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ABSTRACT: In this study, nanosized clay particles were
introduced into wood fiber/plastic composites (WPCs) to
improve their mechanical properties and flame retardancy,
which are especially important in various automotive and
construction applications. A high degree of exfoliation for
nanoclay in the wood fiber/high density polyethylene
(HDPE) composites was successfully achieved with the aid
of maleated HDPE (PE-g-MAn), through a melt blending
masterbatch process. The structures and morphologies of
the composites were determined using X-ray diffraction
(XRD) and transmission electron microscopy (TEM),
respectively. This article presents the effects of clay con-

tent and degree of clay dispersion on the mechanical and
physical properties and flame retardancy of wood fiber/
HDPE composites that contained a small amount of clay,
in the range of 3-5 wt %. We concluded that achieving a
higher degree of dispersion for the nanosized clay par-
ticles is critical to enhance the mechanical properties and
the flame retardancy of WPCs when small amounts of clay
are used. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 118:
452-461, 2010
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INTRODUCTION

Because of their high specific stiffness and strength,
wood fiber/plastic composites (WPCs) are a cost-
effective alternative to wood and other plastic com-
posi’ces.1 Wood fiber is a non-abrasive substance,
which means that relatively large concentrations of
this material can be incorporated into plastics with-
out causing serious machine wear during blending
and processing. In spite of their higher price, WPCs
are becoming increasingly acceptable to consumers
as a replacement for natural wood due to such
advantages as durability, color permanence, resist-
ance to degradation and fungal attacks, and reduced
maintenance. Furthermore, adding wood fibers to
plastic products makes use of waste wood. WPCs
are mainly employed in building products, such as
decking, fencing, rails, door and window profiles,

Correspondence to: C. B. Park (park@mie.utoronto.ca).

Contract grant sponsors: AUTO21, Consortium for
Cellular and Microcellular Plastics (CCMCP), Natural
Sciences and Engineering Research Council of Canada
(NSERCQ).

Journal of Applied Polymer Science, Vol. 118, 452-461 (2010)
© 2010 Wiley Periodicals, Inc.

and decorative trims. Moreover, these composites
are also gaining acceptance in automotive and other
industrial applications.

High density polyethylene (HDPE) is the most
commonly used polymer matrix for WPCs because
of its relatively low processing temperature and
good processability.> However, hydrophobic poly-
ethylene and hydrophilic wood fibers are naturally
incompatible. The strength and impact properties of
WPCs are commonly even lower than those of pure
polyethylene as a result of the poor dispersion of
fibers and weak interfacial interaction between the
fibers and the matrix material.” The surface modifi-
cation of fibers or use of external processing aids
can facilitate the dispersion and adhesion of these
fibers in the polymer matrix.* The most widely used
coupling agents (based on reactive groups) are
derivatives of either maleic anhydride or siloxanes.
It has been shown that the mechanical properties of
WPCs are improved when coupling agents are used
in the composites.” However, due to the low stiff-
ness of HDPE, the flexural and tensile moduli of the
WPCs are substantially lower than those of natural
wood.

Another critical drawback of WPCs is their high
flammability. Improving their flame retardancy will
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thus expand the range of their applications. Halo-
genated flame-retardants, such as organic bromi-
nated compounds, are often used to improve the
flame-retarding properties of polymers; unfortu-
nately, these also increase both the smoke and car-
bon monoxide yield rates due to their inefficient
combustion.® The other commonly used flame
retardants are aluminum trihydrate (ATH), magne-
sium hydroxide [Mg(OH),], or intumescent systems;
however, they all exhibit some significant disadvan-
tages. For example, the application of ATH and
Mg(OH), requires a very high loading of the filler
(40-60 wt %) within the polymer matrix to obtain ac-
ceptable performance levels, which yields high-den-
sity products and also adversely influences mechani-
cal properties and processability.”

