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ABSTRACT: Composites of high density polyethylene
(HDPE) with the reinforcements of glass fiber (GF) and wood
flour (WF) have been studied in this work. High-density poly-
ethylene-grafted maleic hydride (HDPE-g-MAH) was used as
a compatibilizer. In particular, the effect of GF, WF, and
HDPE-g-MAH on the overall properties of GF/WF/HDPE
composites (GWPCs in short form) was systematically stud-
ied. The results indicate that HDPE-¢g-MAH as a compatibil-
izer can effectively promote the interfacial adhesion between

GF/WF and HDPE. By the incorporations of GF/WF, the heat
deflection temperature can reach above 120°C, and the water
absorption can be below 0.7%, also the tensile strength, flex-
ural strength, and impact strength of GWPCs can surpass 55.2
Mpa, 694 Mpa, and 11.1 KJ/ m?, respectively. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 123: 2084-—2089, 2012
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INTRODUCTION

Wood plastic composites (WPCs) have attracted a
number of researchers and manufacturing engineers
due to the cost savings, low density, environmen-
tally friendly merits, and good mechanical properties
when compared with synthetic fibers/plastic compo-
sites.' In particular, thermoplastic WPCs are more
widely used than thermoset WPCs because the for-
mer are recyclable, more easily processed and have
zero formaldehyde emission. WPCs as decorative
materials including decking, window, door profiles,
and automobile paneling are widely used,'™ but the
strength of WPCs (such as PE/wood flour compo-
sites) is still not enough for the structural or engi-
neering constructions.*

The interfacial adhesion is vital to WPCs due to
the chemically incompatibility between the hydro-
phobic matrix and hydrophilic fibers.” Many physi-
cal and chemical methods have been used so far.*’
Chemical coupling by using various coupling agents
or polymer compatibilizers is proved the most effec-
tive way, the main function of chemical coupling is
to react with the hydroxyl groups on the fiber sur-
face, making the surface wettable by the polymer to
promote covalent bonding with the matrix.® The
reinforcing effects of physical or chemical methods
alone are limited, other reinforcements such as syn-
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thetic fiber, metal inserts, and glass fiber" 'Y have
been added into WPCs, the advantages of one type
of fiber could complement deficiencies in the others
due to some p ?Ismal or chemical synergetic rein-
forcing effects,®!"'? among them, the incorporation
of GF is most effective.

Cui et al® manufactured the GWPCs from
recycled waste PE, waste wood flours and chopped
glass fibers indicating that type L chopped GF had
achieved full adhesion with the plastic matrix
through the addition of maleic anhydride-g-polyeth-
ylene. Thwe and Liao'' found MAPP is an effective
coupling agent for PP/bamboo-glass fiber compo-
sites, and the mechanical properties increased with
incorporation of GF before environmental aging.
Kitano et al."® studied the HDPE-based composites
and found without coupling agent or compatibilizer
the tensile strength decreased upon increasing the
fiber content when long fiber was used. Jiang et al.'*
delved into PVC-based GWPCs and found the
impact strength improved upon adding 5% of L-GF
but not upon adding S-GF. Rozman et al."® eval-
uated GF/empty fruit bunch/PP composites indicat-
ing significant increase in mechanical properties
when suitable coupling agents were used. Tungjit-
pornkull et al.'® studied GF reinforced WPVC, they
found that the orientation angle of GF had a more
pronounced effect on the impact properties. Most of
researches are focused on the effects of the pattern
and loading of GF as well as the interfacial adhesion
between WF and matrix, but the concern of the
multi-phase interfacial adhesion (GF/WF/matrix) is
still handful, and the loading ratio of the
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components in GWPCs is also required to be investi-
gated further. Up to now, polyethylene (PE) is one
of the most widely used thermoplastics for WPCs
due to its relatively low processing temperature and
good processability.'” In the previous researches of
our group,®'® fruitful researches on the HDPE-based
WPCs have been obtained, but the deficiencies in
mechanical strength and stability under heat and
moisture still restrict the further applications.

