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CHAPTER 1

GENERAL INTRODUCTION

1.1 Background

Wood plastic composite (WPC) is a common term referring to composite wood-based
materials and polymers (Gardner et al., 2015) prepared under specific heat and pressure
conditions (Rahman et al., 2013) by various production techniques (Najafi et al., 2011).
Table 1 shows the number of reported studies on the WPC theme, in the last three decades,
according to the Web of Science database. An increase in research interest on WPC theme
is evident. In 1991 only 6 studies were available and increased up to 2005. A sharp increase
in WPC theme is noticeable from the beginning of 2010 up to the present. This indicates that
the WPC field has good prospects and indeed has many advantages such as better thermal
and acoustic isolation, better durability, and lower maintenance requirement than other

wood-based materials (Garcia et al., 2009).

Table 1. The numbers of reported studies in the WPC theme in the last three decades (source:

Web of Science database).

Year 1991 1995 2000 2005 2010 2015 2020

Number of studies 6 12 20 37 148 196 280

According to Schwarzkopf and Burnard (2016), the application of WPC can be
classified into five categories (see Table 2). Those categories including, among others
construction, automotive, furniture, highway materials, consumer goods, and other WPC
applications. One of the largest commercial applications for WPC is exterior use, followed

by automotive interior substrates, furniture, packaging, housing (English and Falk, 1996),



and cladding applications (Friedrich and Luible, 2016). The most abundant profiles made

from WPC are board or lumber used in outdoor decking applications (Gardner et al., 2015).

Table 2. Common applications of WPC and their product categories.

No. WPC products

Category of WPC products

1.  Decking (boards and tiles), exterior siding,

flooring, door, and frames of window

2. Gardening furniture, landscape materials, and
fencing
3.  Engine components, storage (trims in trunks,

shelves for spare tires) and automotive interior
door trims

4.  Furniture and parts of furniture

5.  Packaging, components of games, household

electronics, toys, tableware, and other devices

Construction and outdoors

Garden/yard and outdoors

Automotive parts

Housing and interior

Consumer goods, interior, and

outdoor

The difficulty of waste decomposition can present a serious problem for the worldwide

environment. Thus, significant efforts are needed to reduce the accumulation of waste and

increase its use value. Using recycled materials and other fibers in the manufacturing of

WPC could be a solution. Sawdust from wood processing industries, bagasse, rice hull (agro-

waste), and recycled plastic can be used as raw materials for WPC. Beside improving the

use value, using sawdust for the manufacturing of WPC could help minimize waste (Rahman

et al., 2013). The advantages of agro-wastes such as bagasse and rice straw are renewable,

low-cost materials and easy availability (Naguib et al., 2015). The mechanical properties of

WPC could be enhanced by adding a coupling agent (Isa et al., 2013; Martins et al., 2017).



This coupling agent would improve the interface compatibility between non-polar plastic

and polar sawdust by providing a chemical interaction between both (Animpong et al., 2017).

Wood flour is one of the most common natural fibers used in the thermoplastics
industry and can be produced commercially from post-industrial sources, such as planer
shavings and sawdust (Stark and Rowlands, 2003). Unused biomass resource such as forest
thinning can be utilized as a filler of WPC (Isa ef al., 2014). However, for utilization of
wood flour as a filler, several factors must be considered such as species and moisture
content (Stark and Berger, 1997). These parameters could be controlled by an appropriate
selection of the raw material in the manufacturing of WPC. The quality of the wood fiber as
raw materials depends on factors such as the chemical nature of the surface, distribution of
the particles, content of impurities, and their shape and porosity. One of the important
parameters that influences the strength of WPC is the size and configuration of wood flour

(Nourbakhsh et al., 2010).

