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ABSTRACT

Global demand for wood is far greater than the supply so governments around the
world stipulate stringent regulations to prevent deforestation. Wood Plastics Composite
(WPC) is one of the alternative materials that may substitute for natural wood in some
applications. In this study, Ironwood (Xylia xylocarpa) is selected as fiber reinforcement,
and we investigate the effects of wood fiber on the physical properties of WPCs. The
study includes the effects of wood content, particle size, amount of coupling agent, and
type of polymer matrix on selected mechanical properties. In this study, polypropylene
/high density polyethylene (PP/HDPE) and Ironwood were compounded into pellets by
twin-screw extruders and the test specimens were prepared by injection molding.
polyethylene-grafted maleic anhydride was used as a coupling agent to enhance the
compatibility through promoting interfacial adhesion between wood and thermoplastics.
The experimental results revealed that the impact strength tended to decrease with
increasing wood fiber content. The amount of the coupling agent and the particle size
had less effect to impact strength. HDPE based WPCs contributed to higher impact
strength than the PP based ones. Higher wood fiber content induced greater tensile
and flexural moduli by lowering strain. Adding co helped to increase strength and
modulus, but decreases strain for both tensile and flexural tests. Small size of wood
particle (<106um) resulted in higher stress and strain but lower modulus than medium
size (106-300 um), large size (300-600 um), and mixed size (>600 ym). Using PP as a
matrix resulted in higher modulus and strength but lower elongation than HDPE. In
addition, increasing wood flour content resulted in higher HDT value but adding a
coupling agent had no significant effect on HDT. Larger size of wood particle resulted in
higher HDT value. The results suggested that this Ironwood plastic composites show
promise as a replacement for natural wood floors.
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Introduction

Wood is used in a wide range of applications thus; the demand for wood is far
greater than the supply. As a result, governments around the world have stipulated
more and more stringent regulations to prevent excessive deforestation. Therefore
finding alternative products to wood has become an important problem. Wood Plastics
Composite (WPC) is one of the alternative materials that may substitute for natural
wood in some applications. In additional, it can improve the properties of traditional
softwood and hardwood products. WPC is typically thermoplastic composite, which is a
blend of plastic and natural fiber. Such products integrate the benefits and drawbacks
of both components. The use of WPC is projected to increase due to its
environmentally friendly nature. Thailand is in a good position to promote the work in
this area. It is an agricultural country with strong petrochemical industries. There are
available additives such as wood fiber, pineapple fiber, and cotton wood. These can be
combined with plastic to produce WPC with different properties (Petchwattana and
Covavisaruch , Optimat and MERL 2003).

The compositions of wood and plastic affect the properties of WPC. In most cases,
properties of the composite will be biased towards the properties of the material that
has a higher composition. Some of the positive attributes of wood filled plastic
composites compared to natural wood include durability, low maintenance
requirements, resistance to moisture, fungus, and insect, resistance to environmental
impacts, and ability to be processed into various forms and to be recycled. Some of
the positive features of WPC compared to plastic include resistance to ultraviolet (UV)
light, smaller shrinkage and heat expansion, and lighter weight.

Nowadays there are a wide range of applications of WPC, such as residential deck
boards, landscape timbers, picnic tables, industrial flooring, rails and balusters,
ornamental pieces, wearing surfaces, door components, playground structures, docks
and shoreline retaining walls, fencing, and post-frame buildings etc (Optimat and MERL
2003).

In this paper, Ironwood (Xylia xylocarpa) was selected as fiber reinforcement
because Ironwood is a type of hardwood that is important economically and distributed
throughout northern, western, and northeastern in Thailand. It is extremely hard and
dense with a texture that is moderately fine.(Saelim 1997). We investigated the effects
of material compositions, type of thermoplastic, wood particle size, percentage of wood
loading, and percentage of coupling agent on the WPC mechanical properties. The
main objective of this project was to produce WPC wood floor with robust mechanical
properties. The results could provide important information for approximate the optimal
material composition to manufacture wood floor from WPC.

Materials and Methods

Materials

Polypropylene (PP) 500N (LyondellBasell Industries) used in the study was a
semicrystalline polymer with 0.9 g/cm? density, 12 g/10 min melt index and 167°C
melting point. High density polyethylene (HDPE) 1600J polymer (PTT Chemical Public
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Company Limited) was used as a comparison to PP 500N with 0.958 g/cm? density, 12
g/10 min melt index and 125-135°C melting point. Polyethylene maleic anhydride
copolymer (SIGMA-ALDRICH) with 0.5 wt% maleic anhydride substitution was used as
a coupling agent. Ironwood investigated in this study was obtained from the local
sawmills. It was screened and classified into three groups using a molecular sieve
machine.

