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ABSTRACT: Our study was focused on the presupposi-
tion that morphology control in immiscible polymer blend
could give rise to reinforcement in composites. To investi-
gate the effects of shear and elongational flow in polymer
processing, observation of the mechanical properties and the
morphology of the polypropylene/polycaprolactone (PP/
PCL) blend system was performed. PP/PCL sheets were
fabricated by means of a single-screw extruder equipped
with a slit-type die to which high shear and elongational
stresses were applied. For the sake of comparison, a second
series of composites of identical composition was compres-
sion molded with a hot-press machine that transmits lower
shear and elongational stresses. The results indicate that the

extruded sheets have better mechanical properties than
those of the compression-molded sheets, a result attributed
to the generation of in situ dispersed long fiber minor phases
and cocontinuous phases in the extruded composites. The
differences in the crystallization behavior of the fibrous and
spherically shaped components were indicated clearly by
DSC curves. A PP crystalline peak indicative of in situ PP
fiber formation is conspicuous around 980 cm�1 (PP crys-
talline band) in the FTIR spectrum. © 2003 Wiley Periodicals,
Inc. J Appl Polym Sci 91: 833–840, 2004
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INTRODUCTION

One of the major topics in polymer blends is morphol-
ogy control of dispersed components that can show a
high or functional performances. Several studies con-
cerning this control have been carried out and applied
in industrial products.1

Takayanagi2,3 proposed the concept of “molecular
composites,” in which the dispersed size of liquid
crystalline polymer (LCP) components achieve nan-
odimension in the matrix. The LCPs have excellent
mechanical, heat resistance, and good processing
properties. Furthermore, the LCP component formed
spherical and fibril reinforcements in these systems,
and it was clear that the dispersed phase played an
important role in the mechanical properties of molec-
ular composites.4–10 In the LCP blend systems, the
blend ratio, the viscosity ratio, the interface between
LCP and a matrix resin, and other processing condi-
tions considerably influenced both the morphology
and the size of the dispersed phase. The size of the
LCP dispersed phase is from 0.1 to 100 �m.

Fakirov et al.11–15 investigated microfibril compos-
ites of a poly(ethylene teraphthalate)/poly(amide-6)
(PET/PA6) blend system. In their SEM observations
and X-ray diffraction measurement, the PET compo-
nent formed the microfibril that oriented along the
flow direction. The microfibril, however, was not suf-
ficient reinforcement for the composites because of
their mechanical properties.

Kitagawa et al.16 found peculiar morphology in
low-density polyethylene/poly(butylene/terephtha-
late (LDPE/PBT)) blend systems such that the PBT
dispersive phase was a continuous long fiber rather
than a fibril. The generation of in situ long continuous
fibers of PBT in the LDPE matrix was observed. The
drawing on extrusion affected the mechanical proper-
ties and morphology of the extrudate strands. In the
injection molding of pellets obtained from the drawn
strands, the most suitable processing temperature was
used, which was slightly below the PBT melting point.
The injection moldings possessed the in situ PBT rein-
forcement in the LDPE matrix. Furthermore, a LDPE/
polycaprolactone (PCL) blend system in which the
melting point of PCL is lower than that of LDPE also
showed that in situ LDPE long-fiber reinforcement
occurred in the PCL matrix.17 The tensile moduli of
these blends exceeded the theoretical line calculated
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by the rule of mixtures, but were not satisfactory
composites.

Michel et al.18–21 reported the solvent permeability
and drawing conditions of the high-density polyeth-
ylene/(HDPE)/PBT blend system. PBT fibrillar mor-
phology was made for antisolvent permeability attrib-
uted to the tortuous path of hydrocarbon molecules.
Recently they introduced the “dynamic quenching
process” for ethylene vinyl acetate (EVA)/PBT [or
bisphenol-A polycarbonate (PC)] blend systems.22 In
this process, the barrel temperature was gradually
increased toward the upstream of the extruder. Inter-
esting morphologies such as coral-shaped PBT and
rod-shaped PC formed in the EVA matrix, arising
from the effective prevention of breakup and coales-
cence during processing.