In this regard, nanosized clay particles, which
have a much larger surface area (~ 750 m?/g) and a
much higher aspect ratio (100-1000) than conven-
tional, macrosized fillers, are good candidates for
overcoming the aforementioned drawbacks of
WPCs. Adding a small amount of nanoclay (usually
<5 wt %) can dramatically improve mechanical
properties, thermal and dimensional stability, flame
retardance, barrier properties, and many other such
properties.* ' The key to yield these improved
properties is exfoliating and completely dispersing
individual platelets with high aspect ratios through-
out the polymer matrix. Exfoliated nanocomposite
preparation by conventional polymer processing
therefore requires the occurrence of strong interfacial
interactions between the polymer matrix and the
clay, as well as the generation of sufficient shear
forces to make the entire surface of the clay layers
available for the polymer. This is readily achieved
with highly polar polymers like polyamides. How-
ever, for many commercially important, nonpolar or
weakly polar polymers such as polyethylene (PE),
polypropylene (PP), and polystyrene (PS), natural
incompatibility with the polar clay surface poses a
significant challenge to achieve complete exfoliation
of nanoclays.

The most common approaches to produce polyole-
fin nanocomposites involve in-situ polymerization
and melt blending.'” The latter is more convenient
from an industrial standpoint because it does not
employ organic solvents and can be easily combined
with conventional polymer processes like extrusion
and injection molding. For melt blending in PE/clay
systems, PE functionalized via the grafting of maleic
anhydride (PE-g-MAn) or acrylic acid, as well as
block-copolymers of ethylene with monomers con-
taining acid groups, has been used to overcome
problems associated with poor interfacial interac-
tions between polymers and nanoclays.”>?* Func-
tional groups such as succinic anhydride and acids
increase the interactions between the clay surface

and the polymer chain, and create a favorable en-
thalpy for the compound to mix with the polymer
matrix. Therefore, it may be possible to use PE-g-
MAn as a coupling agent for wood fiber/PE compo-
sites as well as for PE/clay nanocomposite systems,
simplifying fabrication of the composites.

Both WPCs and polymer/clay nanocomposites
have been explored extensively, but always sepa-
rately.””?® Very few researchers have tried to com-
bine wood fiber, nanoclay, and PE to produce WPCs
with improved performance capacities. Guo et al.*’
showed that the addition of intercalated clay par-
ticles affects favorably the cell morphology of metal-
locene PE/wood fiber composites in the extrusion
foaming using a CBA. They also demonstrated that
using a small amount of well-dispersed nanoclay
(i.e.,, 0.1-0.5 wt %) can improve the flame retarding
properties of wood fiber/HDPE composites.”® On
the other hand, the adhesion between wood fiber
and clay particles, which are hydrophilic in nature,
is at least as strong as the adhesion between fibers;
hence, the clay exfoliation in WPCs necessary to
improve properties may be difficult to achieve.

The objective of this study is first to achieve good
exfoliation of nanoclay in WPCs. This exfoliation is
performed in a two-step process: creation of a PE-g-
MAn-based nanoclay masterbatch and then dilution
of this masterbatch with pure HDPE for a fixed
amount of wood fiber. The purpose of this process
is to obtain clay exfoliation in PE-g-MAn with high
molecular weight and to dilute with low molecular
HDPE at fixed amount of wood fiber while preserv-
ing the exfoliation obtained in the nanoclay master-
batch. From an economic point of view, it is desira-
ble to make the masterbatch as concentrated in
nanoclay as possible. The resulting products are
then compared to equivalent nanocomposites pre-
pared, with no masterbatch, by direct melt process-
ing from pure HDPE, PE-g-MAn, wood fiber, and
clay. The second objective of this study is to investi-
gate the effects of clay dispersion (i.e., intercalated
versus exfoliated) on the mechanical, thermal, rheo-
logical, and flame retarding properties of wood
fiber/HDPE/clay (1-5 wt %) nanocomposites pre-
pared by two different melt blending processes.

EXPERIMENTAL
Materials

HDPE (SCLAIR 2710, Nova Chemicals), which has a
melt flow index (MFI) of 17 g/10 min and a density
of 0.95 g/cm?, was used as a matrix in this experi-
ment. Dupont Canada contributed HDPE grafted
with maleic anhydride (PE-g-MAn, Fusabond
MB100D, MFI = 2.0), which was used as an interface
modifier. The wood fiber used was standard

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE 1
Formulation of the Composites Used (wt %) in the Experiment
Sample HDPE Wood-fiber PE-g-MAn Clay
MB10 90 10
1 61 30 9 0
2 60 30 9 1
3 60 30 9 1 (10% of MB10)
4 43 30 27 0
6 40 30 27 3
7 40 30 27 3 (30% of MB10)
8 25 30 45 0
10 20 30 45 5
11 20 30 45 5 (50% of MB10)

softwood (pine) grade 12,020 (average particle size
75-125 pum), and was supplied by American Wood
Fibers. Clay modified with dimethyl dehydrogen-
ated tallow alkyl ammonium (Cloisite 20A, Southern
Clay Products) was employed as a layered silicate.
The organoclay used in the study has a specific
gravity of 1.77 g/cm’ and a d-spacing of about 2.6
nm. The wood fiber, the organoclay, and the PE-g-
MAn were all dried at 60°C for 24 h prior to
compounding.

