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ABSTRACT: Effects of the addition of poly(ethylene ox-
ide) (PEO) on the tensile properties of a polypropylene
(PP)/fibrous cellulose (FC) composite were studied. PEO
was incompatible with the PP matrix, and a PP/PEO
blend showed a sea-island morphology. However, the
existence of the PEO phase hardly impaired the ductility
of PP, leading to a strain constraint relaxation resulting
from void formation in the phase. The tensile behavior of
PP/PEO was little affected by the content (until 10 wt %)
or molecular weight of PEO. The results suggested that
the PEO phase was able to be deformed in a slit-like
shape and had no interaction with the PP matrix. Effects
of PEO on the morphology and tensile and fracture
behavior of the PP/FC composite with maleated polypro-

pylene (MAPP) as a compatibilizer critically depended on
the preparation method. In the case of the addition of
PEO to PP/FC/MAPP, increases in the strain and frac-
ture energy were observed in comparison with PP/FC. In
the case of the addition of FC/PEO to PP/MAPP,
although the obtained composite showed a lower Young’s
modulus and tensile strength in comparison with PP/FC,
the strain and fracture energy were considerably
increased by the existence of the PEO layer coating the
FC. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 112: 3362–
3370, 2009
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INTRODUCTION

Cellulose is the most abundant polymer material in
the world and has been used as a raw material for
building materials and paper for a long time. Its
advantages are its low cost, high modulus, renew-
ability, and biodegradability. Cellulose also has
attracted much attention from many researchers for
use in composite materials.1–7 In particular, their
attention has recently been concentrated on its high
modulus and renewability from the viewpoints of
both mechanical and environmental advantages. A
composite based on cellulose has been considered a
useful way of taking advantage of the existing fea-
tures. In general, milled wood materials have been
used as composite cellulose materials. Such wood
materials are commonly called wood flour or fibrous
cellulose (FC).

The most popular example of such composites is a
combination with polypropylene (PP).1,4–7 This is
due to the commercial importance of PP as an appli-
cable material for household appliances, medical
wares, and automotive and other industrial pro-

ducts. Moreover, in the PP composite, FC has been
explored as an alternative to glass and carbon fibers
and as a biodegradable material. The PP/FC com-
posite is, however, quite brittle. Improvement of the
mechanical properties is required.
It is well known that the addition of an elastomer

is effective in improving the toughness of a brittle
polymer.8–12 The improvement method can be
similarly applied for PP.13,14 In the case of PP, an
incompatible polymer, such as a styrene–ethylene–bu-
tadiene–styrene triblock copolymer, has been used as
the additive elastomer.14 If there exists an appropriate
elastomer, the improvement method would be appli-
cable for the PP/FC composite. Poly(ethylene oxide)
(PEO) is regarded as one applicable elastomer
because it is typically incompatible with PP15,16 and
has high flexibility. In addition, both PEO and cellu-
lose are hydrophilic, and the formation of hydrogen
bonds is feasible between them.17 A nanocomposite18

and a thermoplastic composite19 of cellulose and PEO
can be prepared with the hydrogen bonds. The exis-
tence of the hydrogen bonds will bring about dis-
tinctly different properties for the PP/FC composite.
The purpose of this study was to clarify the effects

of the addition of PEO on the morphology and ten-
sile properties of PP and the PP/FC composite. For
the PP/PEO polymer blend, the dependence of the
PEO content and its molecular weight were studied.
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For the PP/FC composite, the effects of the differ-
ence in the PEO addition method on the morphol-
ogy and tensile behavior were studied.

EXPERIMENTAL

Materials

PP (mesopentad fraction ¼ 98%) was supplied by
Japan Polypropylene Co. (Yokkaichi, Japan). The
number-average molecular weight and polydisper-
sity (weight-average molecular weight/number-aver-
age molecular weight) of PP were 4.6 � 104 and 5.7,
respectively.