The characteristics of wood flour as a raw material are important in the
manufacturing of WPC. The quality and functionality of WPC should be improved to meet
the increasing public demand. Reducing the particle size of wood flour to get a smaller, and
more uniform of size can be accomplished with a ball mill machine. Besides particle size
reduction, ball mills are also widely used for mixing, dispersing, and blending. Grinding in
a ball mill is affected by the point contact of ore particles and balls, and for a given time,
any degree of fineness can be achieved (Wills and Napier-Munn, 2006). The wet ball milling
process fibrillated the surface fibers of wood flour. The degree of fibrillation increased with
increasing wet milling time (Isa et al., 2014). Although various studies have been conducted,
there are still unsolved factors such as the particle size distribution as a function of wet
milling times and drying conditions. It is also necessary to consider the relationship between
this factor and the mechanical properties of WPC.
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1.2 Objective of the study

The objective of this study is to investigate the effect of wood flour characteristics by
different filler fabrication treatment on the mechanical properties of WPC. Two kinds of
parameter were evaluated in this research to know the influence on the mechanical properties
of WPC. The first experimental item is wet milling time, which ranges for 0, 10, 20, 30, 40,
60, and 120 minutes of pulverization process. The second item is drying condition; heat
drying and freezed-drying process. The tests to determine the mechanical properties such as
bending, tensile, impact strength, and water resistance properties which would be affected

by those parameters of milling time and drying conditions were conducted.

1.3 Structure of the dissertation

This dissertation consists of five chapters. Chapter 1 presents a general introduction,
background and objectives of this study. This chapter also mentions the structure of the

dissertation to be discussed in this study.

Chapter 2 covered the literature review of previous studies related to this research
field. It is divided into four sections, i.e. the filler’s material sources, the composition of raw
materials, size and shapes of fillers, and chemical pretreatment. The filler’s material sources
introduced the wood-based filler, other natural fibers, and recycled materials that can be
used on WPC manufacture. This chapter also explaines the composition of raw materials on
the manufacturing of WPC, size and shapes of fillers as an effect of the applied process and

chemical pretreatment that can be applied to improve the resistance of the composite product.

Chapter 3 described the materials that we used and the method that applied in this
study. Wood flour of Japanese red pine (Pinus densiflora), Polypropylene (PP), and maleic
anhydride-grafted PP (MAPP) were used as materials on the manufacturing of WPC. Wet

milling was conducted with different time and two kinds of drying conditions were applied.



After drying, the wood flour and other materials combined to produce the WPC product.
The chapter described the mechanical testing conducted to determine the effects of

parameters on the properties of WPC.

Chapter 4 explained the results and discussion of the study. Percentage of dried wood
flour and particle size distribution after ball mill, after re-fibrillation, and after screened were
discussed at the beginning. The micro-structure of wood flour was investigated through a
scanning electron microscope examination. Then the mechanical properties i.e., bending,
tensile, impact strength, and water resistance properties were evaluated. The effect of wood
flour characteristics by different filler fabrication treatment on the mechanical properties of
WPC were analysed. Three sub-chapter was investigated; the first is the effect of drying
conditions on the mechanical properties of WPC. The effects of wet milling time on each
mechanical properties were analyzed as the second sub-chapter. The correlation between the
intensity at any particle size and the mechanical properties were also calculated in this sub-
chapter. And in the last sub-chapter, the mechanical properties of WPC made from smaller

mesh size were investigated.

Chapter 5 provided the general conclusion of the study.



CHAPTER 2

LITERATURE REVIEW

2.1 Filler materials sources

Wood is the most abundant biomass resource and has attracted considerable attention as a
reinforcement filler combined with polymers in the preparation of WPC (Iwamoto et al.,
2014). WPC technology continues to mature, with improvements being made in the
manufacturing processes, profiles and parts, durability, and the development of product
standards for building construction. New developments for WPC are being made especially
in the area of nano-additives like nanocellulose for new types of products and market

application areas (Gardner et al., 2015).

The influence of different wood species (8 hardwoods and 2 softwoods) on the
appearance and durability performance of WPC was investigated by Kim et al. (2008). The
color of the WPC was initially quite different, reflective of the various wood species used,
but became similar in appearance after outdoor exposure. Evaluation of water sorption and
durability of WPC revealed WPC made from eastern redcedar and Osage orange had low
water sorption and lower levels of fungal decay than those made from other wood species
(Kim et al., 2008). Tisserat et al. (2013) evaluated the Paulownia wood flour as a
reinforcement for thermoplastic composites. The composite made from Paulownia wood
flour and maleic anhydride polyethylene (MAPE) pellets showed significantly higher tensile
and flexural strengths than neat high-density polyethylene (HDPE). Flexural and impact
strengths of WPC with Paulownia wood flour were comparable with or superior to the WPC

made from pine filler.