Preparation of composites

To compare samples from the standpoint of clay
dispersion, two different mixing procedures were
used: masterbatch and direct melt blending. In the
masterbatch mixing process, a masterbatch was first
prepared by melt-blending the PE-g-MAn and the
organoclay (weight ratio of 90 : 10) using a high-
shear kinetic mixer (K-mixer, W&P Gelimat) at
3200 rpm. This mixing encouraged a chemical inter-
action between the hydroxyl groups present on the
nanoclay and the maleated PE. The maleic anhy-
dride (MA) groups in the maleated PE reacted with
the hydroxyl groups (OH) on the surface of the
nanoclay so that ester bonding and/or hydrogen
bonding occurred between the maleated PE and the
nanoclay, which dispersed the nanoclay particles
uniformly throughout the wood fiber composites.
The melt-blended bundles were discharged at a
preset temperature of 170°C and were cut into
small granules by a granulator (C. W. Brabender).
The masterbatch granules were dry-blended with
HDPE and wood fiber so that the final material
compositions reached the values recorded in Table 1.
The organoclay contents were varied between 1
and 5 wt %. For all composites, the weight ratio of
PE-g-MAn to organoclay was fixed at 9.0, which
has been shown by our previous studies to be opti-
mum for promoting exfoliation of organoclay in
PE-g-MAn nanocomposites. The blends were com-
pounded first in a K-mixer, then further in a coun-
ter-rotating intermeshing twin-screw extruder (C.

Journal of Applied Polymer Science DOI 10.1002/app

W. Brabender: Model D6/2, 7 : 1 L/D, 42 mm
screw diameter) with a barrel temperature profile
ranging from 140°C to 160°C between the feed
zone and the die zone, at a screw speed of 70 rpm.
The mixture was plasticized and uniformly mixed
by the intensive counter-rotation of the twin
screws. The extrudate was cooled with blowing air
and subsequently pelletized.

In the direct mixing process, wood fiber, HDPE,
PE-g-MAn, and organoclay were added to the
kinetic batch mixer at the same time, where they
were compounded and subsequently melt-blended
in a counter-rotating intermeshing twin-screw ex-
truder. The compounded composites were dried at
90°C for 12 h. The dried pellets were then injection-
molded in an ENGEL injection-molding machine to
produce ASTM-standard specimens.

Characterization of the nanoclay structure

The clay dispersion in the composites was charac-
terized by wide-angle X-ray diffraction (XRD) and
transmission electron microscopy (TEM). XRD was
conducted with a Siemens D5000 diffractometer
that used Cu Ko radiation (A = 1.5418 A) with a
Kevex solid-state detector. Measurements were per-
formed at 50 kV and 35 mA. The data was
recorded in the reflection mode in the range 26 =
1.0-10° using the STEP scan method; the step size
was 0.02° and the counting time was 2.0 seconds
per step. Materials with a periodic structure like
the layered silicate clay typically show characteristic
(001) diffraction peaks related to the spacing of the
layers in accordance with Bragg’'s law, A =
2dgo15in0, where A is the wavelength of the radia-
tion, dgg; is the interlayer spacing, and 20 is the dif-
fraction angle.

For the TEM analysis, the specimens were cut to
produce an ultra-thin section of thickness 70 nm
using a microtome with a diamond knife. The clay
dispersion was observed using a Hitachi HD-2000
TEM at 200 kV.
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Crystallization behavior

The crystallization and melting temperatures and
crystallinity of the samples were measured using
differential scanning calorimetry (DSC, model TA
2910) with a thermal analysis data station. Each sam-
ple was heated to 180°C at a rate of 10°C/min. The
samples were then allowed to cool down at a rate of
10°C/min. Then, a second heating scan was carried
out at a rate of 10°C/min. The sample weights were
5-7 mg. Thermal properties such as melting temper-
ature (T,,), crystallization temperature (T,), and heat
of fusion (AHe.p), were determined from the DSC
thermograms. The degree of crystallinity (y.) of
HDPE was evaluated according to the following
relationship:

AI_Iexp 1
e =" * Wy M
where AH.,, is the experimental heat of fusion
determined from DSC; AH* is the heat of fusion of
the fully crystalline HDPE (293 J/g); and W is the
weight fraction of HDPE in the composites. Three
measurements per sample were taken to confirm the
repeatability of the data.