Two kinds of PEOs were purchased from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). The
PEOs with lower (20,000) and higher (500,000) average
molecular weights were denoted LPEO and HPEO,
respectively.

FC (W-100GK) was donated by Nippon Paper
Chemicals Co., Ltd. (Tokyo, Japan). The moisture of
the FC was below 0.7 wt %. The dimensions were
over 90% through a 100-mesh screen, and the aver-
age length was about 37 lm. The FC was dried in a
desiccator for 7 days before preparation.

Maleated polypropylene (MAPP; maleic anhydride
content � 8 wt %), used as a compatibilizer, was pur-
chased from Sigma–Aldrich (St. Louis, MO). The
number-average molecular weight and polydispersity
(weight-average molecular weight/number-average
molecular weight) of MAPP were 3.9 � 103 and 2.3,
respectively. MAPP is a very popular compatibilizer
for PP composites. In the PP/FC composite, the avail-
ability of MAPP is well known.1,4,6 Therefore, MAPP
was used as the compatibilizer in this study.

Preparation of the PP/PEO polymer blend

The polymer blend was prepared with an Imoto
Seisakusyo (Kyoto, Japan) IMC-1884 melting mixer.
After a small amount of a phenolic antioxidant (AO-
60, Adekastab; � 0.5 wt %) was added, the mixing
was performed. The mixing conditions were 180�C
at 60 rpm for 5 min in the LPEO addition, whereas
they were 210�C at 60 rpm for 5 min in the HPEO
addition. These samples were molded into a film
(100 lm) by compression molding at 190�C under 5
MPa for 5 min and were quenched at 20�C. The
obtained samples were dried in a desiccator over 1
day before the measurement and testing.

Preparation of the PP/FC composites

The PP/FC composites were classified into two
types according to the difference in the sequence of
mixing. In the case of the composite denoted PP/
MAPP/FCþLPEO, PP, MAPP, and FC were first
mixed, and then LPEO was added. For LPEO/
FCþPP/MAPP, LPEO and FC were first mixed, and
then PP and MAPP were added. These PP/FC com-
posites were prepared with an Imoto Seisakusyo
IMC-1884 melting mixer. After a small amount of a
phenolic antioxidant (AO-60, Adekastab; � 0.5 wt
%) was added, the mixing was performed. The mix-
ing conditions were 180�C at 60 rpm for 5 min. The
samples were molded into films (100 lm) by com-
pression molding at 190�C under 5 MPa for 5 min
and were quenched at 20�C. The obtained samples

TABLE I
Mechanical Properties of Various PP Blend Samples

Sample
Young’s

modulus (MPa)
Tensile

strength (MPa)
Elongation
at break (%)

PP 370 � 10 23.6 � 0.4 >200a

PP (97.5 wt %)/LPEO (2.5 wt %) 319 � 24 19.3 � 0.4 >200a

PP (92.5 wt %)/LPEO (7.5 wt %) 318 � 23 18.8 � 0.3 >200a

PP (90 wt %)/LPEO (10 wt %) 291 � 9 18.6 � 0.5 >200a

PP (92.5 wt %)/HPEO (7.5 wt %) 328 � 11 18.8 � 0.6 >200a

a The samples did not break under the tensile testing conditions (until an elongation
of 200%).

Figure 1 Stress–strain curves of PP and PP/LPEO.
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were dried in a desiccator over 1 day before the
measurement and testing.

Tensile testing

Stress–strain behavior was observed with a Shi-
madzu (Tokyo, Japan) EZ-S at a crosshead speed of
5 mm/min. The sample specimens were cut with
dimensions of 30 � 2 � 0.1 mm,3 and the gauge
length was 10 mm. We chose the specialized speci-
men (like the ISO reed shape) to adapt to the size of
our tensile testing machine. All tensile testing was
performed at 20�C. All results were the average val-
ues of five measurements.