Najafi et al. (2011) studied the effect of lignocellulosic fillers, such as flour of rice
hull, wood sawdust, sanding flour from medium density fiberboard (MDF), and sawdust
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from particleboard, on the mechanical properties of recycled HDPE composite. The
composites containing sanding flour from MDF showed higher short-term water absorption
and thickness swelling. The composites made from sawdust and rice hull had higher and
lowest for water absorption, thickness swelling, and long-term diffusion coefficients,
respectively. However, composites made from sanding flour of MDF and particle board

sawdust showed higher flexural strength than the other composites studied.

The physical and mechanical properties of WPC made from recycled particleboard
and PP were evaluated by Gozdecki et al. (2015). Recycled wood particles (RWPs), virgin
wood particles (VWPs), and wood flour were used as fillers for the manufacturing of WPC.
The properties of WPC made from RWPs did not significantly differ from those of WPC
made from VWPs and were comparable with WPC made from wood flour. These results
suggested that the particles derived from milled particleboard was proved to be an effective

alternative of the wood component of WPC.

Martins et al. (2017) reported the optimization of WPC made from industrial
residues of pine sawdust, HDPE, and MAPE as a coupling agent. The results showed that
the best properties of composites were obtained for the composition of 55 wt% HDPE, 35
wt% fine wood particle, and 10 wt% MAPE. It could be processed by extrusion and
possesses enough tensile strength (22 MPa) for application as a shutter unit in a shading
system. The high mechanical strength was due to the high amount of filler used and the good
interfacial adhesion obtained by the addition of coupling agent. Physical and mechanical
properties of WPC made from Sengon and recycled HDPE were evaluated by Arnandha et
al. (2017). WPC had higher compression and shear strength compared to the common
Sengon wood itself. They found that the thus-prepared WPC is suitable for both outdoor and

indoor applications, under low moisture content (MC), swelling, and water absorption.



Outdoor usage of WPC requires that its service life and safety must be considered
because changes in weather increase the corrosion (Zhang et al., 2016) and the risk of
damage due to microbial colonization (Sudar et al., 2013). Catto et al. (2016) investigated
the effects of natural weathering on WPC and subsequent material degradation by soil and
fungi, and reported that natural weathering by ultraviolet radiation, rain water, and high
temperatures produced micro and macro-cracks in the WPC surface, which accelerate the
subsequent biodegradation in soil and fungal decay. The raw material (types of wood and
the coupling agent) used in the manufacturing of WPC also influences the degradation
process. Ogunleye and Aina (2017) found that the density, dimensional properties, and
strength of WPC decreased but its elasticity modulus increased with increasing plastic
content. Isa et al. (2013) evaluated the effect of three factors—plastic content, coupling
agent, and micro-fibrillated cellulose (MFC) on the water resistance of bamboo flour/plastic
composite. The water resistance increased with increasing plastic content. Rheological and
mechanical properties of the composite were improved by using higher contents of the

coupling agent and MFC.

Turku et al. (2017) investigated the possibility of using recycled plastic waste for
manufacturing WPC, in terms of flexural, tensile, un-notched impact strength, hardness
properties, and water absorption. They found that the strength of the composites was lower
than those of the reference WPC manufactured from virgin low-density polyethylene
(LDPE), while the composites’ hardness was comparable, and stiffness was higher than
those of the LDPE-based WPC. The plastics recycled from electronic waste and recycled
particleboard can be used as a raw material for WPC (Sommerhuber et al., 2016). The water
uptake, density, tensile strength, and modulus of elasticity of WPC increased by increasing
the wood content. WPC made from Norway spruce exhibited reinforced strength and

stiffness, while WPC made from particleboard showed reduced strength properties.