Rheological characterization

The samples were subjected to oscillatory shear in a
Dynamic Stress Rheometer (Rheometric Scientific
SR-200) with parallel plates (diameter 25 mm) and at
a gap of 1.0 mm. In all cases, dynamic stress sweeps
were performed initially to define the limits of the
linear viscoelastic regime. Dynamic frequency sweep
experiments were then conducted to measure the
storage modulus (G'), loss modulus (G”), and com-
plex viscosity (n*) over the frequency range 0.1-100
rad/s at 180°C. All measurements were performed
under nitrogen to prevent polymer degradation and
moisture absorption.

Mechanical property testing

The tensile and flexural properties were determined
using a standard computerized testing machine
(Zwick Z100) with a load cell of 10 kN capacity. The
tensile properties were calculated in accordance with
the ASTM D638 procedure; five specimens at a
cross-head speed of 10 mm/min were employed.
The flexural properties were measured in accordance
with ASTM D790 using five specimens in a three-
point bending mode at a cross-head speed of 13.5
mm/min and a span width of 53 mm. Izod impact
tests followed the ASTM D256 procedure using a
pendulum-type impact machine on five notched
specimens.

2.6 nm

Pure clay

10% Clay masterbatch
5% Clay_by direct blending

5% Clay_by masterbatch

3% Clay by direct blending
3% Clay_by masterbatch

1% Clay by direct blending
1% Clay_by masterbatch

Intensity (arbitrary unit)

01 2 3 5 6 7 8 9 10 11
2-theta, degree

Figure 1 XRD patterns for wood fiber/HDPE/nanoclay
composites with respect to preparation method of the
composites, and clay contents (weight ratio of PE-g-MAn
to clay = 9.0).

Flame retardancy testing

The flame-retarding test was carried out according
to ASTM D635. The measured data was equivalent
to the burning rate of the material. The dimensions
of the specimens used were 127 mm x 12.7 mm X
3.0 mm. The burning rate was calculated according
to the formula

D
B =60x— @)

where B is the burning rate in millimeters per mi-
nute; D is the length the flame travels (75 mm); and
T is the time in seconds for the flame to travel the
distance D. Five measurements per sample were
taken to confirm the repeatability of the data.

RESULTS AND DISCUSSION
Structure characterization

Figure 1 compares XRD patterns for the PE-g-MAn-
based clay masterbatch, the wood fiber/clay/HDPE
composites made from this masterbatch, and the
composites made by a direct mixing process with
different clay contents. Shifting of the XRD peak
towards lower angles than that of pure clay was
apparent for all composites made by direct mixing
processes regardless of the PE-g-MAn content, indi-
cating the presence of an intercalated structure. In
contrast, XRD characteristic peaks disappeared for
the clay masterbatch, as well as for the 1, 3, and 5%
clay composites made from it, suggesting that a high
degree of an exfoliated structure was formed.

Journal of Applied Polymer Science DOI 10.1002/app
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200 nm

Figure 2 TEM micrographs of (a) 3% clay/wood fiber (30%)/HDPE nanocomposites melt-blended by masterbatch
method, (b) 5% clay/wood fiber (30%)/HDPE nanocomposites melt-blended by masterbatch method, and (c) 5% clay/
wood fiber (30%)/HDPE nanocomposites by direct melt blending.

