
In Situ Fibrous Structure Oriented Polymer Blends
Composed of Poly(lactic acid) and Polycaprolactone
Containing Peroxide

Takeshi Semba,1 Kazuo Kitagawa,1 Masaya Kotaki,2 Hiroyuki Hamada2

1Organic Materials Laboratory, Kyoto Municipal Industrial Research Institute, Industrial Research Center,
134 Chudoji Minami-machi, Shimogyo-ku, Kyoto 600-8813, Japan
2Division of Advanced Fibro-Science, Kyoto Institute of Technology, Gosyokaido-cho, Matsugasaki,
Sakyo-ku, Kyoto 606-8585, Japan

Received 20 July 2007; accepted 5 October 2007
DOI 10.1002/app.27587
Published online 27 December 2007 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: A fibrous dispersed phase stuffed with poly-
caprolactone (PCL) was constructed in a poly(lactic acid)
(PLA) matrix during an injection-molding process. The
injection-molding process showed efficiency in forming
dispersions with fibrous shapes, and they could impart the
ductile property of PCL to the brittle PLA matrix, with
appropriate interfacial adhesion arising from the cocross-
linking structure at the PLA/PCL interface by dicumyl
peroxide (DCP). However, the addition of excess DCP
caused a split of the dispersions resulting from the com-
patibility increment and the excess crosslinking reaction at
the interface and inside each phase. The addition of a
small amount of DCP could adhere the interface without
splitting of the dispersions. The observed internal structure

in the injection moldings showed a morphology transition
that changed gradually from a fine fibrous morphology to
a coarse morphology at a deeper position in the injection
moldings. The tensile properties of sliced local layers,
which were fabricated with a sliding microtome, proved
that the fibrous morphology was effective in the improve-
ment of ductility of the blends. An X-ray analysis showed
that the shear flow increased the crystalline orientation
and formed a different crystalline structure only in the
PCL dispersed phase, but its crystalline structure was not
the main factor for ductility improvement. � 2007 Wiley
Periodicals, Inc. J Appl Polym Sci 108: 256–263, 2008
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INTRODUCTION

The use of poly(lactic acid) (PLA) as a biobased
polymer has been expanding in various applications
such as automobiles and portable instruments (e.g.,
cell phone and music players).1–3 These achieve-
ments are due to advanced composites technology,
which is a combination of PLA, a microfiller or
nanofiller, natural fibers, and so on, to gain high
heat resistance, high rigidity, and strength. However,
PLA composites need to overcome another draw-
back, the brittleness of PLA, to attain further expan-
sion of its use. Some attempts to improve fracture
toughness were carried out with the application of
various impact modifiers such as synthetic elasto-
mers4 or other petroleum polymer materials,5,6 natu-
ral rubbers,7 and other biodegradable polymers.8–10

The most effective modifiers were synthetic elasto-
mers or petroleum polymer materials. In the former
case, some chemical modification on the molecular
end was applied for an increase in the compatibility
with the PLA matrix, which had an effect on the

impact properties. In the latter case, various other
recycled petroleum polymers—poly(methyl methac-
rylate), polycarbonate and poly(ethylene terephtha-
late)—were added to PLA. These investigations were
aimed at the development of ecomaterials using
recycled petroleum polymers, and the original com-
patible technologies were applied to these blends.
Recently, ecomaterials such as PLA/natural rubber
blends were introduced. They showed that the high
impact strength and high biobased content were con-
sistent with keeping the biodegradability. The study
of PLA and other biodegradable polymer blends has
also been actively studied. In these studies, ductile
biodegradable polymers such as poly(butylene succi-
nate) and polycaprolactone (PCL) were used for
improving the impact strength.

We also have been trying to improve the brittle-
ness to yield high-performance materials to use in
various applications.11–13 Dicumyl peroxide (DCP)
was used as a cocrosslinked agent that could en-
hance the interfacial adhesion between the PLA ma-
trix and dispersed PCL. The ultimate tensile strain
and impact strength of the blends containing DCP
were far superior to those of the blends without
DCP. Furthermore, it was clear that the compound-
ing procedure, by means of a side feeder, affected
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the mechanical properties and disperse phase mor-
phology; in other words, the addition of DCP at the
middle of the extruder was more effective.14 This
DCP addition at the side feeder brought some deci-
sive effects, such as firm interfacial adhesion, fine
dispersions, and ductility increment of the dispersed
PCL phase.