Table 1 Summary of Size Classification for Ironwood used in the study

Size of Ironwood flour Size Classification
Mesh Size Particle size (um)
Small Greater than 150 | Less than 106
Medium [48, 150] [106, 300]
Large Less than 48 Greater than 300

WPCs Preparation

WPCs were produced in five steps. Step 1, wood particles were dried in the oven at
55°C for 48 hours. Step 2, different weight ratios of wood were compounded with PP
and HDPE using a countercurrent rotating twin-screw extruder with eight zone of barrel
temperatures ranging from 140 °C to 195 °C, from feeding to die zones. The
percentage of the coupling agent investigated ranged from 0% to 10% by weight. The
compositions of WPCs tested in this study are listed in Table 2.

Table 2: Compositions of WPCs investigated in this study

Sample No. | Wood content | Coupling agent | Polymer matrix | Particle size
(Wt. %) (Wt. %)
1 10 0 PP Medium
2 20 0 PP Medium
3 30 0 PP Medium
4 40 0 PP Medium
5 50 0 PP Medium
6 10 5 PP Medium
7 20 5 PP Medium
8 30 5 PP Medium
9 40 5 PP Medium
10 50 5 PP Medium
11 10 2.5 PP Medium
12 30 2.5 PP Medium
13 50 2.5 PP Medium
14 10 10 PP Medium
15 30 10 PP Medium
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Sample No. | Wood content | Coupling agent | Polymer matrix | Particle size
(Wt. %) (Wt. %)

16 50 10 PP Medium
17 50 2.5 PP Small

18 50 2.5 PP Large

19 50 2.5 PP Mixed

20 50 2.5 HDPE Medium
21 - - PP -

Step 3, the compounds were pelletized by a pelletizer. Step 4, pellets were put into a
dehumidifier at 60°C for 48 hours. In the last step, WPC specimens were prepared
using an injection molding machine following the operating conditions shown in Table 3.
Specimens were prepared according to ASTM specifications for tensile, flexural and
impact strength, and heat distortion temperature testing. The finished specimens were
stored in controlled conditions at room temperature for 48 hours before testing.

Table 3 Operating Conditions for Injection Molding machine settings

Mold temperature — fixed/mobile 40°C/40°C

Injection pressure 1200 kPa

Injection pressure time 10s

Barrel temperature profile — feed, 50°C, 150°C, 165°C, 180°C, 175°C
zonel, zone2, zone3, zone4
Screw speed 100 rpm
Cooling time 25s

Characterization

The effects of wood content, coupling agent loading, particle size, and polymer
matrix on the mechanical properties of wood plastic composites (WPCs) were
investigated by performing mechanical tests including measuring flexural, tensile,
impact strength and heat distortion temperature (HDT). Both the flexural and the
tensile tests were carried out by a universal testing machine. Flexural test was
performed on a 3-point bending mode following the ASTM D790 with the crosshead
speed of 1.28 mm/min and span distance of 48 mm. Dogbone specimens were used
according to ASTM D638 for the tensile strength test. Izod impact test and Heat
Distortion Temperature (HDT) were conducted according to the protocols described in
ASTM D256 and D648, respectively. Five replicates were performed for each test.
Scanning electron microscopy was used to examine surfaces of the specimens after
the impact fracture and tensile tests.
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Results and Discussion

Effect of wood flour content and coupling agent loading
Fiber content has significant effects on tensile and flexural strength of WPC as