Morphology characterization

Figure 2 shows the TEM images of two clay-filled
WPCs (3 wt % (a) and 5 wt % (b) clay) melt-blended
by masterbatch method, and one 5% clay-filled WPC
by direct melt blending (c), which correspond to the
XRD patterns presented in Figure 1. The white and
the black represent the matrix phase and the clay
particles, respectively. It is evident that for the nano-
composites melt-blended by masterbatch, nanosized
individual silicate layers were well-dispersed ran-
domly throughout the HDPE matrix. However, the
5% clay/wood fiber nanocomposite by direct blend-
ing shows some clay stacks with a few layers in cer-
tain regions, indicating an intercalated structure.
Dennis et al.'' stated that in the presence of PE-g-
MAn, the primary clay particles (aggregates) are first
fractured by mechanical shear in the extruder. The
PE-g-MAn chains then diffuse into the clay galleries,

Journal of Applied Polymer Science DOI 10.1002/app

due to a physical or chemical affinity between the
polymer and the organoclay surface, and push the
platelets apart. After this, an onion-like delaminating
process continues to disperse the platelets into the
HDPE matrix.

Rheological behavior

It has been reported that adding nanosized clay
particles into pure polymers changes the rheologi-
cal properties of the polymer matrix."®>> The rheo-
logical properties of nanocomposites are of particu-
lar importance because these properties relate to
the nanocomposites” microstructure and determine
their processability. Figure 3 illustrates the fre-
quency dependence of G’ and m* for pure HDPE
(a) and wood fiber/HDPE composites with interca-
lated and exfoliated clay of 1 wt % (b), 3 wt %
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Figure 3 The effects of clay dispersion on G' and n* of HDPE and wood fiber/HDPE nanocomposites with (a) pure
HDPE, (b) 1 wt % clay, (c) 3 wt % clay, and (d) 5 wt % clay (weight ratio of PE-g-MAn to clay = 9.0).

(c), and 5 wt % (d), in which the weight ratio of
PE-g-MAn to clay was 9.0. For comparison, the
data for the respective composites without clay is
also included. The absence of Newtonian plateau
and the pronounced shear thinning of the WPCs
are due largely to the presence of 30 wt % wood.
The different composite structures are clearly
reflected in the rheological behavior. The n* value
of the wood fiber/HDPE composites increased in
the presence of clay, accompanied by an increase
in shear-thinning behavior. The effect of clay dis-
persion and clay content on complex viscosity is
readily identified in Figure 4. The relative viscosity
ratio of the exfoliated clay-filled samples increased
more steeply as a function of clay content than
that of the intercalated samples. Generally, the ra-
tio of complex viscosities depends on the content,
size, shape, and stiffness of the fillers.? In this
study, the aspect ratio of the clay particles dis-
persed in the polymer matrix played an important
role. The high aspect ratio and large surface area
of the exfoliated clay particles was responsible for
the higher ratio of relative viscosities observed in
Figure 4. The high aspect ratio and large surface

area cause a higher fraction of polymer chains to
be confined by nanoplatelets; in turn, the mobility
of the polymer chains is restricted.

5.0
451
4.0-
351 .
3.0

— @ Exfoliated
—+— Intercalated

"M

251 o
2.0+ -

ne

1.0 1.

T T T T T T T T T T T

0 1 2 3 4 5
Clay Content (wt%)

Figure 4 The ratio of complex viscosity of intercalated
and exfoliated clay-filled composites (n*c) over that of
their respective base composites (n*s) at a frequency (w) of
0.1 rad/s.
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TABLE II
Melting and Crystallization Parameters of Selected HDPE and Composites
Sample Tm (OC) Tc (OC) AI_Iexp (]/g) Xe (0/0)
HDPE 128.3 1134 191.8 65.50
No clay WPC 130.1 = 0.3 1175 = 0.1 112.6 = 0.7 5493 * 0.35
5% intercalated clay filled WPC 129.0 £ 0.3 1182 = 0.4 98.9 = 3.0 51.90 = 2.04
5% exfoliated clay filled WPC 1292 = 0.1 118.6 = 0.1 1009 = 1.1 52.97 = 0.60

The G’ value of the clay-filled wood fiber/HDPE
composites increased monotonically with improving
clay dispersion in all frequency ranges. Moreover,
the G” of composites with 3 wt % and 5 wt % clay
tended to reach a plateau near a frequency of 0.1
rad/s, illustrating their pseudo-solid behavior. A
similar behavior was observed for other polymer
nanocomposites, such as the functionalized block-co-
polymer and polycarbonate.**>!

