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ABSTRACT: Wood plastic composites (WPCs) are
attracting a lot of interests because they are economic,
environmentally friendly, and show fairly good perform-
ance. To improve the performance of a wood/polypropyl-
ene (PP) composite, an organoclay was incorporated as a
nanosize filler in this work. WPCs were prepared by melt
blending followed by compression molding, and their per-
formance was investigated by universal testing machine,
izod impact tester, dynamic mechanical analyzer, thermal
mechanical analyzer, differential scanning calorimetry, and
TGA. Maleic anhydride polypropylene copolymer (MAPP)
was used to increase compatibility between the PP matrix
and wood particles and also improve the dispersion and

exfoliation of the organoclay in the PP matrix. XRD analy-
sis showed that the matrix of the WPCs with organoclay
had intercalated structure. The SEM images of the WPCs
with MAPP showed improved interfacial adhesion
between the matrix and wood particles. The degree of
water absorption increased with immersion time, but it
could be restrained by incorporating MAPP. The perform-
ance of the WPCs was improved by the incorporation of
the organoclay. VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci
111: 2769–2776, 2009
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INTRODUCTION

In recent years, thermoplastics reinforced with vari-
ous natural fillers have received considerable atten-
tion because they have several advantages. Wood
plastic composites (WPCs) have light weight, low
cost, reasonable strength and stiffness, high filling
levels, recycleability, biodegradability, renewable na-
ture, and flexibility during the processing with no
harm to the equipment. Moreover, WPCs can be
readily processed by conventional plastic processing
techniques such as extrusion, injection, and compres-
sion molding.1,2 In addition, surface appearances can
be controlled by adding different wood species and
colored pigments.3 The most common thermoplastics
used in WPCs are high and low density polyethyl-
ene, poly(vinyl chloride), and polypropylene (PP).

When nonpolar PP or polyethylene (PE) was used
as a matrix for WPCs, the incompatibility between
the polymer and hydrophilic wood fillers has been a
big problem, and there have been many studies on
improving interfacial interactions between the poly-
mer and wood fillers.3–7 According to the previous
studies, the best solution to the problem was using a
coupling agent such as maleic anhydride functional-
ized polypropylene (MAPP). MAPP could bridge the

interface and improve the stress transfer bet-
ween the polymer matrix and wood fillers at low
concentrations.8

Polymer/clay nanocomposites are a new class of
polymeric materials that show improved properties
at very low loading levels of a nanosize filler. The
improved properties include mechanical, dimen-
sional, thermal stability, and flame retardancy.9–15 It
has been suggested that the presence of clay in a
polymer matrix can enhance the char formation, pro-
viding a transient protective barrier and hence,
slowing down the degradation of the matrix.9–10

Therefore, it was considered that a WPC with a
polymer/clay nanocomposite matrix would improve
the performance of the WPC. Some previous studies
on WPCs with a polymer nanocomposite matrix
have been reported.16–18

So, in this work, to improve the performance of a
wood/PP composite, an organoclay was incorpo-
rated as a nanosize filler. PP has been one of the
most common thermoplastics because it has low
price and balanced properties.19 It is difficult to get
a good exfoliation and homogeneous dispersion of
the silicate layers of clay in a nonpolar PP matrix
even though an organoclay is used. However, it was
encouraging that MAPP used generally as a cou-
pling agent could assist the exfoliation and disper-
sion of organoclay in a PP matrix.20,21 The effects of
the organoclay on the performance of the WPCs
were extensively studied by various test methods.
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EXPERIMENTAL

Materials

PP (J-160, Mw ¼ 219,300, density ¼ 0.905 g/cm3,
melt flow index (MFI) ¼ 16 g/10 min) was supplied
by Honam Petrochemical Co., South Korea. Com-
mercial PP functionalized with maleic anhydride
(MAPP, BondyramVR 1004, Mw ¼ 66,000, MFI ¼ 90
g/10 min, MA contents ¼ 0.8%, density ¼ 0.90 g/
cm3) was obtained from Polyram Co., Israel. Wood
flour (K0-008, poplar wood, particle size ¼ 80 mesh)
was supplied by Dongwon Chemical Co., South Korea.
The wood flour was dried in a vacuum oven at 120�C
for 24 h before use. The organoclay (Cloisite 20A,
Southern Clay Products Co., Gonzales, TX) used was a
natural montmorillonite modified with a dimethyl
dehydrogenated tallow quaternary ammonium.