shown in figure 1(a)-1(f).
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Figure 1. Results from mechanical tests of Wood Plastic Composites with different wood content and coupling
agent loading with PP matrix and medium particle size (a) Flexural modulus (b) Flexural stress (c) Flexural strain
(d) Tensile modulus (e) Tensile stress (f) Tensile strain
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The results of modulus, stress, and strain from tensile and flexural tests follow similar
trend. The results in figure 1(a) and 1(d) show that higher wood fiber content results in
higher modulus. This is expected because wood has much higher modulus than plastic
so it helps to resist the deformation of the composites. The results of strength in figure
1(b) and 1(e) show some differences between the tensile and flexural tests. WPC has
the optimum value of flexural strength at 20% wood content and the strength tends to
drop as wood content increases. Compare to the results of tensile strength, there is no
optimum peak for tensile strength, and it tends to decrease as wood content increases.
The decrease in tensile and flexural strength shows the poor adhesion between
polymer matrix and wood particles, which is contrary to the previous studies
(Petchwattana and Covavisaruch , Bouafif, Koubaa et al. 2009). There are two possible
explanations. The poor adhesion between the polymer matrix and wood content may
stem from the unsuitable coupling agent used. This means that coupling agent does
not have enough ability to improve the interfacial adhesion between wood particles
and plastic so it is easier to break the sample with lower force leading to lower strength
of WPC. The other explanations may be due to a particular characteristic of wood
content. Wood content in our experiment is wood flour with aspect ratio L/D<4, but
wood contents that used in many papers are wood fiber with aspect ratio L/D>4. In
general, wood flour is used as a filler for plastic which helps to increase the stiffness of
composite but does not improve the strength. On the other hand, wood fiber can be
used to reinforce rather than fill plastics, which can increases of both strength and
stiffness (Stark et al., 2002). For the results of strain as shown in figure 1(c) and 1(f),
flexural and tensile strain tends to decrease as wood content increases. This reduction
is also the consequence of the poor interfacial adhesion between wood flour and
polymer matrix leading to rapid rupture. The composites is stretched harder and
elongated less than unfilled polypropylene (PP).

The effects of the coupling agent loading on the WPC properties are showed in
figure 1(a)-1(f). Adding suitable amount of coupling agent helps to improve strength
and stiffness of WPC. Figure 2-3 suggests the most suitable amount of coupling agent
is 5 wt%. The improvement in strength and stiffness are attributed to the increased
adhesion between the wood interface and polymer matrix that allows more stress
transfer through bonding to the wood. The coupling agent has both hydrophilic and
hydrophobic functions. The hydrophilic portion of the coupling agent forms ester
bonding with hydroxyl group in the wood and the hydrophobic portion of the coupling
agent is compatible with matrix of polypropylene. In another words, the addition of
coupling agent increases the resistance to pullout the wood flour from polymer matrix.
Addition of the coupling agent reduces the composite elongation due to the combined
effects of modification of matrix and the improvement in adhesion between wood flour
and matrix (Dwivedi and Chand 2009).
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gure 2. Flexural stress as a function of coupling agents. WPCs
prepared with 50% wood and PP matrix.
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Figure 3. Flexural modulus as a function of coupling agents. WPCs prepared with 50% wood and PP matrix.

Figure 4(a) and 4(c) show the tensile fractured surface of wood plastic composites
(WPC) produced from 30% and 50% wood content without the coupling agent. It can
be seen that with no coupling agent, the wood surface was separated from the polymer
matrix resulting in space between the two materials, indicating poor interface adhesion.
Figure 4(b) and 4(d) exhibit the tensile fractured surface of wood plastic composites
(WPC) produced from 30% and 50% wood content with 5% coupling agent. There was
no clear interface between wood and the polymer matrix. Moreover more fibers present
around the wood resulting in resistance from pulling away from the polymer matrix. This
shows the improvement in interface interaction between wood and plastic.

Figure 4 SEM of tensile fractured surface of WPC produced from (a) 0% coupling agent and 30% wood content (b) 5%
coupling agent and 30% wood content (c) 0% coupling agent and 50% wood content (d) 5% coupling agent and 50% wood
content
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The effects of the wood content and the coupling agent on the impact strength of the
composites are demonstrated graphically in figure 5. Izod impact machine measured
the energy absorbed by the samples, which is directly related to impact strength of
WPC. Higher energy to break the specimens represents higher impact strength. Figure
5 shows that the impact strength of the composites decreases as the wood content
increases. Adding the coupling agent into the composites has little effect on the impact
strength of WPC. These are the usual trade-offs in mechanical performance when
wood is added to HDPE or PP because wood particle acts as stress concentrators so it
makes crack initiation easier especially at high deformation rate (Clemons 2010).

Impact Energy

3,000 -

2,500 ;
j L

[ T

Energy (J/m?)