Except for the LCP system, most microfibril com-
posites in polymer blends do not have adequate me-
chanical properties. However, from several years of
research, the authors found that the mechanical prop-
erties of in situ fiber-reinforced polypropylene (PP)/
PCL blend showed multiple effects without a compati-
bilizer.23 At present, PCL is well known as a biode-
gradable polymer, but the first use of PCL was as an
additive for improving the properties of plastic mate-
rials, for example, improvements of impact strength
and so on.

Our study has been focused on the presupposition
that morphology control in an immiscible polymer
blend system could give rise to reinforcement in com-
posites. We have designated them in situ fiber-rein-
forced composites. The aim of this study was to inves-
tigate the effects of shear and elongational flow in
polymer processing on the mechanical properties and
the morphology of the PP/PCL blend system.

EXPERIMENTAL

Materials

The materials used in this study were a PP (Idemitsu
PP J900GP, MI � 13, MW � 200,000; Idemitsu Petro-
chemical Co., Ltd.) and a PCL (Celgreen PH7, MI
� 2.4; Daicel Chemical Industries, Ltd).

Fabrication of PP/PCL blend sheets

Compression molding

Compression molding, a processing method with low
shear and elongational flow, was used to fabricate the
PP/PCL blend sheets. First, the 3PP and PCL pellets
were gradually added to a batch-type mixer (Labo
Plastomill 100C100; Toyoseikiseisaku-sho Ltd.) at
200°C and a screw revolution of 30 rpm for 90 s. The
compositions of the PP/PCL blend were 0/10, 2/8,
5/5, 8/2, and 10/0 by weight.

The compounds were held between two aluminum
plates, with polished Teflon surfaces, and compres-
sion molded with a heat press machine (NF-50; max
load � 50 tf Shinto Metal Industries Ltd.). Compres-
sion-molding conditions were as follows: compressive
pressure, 0.3 MPa; processing time, 60 s. The resulting
sheets were quenched immediately in water. The
thickness of the sheets was about 1 mm.

Extrusion

PP/PCL blend sheets were fabricated using a single-
screw extruder with a screw length to diameter ratio

Figure 1 Schematic diagram of the cross section for FTIR
analysis.

Figure 2 Typical tensile stress–strain curves of (a) com-
pression-molded PP/PCL blended sheets, (b) extruded PP/
PCL blended sheets.
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(L/D) of 32 (PSV30 : Pula Enge Co., LTD.) equipped
with slit type die (t � 1 mm), and a drawing machine.
This setup generated high shear flow and high elon-
gational flow. The barrel temperature used was be-
tween 170 and 200°C ranging from the hopper to the
die. The screw revolution was fixed to maintain the
thickness of the sheets at 1 mm. The drawing rate was
715 cm/min and the extruded sheet was water cooled.
The compounding ratios of the PP/PCL blends were
identical to those of compression molding.

Mechanical properties

Tensile testing of the blended sheets along the flow
direction was performed with a universal testing ma-
chine (Autograph AG-5000E; Shimadzu, Kyoto, Japan)
at a crosshead speed of 5 mm/min and at room tem-
perature. The tensile gauge length was 50 and 65 mm
for the compression-molded and extruded sheets, re-
spectively.

Morphology

To facilitate an effective SEM observation, the PCL
component of the blend sheets was extracted using

chloroform by a Soxhlet extractor. The surfaces of the
residual PP were observed by SEM (JSM 5900-LV;
JEOL Ltd., Tokyo, Japan). The skin area where the
depth from surface is 100 �m and the core area were
observed in the extrudates.

FTIR and DSC analysis

Attenuated total reflectance (ATR) spectra in the
4000–600 cm�1 region were measured by use of an
FTIR spectrometer (System 2000 FTIR (Perkin Elmer
Cetus Instruments, Norwalk, CT)); detector: TGS; res-
olution: 4 cm�1] on the cross section, shown in Figure
1, along the flow direction. The analytical specimens
were obtained by breaking the sheet after immersion
in liquid nitrogen. ATR measurements were carried
out by putting the cross section directly on the dia-
mond internal reflectance element (IRE), a 2-mm
square window.