Preparation of WPCs

Wood flour/PP/organoclay nanocomposites were
compounded in a Haake Rheomix 600 equipped
with a roller blades rotor at 170�C, 60 rpm for 30
min. The fillers were loaded when the PP granules
melted down enough to give a steady torque value.
The WPC samples with the coupling agent of 0, 2, 3,
and 5 wt % were denoted as W40P60, W40P58C2,
W40P57C3, and W40P55C5 at a fixed wood content
of 40 wt %, respectively, and the WPC sample with
the organoclay 1 phr (part per hundred of PP resin)
was denoted as W40P57C3M1. WPCs panels were
prepared by compression molding in a Carver hy-
draulic hot press at 180�C, 1000 psi for 6 min. Speci-
mens for thermomechanical testing were prepared
by cutting the panels into desired sizes.

Mechanical tests

Tensile properties of the WPCs were measured
using a universal testing machine (UTM, Lloyd
LR-30K, Hampshire, UK) with a 1 kN load cell
according to ASTM D882 at a crosshead speed of
5 mm/min. Izod impact tests were performed with
unnotched WPC specimens at room temperature
using an impact tester (SJI-103, Sungjin Co., South
Korea) according to ASTM D256. For both tests, at
least six specimens were tested for each WPC sam-
ple to obtain reliable test results.

Thermal characterization

TGA measurements for the WPCs were carried out
using a thermal gravimetric analyzer (SDT 2960, TA
instruments, New Castle, DE). Each TGA scan was
performed under nitrogen purging from room tem-
perature to 700�C at a heating rate of 10�C/min.

Dynamic mechanical properties of the WPCs were
measured using a dynamic mechanical analyzer
(DMA 2980, TA instruments). WPC specimens were
subjected to a sinusoidal displacement of 20 lm at a
frequency of 1 Hz from 30 to 180�C at a heating rate
5�C/min. The melting behavior, glass transition tem-
perature, and crystallinity of the WPCs were exam-
ined with a differential scanning calorimetry (DSC
2910, TA instruments) under nitrogen purging from
�65 to 200�C at a heating rate of 5�C/min. The crys-
tallinity (Xc) of each WPC sample was calculated
using the following equation:

Xc ¼
DHf100

DH0
f w

(1)

where, DHf is the heat of fusion of the PP and vari-
ous WPCs, DH0

f is the heat of fusion for 100%
crystalline PP (DH0

f ¼ 138 J/g)22 and w is the weight
fraction of the PP in the WPCs. Thermal expansion
characteristics and dimensional stability of WPCs
were investigated using a thermal mechanical ana-
lyzer (TMA 2940, TA instruments). TMA measure-
ments were performed under nitrogen purging from
room temperature to 160�C at a heating rate of 5�C/
min.

Structure and morphology

XRD measurements were performed to investigate
the structure of the WPCs using a Bruker D8 Dis-
cover X-ray diffractometer with Cu Ka radiation (k
¼ 1.5406 Å). The scanning rate and step size were
0.5�/min and 0.02� with 2y varying from 0.6� to
40�. The d-spacing between the silicate layers of the
clays were calculated using the Bragg’s equation.
The impact-fractured surfaces of the WPCs were
observed using a scanning electron microscope
(JSM-840A, JEOL Co., Japan) operated at an acceler-
ating voltage of 20 kV. The specimens for the SEM
were prepared by coating the surfaces with gold by
sputtering.