Rahman et al. (2013) investigated the technical evaluation of WPC fabricated from
sawdust and recycled polyethylene terephthalate (PET) mixed at different ratios. They found
that the physical and mechanical properties of WPC depended on the raw material and these
mixing ratios. Increasing PET content reduced the MC, water absorption, and thickness
swelling of the composites. With increasing immersion temperature, water absorption and
thickness swelling increased. These results indicated that the fabrication of WPC from
mixed sawdust and the recycled PET is technically feasible and additives like a coupling
agent could be used for further improvement of the properties. However, heavy metal
element such as Cadmium, Chromium, Copper, and Lead were found in the recycled
resources by elemental analysis; therefore, more sophisticated waste management systems,

policies, and treatment technologies are needed (Sommerhuber ef al., 2016).

2.2 The composition of raw materials

Nowadays, many researchers are studying the effect of the composition of raw materials on
the manufacturing of WPC. Nourbakhsh ef al. (2010) investigated that wood flour could be
considered a potential source of low-cost natural fibers for composites. With increasing filler
particle size and aspect ratio, the mechanical properties of composites increased due to
formation of strong interfacial bonds among the filler, coupling agent, and the matrix.
Composites containing 2 wt% MAPP showed higher tensile and impact properties than those
without treatment. This observation was supported by Stark and Rowlands (2003), who
found that the strength of wood flour/PP composites increased upon using higher aspect ratio

of wood fibers and adding the coupling agent.

Stark and Berger (1997) studied the effects of wood flour species and particle size
on the mechanical properties of PP filled with wood flour. With increasing wood flour

content, tensile and flexural moduli, density, heat deflection temperature, and notched



impact energy of composites increased. However, tensile and flexural strength, tensile

elongation, mold shrinkage, melt flow index, and unnotched impact energy decreased.

Leu et al. (2012) investigated the effects of changing the material composition on
the physical and mechanical properties of extruded WPC made from recycled PP and spruce,
using pine and fir wood flour. The optimal composition was found to be 47 wt% wood flour
(100-120 mesh size), 47 wt% recycled PP, 3 wt% MAPP, and 0-3 wt% ZnSt as the lubricant.
Increasing wood content improves the flexural and tensile moduli, but was less favorable
for MC, thickness swelling, and tensile strength. Adding the proper amount of the coupling
agent could improve the mechanical properties and significantly reduce the swelling;
however, excessive addition of lubricant significantly increased the swelling and reduced

the mechanical properties of WPC.

Tazi et al. (2015) studied the mechanical properties and structure of WPC made from
HDPE with different sawdust contents in the presence of a coupling agent. Wood flour
addition increased the degree of crystallinity and improved the tensile strength and the
ductility of WPC. However, increasing wood flour content reduced water resistance.
Although the addition of sawdust improved the mechanical properties, it accelerated the
biodegradation of WPC. The addition of wood fibers increases the tensile, flexural, and

compression properties of WPC (Garcia et al., 2009).

Poly(methylene(polyphenyl isocyanate)) (PMPPIC) can be used as a coupling agent
to improve the compatibility of hydrophilic wood fibers and hydrophobic polymer matrix
(Maldas et al., 1989). Adding 2 wt% PMPPIC provided the largest increase in mechanical
properties like impact strength compared with those of nontreated composites or composites
treated with 8 wt% PMPPIC. Fibers can be incorporated without adversely affecting

performance up to a maximum content of 20—-30%. They found that flexible softwood spruce

10



pulps provided higher reinforcement to WPC mechanical properties than denser hardwood

birch or hardwood aspen pulps.

The effects of material compositions, including different plastic matrices, wood flour,
and coupling agents on the mechanical properties of WPC manufactured by injection, have
been investigated by Kuo et al. (2009). They found that the tensile strength and modulus of
rupture of WPC manufactured with LDPE and PP were higher than those of LDPE and PP
themselves. However, contrasting results were found when the polymer matrix was
acrylonitrile-butadiene-styrene. WPC manufactured with RPP showed higher modulus of
rupture but lower tensile strength than RPP itself. Kuo et al. (2009) reported that superior
properties were found for WPC manufactured using PP mixed with 47 wt% wood flour (<

180 um) and 3—4.5% MAPP.