Thermal analysis of the same specimens used above
for FTIR analysis was carried out by differential scan-
ning calorimetry (DSC 7; Perkin–Elmer heating rate:
10°C/min).

Figure 3 Relationship between PP content and tensile
modulus of (a) compression-molded PP/PCL blended
sheets, (b) extruded PP/PCL blended sheets.

Figure 4 Relationship between PP content and tensile
strength of (a) compression-molded PP/PCL blended
sheets, (b) extruded PP/PCL blended sheets.

IN SITU FIBER-REINFORCED COMPOSITES 835



RESULTS AND DISCUSSION

Tensile properties

Typical stress–strain curves obtained from the com-
pression-molded samples are shown in Figure 2(a),
whereas those from extruded sheets are shown in
Figure 2(b). In Figure 2(a), the 5/5 PP/PCL blend has
undergone brittle fracture at 4.1% strain. On the con-
trary, the 5/5 blend in Figure 2(b) displayed ductile
behavior with a prominent yield peak before necking
and cold drawing with an ultimate nominal strain
above 50%. This is an indication of reinforcement,
given that the two components behaved cohesively
and displayed a behavior similar to that of the net
resins (i.e., PP and PCL).

Figure 3(a) and (b) show the relationship between
PP content and tensile modulus of the blended sheets
for both processing methods. The tensile moduli of the
compression-molded sheets fall below the theoretical
line [Fig. 3(a)]. On the other hand, the values from the
extruded sheets were considerably higher than the
theoretical line at all compositions (rule of mixtures).
The increase of moduli above the theoretical line of
extruded sheets was 6.6, 26.2, and 18.7% for the 2/8,
5/5, and 8/2 sheets, respectively. Furthermore, the

tensile modulus of the 8/2 blended sheets exceeded
that of the neat PP sheets by 6.7% [Fig. 3(b)]. This
synergism in tensile modulus is an indication that the
extrusion is an effective processing method for these
composites.

Figure 4(a) and (b) show the relationship between
tensile strength and PP content for both types of
blends. The tensile strengths of the compression-
molded sheets showed the typical tendency of immis-
cible polymer blends; thus the values were undoubt-
edly below the theoretical line. In Figure 4(a), the
tensile strengths of the compression-molded 2/8 PP/
PCL blend showed a value that almost remained con-
stant to 5/5 compositions, and then increased from
5/5 to 10/0 compositions. However, the tensile
strength of the extruded sheets exhibited excellent
tensile strength. The values were in some cases higher
than the theoretical line values: �6.5, 2.1, and 7.2% for
the 2/8, 5/5, and 8/2 PP/PCL blends, respectively
[Fig. 4(b)]. The above results confirmed that the shear
and elongational flow in the extrusion process modi-
fied the tensile properties of the extrudates. It could
therefore be inferred that the contrast in tensile
strength resulted from the differences in the internal

Figure 5 Scanning electron micrographs and schematic diagrams of the PP/PCL � 8/2 sheets: (a) compression-molded
sheet; (b) skin layer in extruded sheet; (c) core layer in extruded sheet.
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Figure 6 Scanning electron micrographs and schematic diagrams of the PP/PCL � 5/5 sheets: (a) compression-molded
sheet; (b) skin layer in extruded sheet; (c) core layer in extruded sheet.

Figure 7 Scanning electron micrographs and expected schematic diagrams of the PP/PCL � 2/8 sheets: (a) compression-
molded sheet; (b) skin layer in extruded sheet; (c) core layer in extruded sheet.
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structures of the blends, which are consequences of
the processing methods used.

Morphology

Figure 5 shows the scanning electron micrographs
(SEM) of the 8/2 PP/PCL blends fabricated by both
methods. The PCL component of the compression-
molded sheets was extracted with chloroform so the
black spherical cavities indicate PCL [Fig. 5(a)]. The
sizes of the cavities range from 0.3 to 8 �m. The
schematic diagram illustrates the distribution of PCL
droplets in the PP phase. In the case of the extruded
sheets, the PCL components at the skin layer exposed
to shear flow formed long fibers along the flow direc-
tion. The number of the droplets gradually increased
in the core layer, attributed to the low shear flow and
the relaxation of orientation resulting from the
quenching rate difference between the surface and the
core [Fig. 5(b), (c)].