Water absorption tests

A water bath with a temperature controller was
used for immersion tests. The specimens were
immersed in water at 40�C. The specimens were
periodically taken out of the water, wiped with tis-
sue paper to remove surface water, and then
weighed. At least three specimens were weighed for
each sample. Water absorption at any time t, Wa,t

was calculated using the following equation:

Wa;t ¼ 100ðWw;t �WdÞ=Wd (2)

where, Wd and Ww,t refer to the weight of the dry
specimen and the wet specimen, respectively.
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RESULTS AND DISSCUSION

Mixing process

The torque changes with mixing time for three WPC
systems are shown in Figure 1. In all cases, an initial
peak was observed as soon as the mixing process
starts after loading a PP matrix system into the
mixer. These initial peaks were due to the high vis-
cosity of the PP matrix systems not melted yet.
However, in about 4 min, all the PP matrix systems
showed a low stable torque, indicating the comple-
tion of PP melting. The initial peak for W40P60 sys-
tem was quite higher than the other two WPC
systems because the WPC system did not comprise
the MAPP.

The W40P60 and W40P57C3 composites were pre-
pared by mixing for 15 min at 170�C. The MAPP of
W40P57C3 composite was loaded together with PP
at the beginning and the wood flour was added to
the mixer after mixing the PP matrix system for 9
min. In preparing the W40P57C3M1 nanocomposite
comprising the organoclay 1 phr, the PP matrix sys-
tem with the MAPP and the organoclay was first
mixed for 20 min after loading it to have enough
time for a good exfoliation and dispersion of the
organoclay in the PP matrix, and then additional 10-
min mixing was followed after adding wood flour
into the mixer. For the samples without organoclay,
wood flour and PP was mixed for 6 min, whereas
for the samples with organoclay, wood flour and PP
was mixed for 10 min, because the torque value of
both systems reached almost the same level. We
focused on the torque decreasing with mixing time
to determine the mixing time, and this is the reason
why we conducted different durations of mixing for
the two systems. The degree of abrupt torque rise
observed just after adding wood flour was almost
the same for three WPC systems because their wood
flour contents were the same.

Mechanical properties

MAPP has been used as a coupling agent to enhance
the compatibility between wood flour and PP. Suffi-
cient MA groups attached onto the PP chains induce
strong interfacial interaction due to the formation of
chemical bonds between MA groups and hydroxyl
groups of wood flours.23 Incorporating just small
amount of MAPP into a WPC system resulted in a
drastic increase in tensile and impact strength at
equal processing conditions.24–26

The mechanical properties of WPCs are listed in
Table I. The effects of the coupling agent content
and mixing temperatures on the mechanical proper-
ties of the WPCs were elucidated at a fixed wood
flour content of 40 wt %.

Figure 2 shows the impact strength of W40P57C3
prepared at different mixing temperatures. The
impact strength at 170�C was slightly higher than
the other two. With increasing mixing temperature
mixing effects would increase and result in an
improvement in the mechanical properties of a
WPC, but at the same time thermal degradation of
the WPC would increase resulting in a decrease in
the mechanical properties. Therefore, an optimum
mixing temperature for the performance of the WPC
should be determined first. From Figure 2, the mix-
ing temperature of 170�C was considered an opti-
mum mixing temperature for the WPC systems of
this work. The WPC samples prepared at 175�C
showed much darker in color because of thermal
degradation compared with the other samples pre-
pared at below 175�C.
As listed in Table I W40P55C5 showed almost the

same mechanical properties as W40P57C3-2 even
though it had more (5 wt %) coupling agent. There-
fore, the coupling agent content of 3 wt % was
considered an optimum value. The effects of incor-
porating the organoclay on the mechanical proper-
ties of the WPC system were also shown in Table I.
The inclusion of the organoclay resulted in a slight
improvement in the mechanical properties. Incorpo-
rated MAPP was also expected to improve the dis-
persion and exfoliation of the organoclay in the PP
matrix. Zhang et al.27 reported that the interlayer
distance of silicates increased after the intercalation
of MA groups and PP chains inside the clay layers.
Figure 3 shows the impact strength of the WPCs

with different ingredients and compositions. Com-
pared with W40P60, W40P57C3-2 comprising 3 wt %
of MAPP showed a drastic increase in impact
strength resulted from the coupling effects of MAPP
at the interfaces. The impact strength of

Figure 1 Torque change with mixing time. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com].
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W40P57C3M1 comprising 1 phr of the organoclay
was slightly higher than that of W40P57C3-2, indi-
cating a positive effect of the organoclay inclusion.
W40P57C3M1 would have relatively higher absorp-
tion energy than the other WPCs without the orga-
noclay during fracture processes because of the
silicate layers of the organoclay in the PP matrix.