Single-edge-notch (SEN) tensile test

The fracture behavior was studied with an SEN test.
The method of van der Wal and Gaymans20 was
used as the reference. The SEN test was carried out
on a Shimadzu EZ-S at a crosshead speed of 5 mm/
min with a strip specimen (30 � 2 � 0.1 mm3) hav-
ing a single-edge, 45�, V-shaped notch (tip radius ¼
0.3 mm). Although the SEN test of van der Wal and
Gaymans was carried out with a standard dumbbell-
shaped sample (ISO R27-1: 10 � 3 � 115 mm3) with
a V-shaped notch (tip radius ¼ 0.25 mm), we chose
the specialized specimen because of the smaller size
of our tensile testing machine. All results were the
average values of five measurements.

Wide-angle X-ray diffraction (WAXD)
measurement and procedure for the
crystallinity calculation

WAXD diffractograms were recorded in reflection
geometry at 2� (2v/min) under Ni-filtered Cu Ka
radiation with a Rigaku Corp. (Tokyo, Japan). XG-

Rint 1200 diffractometer. The crystallinity was esti-
mated from the WAXD peak area, whose calculation
was performed with software (Integral Analysis for
Windows, version 5.0, Rigaku).

Scanning electron microscopy (SEM) measurement

The morphology of the composite was examined
with a JEOL (Tokyo, Japan) JSM-5800 at 30 kV. The
plate of the composite was fractured in liquid nitro-
gen, and then the fractured surface was sputter-
coated with gold.

RESULTS AND DISCUSSION

Figure 1 shows the stress–strain curve of the PP
(92.5 wt %)/LPEO (7.5 wt %) blend. The tensile
strength of the PP/LPEO blend is approximately
20% lower than that of the PP; however, the blend
exhibits necking behavior and is not broken under

Figure 2 WAXD profiles of PP/LPEO, PP, and LPEO.

Figure 3 Stress–strain curves of PP/LPEO.

Figure 4 Stress–strain curves of PP/LPEO and PP/HPEO.
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the experimental conditions, just like the PP (see Ta-
ble I). The tensile behavior reveals that the addition
of PEO hardly impairs the ductility of PP.

Figure 2 shows the WAXD profiles of PP/LPEO,
PP, and LPEO. The crystal form of the PP in the PP
(92.5 wt %)/LPEO (7.5 wt %) blend is the a-form
(monoclinic), just like the PP. The WAXD peak cor-
responding to LPEO is unseen, and the degrees of
crystallinity of the PP and PP (92.5 wt %)/LPEO (7.5
wt %) blend are 54 and 50 wt %, respectively. When
we consider the existence of LPEO, the crystallinity
(50 wt %) is in good agreement with the weight ratio
of the PP, that is, 50/54 � 0.925 (92.5 wt %), in the
blend. These results suggest that the addition of
LPEO brings about no changes in the crystalline
morphology or in the crystallization rate of PP under
the blend preparation conditions.

Figure 3 shows the stress–strain curves of blends
with various LPEO contents. Although an increase

in the LPEO content seems to cause a slight decrease
in the tensile strength and a slight broadness of the
yield region, major changes in the mechanical pa-
rameters do not appear up to a 10% concentration of
LPEO, as summarized in Table I.
The effect of the molecular weight of PEO on the

tensile behavior of the PP/PEO blend is shown in
Figure 4. The stress–strain curves of PP/LPEO and
PP/HPEO are in good agreement with each other,
and this indicates that the molecular weight is an in-
dependent factor in the tensile behavior of the PP/
PEO blend. This implies that there are no other
interactions (e.g., chain entanglement) except for the
van der Waals force between PP and PEO chains.
SEM micrographs of fractured surfaces of the PP/

LPEO blends are shown in Figure 5. The fracture
surfaces are quite smooth, having many hemispheri-
cal holes, which correspond to the LPEO phase. The
size of the holes obviously depends on the LPEO

Figure 5 SEM micrographs of fracture surfaces of PP/LPEO: (a) PP (97.5 wt %)/LPEO (2.5 wt %), (b) PP (92.5 wt %)/
LPEO (7.5 wt %), and (c) PP (90 wt %)/LPEO (10 wt %).