SEM micrographs of 5/5 PP/PCL for both blends
are shown in Figure 6. In the compression-molded
sheets, the PCL domains of spherical shape with var-
ious sizes are dispersed in the PP matrix [Fig. 6(a)].
The droplet sizes are much larger than those of the 8/2
blend as a result of domain coalescence [Fig. 6(a)]. The
morphology of the extruded sheets is a cocontinuous
structure in both skin and core layers [Fig. 6(b), (c)].

Figure 7 shows the morphology of the 2/8 PP/PCL
blend sheets. The PCL matrix was dissolved by chlo-
roform, so that the PP dispersed phase can be seen in
these micrographs. The compression-molded sheets
were completely dissolved by the chloroform. There-
fore, it is assumed that the PP component in these
sheets must be distributed with a very fine spherical

shape. The expected morphology is shown in the sche-
matic diagram [Fig. 7(a)]. Fine continuous fiber and
net shape reinforcements were clearly dispersed from
the skin to the core layer in the extruded sheet, as
shown in Figure 7(b) and (c). Based on these results, it
could be inferred that the minor component in the
PP/PCL blend sheets is deformed into continuous
long fibers as a consequence of shear and elongational
flow; the long fibers thus effectively reinforced the
matrix.

The mechanism of fiber formation in this process
may be elucidated as follows: the dispersed compo-
nents are initially fixed as droplets by the screw com-
pounder and the shear flow in the slit-type die trans-
forms these droplets into long fibers. Furthermore, the
elongational flow between the die lip and the quench-
ing zone accelerates fiber formation.

The well-known equation expressed for droplet de-
formation is capillary number:

Ca � �/(�/R)

where � is shear or elongational stress, � is interfacial
tension, and R is droplet radius. Cacrit is defined as the
breakup of a droplet. An index Ca/Cacrit corresponds
to deformation type of droplet such as nondeforma-
tion, breakup, and deformation into fiber. The dis-
persed droplet can deform into fiber shape only when
the Ca/Cacrit is greater than 4.25–27

The authors studied some combinations of in situ
fiber-reinforced composites and found that all of them
are mixtures of low and high surface tension materi-
als. It is therefore expected that the interfacial tension
is large. The values of surface tension of PP and PCL

Figure 8 Difference FTIR spectra for the PP/PCL � 2/8
sheets obtained after subtracting the spectrum of neat PCL.

Figure 9 Difference FTIR spectra for the PP/PCL � 8/2
sheets obtained after subtracting the spectrum of neat PP.

838 SEMBA ET AL.



are 20.7 and 35.3 mN/m, respectively, at 200°C, as
determined by the pendant drop method. Based on
these figures, it can be seen that the interfacial tension
of the PP/PCL system is substantial. Mason28 ob-
served four distinct deformation modes of behavior.
In one of these deformation modes, the drop extended
into a long thread when the interfacial tension is large.

Evaluation of crystallinity

Figure 8 shows the difference FTIR spectra obtained
by subtracting the spectrum of neat PCL from the
spectra of the compression-molded and extruded
sheets, respectively, for the 2/8 PP/PCL composition.
The resulting spectra represent the spectra of the PP
component arising from both blending processes. The
characteristic band at 997 cm�1 is called the crystalline
band of PP. The 997/972 cm�1 ratio is usually evalu-
ated as the crystallinity of PP.29 The 997/972 cm�1

value for the spectrum of the extruded 2/8 PP/PCL
sheet was 1.04. Nevertheless, that of the compression-
molded 2/8 PP/PCL sheet was 0.78. It became obvi-

ous that the PP fiber component in the extruded 2/8
PP/PCL sheets had higher crystallinity than that in
the compression-molded sheets.