Crystallization behavior

The variation in the rate or degree of crystallization
may be affected by the extent to which polymer
chains undergo intercalation in the silicate interlayer
spacing, and nanoparticles are dispersed in the poly-
mer matrix; mechanical properties and various other
nanocomposite characteristics in turn can be
affected. Table II summarize the -crystallization
behaviors of the neat HDPE and composites with
different levels of clay dispersion (5% clay) and all
base materials (melting and crystallization tempera-
ture, AH,,p, and crystallinity). It seems that the pres-
ence of 5% clay had only a small effect on the crys-
tallization temperature and crystallinity, compared
to these same properties of base WPCs without clay.
Furthermore, the selected composites were not influ-
enced significantly by the degree of clay dispersion.
On the other hand, the WPC without clay presented
an increase in crystallization temperature (T,) and a
decrease in crystallinity with respect to those for the
neat HDPE. This result may stem from the wood
fibers acting as a nucleating agent in the polymer
matrix during the nucleation stage, resulting in an
increase in the crystallization temperature with
increasing fiber content.’*>* However, the fiber par-
ticles interfered more dominantly with the crystalli-
zation during the crystal growth, which resulted in a
decreasing overall crystallinity level of the polymer
with increasing fiber content. Such a decrease of
crystallinity due to the addition of wood fiber may
mask any effect of nanoclays on the crystallinity.

Mechanical properties

Figure 5 presents the tensile modulus (a) and flex-
ural modulus (b) of the clay-filled wood fiber/
HDPE composites, in which the weight ratio of PE-

Journal of Applied Polymer Science DOI 10.1002/app

g-MAn to clay was 9.0, for various clay contents and
degrees of clay dispersion. The base materials were
wood fiber/HDPE composites that contained three
different amounts of PE-g-MAn (9 wt %, 27 wt %,
and 45 wt % of the composites), which were identi-
cal to amounts of PE-g-MAn in WPCs with clay
(1 wt %, 3 wt %, and 5 wt % clay, respectively). For
the composites, the extent to which the modulus
improved depended directly on the thickness of the
dispersed filler particles, and thus on the aspect

(a) 2.2
1/ Base (no clay)

= 2.0+ Intercalated 45% PE-g-MAn
o 1.8 1| == Exfoliated
2, = 27% PE-g-MAn
0
2 187 9%PE-gman
o 14- =
= ]
2 1.2

1.0+
e

0.8

06 ~ r

1% 3%
Clay Content
(b) 26
[ 1Base (no clay)
2.4+ Intercalated
, 5 || I Exfoliated A% PE-g AN

27% PE-g-MAn

9% PE-g-MAn

Flexural Modulus (GPa)
[+-]

1.6
1.4
1.2
1.0 7z .
3% 5%
Clay Content

Figure 5 The effects of clay dispersion on the (a) tensile
modulus and (b) flexural modulus of wood fiber/HDPE/
clay nanocomposites (weight ratio of PE-g-MAn to clay =
9.0).



THE EFFECTS OF CLAY DISPERSION ON WPC NANOCOMPOSITES 459

(3)50
—&— Exfoliated
Intercalated
—_ 40+
2
e
S 30 .
E
5
£ 204 -
=
F 10-
o
0-L.l': = -V? T T T T
0 1 2 3 4 5
Clay Content (wt%)
(b)so
—&— Exfoliated
—{+— Intercalated
40+
S
T 304
Q
§
o 204
= .
104 P o S—
i ) i
e
0-L.l' T T T T T
0 1 2 3 4 5
Clay Content (wt%)

Figure 6 The increments in (a) tensile modulus and (b)
flexural modulus of wood fiber/HDPE/clay nanocompo-
sites with respect to their respective base composites with
the increase of level of clay dispersion and clay content.

ratio.’> As shown in Figure 5, the increase in the
tensile and flexural moduli of WPCs in the pres-
ence of nanoclay was significant in comparison to
the base WPCs without clay, despite the lower
crystallinity. Moreover, Figure 6 shows that the dif-
ference in the degree of clay dispersion strongly
influenced the final tensile modulus (a) and flexural
modulus (b) of the composites as the clay content
was increased, indicating that the improved stiff-
ness was attributable to the exfoliated clay particles.
On the other hand, intercalated particles, which
have a lower number of dispersed particles, played
a less significant role. It is therefore clear that the
essential factor governing the enhancement of mod-
ulus in the nanocomposites is the large interfacial
area between polymer and clay, generated by the
high aspect ratio of the dispersed clay particles.
The large interfacial area leads to better stress
transfer at the interface between the HDPE matrix
and the clay particles.

