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ABSTRACT: This article deals with the effect of the
kneading temperature on the crystallization of a matrix
polymer and the viscoelasticity of a bamboo-fiber-reinforced
biodegradable polymer composite. Upon the investigation
of poly(butylene succinate) after melt mixing, spherulite
generation was observed with polarized light microscopy
and differential scanning calorimetry measurements. An in-
crease in the spherulite dimensions was observed at high
kneading temperatures (>150°C) in both the neat polymer
and the bamboo-fiber composite. Spherulite growth was

initiated from the bulk matrix polymer and not from the
surface of the bamboo fibers. The kneading temperature
influenced the melt viscoelasticity above the melting point of
poly(butylene succinate) but did not influence the viscoelas-
ticity below the melting point. © 2005 Wiley Periodicals, Inc.
J Appl Polym Sci 98: 603-612, 2005
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INTRODUCTION

Recently, composites from natural fibers and biode-
gradable plastics (so-called biocomposites) have been
studied as environmentally friendly materials. In par-
ticular, biodegradable plastics from biomass such as
poly(lactic acid) (PLA) are called carbon-neutral mate-
rials, and they have the potential to reduce the con-
sumption of petroleum and reduce the concentration
of carbon dioxide. The mechanical properties of PLA
are close to those of polypropylene, so the replace-
ment of polypropylene by PLA has been studied.
However, in some cases, PLA cannot be used inde-
pendently for the adjustment of toughness. A material
compatible with PLA is needed. On the other hand,
poly(butylene succinate) (PBS) will be made from bio-
mass commercially in the near future. It has good
flexibility and better biodegradability than PLA, so it
is thought that PBS can also be used as films, injection
moldings, PLA modifiers, and many other applica-
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tions. However, there has not been enough observa-
tion of the thermal characteristics and crystallinity of
PBS to clearly establish the relationships between the
processing conditions, product performance, and
structure. This is more so for composites of natural
fibers and PBS. There are no reports referring to the
crystallization behavior. In general, crystallinity can
affect the mechanical characteristics and biodegrad-
ability. Some reports on biodegradable plastics refer to
the effect of crystallinity on their characteristics.'™*
However, there are no publications that evaluate the
growth of polymer crystals on biocomposites and re-
late this to the molding conditions.

So far, most studies on composites from natural
materials have focused on vegetable fibers, which
have good mechanical performance, good renewabil-
ity, and good economical efficiency. Many workers
have studied bamboo fibers as naturally organic fillers
of polymer composites. The reason that many studies
focus on bamboo is that bamboo is an abundant nat-
ural resource in Asia, and its overall mechanical prop-
erties are comparable to or surpass those of wood.
Furthermore, bamboo can be renewed much more
rapidly than wood. However, because of bamboo’s
rapid growth, it has gradually invaded wood forests
and reduced the wood supply. Therefore, researchers
are anxious to find effective uses for bamboo.

For the study of bamboo-fiber composites, Mi et al.®
reported that transcrystals of polypropylene were
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generated on the surface of bamboo fibers in a com-
posite of polypropylene and bamboo fibers. The addi-
tion of maleic polypropylene made the transcrystals
on the fibers much more than neat polypropylene.
However, they did not discuss the influence of the
molding conditions on the crystallinity, especially for
biodegradable plastics.

In this study, we evaluated the influence of the
molding conditions (especially the kneading temper-
ature) on the spherulite growth of the matrix polymer
in a composite of PBS and bamboo fiber with a polar-
ization microscope with a heating stage and differen-
tial scanning calorimetry (DSC) measurements. More-
over, for the improvement of the interface between the
fibers and matrix polymer, Kitagawa et al.” applied a
glyoxal treatment to the fibers and obtained improved
mechanical characteristics. Here the effect of such a
treatment on the crystallization behavior at the inter-
face between the matrix polymer and bamboo fiber
was studied.

As for the mechanical characteristics, we studied the
influence of the molding conditions on the dynamic
viscoelasticity of the composites by tensile and melt
shearing.