Figure 6 Schematic diagram illustrating the tensile deformation mechanism of the PP/PEO blend.
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content. These phase-separated (sea-island) morphol-
ogies indicate that PP and PEO are typically an in-
compatible blend.15,16

Many investigators have reported that employing
an incompatible elastomer/polymer blend is effec-
tive in improving the toughness of polymer materi-
als.8–14 The enhanced toughness is believed to be
due to a strain constraint relaxation resulting from
void formation in the dispersed elastomer phase.9 In
this relaxation mechanism, the elastomer, having
lower mechanical strength, is desirable from the
structural viewpoint of preferential void formation.10

It is noted here that the PP/PEO blend sufficiently
fulfills such toughening criteria because PEO is a
flexible polymer and its mechanical strength is con-
siderably less than that of PP. In addition, although
PEO is a crystalline polymer, the elasticity is consid-
erably lower than that of PP. PEO acts as an elasto-
mer in the PP matrix because of its lower elasticity.
When tensile stress is applied, the weaker PEO
phase is deformed. Many voids are preferentially
generated in the PEO phase, leading to the relaxa-

tion of the strain constraint. The PEO phase is more
highly deformed by the additionally applied stress
and finally ends up as a slit-like shape, as shown in
Figure 6. The decrease in the PP/LPEO tensile
strength is ascribed to the reduced cross-section area
of the PP matrix. The decrease is, however, not pro-
portional to the LPEO content. The cross-section
area of the PP matrix slowly decreases against the
LPEO content because of the slit-like LPEO deforma-
tion. Therefore, the dependence of the tensile
strength on the LPEO content would be ambiguous.
The toughening effect with the addition of PEO is

not so useful in a ductile polymer such as PP. How-
ever, it seems that the effect is very useful for a brit-
tle PP composite such as a PP/cellulose composite.
Figure 7 shows the stress–strain curve of a PP

(69.5 wt %)/FC (30 wt %) composite with MAPP
(0.5 wt %) as a compatibilizer. Although the tensile
strength is considerably higher than that of PP, the
tensile behavior is typically brittle. It should be
noted here that an increase in strain can be observed
with the addition of LPEO to the PP/FC composite.
As summarized in Table II, the PP (62 wt %)/MAPP
(0.5 wt %)/FC (30 wt %)þLPEO (7.5 wt %) compos-
ite has a considerably higher Young’s modulus and
a higher tensile strength versus PP. Additionally, the
composite has about 30% higher elongation at break
than that of the composite without LPEO added.
This tensile behavior suggests that the toughening is
capable of performing with the high stiffness
maintained.
The toughening effect can be interpreted if we

consider the SEM micrographs in Figure 8, which
shows the fractured surfaces of the PP (62 wt %)/
MAPP (0.5 wt %)/FC (30 wt %)þLPEO (7.5 wt %)
composite. Figure 8 reveals that the FC is tightly
coated with the PP/MAPP layer. There are many
fine holes in the matrix. These holes are assigned to
the LPEO phase and play the role of void points, at
which the relaxation of the strain constraint prefer-
entially occurs, as mentioned previously. It has been
found that the addition of PEO is an effective
method for the improvement of the toughness of
PP/cellulose composites.

Figure 7 Stress–strain curves of PP, PP/MAPP/FC, and
PP/MAPP/FCþLPEO: (a) PP, (b) PP (69.5 wt %)/MAPP
(0.5 wt %)/FC (30 wt %), and (c) PP (62 wt %)/MAPP (0.5
wt %)/FC (30 wt %)þLPEO (7.5 wt %).