The main objective of this study is enhancing the
mechanical strengths of HDPE-based WPCs and its
dimensional stability at high temperature. The
detailed works contain: (i) to investigate the effects
of GF and compatibilizer (HDPE-g-MAH) on WPCs;
(ii) to find the ideal loadings of the HDPE-¢-MAH
and WF; (iii) to characterize the microstructure of
GWPCs.

EXPERIMENTAL
Materials

HDPE was purchased from Sinopec (DMDAS008
with the melt index of 7.6 g/10 min at 190°C/2.16
kg and density of 0.955 g/cm?). Wood flour (WF)
(Whangee, average particle size is 175.7 pym and par-
ticle size range is 93.4-227.7 um, moisture content of
5.00%, density ~ 0.35 g/cm’) was purchased from
Lin’an Mingzhu Wood Flour Factory, China. Ace-
tone (AR) was purchased from Shanghai Lingfeng
Chemical Solvent, China. Silane coupling agent
3-glycidoxypropyltrimethoxysilane (Epoxy-silane,

HOS ZCHCH0(CH)sSIOCH ) vas from Shanghai Yao-
o

hua Chemical Solvent, China. Glass fiber (ER13-
2000-910, Epoxy-silane treated untwisted rovings)
was purchased from Jushi, China. Maleated polyole-

fins (HDPE-g-MAH, W, MFR = 2.0 g/10
O O/\O

min at 190°C/2.16 kg, T,, = 132°C, tensile strength is
28.4 = 1.0 MPa, and grafting degree is 1.2 wt %)
were made by our group, HDPE, MAH, initiators,
solvent, and comonomers were simultaneously
introduced into the twin-screw extruder after dry
blending, which was similar to the preparation of
ABS-g-MAH."

Sample preparation and processing

WEF was firstly dried to remove the moisture and
volatiles at 100°C for 24 h, and then treated by the
silane coupling agent (Epoxy-silane) in a high-speed
mixer (Epoxy-silane was dissolved in 95% ethanol
aqueous solution, the ratio of Epoxy-silane to etha-
nol is 1 : 9, the silane coupling agent content is 5%
by the weight of WF). After that, the treated WF was
activated at 120°C for 2 h ready for use. The mixing

of HDPE, treated WF, GF, and compatibilizer was
carried out with a TSE-35 twin-screw corotating ex-
truder (Ruiya Company, Nanjing, China), the screw
speed was 120 rpm, and the barrel temperatures
ranged from 140 to 175°C. With air cooled, pelletized
and dried at 80°C, test specimens were obtained by
compression molding (XLB-D, Shunli Plastic Ma-
chinery company, Huzhou, China), hot pressing at
185°C for 10 min.

Characterization
Mechanical properties

The tensile test specimen of 4 mm in width and 1
mm in thickness was dump-bell shaped, and carried
out according to ASTM D882 by an Instron4465 (Ins-
tron, USA) machine under 50% humidity at 23°C
and testing rate at 20 mm/min. The flexural test
specimen with the dimension of 63.5 x 12.7 x 3
mm? and tested according to ASTM D6109 at the
speed of 2 mm/min by the Instron4465 machine.
The Izod notched impact strength test was con-
ducted according to ASTM D 256 (the sample was
63.5 x 12.7 x 3 mm?, and the notch depth was 2
mm) using an Izod notched impact machine (Ray-
Ran Polytest, UK). At least eight replicates for each

group.

Water absorption

Specimens (dimension: 63.5 x 12.7 x 3 mm?, about
20 g each) were first dried at 80°C in a vacuum oven
to a constant weight and then soaked in water at
room temperature (25°C) for 5 weeks, and measure
the initial weight (My) and real-time weight (M).
The water absorption is calculated by the
formulation (1).%°

M — Mp) x 100

Water(%) = ( i 1)
0

Morphology

The sample was fractured after cooling in liquid
nitrogen. The surfaces of samples were dried under
vacuum and then gold was evaporated. Scanning
electron microscopy (SEM) S-2150 (Hitachi, Tokyo,
Japan) was used to observe the fractured surface
morphology.