EXPERIMENTAL
Polymer and bamboo fiber

PBS (Enpol #5300, Ire Chemical, Seoul, Korea) was
used as a matrix polymer. The melt flow index (D1238)

of PBS was 2.6. The glass-transition temperature of
PBS was about —20°C, and its melting temperature
was 110-120°C (D2117). Bamboo fibers were obtained
by a special crushing technique (diameter ~ 70 um,
length ~ 500 um). The volatile content was 7.4%
(130°C, 10 min). A composite pellet of bamboo fiber,
which was treated with 10 wt % glyoxal was prepared
with a coextruder (Nihon Seikosyo, Kyoto, Japan) at
135°C.

Preparation of the samples

PBS and the fiber were kneaded with a laboratory
plastomill with a segmented mixer (KF70, Toyo Seiki
Seisakusyo, Hyogo, Japan) for the evaluation of the
molding conditions. The composites (10 g) were
kneaded at a rotating speed of 30 rpm for 10 min at
temperatures ranging from 130 to 200°C. Sheet mold-
ing for 10 min at 130°C for each compound followed.

Polarization microscopy

The changes in the spherulites with the temperature
were observed with a polarization microscope (BH-2,
Olympus, Olympus America, Inc., Melville, NY) with
a heating stage (LK-600PM, Japan Hitech, Japan
Hitech, Tokyo, Japan; Fig. 1). The continuous image
data were stocked by digital video via a video scope.
To minimize the influence of deviation in the crystal-
lization after kneading, the samples were first heated
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Figure 4 Sizes of the spherulites at different kneading temperatures.

to 150°C at a heating rate of 100°C/min. After the
initial heating, the samples were cooled at a rate of
20°C/min, and we observed the starting temperature
of recrystallization, the spherulite size, and the melt-
ing temperature by watching the growth and disap-
pearance of the spherulites.

DSC measurements

The crystallization and melting behavior of the matrix
polymer was observed via DSC measurements with a
DSC220C calorimeter (Seiko Instruments, Inc., Chiba,
Japan). The measurements were taken in an N, atmo-

Neat PBS

sphere, with the temperature ranging from room tem-
perature to 150°C, at a rate of 10°C/min.

Molecular weight distribution

For the evaluation of the polymer decomposition, the
molecular weight distribution of the neat polymer was
observed with a high-temperature gel permeation
chromatography (GPC) system (GPCV2003, Waters,
Milford, MA) with a Styragel+HT6E column, o-di-
chlorobenzene as a carrier, and a column temperature
of 150°C.

Bamboo fiber (10wt%)
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Figure 5 DSC cooling curves of the neat polymer and bamboo fiber (10 wt %) at each kneading temperature.
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Figure 6 Effect of the kneading temperature on the crys-
tallizing point.

Viscoelasticity

The melt dynamic viscoelasticity of the composites at
different kneading temperatures was observed with a
rheometer (RDA-II, Rheometrics, Inc., Piscataway, NJ).
The temperature variance was measured from 120 to
200°C at a frequency of 1.0 rad/s and a strain of 10%
with a 25-mm¢ parallel plate. The tensile dynamic vis-
coelasticity of the composites, from —50 to 150°C, was
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Figure 8 Effect of the kneading temperature on the second
endothermic point temperature.

also evaluated with a dynamic viscoelastic analyzer
(DVA-200, IT-Seigyo Keisoku Co., Japan) at a frequency
of 10 Hz, a strain of 0.1% and a heating rate of 6°C/min.

RESULTS AND DISCUSSION
Polarization microscopy observations

Figure 2 shows the images of the neat PBS spherulites for
each kneading temperature just after crystallization
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Figure 7 DSC heating thermograms for the neat polymer and bamboo fiber (10 wt %) at each kneading temperature.
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Figure 9 Molecular weight at different kneading tempera-
tures (M,, = number-average molecular weight; M, = weight-
average molecular weight).