On the other hand, we have been trying to de-
velop an in situ fiber reinforced polymer blend in
which the dispersed phase is formed into a fibrous
morphology during polymer processing.15–17 The
dispersed fibers could improve the modulus and
strength while maintaining ductility. However, these
investigations have not taken into consideration eco-
materials; therefore, biodegradation and biobased
content were taken up in this study. This study was
aimed at the settlement of PLA brittleness by the use
of the aforementioned two techniques: the interfacial
cocrosslinking method and in situ fiber reinforcing
technique. To be concrete, the PLA/PCL blends con-
taining DCP were molded into injection moldings to
construct the fiber reinforcements by shear flow.
Consequently, to yield a highly biobased, high-duc-
tility, and biodegradable material that can be used
for practical purposes is the ultimate goal of this
sequence of studies.

EXPERIMENTAL

Materials and compounding

The materials used in this study were PLA (melt
index 5 8.0 g/10 min, weight-average molecular
weight 5 150,000; Lacea H100, Mitsui Chemicals,
Inc., Tokyo, Japan), PCL (melt index 5 2.3 g/10 min,
weight-average molecular weight 5 160,000; Cel
Green PH7, Daicel Chemical Industries, Ltd., Osaka,
Japan), and DCP (half-life at 1758C 5 1 min; NOF
Corp., Tokyo, Japan).

The materials were blended with a twin-screw
extruder (screw diameter (u) 5 15, length/diameter
5 60; Technovel Corp., Osaka, Japan). The blend ra-
tio of PLA to PCL was 70/30 by weight. The investi-
gated DCP contents were 0, 0.1, 0.2, and 0.3 phr,
which were determined as the optimum concentra-
tions in our previous investigations.11 The screw
configuration consisted of four kneading and other
full-flight zones. Compounding was performed at a
cylinder temperature of 1808C and a screw revolu-
tion of 80 rpm.

Injection molding

The compounded materials were molded into dumb-
bell-shaped injection moldings with 1-mm thickness
by means of an injection molding machine (maxi-
mum cavity pressure 5 30 ton; Ti30F6, Toyo Ma-

chinery & Metal Co., Ltd., Hyogo, Japan). The cylin-
der and mold temperatures were 180 and 258C,
respectively. The injection speed and holding pres-
sure were 20.8 cm3/s and 120 MPa.

To investigate the injection speed dependence on
the mechanical properties, samples with various
injection speeds were molded. The injection speeds
of 3.2, 9.6, 20.8, and 28.8 cm3/s were applied to the
blend containing 0.1 phr DCP.

Evaluations of the mechanical properties and
fracture aspects of the injection moldings

Standard tensile tests with dumbbell-shaped speci-
mens were carried out with a universal testing
machine (Autograph AG-5000E, Shimadzu Corp.,
Kyoto, Japan) at a tensile speed of 50 mm/min while
the specimen gauge length was 25 mm. The testing
temperature was 238C. The fracture surface was
observed with a scanning electron microscope
(JSM5900LV, JEOL, Ltd., Tokyo, Japan).

Observation of the microstructure
in injection moldings

The cross sections of injection moldings were ob-
served with atomic force microscopy (AFM; Nano-
scope IIIa, Digital Instruments Co., Ltd., California),
which is capable of distinguishing each component
of PLA/PCL blends. The observed area was planed
with a microtome (HM360, Microm International
GmbH, Walldorf, Germany) equipped with a glass
knife. The tapping mode, which is a commonly used
observation method in AFM, was applied to
the cross-sectional area, and the phase images were
captured.

Fabrication of sliced samples of injection moldings

An interesting study on the internal morphology
around the weld line formed in injection moldings
was reported by means of an evaluation of sliced
specimens.18 The same method was taken up to ver-
ify the relationship between the mechanical proper-
ties and microstructure of injection moldings. The
injection moldings with 0.1 phr DCP, molded at an
injection speed of 20.8 cm3/s and holding pressure
of 120 MPa, were sliced with a sliding-type micro-
tome (SM2500S, Leica Microsystems GmbH, Wetzlar,
Germany). The slicing speed was set as slow as
1.5 mm/s to prevent the relaxation of molecular ori-
entation, and the thickness of the sliced specimens
was 50 lm for tensile testing. Furthermore, the sliced
specimens with a thickness of 100 lm were prepared
by the same procedure, and the sliced samples were
used to investigate the crystalline structure with
wide-angle X-ray diffraction (WAXD).
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Characterization of internal local layers
of injection moldings

Tensile tests of sliced specimens with a 50-lm thick-
ness were carried out under the same conditions as
those used for the dumbbell-shaped injection mold-
ings. Furthermore, WAXD patterns were obtained
with an X-ray diffraction machine [R-AXIS IV, Mo
Ka (k 5 0.71 Å), Rigaku Corp., Tokyo, Japan].