Heat deflection temperature

Heat deflection temperature (HDT) was measured as
per ASTM-648 with a hot deformation test apparatus
(Chengde COTS, China). Samples were heated at the
rate of 2°C/min from room temperature.

Journal of Applied Polymer Science DOI 10.1002/app
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Samples HDPE(phr) WF(phr) GF((phr) | Compatibilizer(phr)
A-1 neat 0 0 0
A2 100 429 0 0
A-3 100 286 14.3+2.0 0
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Figure 1 The effect of GF/WF on the mechanical proper-
ties of GWPCs.

Glass fiber content measurement

The content of GF was measured by burning up the
specimen of GWPCs in Muffle furnace (XL-1/2,
Minsheng Technology Development, China) at 600-
700°C, measure the initial weight (My) and the
weight of the remaining (M) after burning, and GF
content is calculated by the formulation (2), then
change the content (%) into content (phr).

(M — My) x 100

GF(%) = 7
0

2

RESULTS AND DISCUSSION
Effect of glass fiber

Figure 1 gives the mechanical results of the reinforc-
ing effect of WE/GF on GWPCs. As shown in Figure
1, the addition of 42.9 phr WF (A-2) lowered the
impact strength of WE/HDPE sharply by 49.4%,
compared to neat HDPE (A-1); and the incorporation
of 14.3 phr GF (A-3) was conducive to increase the
impact strength apparently compared with A-2 but
failed to fully recover the loss in impact strength of
the original HDPE. Besides, the addition of WF and
GF decreased the tensile strength dramatically by
42.5% from 26.7 MPa for neat HDPE to 15.4 MPa for
GWPCs. WF and GF cannot obviously promote the
flexural strength. The explanation for such results is
that the method of epoxy-silane treating could
reduce the polarity of hydroxyl groups on surface of
the fibers (WF/GF) to some degrees,8 but the fibers
were still polar not compatible with HDPE well,
though the epoxy-silane contained carbon—carbon
bond, it was not enough to make the interfacial ad-
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hesion better.”” Therefore, compatibilizer could be
needed to enhance the interfacial adhesion between
fibers and HDPE which will be discussed in the fol-
lowing part.

Figure 2 gives the SEM images of the composites
without compatibilizer. White arrowhead represents
WF and black one for GF. The fractured surface of
A-2 (the blends of HDPE and WF) was rough and
full of voids and cracks for the poor compatibility
between WF and HDPE matrix. For A-3 (no compa-
tibilizer was used), the GF or WF surface was thor-
oughly smooth and free of matrix, and many voids
were observed, indicating that the compatibility
between GF or WF and the matrix was poor allow-
ing GF or WF to be pulled out with no pain.

Impact of compatibilizer (HDPE-g-MAH) loading

Compatibilizers are added to further improve the
interfacial adhesion. According to our previous
works,®'® HDPE-¢-MAH was proved to be an effec-
tive compatibilizer for WEF/HDPE composites, due
to the facts: firstly, it includes the same component

=3 glass fiber
—)-- wood fiber

= ~EX

Figure 2 SEM of composites without compatibilizer (A-2
and A-3).
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TABLE I
The Formula and HDT with Different Loading of
HDPE-g-MAH

HDPE WEF GF HDPE-g-MAH HDT

Samples (phr) (phr) (phr) (phr) °Q)
Pure HDPE 100 0 0 0 582 = 2.0
B-0 100 60 0 20 634 * 2.0
B-1 100 60 17.8 =20 0 100.6 = 2.0
B-2 18.3 = 2.0 5 115.7 = 2.0
B-3 18.9 = 2.0 10 1162 = 2.0
B-4 194 = 2.0 15 117.6 = 2.0
B-5 20.0 =20 20 1182 = 2.0
B-6 20.6 = 2.0 25 120.9 = 2.0
B-7 211 = 2.0 30 121.6 = 2.0

“HDPE” as the matrix HDPE so that it can be more
compatible with the matrix; secondly, the maleic an-
hydride groups reaction with the hydroxyls in acti-
vated GF or WF or the epoxy groups of epoxy-silane
to form ester bonds, so HDPE-g-MAH is used as a
robust bridge to link both HDPE matrix and GF/WF
through good distribution of GF/WF fibers into the
matrix.>'®*"* Here we mainly focused on the
impact of HDPE-¢-MAH loading. The formula of
GWPCs is listed in Table I.