TABLE II
Mechanical Properties of Various PP Composite Samples

Sample
Young’s

modulus (MPa)
Tensile

strength (MPa)
Elongation
at break (%)

PP 370 � 10 23.6 � 0.4 >200a

PP (69.5 wt %)/MAPP (0.5 wt %)/FC (30 wt %) 628 � 51 30.8 � 2.7 8.4 � 0.3
PP (62 wt %)/MAPP (0.5 wt %)/FC (30 wt %)þLPEO (7.5 wt %) 533 � 22 26.8 � 0.9 11.1 � 0.8
FC (30 wt %)/LPEO (7.5 wt %)þPP (62 wt %)/MAPP (0.5 wt %) 355 � 22 12.3 � 1.1 30.1 � 8.1

a The samples did not break under the tensile testing conditions (until an elongation of 200%).
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FC and PEO are hydrophilic, and a hydrogen
bond is formed between them.17 The composite can
be prepared with this hydrogen bond.18,19 In this
work, the FC/LPEO composite was first prepared

and was then mixed with PP and MAPP as a com-
patibilizer. The obtained composite was denoted
LPEO/FCþPP/MAPP. The stress–strain curve of FC
(30 wt %)/LPEO (7.5 wt %)þPP (62 wt %)/MAPP
(0.5 wt %) is shown in Figure 9. Although the values
of the Young’s modulus and the tensile strength are
approximately half of those of PP (69.5 wt %)/
MAPP (0.5 wt %)/FC (30 wt %), the value of the
elongation at break is approximately 4 times greater
(see Table II). In addition, the stress–strain curve is
in good agreement with that of PP up to the strain
value of 2–3%.
Esterification1 occurs between the OH group in FC

and the maleic anhydride group in MAPP, which is
compatible with PP. The existence of the grafted

Figure 8 SEM micrographs of the fracture surface of PP
(62 wt %)/MAPP (0.5 wt %)/FC (30 wt %)þLPEO (7.5 wt
%): (I) �1000 and (II) �1700.

Figure 9 Stress–strain curves of PP, PP/MAPP/FC, and
FC/LPEOþPP/MAPP: (a) PP, (b) PP (69.5 wt %)/MAPP
(0.5 wt %)/FC (30 wt %), and (c) FC (30 wt %)/LPEO (7.5
wt %)þPP (62 wt %)/MAPP (0.5 wt %).

Figure 10 SEM micrograph of the fracture surface of FC
(30 wt %)/LPEO (7.5 wt %)þPP (62 wt %)/MAPP (0.5 wt
%).

Figure 11 SEM micrograph of the fracture surface of FC
(10 wt %)/LPEO (90 wt %). The arrow indicates the inter-
facial bond between FC and LPEO.
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MAPP/FC brings about a higher Young’s modulus.
The PP/MAPP/FCþLPEO composite exhibits a
higher Young’s modulus because of the formation of
the grafted MAPP/FC component. In the case of the
FC/LPEOþPP/MAPP composite, the formation of
the grafted MAPP/FC would be blocked by LPEO.
Therefore, the Young’s modulus is low. The higher
value of the elongation at break supports the exis-
tence of the FC blocked by the LPEO.

Figure 10 shows an SEM micrograph of the frac-
ture surface of FC (30 wt %)/LPEO (7.5 wt %)þPP
(62 wt %)/MAPP (0.5 wt %). The coated fibers and
the fibrous gaps can be observed. These are the FC/
LPEO composite and its imprinted PP matrix. In
addition, as shown in Figure 11, the interfacial bond
between FC and LPEO can be observed. This sug-
gests that a hydrogen bond is formed between FC
and LPEO.17–19 When tensile stress is applied, the
FC/LPEO composite phase is deformed, as shown
in Figure 12. Many voids are initially generated in
the FC/LPEO phase as well as the PEO phase, lead-
ing to the relaxation of the strain constraint. The de-
formation is, however, restricted by the existence of
FC. After the deformation becomes impossible, the
applied stress is stored in the form of constrained
plasticity in FC and finally overcomes the fibril
strength of the PP/MAPP matrix (crack occurrence).
There is no interaction between the FC and PP/
MAPP matrix because of the covering with the
LPEO layer. Therefore, the initial tensile behavior is
similar to that of PP (see Table II). In this prepara-
tion method, the obtained composite has less tensile
strength and higher strain because of the isolated