RESULTS AND DISCUSSION

Mechanical properties and fracture aspects

The stress–strain curves of injection moldings
molded at an injection speed of 20.8 cm3/s are
shown in Figure 1. PLA showed the highest modu-
lus and maximum stress but the lowest strain at
break. On the other hand, PCL showed a low initial
slope indicating low modulus and low maximum
stress but a very large ultimate strain. All the blend
specimens showed an ultimate tensile strain greater
than 50% with accompanying yield stress and neck-
ing phenomena. The tensile properties as a function
of the DCP content are elaborated in Figure 2. The
tensile modulus and strength of the blend specimens
exhibited almost constant values throughout the
entire DCP dosage. However, the ultimate tensile
strains of the blend specimens were different,
depending on the DCP dosage. The ultimate tensile
strain of the blend without DCP showed the smallest
value of 50%, and the maximum strain at break was
obtained at 0.1 phr DCP. The peak value was
reached at 300%. In this study, the large ultimate
tensile strain of the blend with 0.1 phr DCP was the
main consideration.

Scanning electron micrographs of the fracture sur-
face are shown in Figure 3. The blend without DCP
showed a flat fracture surface that described the
occurrence of brittle fracture [Fig. 3(a)]. On the other
hand, a section in which the fibrous fracture could
be seen at a high magnification was observed on the
fracture surface of the blend containing 0.1 phr DCP

[Fig. 3(b)]. This described the occurrence of ductile
fracture. The ductile fracture section vanished with
increasing DCP content, and the fracture aspect
showed brittleness. That is, the ductile fracture sec-
tion of the blend containing 0.3 phr DCP could not
be observed [Fig. 3(c)]. It was concluded that the
addition of DCP had some effects on the dispersed
morphological development of the dispersed phase
and interfacial adhesion.

Microstructure of injection moldings

The microstructure of injection moldings with vari-
ous DCP contents was observed to verify how it
affected the ultimate tensile strain and its fracture
behavior. The AFM images of the internal structure
and schematic drawings are shown in Figure 4.
Three parts in the thickness direction of the injection
moldings—the skin, intermediate, and core—were

Figure 1 Stress–strain curves of injection moldings.

Figure 2 (a) Tensile modulus, (b) tensile strength, and (c)
ultimate strain of injection moldings: (l) neat PLA, (~)
70/30 PLA/PCL, and (*) neat PCL.
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observed. In the case of the blend without DCP [Fig.
4(a)], the marble morphology was formed at the skin
part along the flow and transverse directions; that is,
the morphology at the skin part could be regarded
as a thin, flat, fibrous shape with a thickness of
about 100 nm. Thus, the in situ fiber formation could
be observed in the injection moldings consisting
of PLA and PCL. The morphology was steadily
changed and became coarser at deeper positions in
which the thicknesses were a few hundred nano-
meters at the intermediate part, and its shape
approached an ordinary fibrous shape. The thickness
at the core part became almost 1 lm. The length of
the fibrous dispersed phase at the skin and interme-

diate parts could not be measured because the fi-
brous structure lay along the whole length of the
image frame of 5 lm. On the other hand, the length
at the core part appeared to be shorter than that at
skin and intermediate parts. The shear flow during
the injection process could transform the dispersions
of the blend without DCP into fibers because it
includes flexible dispersions without crosslinking.

Figure 4(b) shows the AFM images and schematic
drawings of the blend containing 0.1 phr DCP. The
thicknesses of the flat fiber at the skin part and the
ordinary fiber at the intermediate part were coarser
than that of the blend without DCP, but they main-
tained thicknesses less than 1 lm and barely kept a

Figure 3 Fracture surface of blend specimens: (a) 70/30 PLA/PCL, (b) 70/30 PLA/PCL 1 0.1 phr DCP, and (c) 70/30
PLA/PCL 1 0.3 phr DCP.
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fibrous structure with a smooth contour; this means
that the dispersions were deformed by sufficient
shear flow. Finally, the continuous phase appeared
to have a distorted contour at the core part along the

flow direction; that is, the continuous phase was
about to be split because of stress relaxation and
insufficient shear flow. Further strong shear flow
would be needed to construct a smooth contour for
the dispersed phase.

