a) neat PCL and (b) PCL/KF (90/10) composite isothermally melt-crystallized at 45°C.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Tensile stress-strain curves of pure PCL and
PCL/KF composites: (plot a) neat PCL, (plot b) PCL/KF
(90/10), (plot ¢) PCL/KEF (80/20), (plot d) PCL/KF (70/30).

possible explanation is that there is no restriction to
the chain motion for the neat PCL, which results in
a sharp and intense tan & peak. However, the pres-
ence of KF hinders the chain mobility, leading to the
reduction of sharpness and height of the tan &
peak.”'® Furthermore, the damping in the transition
region measures the imperfections in the elasticity
and much of the energy used to deform a material
during DMTA testing is dissipated directly as the
heat.’” Therefore, with the presence of KF the molec-
ular mobility of the materials decreases and the me-
chanical loss to overcome intermolecular chain fric-
tion is reduced. It has been also reported that the
reduction in tan 8 also denotes an improvement in
the hysteresis of the system and a reduction in the
internal friction.*

Morphology of composites

The morphology of the kenaf fiber was investigated
by SEM, as shown in Figure 7(a,b). The figure
reveals large-scale variations in the aspect ratio, di-
ameter, and the morphology among KF samples. It
is observed that the diameters of the fibers are rang-
ing from 5 to 50 pm, and the surface of the fibers is
rough with the adhesion of some smaller kenaf
fibers and kenaf particles. These variations are prob-
ably on account of the different sources and the
processing history of the fibers.

Furthermore, the morphology and fracture mecha-
nism of the materials were evaluated by SEM. The
SEM micrographs of the tensile fractured surfaces of
the neat PCL and PCL/KF (70/30) composite are
presented in Figure 7. As shown in Figure 7(c), the
fracture surface of pure PCL is regular. Besides, the
craze and fibril are observed in the surface, signify-
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ing that the fracture of PCL is in the ““ductile’” man-
ner.>* As depicted in Figure 7(d,e), the surface of KF
is smooth in the composite, and the fibrils linking
the fiber surface to the matrix can be observed. Fur-
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Figure 5 (a) Yield strength, (b) tensile modulus, and (c)
fracture strain of neat PCL and PCL/KF composites with
various KF contents.
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thermore, it can be seen from Figure 7(f) that the
fiber is obviously covered by a thin layer of PCL ma-
trix. These all suggest that the fiber and polymer ma-
trix are in good adhesion, which leads to better
stress transfer between the matrix and the reinforc-
ing fibers.

On the other hand, as seen in Figure 7(d), the frac-
ture surface is irregular and the fiber pull-out is pre-
vailed over fiber fracture. In addition, as shown Fig-
ure 7(f), the debonding of the PCL matrix and fiber
is observed. These signify that the interface interac-
tion between the fibers and polymer matrix can be
further improved. The mechanical properties of com-
posite greatly depend on the state of the filler dis-
persion and the strength of the interfacial interaction.
According to Dong et al.,>>* the interfacial interac-
tion between bulk polymer and nucleating agent has
a significant influence on the crystallization rate.
Therefore, it is considered that the mechanical prop-
erties as well as the crystallization behavior can be
further optimized through the use of compatilizers
or coupling agents to improve the interface interac-
tion and the compatibility between the fiber and
PCL matrix.

CONCLUSIONS

Bio-based filler reinforced polymer composite from
PCL and kenaf fiber (KF) was fabricated, and its
physical properties, especially crystallization behav-
ior and mechanical properties were investigated. The
incorporation of KF enhances the crystallization rate

e 50um
el -

Figure 7 SEM micrographs of kenaf fiber: (a) X100 and (b) X500; freshly fractured surface of (c) pure PCL and the PCL/

KF (70/30) composites: (d—f).
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of PCL considerably. Moreover, the tensile modulus
as well as the storage modulus is significantly
improved by the reinforcement of KF. SEM analysis
shows that KF and PCL matrix are in good adhesion,
but it also reveals that the interfacial interaction
between the fiber and polymer can be further
improved. Hence, the use of natural fiber, as rein-
forcements in biodegradable polymer, is an efficient
way to improve and optimize the properties of the
biodegradable polymer. Moreover, it provides a sus-
tainable alternative to conventional thermoplastic-
based materials, and also gives an interesting alter-
native for production of low cost and ecologically
friendly composites.
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