Similarly, Figure 9 shows the difference spectra of
the neat PP sheets from both processed sheets of the
8/2 PP/PCL blend. These spectra indicated the spec-
trum of PCL component arising from both blending
methods. It can be seen that the shape of the absorp-
tion band around 1170 cm�1, based on COO stretch-
ing vibration of the PCL, is quite different depending
on the processing method. Furthermore, the band
heights of the 1107 and 1046 cm�1 bands of the ex-
truded sheet are smaller compared to those of the
compressed sheet. These tendencies were discovered
by the authors in a previous study, which revealed
that morphology differences exists between the two
types of dispersed phases.23 Because PCL is a crystal-
line resin, it is expected that the crystallinity will be
different depending on the dispersed morphology that
arises from the processing method.

The DSC thermograms of the 8/2 PP/PCL sheets
manufactured by both methods are shown in Figure

Figure 10 DSC thermograms of the compression molded and extruded sheets for the PP/PCL � 8/2 composition.

TABLE I
Melting Enthalpy of the Blend Sheetsa

PCL 8/2 5/5 2/8 PP

PCL PP PCL PP PCL PP PCL PP PCL PP

(a) Press 71.30 � 70.81 74.33 71.58 78.69 62.14 81.04 � 78.15
(b) Extrusion 76.40 � 71.35 81.30 74.95 79.39 75.21 78.44 � 78.75
(b) � (a) 5.10 � 0.54 6.97 3.37 0.70 13.07 �2.60 � 0.60

a Units in J/g�1.
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10. The thermograms of the two processes differ
around 60°C depending on the processing method.
The compression-molded sheet has a shoulder peak at
55.6°C aside from the main peak, indicating the exis-
tence of a microcrystal structure. The crystal of ex-
truded sheets is characteristically homogeneous so the
peak shape is smooth.

Table I summarizes the melting enthalpy data (�H)
from DSC analysis. In the case of 8/2 PP/PCL the
�HPCL values of the compressed and the extruded
sheets were 75.21 and 62.14 J/g, respectively. The
deformation from the droplet to fiber shape of the PCL
dispersed phase in the extrudate exerts substantial
influence on �HPCL. On the other hand, the shape of
the PP endothermic part and the �HPP are almost the
same, indicating that the crystal structure and the
crystallinity of the matrix are not affected by shear and
elongational flow in the extruder. In the case of 5/5
PP/PCL, the shoulder peak of the PCL endothermic
part was observed in both processes. This phenome-
non of only a slight increase of the �HPCL and �HPP
indicates that the dispersed phase formed a cocontinu-
ous structure, as shown in Figure 6(b) and (c).

The PP fiber reinforcements were shaped in the
extruded 2/8 PP/PCL sheets in which the matrix is
the PCL. The �HPP value of the fiber reinforcements in
the extruded sheets was also higher than that of the
compressed sheet. This is in accordance with the re-
sults based on FTIR analysis as discussed earlier.
Some previous studies, for instance, proved that crys-
tallinity of isotactic polypropylene under shear flow in-
creased as nucleation was induced by shear flow.30, 31

In the PP/PCL blend system, the high crystallinity of
the fibrous dispersed phase originated from shear and
elongational flow efficiently conveying the dispersed
phase through the interface (between matrix and dis-
persion) by special matching of PP and PCL. FTIR and
DSC analysis revealed that the crystallinity of the fiber
reinforcement is induced by shear and elongational
flow.

CONCLUSIONS

The effects of shear and elongational flow in polymer
processing on mechanical properties and the morphol-
ogy of the PP/PCL blend system, which was one of
the in situ fiber-reinforced composites, were investi-
gated.

1. The combined effect of shear and elongational
flows in processing prompted the dispersed
phase to transform into long-fiber reinforce-
ments.

2. The synergism in tensile strength and tensile
modulus is a very strong indication that in situ
fiber formation caused reinforcement.

3. The component with low blend ratio formed the
continuous long-fiber reinforcements in the ma-
trix, which were composed of individual fibers or
net fibers. On the other hand, the equivalent
blend as the 5/5 PP/PCL had a cocontinuous
structure resembling multilayers.

4. The peculiar peak in the FTIR spectrums appeared
in the extruded sheets, whereas the enthalpy of the
fibrous components increased in contrast to the
spherical dispersions. The results obtained from
these analyses indicated that higher crystallinity
was achieved in the fibrous components.
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