FC. This suggests that a stiff material at a high con-
centration (ca. 30 wt %) can be dispersed in the PP
matrix without its ductility.
The fracture behavior of the PP/MAPP/FC, PP/

MAPP/FCþLPEO, and FC/LPEOþPP/MAPP com-
posites was estimated by SEN testing.20 As shown in
Figure 13, the fracture process can be divided into
crack initiation and crack propagation stages.20 In
the crack initiation stage, the stress builds up at the
notch tip, but it is too low to enable crack propaga-
tion. Here it should be noticed that the crack

Figure 12 Schematic diagram illustrating the tensile deformation mechanism of the FC/LPEOþPP/MAPP composite.

Figure 13 Schematic force–displacement graph obtained
with the SEN tensile test.
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propagation stage is linked to ductility behavior.
The crack propagation stage begins at or past the
maximum in the stress–displacement curve, and the
energy supplied during the crack propagation is a
measure of the ductility.20

Figure 14 shows the force–displacement curves
obtained by SEN testing for these composites. The
curve of the FC/LPEOþPP/MAPP composite exhib-
its the crack propagation region, suggesting that the
composition is quite ductile. The fracture energy
(surface area of the force–displacement curve) is con-
siderably higher than those of the other composi-
tions (see Table III). This composition has plastic
deformation even in the notch. This plastic deforma-
tion occurs so that the PP matrix has no interaction
with FC. The fracture behavior supports the assump-
tion that there is no interaction between the FC and
PP/MAPP matrix because of the covering with the
LPEO layer, as mentioned previously. However, the
curves of the PP/MAPP/FC and PP/MAPP/
FCþLPEO compositions contain no crack propaga-
tion regions. Both compositions typically exhibit brit-
tle behavior. However, as shown in Table III, the
fracture energy of PP/MAPP/FCþLPEO is slightly
higher than that of PP/MAPP/FC, and this indicates
that the existence of LPEO brings about an improve-
ment in the fracture toughness of the PP/MAPP/FC
composite. Uotila et al.21 reported that ethylene–pro-

pylene elastomer particles hindered crack propaga-
tion in a PP/silica composite.21 The LPEO particles
may play the role as well as the elastomer particles,
although the ability to hinder crack propagation is
quite low.

CONCLUSIONS

With the aim of tensile modification of the PP/FC
composite, the effects of the addition of PEO on the
morphology and tensile properties of PP and PP/FC
composites were studied. PEO was incompatible
with PP, and its polymer blend exhibited a sea-
island morphology. However, the existence of PEO
hardly impaired the ductility of PP. The ductility
was due to a strain constraint relaxation resulting
from void formation in the dispersed PEO phase.
The tensile behavior of the PP/PEO blend was little
affected by the content (until 10 wt %) or molecular
weight of PEO, and this suggested that the PEO
phase was deformed into a slit-like shape and had
no interaction with the PP matrix.
The effects of PEO on the morphology and tensile

and fracture behavior of the PP/FC composite crit-
ically depended on the preparation method. In the
case of the addition of PEO to the PP/FC composite,
increases in the strain and fracture energy were
observed in comparison with the PP/FC composite.
The increment mechanism was due to the strain con-
straint relaxation and the hindrance of crack propa-
gation by the separated PEO phase. In the case of
the addition of the FC/PEO composite to the PP ma-
trix, although the obtained composite showed a
lower Young’s modulus and tensile strength versus
the PP/FC composites, the strain and fracture
energy were considerably increased by the existence
of the PEO layer coating the FC.
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