Thermal analysis

The thermal degradation behavior of the various
WPCs was studied by TGA as shown in Figure 4.
All the WPCs decomposed in two steps: wood par-
ticles first and then the PP matrix. The initial decom-
position temperature at 5% weight loss of
W40P57C3M1 increased from about 279�C to about
291�C compared with W40P57C3-2 due to the orga-
noclay. The retard in the thermal degradation of
W40P57C3M1 can be attributed to the decreased
permeability of oxygen and the heat insulating
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Figure 3 Impact strength of the WPCs.

Figure 2 Impact strength of W40P57C3 prepared at dif-
ferent mixing temperatures.
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effects of the silicate layers in PP matrix. The reason
why W40P60 showed a little bit retarded thermal
degradation compared with W40P57C3-2 was con-
sidered due to the low thermal stability of the
MAPP because W40P60 did not contain the MAPP.

The storage modulus of the WPCs is shown in
Figure 5. The storage modulus of W40P57C3M1 was
higher than those of the other WPCs. This increase
in modulus could be attributed to a uniform distri-
bution and a good interfacial adhesion between the
organoclay and the polymer. Well dispersed clay
particles with good interactions with a polymer ma-
trix could improve the modulus considerably
because they constrain the segmental motions of the
polymer chains.28

The glass transitions of the WPCs are shown in
Figure 6. The glass transition temperature of

W40P57C3M1 was higher than those of the other
WPCs. This increase in glass transition temperature
could be attributed to a uniform distribution of the
organoclay. Well dispersed clay particles with good
interactions with a polymer matrix could improve
the glass transition temperature because they con-
strain the segmental motions of the polymer
chains.28

The crystallinity of W40P57C3-2 or W40P57C3M1
was higher than that of PP or W40P60 as shown in
Table II, which lists Tm, DHf, and Xc for various
WPCs. The higher modulus of W40P57C3M1 could
also be explained by the assumption that the silicate
layers of the organoclay acted as efficient nucleating
agents for the crystallization of the PP matrix.
The thermal expansion coefficients and dimension

changes of various WPCs are listed in Table III. The
dimensional stability of the W40P57C3M1 was
higher than the other WPCs, because well-dispersed
clay particles with good interactions with polymer
matrix would also improve the interfacial adhesion
considerably restricting thermally induced molecular
motions.

Structure and morphology

The XRD curves of the organoclay (Cloisite 20A)
and the WPC containing Cloisite 20A

Figure 5 Storage modulus change with temperature for
the WPCs. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com].

Figure 6 Glass transitions of the WPCs. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com].

TABLE II
Tm, DHf, and Xc Data for Neat PP and the WPCs

Sample types Tm (�C) DHf (J/g) Xc (%)

PP 168.9 95.7 69.3
W40P60 165.1 57.7 69.7
W40P57C3-2 164.9 63.6 80.9
W40P57C3M1 165.3 65.5 83.3

Figure 4 TGA curves for the WPCs. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com].

PROPERTIES OF WOOD/POLYPROPYLENE/CLAY NANOCOMPOSITES 2773

Journal of Applied Polymer Science DOI 10.1002/app



(W40P57C3M1) are shown in Figure 7. The XRD
curves for the Cloisite 20A and W40P57C3M1
showed characteristic peaks at 2y ¼ 2.6� and 2y ¼
1.7�, respectively. The d001 peak of the organoclay
shifted to lower angle. This shift suggested that the
interlayer distance of silicates increased from 3.34 to
5.12 nm because of intercalation of polymer chains
inside silicate layers of the organoclay.