Figure 3 gives the effect of HDPE-g-MAH’s load-
ing on the mechanical properties of GF/WF/HDPE
composites. As depicted in Figure 3, tensile strength
ascended with increasing the loading of compatibil-
izer and reached the peak value at the loading of 25
phr (B-6); meanwhile tensile strength improved by
286% up to 54.5 MPa (25 phr compatibilizer) com-
paring to the composites with 0 phr HDPE-g-MAH
(B-1). Flexural strength reached the maximum
improved by 111% from 31.4 MPa (0 phr, B-1) to
66.4 MPa (25 phr). The impact strength also reached
the maximum (10.9 KJ/m?) at the loading of 25 phr.
Proper addition of HDPE-g-MAH could enhance the
interfacial adhesion between GF or WF and HDPE
so that the stress transferred from matrix to GF

11 4 =F=Impact STR
- Tensile STR _ L 70
10 | Flexural STR é —_ ;
1
/@74 Leo S
~ 97 @
g A EeeeiBe 5 z
= m T o
3 s 50 3
x Q n
4 &
B 7 o L4 €
- g
o Fiad
2 5- 4
£ 30 =m
5 %
Loo &
o 8
T T T T T T T 10
0 5 10 15 20 25 30

HDPE-g-MAH (phr)

Figure 3 The effect of HDPE-¢-MAH’s loading on
mechanical properties.
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Figure 4 The effect of HDPE-g-MAH’s loading on water
absorption.

effectively to improve the mechanical properties.'®
As the results indicating, 25 phr is the best loading
of HDPE-g-MAH for comprehensive mechanical
properties. More loadings than 25 phr may lead to
decrease of mechanical properties due to the fact
that the existence of excessive compatibilizers may
enlarge the gap between the fibers and thermoplastic
matrix and weaken the interfacial joint.”?

The HDT value directly affects the application of a
thermoplastic material because beyond HDT the me-
chanical properties of the material will deteriorate.'®
Table I presents the HDT of GWPCs with different
HDPE-¢-MAH contents. HDT of pure HDPE was
only 582°C. The addition of WF can slightly
improve HDT (B-0) to 63.4°C. When adding GF, the
HDT of the composite (B-1) reached 100.6°C. Fur-
thermore, the addition of HDPE-g-MAH can increase
the HDT of GWPCs up to 121.6°C (B-7) thanks to its
excellent contribution to the improvement in thermal
compatibility between GF/WF and HDPE.

The water absorption results are presented in Fig-
ure 4. As shown in Figure 4, the addition of HDPE-
g-MAH obviously lowered the water absorption to
below 1.5% when compared with the water uptake
at 4.7% in absence of any compatibilizer. At the
loading of 25 phr (B-6), the water absorption was
less than 1%, which is nearly negligible for the
applications, because the hydrophilic fibers are effec-
tively coated with the hydrophobic matrix and a
water-resistant film is formed around the fibers.”*

Figure 5 further demonstrates the effect of compa-
tibilizer. Sample B-3 and B-6 (blends of HDPE, WF,
and GF) with HDPE-g-MAH showed fewer voids
and cracks, and GF or WF surface covered with the
matrix resin, suggesting that HDPE-¢-MAH can
improve the compatibility. More loading of HDPE-g-
MAH led to better interfacial adhesion, GF in B-3

Journal of Applied Polymer Science DOI 10.1002/app
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Wood fiber

Figure 5 SEM of composites with compatibilizer (B-3 and
B-6).