WPC with high flexural and admirable physical properties can be produced from
LDPE, sawn sawdust, and by using automotive engine oil as a coupling agent (Animpong
etal.,2017). The optimum properties of WPC, which allowed for outdoor applications, were
found for a plastics:sawdust:coupling agent weight ratio of 34:54:10. The optimum amount

of fillers used in the manufacturing of WPC was less than 60 wt%.

2.3. Size and shape of fillers

Two kinds of step, wet milling or dry milling by a disk mill can be applied for filler
production of WPC. This procedure makes it easy to produce a uniform size of fibrillated
wood flour. The mechanical properties of PP-based WPC were improved by the addition of
the produced wood flour (Ito et al., 2017). Tensile and bending properties of the composites
containing the wood filler were 10% higher than those of the unfilled composite. The
average diameter of the wood flour decreased and the degree of fibrillation of wood fibers

increased with the ball milling time (1 to 16 h) at each rotational speed (150, 200, and 250

11



rpm) (Isa et al., 2014).

The effect of the particle size (Leu et al., 2012), coupling agent, and types of filler on tensile
and flexural properties of Paulownia WPC was studied by Tisserat at al. (2014). They found
that the particle size distribution of Paulownia wood filler affects the tensile and flexural
properties of the composites. Addition of dried distiller’s grain with solubles (DDGS)
combined with Paulownia wood fillers showed superior tensile and flexural moduli, and
impact strength of the WPC. However, the flexural and tensile strengths decreased with
increasing size of the wood flour (Leu et al., 2012). Salemane and Luyt (2006) studied the
effect of the wood flour and compatibilizer content on the properties of the composites. They
found that the wood flour size and content, as well as the presence of MAPP, played a
significant role in the tensile properties, thermal stability, and oxygen permeability. The
tensile properties of the composites improved owing to the presence of MAPP. The increase
of wood flour generated better tensile properties. Isa et al. (2016) evaluated the influence of
the wood flour on the physical properties of the wood flour/PP composites. The
morphological change of the wood flour in case of the milling process reduced its influence
on the physical properties of the composites, such as increased compound fluidity. Addition
of the wood flour with nanoscale surface fibrils to the PP composites positively influenced

the physical properties of the composites.

Zimmermann et al. (2014) investigated the effects of different particle sizes and
content of the wood flour on the mechanical properties of cellular polyethylene - co - vinyl
acetate (EVA)/wood flour composites. They found that decreasing the particle size of the
wood flour increased the viscosity of the composite. The presence of the wood flour in the
cellular composite increased the nucleation of cells (the voids created by the blowing agent
in the polymer matrix), providing a larger number of smaller cells with increased filler
content. The highest cell density and cell size homogenity were observed in the composites

12



made with wood flour 80—150 mesh. With increasing particle size, melt flow index, flexural
and tensile properties, heat deflection temperature, and notched impact energy of the
composites increased (Stark and Berger 1997). However, with increasing particle size, the

unnotched impact energy decreased and did not affect the specific gravity of the composites.

The effect of oil palm mesocarp flour (OMF) and rubber wood flour of different
particle sizes on the physical, mechanical, and thermal properties of recycled PP composites
have been evaluated by Ratanawilai ef al. (2014). Recycled PP composites based on rubber
wood flour have better flexural, tensile, and compressive properties (strength and modulus),
and higher hardness and thermal stability than composites prepared using OMF of the same
particle size as rubber wood flour. However, rubber wood flour was less homogeneuously
distributed in the recycled PP matrix than OMF. Decreasing the particle size of filler for the
recycled PP/OMF or rubber wood flour, improved the tensile, flexural, and compressive
properties as well as hardness. Thermal stability of the composites was considerably affected
by the particle size. This finding is in contrast with that of a previous study that reported that
thermal stability was affected by the wood type of raw material used for manufacturing

WPCs (Ratanawilai et al., 2012).