1,500 1

1,000 -
0 10 20 30 40 50 60

% Wood Content

—*—No Coupling Agent 2.5% Coupling Agent
—#—59% Coupling Agent —><—10% Coupling Agent

Figure 5. Impact energy as a function of wood content. WPCs were prepared with PP at different coupling agent loading

Figure 6 shows the results of heat distortion temperature (HDT) of WPC at different
wood content and coupling agent loading. The results show that WPCs with higher
wood content exhibits higher HDT values, but adding coupling agent has less effect on
HDTs. The results from HDT usually relate with stiffness. As a result, adding wood
content in WPC increases the ability to resist the deformation under high temperature
with constant loading.
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Figure 6. Heat Distortion Temperature of WPCs as a function of wood content with different coupling agent loading

Effect of the polymer matrix

The mechanical properties of wood plastic composites vary significantly with the type
of polymer matrix. WPCs made with PP exhibit higher modulus and strength but lower
elongation than WPCs made with HDPE. Figure 7 depicts the impact energy of wood
plastic composites (WPCs) prepared with different types of polymer matrix. WPC made
with PP shows brittle behavior or has lower impact energy than WPC made with HDPE.
This also corresponds to the nature of polymer that PP is more brittle than HDPE
(A.Klyosov et al., 2007).
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Figure 7. The diagram shows the energy required to break of WPCs with 50 wt% wood and 2.5 wt% coupling agent using
PP and HDPE as the polymer matrix

Figure 8 shows the heat distortion temperatures (HDTs) of WPCs prepared with
different types of polymer matrix. WPC made with PP has higher HDT than WPC made
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with PE. This corresponds to the results from tensile and flexural tests because native
PP is stronger than HDPE so HDT value of WPC made from PP should be higher than
WPC made from HDPE.
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Figure 8. The diagram shows HDT of WPCs with 50 wt% wood and 2.5 wt% coupling agent using PP and HDPE as the
polymer matrix

Effect of particle size

Particle size of Ironwood affects the mechanical properties of WPCs. In general,
smaller wood particles result in lower modulus as shown in figure 9. Larger particles
tend to induce large cavities at the interfaces and generate larger defects in the
composites, so it results in lower strength than smaller size (Petchwattana and
Covavisaruch). However modulus of WPCs prepared with smaller particles is less than
that of WPCs prepared with larger particles because the increase in strain outstripped
the increase in stress. Particle size has less effect on impact energy, but it has
significant effect on HDT as shown in figure 9(d). This suggests that WPC made with
larger particle size can resist the deformation under high temperature better than
smaller particle size. These results also correspond to the results of tensile and flexural
test that larger particle size is stiffer than smaller size.



The 2014 World Congress on
Advances in Civil, Environmental, and Materials Research (ACEM14)
Busan, Korea, August 24-28, 2014

Flexual Modulus Tensile Modulus
2,000 2,000
1,600 s 1,600 T . T
N T T 1
< < T
o a
S 2200 o L e e e S 1200 | | e e e
1 1%
=2 =
2 800 I 3 500 7T T .
o (e}
= =
400 | e e 400 o | e e
0 0
Small Medium Large Mixed Small Medium Large Mixed
Particle Size Particle Size
@ (b)
Impact Energy Heat Distortion Temperature (HDT)
2,500 120
T T
2,000 4 : T . 100

A

80 e e e

1,500 o e e

Energy (J/m?)

1,000 o e e

Temperature (°C)
8

B R L e ] e [ e I S

0 0
Small Medium Large Mixed Small Medium Large Mixed
Particle Size Particle Size
(© (d)

Figure 9. Mechanical properties of WPCs prepared with 50 wt% wood and 2.5 wt% coupling agent as a function of particle
size. (a) Flexural modulus (b) Tensile modulus (c) Energy required to break of the samples (d) Heat Distortion
Temperature (HDT). All samples were prepared with PP matrix.

Conclusions

Composition in wood plastic composites (WPC) such as wood flour content, coupling
agent loading, size of particle, and polymer matrix all impact mechanical properties of
wood plastic composite. Increasing wood content resulted in higher stiffness and heat
distortion temperature (HDT) because the wood has higher modulus than the plastic.
On the other hand, increasing wood content exhibits lower strength and strain due to
poor interfacial adhesion between wood and plastic so the coupling agent is required in
order to improve the compatibility between wood and plastic. The results of WPC with
added coupling agent are higher in strength and stiffness. Using 5-wt% coupling agent
exhibited maximum mechanical properties of WPC. Higher amount of wood also
reduced energy to break of WPC because wood acted as stress concentrator so it
made cracks initiate easier. Polymer matrix also showed significant effects to properties
of WPC. Using polypropylene (PP) based matrix resulted in higher strength and
modulus but lower impact strength than polyethylene (HDPE) because PP is stronger
and stiffer but more brittle than HDPE. For the effect of particle size, small size of wood
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resulted in higher strength because it created fewer defects or less void compared to
larger size.
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