Drastic changes in contrast to the blend without
and with 0.1 phr DCP could be seen in the blends
containing 0.2 or 0.3 phr DCP. Figure 4(c) presents
AFM images and schematic drawings of the blend
containing 0.3 phr DCP. The split dispersions were
distributed throughout from the skin to core part. At
the skin and intermediate parts, the thickness of dis-
persions was about 500 nm, and the length was only
1–3 lm. The length at the core part was 0.5–1 lm
with the same thickness of skin and intermediate
parts. Thus, the extinction of fibrous morphology
was especially notable in the blend containing 0.2 or
0.3 phr DCP. The continuous dispersions were split
into pieces throughout whole layers during the injec-
tion-molding process. It was inferred that this phe-
nomenon was enhanced by the loss of the mobility
and flexibility of dispersions due to crosslinking and
cocrosslinking.11

Thus, in the case of the blend containing 0.2 or 0.3
phr DCP, the fibrous morphology almost vanished.
The ultimate tensile strain of these samples was
larger than that of the blend without DCP by the
improvement of interfacial adhesion attributed to
cocrosslinking.11–13 It was noteworthy that the 300%
ultimate tensile strain of the blends with 0.1 phr
DCP was prominent for all the specimens. The flat
and ordinary fibrous morphology, covered from the
skin to the intermediate layer in the injection mold-
ings, would enhance the ultimate tensile strain more
than the coarser and split dispersions as distributed
in the blends with 0.2 or 0.3 phr DCP. Furthermore,
the interface was bonded because of 0.1 phr DCP;
that is, the blend with 0.1 phr DCP had these two
advantages, a fibrous morphology and interfacial
adhesion. The fibrous morphology with the interfa-
cial adhesion formed a ductile fracture surface. On
the other hand, the fracture surface of the blend

Figure 4 AFM image and schematic drawing of the inter-
nal structure: (a) 70/30 PLA/PCL, (b) 70/30 PLA/PCL 1
0.1 phr DCP, and (c) 70/30 PLA/PCL 1 0.3 phr DCP.

Figure 5 Stress–strain curves of 70/30 PLA/PCL 1 0.1
phr DCP in the skin and core local layers.
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with 0.2 or 0.3 phr DCP exhibited a flat aspect due
to split dispersions.

Ultimate tensile strain of local layers

Tensile testing of sliced specimens prepared from
the injection-molded specimens was conducted to
understand the mechanisms of the high ultimate ten-
sile strain of the blend with 0.1 phr DCP. Figure 5
shows typical tensile stress–strain curves of skin and
core local layers of the blend with 0.1 phr DCP. The
sliced specimens in the skin part displayed higher
ultimate tensile strain over 150%; on the other hand,
those in the core part displayed a strain of about
80%. This extreme difference of ultimate tensile
strain between skin and core parts must affect the
tensile ductility of the injection moldings.

Figure 6 shows the ultimate tensile strain of local
layers as a function of depth from the surface. The
ultimate tensile strain implied the existence of a
morphology transition in injection moldings with
0.1 phr DCP for their value remained constant from
the surface to a depth of 150-lm, then suddenly
decreased up to 390 lm, and finally stayed low and
constant toward the core of the injection moldings.
These three distinct layers were named the initial
plateau, reduction, and second plateau areas in this
study. The behavior of the ultimate tensile strain of

local layers was compared with the morphology ob-
servation results of AFM. It was revealed that the
flat, fibrous morphology of the finely dispersed PCL
phase stimulated the high ultimate tensile strain in
the initial plateau area. The ordinary fibrous mor-
phology in the reduction area could keep a higher
ultimate tensile strain in contrast to the distorted,
coarse PCL dispersions in the second plateau area.
From these results, the initial plateau area consisted
of the flat, fibrous morphology, especially showing
efficiency at achieving high ultimate tensile strain.
Therefore, the ultimate tensile strain of the blend
with 0.1 phr DCP was the best of all because of the
two benefits, which were the fibrous morphology by
the construction of strong shear flow and interfacial
adhesion by DCP.

Crystalline orientation and structure of local
layers in injection moldings

Shear flow often induces crystalline orientation, crys-
tallization, alternations of crystalline structure, and
so forth.19,20 In a previous study, we found a crystal-
linity increment of PCL dispersions with a fibrous
shape in the polyolefin matrix.16 There may be a
possibility of such changes in the dispersed PCL
phase in the PLA matrix. Here, WAXD patterns
were taken to gain information about the crystalline
structure and orientation. Figure 7 presents the
WAXD patterns of local layers at the depths of 100,
300, and 500 lm from the surface of injection mold-
ings containing 0.1 phr DCP. The deep spots derived
from the PCL phase appeared on the equator at
depths of 100 and 300 lm from the surface. At a
depth of 500 lm from the surface, the spots on the
equator became weaker than the points at 100 and
300 lm. Figure 8 shows the X-ray diffraction inten-
sity along the equator of each sample calculated
from Figure 7. The strong and weak 2y diffraction
peaks derived from the PCL phase occurred at 9.5,
9.7, and 10.78, and all of them indicated a decrement
at deeper points. The shoulder peak at 9.58, able to
be observed at a depth of 100 lm from the surface,

Figure 6 Ultimate tensile strain of a sliced sample fabri-
cated from the blend with 0.1 phr DCP.