Bledzki and Faruk (2003) investigated the effect of four types of wood fiber
(hardwood fiber, softwood fiber, longwood fiber, and wood chips) on wood fiber
reinforced—PP composites with the addition coupling agent of 5% MAPP. They found that
wood chips—PP composites had better tensile and flexural properties than the other
composites. Hardwood fiber—PP composite had better impact characteristics than others.
The damping index decreased to about 60%, while Charpy impact strength increased for
long wood fiber—PP composites under this addition. Khonsari et al. (2015) studied the
effects of types and mesh—size of wood flour on the physical and mechanical properties of
WPC. The mechanical properties of WPC were significantly lower when only sawdust was
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used. The aspect ratio of ground wood shavings was higher than that of sawdust. Using

larger particles for manufacturing WPCs increased the water absorption.

Composites made from bark particles exhibited lower water absorption than those
made with wood particles due to the different chemical compositions of the particles
(Bouafif et al., 2009). Increasing the fiber size and content improved the strength and
stiffness of the WPC. However, it reduced elongation and the energy to break. Water uptake

by the WPC increased substantially with increase in fiber content.

The water sorption and diffusion properties of WPCs were investigated by
Kaboorani (2017) as a function of the formulation design. Increasing wood content,
increased the susceptibility of WPCs to water. Improving the adhesive forces between the
wood and polymer by adding a coupling agent, decreased the water absorption, diffusion
coefficients, and thickness swelling. The optimum formula of the coupling agent was
dependent on the size and content of wood. Composites with large particles in their
formulations absorbed water rapidly, resulting in high MC at the saturation point, high

diffusion coefficients, and high thickness swelling (Kaboorani 2017).

2.4. Chemical pretreatments

The MFC was surface treated with silicate hydrate to develop an effective filler material for
the production of WPC. This modification resulted in high-heat resistance and prevented
irreversible aggregation. The composite materials demonstrated high mechanical strength
and elastic modulus when the modified MFC filler was added to PP-based WPC (Ito et al.,

2013).

Koohestani et al. (2017) investigated the influence of silanized micro-sized silicate-
based minerals on the mechanical, thermal, and rheological properties of WPC. They found

that the wood filler is primarily attributable for the increase in viscosity, modulus of
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elasticity, tensile, and flexural strength. Any changes in the other properties of the WPC are
more dependent on the wood filler content than on the mineral filler content. Mineral fillers
modified with vinyl-silane could improve tensile and flexural strength more effectively but
were less effective on rheological behavior. Both the surface-modified minerals could
improve the thermal stability of the WPC; amine-modified minerals had no negative effect

on the rheological performance. However, it decreased the rigidity of the WPC considerably.

Tascioglu et al. (2014) investigated the dimensional stability, mechanical and
biological performance, and thermal degradation of the WPC made from HDPE and
recycled wood treated with chromated copper arsenate. The influence of MAPE was also
investigated. The recycled chromated copper arsenate-treated wood flour and coupling agent
could improve the dimensional stability and mechanical performance of the WPC, excluding
the I1zod impact strength. The biological test showed that resistance to termites and fungus
was improved with this treatment. This treatment can be utilized as an alternative recycling
method for chemically treated wood. Further, chemically treated bagasse fibers can be used
as a raw material for manufacturing WPCs (Naguib et al., 2015). Composites prepared with
chemically treated (with 5% NaOH and diluted HCL solutions) bagasse fibers exhibited
stronger interaction at the fiber-matrix interface than composites prepared with untreated
bagasse fibers. Additionally, increasing the content of chemically treated bagasse fibers,

increased water adsorption by the composites and enhanced their mechanical properties.
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CHAPTER 3
MATERIALS AND METHODS
3.1 Materials

Commercial wood flour of Japanese red pine (Pinus densiflora) was used as a filler in this
study. At first, wood flour was screened by a rotor mill (FRITSCH, Pulverisette 14,
Germany) at 20,000 rpm of speed. PP (J107G, Prime Polymer Co., Ltd., Japan) and (MAPP
(Kayabrid 006PP-N, Kayaku Akzo Co., Ltd., Japan) were used as a matrix and
compatibilizer, respectively. PP was used in the form of a homopolymer powder, with a melt

flow rate of 30 g/10 min (230 °C/2.16 kg) and 0.91 g/cm?® of density. The MAPP powder had

2 wt.% MA contents with an average molecular weight of 75 kg/mol.