started and just before it finished. Below 150°C, hetero-
geneous nucleation (which indicated that the activating
energy for nuclei generation was heterogeneous or un-
stable in the area) could be observed; small spherulites
appeared at the same time and grew rapidly. Above
150°C, heterogeneous nucleation could be observed;
spherulites grew gradually with dimensions larger than
those of the previous spherulites. Figure 3 shows the
images of spherulites of the 10% bamboo composite for
each kneading temperature. The growth of the spheru-
lites could be heterogeneous, similar to that of neat PBS,
and the spherulites grew gradually above 150°C. Each
spherulite appeared in the bulk of the matrix, not from
the interface of the bamboo fibers and matrix polymer.
Figure 4 shows the dimensions of the PBS spherulites at
each kneading temperature. Above 150°C, the dimen-
sions of the spherulites of the bamboo-fiber composite
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Figure 11 TG-DTA curve of the bamboo fiber.

were bigger than those of neat PBS. The bamboo fibers
slowed the growth of the spherulites.

On the other hand, the spherulite growth of the neat
pellet before kneading could be homogeneous nucle-
ation, in which nuclei of crystals appeared gradually
with time at random in the bulk of the polymer and
spherulites grew slowly to become large. As for the
surface of the bamboo fibers, no transcrystals formed.
The results were the same at each kneading tempera-
ture. It can be suggested that no chemical or strong
interfacial bonding between the bamboo fibers and
polymer existed. The bamboo fibers did not act as
nuclei for crystal formation.

DSC measurements

The DSC thermograms of the neat PBS and 10% bam-
boo-fiber composites at each kneading temperature were
studied. Figure 5 shows the cooling thermograms. Below
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Figure 10 Molecular weight distribution at different kneading temperatures.
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Figure 12 G” of PBS at different kneading temperatures.

150°C, the crystallization exothermal peaks were sharp,
and above 150°C, the peaks shifted to lower tempera-
tures, whereas the peak shape became broader. The re-
sult was equivalent to that of the spherulite growth
observation by polarization microscopy. Figure 6 shows
the effect of the kneading temperature on the crystalli-
zation point of the neat PBS and 10% bamboo-fiber com-
posites. In the bamboo-fiber composites, above a knead-
ing temperature of 180°C, the peaks of crystallization
were shifted to a lower temperature. Figure 7 shows the
heating thermograms of the neat PBS and 10% bamboo-
fiber composites. For both materials, two endothermic
peaks were observed from 100 to 120°C. The maximum
endothermic change at 115°C was for the melting of
crystals, and it was not influenced by the kneading tem-
perature and bamboo fiber. Smaller endothermic peaks

G” /Pa

100 120 140 léO 180 200
Temp. /

Figure 13 G" of 10% bamboo fiber at different kneading
temperatures.
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Figure 14 Tensile storage modulus of 10% bamboo fiber at
different kneading temperatures.

that appeared at lower temperatures were influenced by
the kneading temperature and bamboo-fiber content.

Figure 8 shows the effect of the kneading tempera-
ture on the second smaller endothermic peaks. The
second smaller peak was shifted to lower tempera-
tures and became smaller as the kneading temperature
increased. The bamboo fibers further lowered the tem-
perature of the peaks.

Molecular distribution measurements

For kneading above 180°C, the decomposition of PBS
was expected. Then, the molecular distribution of PBS
after kneading was observed.

Figure 9 shows the molecular weight distribution
results from GPC for all kneaded PBS. The weight-
average molecular weight of PBS decreased with an
increase in the kneading temperature. Above 200°C,
polymer pyrolysis occurred. On the other hand, the
molecular weight of PBS kneaded below 150°C was
higher than that of the neat pellet.

Figure 10 shows the distribution curves of the molec-
ular weight at each kneading temperature. The molecu-
lar weight increased on the higher molecular weight
fraction below 150°C kneading. This may be the reason
for the polymer entanglement that occurred so much
with kneading at a low temperature near the melting
point. Some microcrystal might have been generated
that made the molecular weight higher because of less
solubility in the solvent during the GPC measurements.

On the basis of the DSC measurements, two kinds of
crystals were generated, and only one of them was af-
fected by kneading. For kneading above 180°C, shear
and heat could make a certain crystal decompose and
thus reduce the entanglement between polymer chains,
and the conformation could become fixed similarly to
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the neat pellet. Therefore, recrystallization was very
slow, like homogeneous nucleation, but it could be het-
erogeneous nucleation because of minute impurities.