The impact-fractured surfaces of WPCs specimens
were observed by SEM as shown in Figure 8. Figure
8(a) shows the impact-fractured surface of W40P60
showing severe fiber pullout, debonding, and fibril-
lation. These observations for the WPC without
MAPP were due to the poor adhesion between
wood particles and the polymer matrix. Figure 8(b,c)
are SEM images for W40P57C3-2 and W40P57C3M1,
respectively. Both SEM images showed almost the
same morphology because the presence of MAPP
resulted in a good interfacial adhesion between the
polymer matrix and wood particles.

Water absorption

The water absorption behavior of the WPCs in a
hydrothermal environment was shown in Figure 9.

As expected, the degree of water absorption
increased with increasing immersion time. The
degree of water absorption of W40P60 was consider-
ably higher than the other two WPCs because
W40P60 had weak interfacial adhesion between
wood particles and the polymer matrix as shown in
Figure 8(a). Weak interfacial adhesion would make a
lot of channels for water absorption at the interfaces.
On the other hand, the degree of water absorption
of W40P57C3M1 was slightly lower than W40P57C3-
2. From this result, it was considered that

Figure 7 XRD patterns of the organoclay and
W40P57C3M1.

Figure 8 SEM images of the impact-fractured surfaces of
(a) W40P60, (b) W40P57C3-2, and (c) W40P57C3M1.

TABLE III
The Thermal Expansion Coefficients and Dimension

Changes of the WPCs

Sample types a1
a [lm/m �C] a2

b [lm/m �C] DLc [%]

W40P60 103 194 0.69
W40P57C3-2 89 156 0.59
W40P57C3M1 74 153 0.54

a Expansion coefficient measured at 50�C.
b Expansion coefficient measured at 100�C.
c Dimension change between 50 and 100�C.
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W40P57C3M1 had a little bit stronger interfacial
adhesion and hydrophobicity than W40P57C3-2 due
to the organoclay.

Figure 10 shows the tensile strength of various
WPCs as a function of immersion time. The tensile
strength of all the WPCs decreased with immersion
time and then eventually leveled off. The penetration
of a large amount of water into the WPCs would lead
to a decrease in the interfacial adhesion between
wood particles and the polymer matrix. W40P57C3-2
and W40P57C3M1 showed almost the same trend in
the tensile strength decrease with immersion time
because they showed almost the same water absorp-
tion behavior as shown in Figure 9. The tensile
strength of W40P60 leveled off after 24 h even though
water absorption increased continually with immer-
sion time as shown in Figure 10. This result was con-
sidered due to weak interfacial adhesion of W40P60
because only the PP matrix would resist to the tensile
deformation with negligible reinforcing effects of
wood fibers, and the increase in water absorption
mainly occurred to fill the channels at the interfaces
and wood fibers does not affect too much the tensile
resistance of the hydrophobic polymer matrix. How-
ever, the tensile strength of W40P57C3-2 and
W40P57C3M1 decreased with immersion time up to
168 h because the strong interfacial adhesion that
helped load transfer at the polymer-wood fiber inter-
faces would be gradually deteriorated with the
increase of water absorption. It was noticeable that
the ultimate tensile strength of W40P57C3-2 and
W40P57C3M1 at a long immersion time was consid-
erably higher than that of W40P60 because of the
strong interfacial adhesion.

CONCLUSIONS

Wood/PP/clay nanocomposites were well prepared
by melt blending. According to XRD analysis, the PP

matrix of the WPCs with organoclay showed interca-
lated structure. The inclusion of the organoclay by 1
phr improved the tensile properties, impact strength,
thermal stability, glass transition temperature, and
crystallinity of the WPC system slightly though the
storage modulus increased considerably. The dimen-
sional stability and antiwater absorption property of
the WPC system were improved slightly by the
inclusion of the organoclay. The SEM images of the
WPCs with MAPP showed considerably improved
interfacial adhesion between the matrix and wood
particles. The degree of water absorption increased
with immersion time, but it could be restrained by
incorporating MAPP that increased the interfacial
adhesion. The performance of the WPCs was
improved by the incorporation of the organoclay.
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