Figure 7 X-ray diffraction patterns of 70/30 PLA/PCL 1 0.1 phr DCP at each layer: (a) depth of 100 lm, (b) depth of
300 lm, and (c) depth of 500 lm.
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was not remarkable at 300 and 500 lm. This could
be attributed to the alternation of the crystalline
structure. There was no peak at 7.68 reflecting the
crystalline structure of the PLA phase. Therefore, the
PLA phase consisted only of an amorphous struc-
ture. The peak at 9.78, as a representative of the
peaks derived from PCL, is plotted as a function of
the depth from the surface in Figure 9. The intensity
was constant from the surface to a depth of 200 lm,
and it decreased with increasing depth from surface.
On the basis of these results, any alternations of the
crystalline structure hardly occurred in the PLA ma-
trix, but that of the PCL dispersed phase exhibited
some changes; that is, the crystalline orientation was
enhanced at the skin area, and the crystalline struc-
ture was changed between the skin and core area.
These phenomena might be enhanced by shear flow
during the injection-molding process. The dotted
curve from the ultimate tensile strain of local layers
(Fig. 6) has been added to Figure 9. In general, the
crystalline orientation has a strong relationship with
the polymer brittleness. However, the ultimate ten-
sile strain at the initial plateau area showed a high
value despite a high crystalline orientation. Thus, the
behavior of the ultimate tensile strain is inconsistent

with the crystalline orientation. Therefore, the crys-
talline orientation of the PCL phase was not a pri-
mary factor of ultimate tensile strain of the blend
with 0.1 phr DCP. It could be concluded that the
most primary factor emphasizing ultimate tensile
strain is the morphology of the PCL dispersed
phase.

Effect of the injection speed on the mechanical
properties of PLA/PCL blends

The effect of the injection speed on the mechanical
properties of the blend containing 0.1 phr DCP was
examined (Fig. 10). The tensile modulus and strength
were constant throughout the whole injection speed
range. However, the ultimate tensile strain increased
sharply up to 9.6 cm3/s and then remained constant
from 10 to 20 cm3/s, and a further increment could
be seen beyond 20 cm3/s. The largest ultimate ten-
sile strain reached 340%. Thus, the high injection
speed showed efficiency for improving tensile ductil-
ity. It was due to the construction of the fibrous
morphology that the tensile modulus and strength
were maintained but the ultimate tensile strain could
be improved.

CONCLUSIONS

In this study, we verified the combinatory effects of
interfacial cocrosslinking by DCP and a fibrous mor-

Figure 8 X-ray spectra of 70/30 PLA/PCL 1 0.1 phr
DCP along the equator at each layer: (a) depth of 100 lm,
(b) depth of 300 lm, and (c) depth of 500 lm.

Figure 9 X-ray intensity at 9.78 and ultimate tensile strain
of 70/30 PLA/PCL 1 0.1 phr DCP at each layer as a func-
tion of the depth from the surface.

Figure 10 Tensile modulus, tensile strength, and ultimate
strain of injection moldings stuffed with 70/30 PLA/PCL
1 0.1 phr DCP as a function of the injection speed: (a) ten-
sile modulus and strength and (b) ultimate tensile strain.

262 SEMBA ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



phology based on an in situ fiber reinforcing tech-
nique on the mechanical properties and the conse-
quent production of a highly biobased, high-ductil-
ity, and biodegradable material that can be used for
practical uses. According to the experimental results,
the following conclusions were established. The opti-
mum DCP concentration was 0.1 phr without split-
ting of the continuous dispersed phase. Further
addition of DCP made the dispersed phase split,
and the result of this phenomenon was that the duc-
tility of the PCL phase could not be imparted to the
PLA matrix. There was a morphology transition
from the skin to core area in the injection moldings.
The local layers at the skin and the intermediate
parts possessing a flat and ordinary fiber morphol-
ogy showed high ultimate tensile strain. This is evi-
dence that in situ fiber formation is effective in the
improvement of the ultimate tensile strain. The crys-
talline orientation of the PCL dispersed phase along
the flow direction was not the main factor for the
improvement of the ultimate tensile strain. The injec-
tion speed was a valuable factor to gain a high ulti-
mate tensile strain. It was concluded that the con-
struction of the fibrous morphology was stimulated
by a high shear rate.
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