For kneading below 150°C, the polymer could not
be dispersed sufficiently. Some entanglement of the
polymer could occur during kneading, or a certain
crystal could be generated during pelletizing by the
supplier. As a result, some nuclei for crystallization
could make spherulites in the bulk of the polymer,
and this could be heterogeneous nucleation.

It might be thought that the second exothermal
change between 90 and 110°C on heating could come
from the melting of different crystal structures (e.g.,
the B-crystal form of polypropylene).

Bamboo-fiber decomposition affected the spherulite
growth and melting. Figure 11 shows the thermogravim-
etry/differential thermal analysis (TG-DTA) curve of
bamboo fiber. The bamboo fiber decomposed gradually
from 161°C; thus, the decomposition of the bamboo fiber
occurred above the kneading temperature of 150°C. The
decomposition products from the bamboo fibers could
influence the crystallization behavior.

Dynamic viscoelasticity

Measuring the dynamic viscoelasticity of a material is
one of the methods used to assess processability and
mechanical performance. Figure 12 shows the loss
modulus (G") obtained by the shearing of kneaded
PBS at 130 and 180°C. There was a small drop in G” of
neat PBS due to kneading at 180°C. This could account
for the decrease in the matrix molecular weight caused
by heat degradation.

Figure 13 shows G” of the 10% bamboo-fiber com-
posite after kneading at 130 and 180°C. G” of the
sample kneaded at 180°C decreased much more than
that of the composites kneaded at 130°C and more
than that of neat PBS.

Figure 14 shows the tensile storage modulus of the
10% bamboo-fiber composite after kneading at 130,
150, 180, and 200°C. There was little change between
them. If some decomposed product from the bamboo
fiber had existed, it would have affected the tensile
storage modulus sufficiently below the melting tem-
perature of PBS. However, the results from viscoelas-
ticity did not suggest that the decomposition products
of the bamboo fiber above 150°C could make the poly-
mer degradation higher.

However, the influence of the bamboo-fiber decompo-
sition at high temperatures above 140°C has been men-
tioned with respect to the tensile strength.® After a heat
treatment above 140°C of the fiber, a big decrease in the
tensile strength was observed. Consequently, in our vis-
coelasticity measurements, the tensile strain of 0.1% was
much less than the strain of 1-10% in a conventional
tensile test. Therefore, the decomposition of the fibers or
the change in the binding strength between the fibers
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and polymer might not be reflected enough by dynamic
viscoelasticity measurements.

Surface treatment of bamboo fibers

Figure 15 shows images of spherulite growth of the
matrix polymer in the composite of bamboo fibers
treated with glyoxal. The growth of the spherulites
was similar to that of nontreated bamboo fibers. The
spherulite growth was affected by the kneading tem-
perature. There was no transcrystal generation on the
treated surface of the fibers. This result suggests that
glyoxal treatment could not improve the interfacial
crystallization of the matrix PBS on the bamboo fibers.

CONCLUSIONS

1. For neat PBS, kneading below 150°C made the
crystallization rapid, and the spherulites were
smaller. It generated nuclei in the bulk of the
matrix. The nuclei could be microcrystals suitable
for the nucleation of spherulites and make heter-
ogeneous nucleation of spherulites possible.

2. Kneading neat PBS above 150°C slowed down
spherulite growth while increasing the dimen-
sions of the spherulites. This could be homoge-
neous nucleation of spherulites.

3. For the bamboo-fiber composites, kneading
above 150°C could result in homogeneous nu-
cleation of spherulites. It made the crystalliza-
tion slower and made the spherulites grow
larger than those of neat PBS.

4. Kneading above 150°C reduced G”" of the bamboo-
fiber composite. The degradation products of the
bamboo fibers could have caused this change.

5. The kneading temperature did not influence the
tensile storage modulus below the melting point
of the matrix polymer.

6. The spherulites were not generated from the surface
of bamboo fibers at any kneading temperature.

7. The spherulites were also not generated from
the surface of treated bamboo fibers at any
kneading temperature.
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