Figure 7 shows the influence of nanoclay and its
dispersion on the tensile strength (a) of WPCs.
Unlike the modulus, there were no significant differ-
ences across the composite samples between the two
types of clay dispersion. Nevertheless, the addition
of clay caused a slight increase in the flexural
strength (b) at a high content of clay (3-5%). Further-
more, the better the clay dispersion, the higher the
flexural strength, albeit only slightly. Figure 8 illus-
trates the notched Izod impact strength of clay-filled
and unfilled (base) wood fiber/HDPE composites in
which the weight ratio of PE-g-MAn to clay was 9.0,
at various clay contents and degrees of clay disper-
sion. Contrary to the modulus improvement that
occurred for WPCs in the presence of clay, the addi-
tion of clay decreased the notched Izod impact
strength regardless of clay dispersion, particularly
when the clay content was 3% or higher. This may
be because the addition of clay decreased the ductil-
ity of the WPCs. However, the impact strength of
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Figure 7 The effects of clay dispersion on the (a) tensile
strength and (b) flexural strength of wood fiber/HDPE/

clay nanocomposites (weight ratio of PE-g-MAn to clay =
9.0).
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Figure 8 The effect of clay dispersion on the notched
Izod impact strength of wood fiber/ HDPE/clay nanocom-
posites (weight ratio of PE-g-MAn to clay = 9.0).

exfoliated clay-filled WPCs was higher than that of
intercalated WPCs for all clay contents. This may be
due to the higher strength of exfoliated clay-filled
WPCs (see Fig. 7).

Flame retarding properties

Figure 9 shows the burning rate of clay-filled and
unfilled (base) wood fiber/HDPE composites for
various clay contents and degrees of clay dispersion.
The burning rate decreased for all composites in the
presence of clay, but especially so for the exfoliated
clay-filled composites (e.g., 27% decrease over the
base material at 5 wt % clay). As shown in Figure
10, these composites exhibited a sharper decrease
than intercalated clay-filled composites (e.g., 16%
decrease over the base material at 5 wt % clay) as
the clay content increased, indicating a significant

70 _
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Figure 9 The effect of clay dispersion on the burning rate
of wood fiber/HDPE/clay (weight ratio of PE-g-MAn to
clay = 9.0).
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Figure 10 The decrements in burning rate of wood fiber/
HDPE/clay nanocomposites with respect to their respec-
tive base composites with the increase of level of clay dis-
persion and clay content.

improvement in flame-retarding performance. Con-
sequently, we suggest that achieving a higher degree
of exfoliation of nanoclay is the key to enhance the
flame retarding properties of WPCs, when a small
amount of clay is used. Gilman et al.* reported that
the clay must be nanodispersed to retard the flam-
mability of nanocomposites. In general, the flame re-
tardant mechanism of the clay nanocomposites
involves the formation of a high-performance carbo-
naceous-silicate char, which builds up on the surface
during burning. This insulates the underlying mate-
rial and slows the mass loss and energy release rate
of the decomposition products. In addition, as afore-
mentioned, well-dispersed nanoclays showed a
strong increase in melt viscosity of the WPCs for
even low contents, especially when low shear rates
were applied. Accordingly, the nanodispersion
resulted in structures that strongly reduce melt drip-
ping, which in turn prevented rapid burning
through dripping in this system, for more combusti-
ble material remaining in the pyrolysis zone.

On the other hand, as shown in Figure 9, the
burning rate decreased gradually when the PE-g-
MAn content increased in all base composites in the
absence of clay. This may be due to the overall
enhanced melt viscosity when the amount of PE-g-
MAn is increased.”

CONCLUSIONS

In this study, well-exfoliated clay/wood fiber/HDPE
nanocomposites were successfully created using a
two-step melt-blending process using a PE-g-MAn-
based nanoclay masterbatch. Exfoliated nanoclay-
filled wood fiber/HDPE composites showed greater
improvements in tensile and flexural moduli and
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flame retardancy, with respect to composites without
clay, than did intercalated clay-filled composites.
Consequently, it was determined that achieving a
higher degree of exfoliation for nanosized clay par-
ticles is integral to enhance the mechanical proper-
ties and flame retardancy of WPCs, when small
amounts of clay (3-5%) are used.

The authors thank DuPont Canada, American Wood Fibers,
and Nova Chemicals for supplying materials.
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