Injection and extrusion molding are two popular plastic molding methods in the
industrial and manufacturing sector that are used to make products with varying shapes and
sizes. Based on what is the useful of WPC product, they can be classified into: exterior use,
interior use, and high-performance use. Exterior use usually made for decking, flooring, etc.
In the case of this research, the WPC will be used for a special interior and high-performance
product such as the part of bath, kitchen, some part of a machine, interior of the car, etc.

Therefore, the kind of injection PP grade was used in this research.
3.2 Methods
3.2.1 Filler fabrication

Wood flour of the Japanese pine 13.5 g was milled with 200 ml of water by a ball mill
(Pulverisette 5, Fritsch, Germany). This was the standard method of wet milling condition
for “one pot” in this research. The rotating speed of 200 rpm was applied and the different

wet milling times were conducted for 0, 10, 20, 30, 40, 60, and 120 minutes. After wet
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milling, two kinds of drying conditions were applied. Those are seven days of freezed-drying
at temperature -45 °C by a freeze dryer (FDU-1200, Eyela, Japan) and 24 hours of heat
drying by an oven dryer (SOFW-450S, Ettas, Japan) at a temperature of 80 °C. After drying,
wood flour was fibrillated for 1 minute by a blender (IFM-800DG, Iwatani, Japan). Dried
wood flour was screened to classify into six fractions as follows; >425 um, 180-425 pm, 90-
180 pm, 53-90 um, 32-53 um, and <32 pum. Vibrational acceleration = 20 G was applied for

30 minutes of each condition by a compact vibrating shaker (VSS-50D, Tsutsui, Japan).

In order to analyze the weight distribution at wood flour size of 6 classifications and
at 7 milling times, total amount of wood flour weight in each fraction of 6 x 7 matrix
conditions was weighed and calculated. The number of pots used in wet milling to obtain
fibers was listed in Table 1 for heat drying and freezed drying conditions. The number of
pots for each condition was determined to obtain a sufficient amount for test piece
fabrication and to analyze the particle size distribution. This study focused on the fraction
90 - 180 um for all the different wet milling times, 180 — 425 um on 0, 30, and 120 minutes,
and 32 — 53 pm of 30 minutes wet milling time. The micro-structure of wood flour was
investigated through a scanning electron microscope (SEM) (JSM-6510LV, JEOL, Japan)

examination.

The particle size distribution of wood flour after milling, drying, and screening was
analyzed by a laser diffraction particle analyzer (LA-950S2, Horiba, Japan). This laser
diffraction particle analyzer was used to measure wet and dry samples by the range of 10
nm to 3000 um. Wet sample method was applied in this research. Small amount of wood
flour was put into sample bath to scatter the light at an angle determined by that particle size;
larger particles scatter at small angles and smaller particles scatters at large angles. A
collection of particles produced a pattern of scattered light defined by intensity and angle

that was transformed into a particle size distribution.
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3.2.2 Manufacture of WPC

PP and MAPP was used as a matrix and compatibilizer of WPC compound. The ratio of the
weight of wood flour, PP, and MAPP in the compound was 25:74:1, respectively. This ratio
of the weight was same as previous research, and it was applied to avoid the interaction
between wood flour itself (Murayama et al., 2019). The WPC compound was kneaded at
190 °C and a screw rotation speed of 30 rpm for 10 minutes by an extruder machine
(Laboplast Mill 30 R 150, Toyo Seiki Seisakusho, Japan). After kneading, the WPC
compound was crushed by a crusher machine, pulverizer (SA-23, Stolz). Melt kneading was
carried out for 5 minutes at a temperature of 190 ° C and a screw rotation speed of 50 rpm
by a twin-screw small kneader (Micro 5 cc Twin Screw Compounder, DSM Xplore). After
that, the injection molding machine (Micro 5.5 cc Injection Moulding Machine, DSM

Xplore) was used to make WPC test pieces.