(10 phr HDPE-g-MAH) was partly covered by
HDPE and there still existed some voids; while, GF
in B-6 (25 phr HDPE-¢-MAH) was almost covered
by HDPE wholly. This morphology also provides a
further evidence for the better mechanical properties
and low water absorption of the composites.'®

Impact of wood flour loading

The addition of WF can not only reduce the cost but
also partly improve the mechanical properties.** The
formula of WF loading is listed in Table II and the
mechanical test results are given in Figure 6.

TABLE II
The Formula and HDT with Different Loading of WF
HDPE WF GF HDPE-MAH HDT
Samples (phr) (phr) (phr) (phr) ({®)
C-1 100 20 164 =20 27.5 107.0 = 2.0
C-2 40 18.6 = 2.0 109.0 = 2.0
C-3 50 19.7 = 2.0 113.1 = 2.0
C4 60 20.8 +20 120.5 = 2.0
C-5 70 219 =20 119.0 = 2.0
C-6 80 231 +20 119.6 = 2.0

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 The effect of WF loading on mechanical
properties.

As shown in Figure 6, with the increasing loading
of WF, the mechanical properties of GWPCs first
increased and then decreased indicating that there
exists an optimum WF loading. At the loading of 60
phr, both the tensile strength and the flexural
strength simultaneously reached the maximum val-
ues of 55.2 and 69.4 MPa, respectively. The impact
strength showed the similar trend, and reached the
maximum value of 11.4 KJ/m? at 40 phr WF. WF
can act as a reinforcing filler to strengthen HDPE
thermoplastic mainly due to its high specific
strength and stiffness when the good interaction
between WF and HDPE matrix is formed.** It is also
worth mentioning that the properties of GWPCs are
subjected to the distribution of WF, WF wetting, and
HDPE penetration in the processing.” There is a
processability issue for high WF loading (more than
60 phr) because of the agglomeration of WF and
increasing of viscosity in the system.">%'®

HDT and water absorption results are shown in
Table II and Figure 7. The HDT increased with the

Water absorption(%)

Time (Weeks)

Figure 7 The effect of WF’s loading on water absorption.
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increasing loading of WF while 50-80 phr loading
showed close HDT between 110 and 120°C, suitable
for some high temperature applications. Water
absorption also increased with the increasing load-
ing of WF, but all the water absorption remained in
a low level below 1% on the whole. The surplus of
WF failed to interact with HDPE matrix leading to
high moisture uptake.'® Therefore, it is fair to say
that GWPCs with 60 phr loading of WF exhibits rel-
atively the best comprehensive properties.

CONCLUSION

In this article, GF/WF/HDPE composites (GWPCs)
were prepared through glass fiber and wood flour
as reinforcements and HDPE-g-MAH as a compati-
bilizer. The effects of GF, HDPE-g-MAH’s loading
and WF content on the mechanical properties, HDT,
water absorption and morphology of GWPCs were
investigated. The important results are summarized
as follows:

1. Simply by adding glass fiber can not play a sig-
nificant role in improving the performance of
WE/HDPE composites due to poor interfacial
adhesion between WE/GF and HDPE through
SEM.

2. HDPE-g-MAH is an effective compatibilizer to
promote the interfacial adhesion between GF/
WF and HDPE from SEM and enhance the
properties. When the loading of HDPE-g¢-MAH
is 25 phr, the composite possesses much
higher HDT (>120°C), lower water absorption
(< 0.7%), high tensile strength (54.5 MPa), flex-
ural strength (66.4 MPa), and impact strength
(10.9 KJ/m?).

3. The mechanical properties of GWPCs initially
increase and then decrease with the increase of
WEF loading. When WF loading is 60 phr, the
GWPCs exhibit relatively the best properties
(tensile strength, flexural strength, and impact
strength surpass 55.2 MPa, 69.4 MPa, and 11.1

2089

KJ/ mz, respectively). While water absorption
increases with the WF loading increasing, all
the water absorption remained in a low level
below 1% on the whole.
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