The condition of wood flour for WPC fabrication was seen in Table 3. We focused
on the fraction of 90-180 um, because this size was knows as an optimum condition by the
previous study. The fractions of 180-425 um by 0, 30, and 120 minutes were chosen for
evaluated the effect of the differences drying conditions, and the fraction of 32-53 um by 30
minutes for freezed-drying was added, because it was thought to be the ideal condition for
comparison. The dimensions of a tensile test were 50 mm in length, 2 mm in thickness, 4
mm in width and those of the bending specimen was 50 mm in length, 2 mm in thickness
and 6 mm in width. The specimens were conditioned for 5 days or more in a constant

temperature and humidity room (20° C, RH 65%) before testing.
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Table 3. The condition of WPC fabrication.

~_Time (min) 100 200 30 40 60" 120"
Mesh size (um

> 425
90 - 180 oO 0O o0 o0 OO o0 oo
53-90
32-53 O
<32
O Heat drying O Freezed-drying

3.2.3 Mechanical properties test
Bending test

Three points of bending test were conducted using a universal testing machine (BT-805,
Yasui Kikai, Japan). The speed of the test was 5 mm/min and by a span of 32 mm based on
the JIS A 5741 standard. The number of replications for each test was 5. Then, the values of
the bending properties including flexural strength and flexural modulus were calculated

equation 1 and equation 2, respectively.

3PL

o= (1)

Where o is flexural strength (MPa), P is the maximum load (N), L is the distance between
fulcrum or span (mm), b is the width of the test specimen (mm) and h is the thickness of test

specimen (mm).

AF L3

=— 103 .2
Ef As X TYE X (2)

Where Ef is flexural modulus (MPa), AF is the difference between upper limit load and
lower limit load in the proportional range (N), 4s is the difference between upper limit

deflection and lower limit deflection in the proportional range (mm).
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Tensile test

The tensile test was carried out by a universal testing machine (AGS-5kNX, Shimadzu
Seisakusho, Japan) according to the JIS A 5741 standard. The speed of the test was 20
mm/min and the distance between the gripper was 30 mm. The number of replications for

each test was 5. the values of the tensile strength were calculated using the equation 3.

F
o =~ .. 03)

Where o, is tensile strength (MPa), F; is the maximum load (N) and 4 is the cross sectional

are at the beginning of the test specimen (mm?).
Impact test

An unnotched Izod Impact test was conducted by the U-F Impact Tester machine (Ueshima
Seisakusho, Japan) according to the JIS K 7110 standards. The dimension of the test
specimen was same the likes as the bending test’s specimen and the number of replications

was 5 for each test. The values of the impact strength were calculated using the equation 4.

w
aiN:h_bNX103 (4)

Where a;y is Izod impact strength (kJ/m?), h is the thickness of the test specimen (mm), by
is the width of the test specimen (mm) and W is the impact energy absorbed by the test

specimen (J).
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Water resistance test

Water resistance test was included two kinds of test, ie water absorption and thickness
swelling. It was conducted using heat drying by an oven dryer (SOFW-450S, Ettas, Japan).
The test specimen was put in the water and heated by oven at the temperature of 70 °C. The
test specimen dimension measurements were performed after 0, 1, 3, 4, 6, 12 hours. Then,
measurements occurred once a day for the first week, followed by once every three days
until saturation. The values of the water absorption in percentage were calculated in equation

5.

W(t')/v— Wy % 100 ... (5

0

WA(E) =

Where WA(t) is the water absorption at time t, W, is the oven dried weight and W (t) is the
weight of the specimen at a given immersion time 7. Also the values of the thickness swelling

in percentage were calculated using the equation 6.

_ ... (6
T(t)T T°><100 (6)

TS(t) =
0

Where TS(t) is the thickness swelling at time ¢, T is the initial thickness of the specimens
and TS(t) is the thickness at time . The value of thickness swelling and water absorption

were predicted using the equation 7.

f=A(1-eB) o (D)

Figure 1. showed the relationship between the time ¢ and predicted of thickness swelling
and water absorption of WPC. Where 4 is the saturation point at a maximum thickness
swelling or water absorption and B is the specific value of thickness swelling or water

absorption, when the time ¢ is 0.632A
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TSor WA f(t) ,
A

0.632xA

f(B)=A(1-exp(-B/B))

» Time t

Fig. 1 The relationship between time ¢ with predicted maximum water resistance
properties.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 The effect of drying conditions on the mechanical properties of WPC
4.1.1 Percentage of wood flour and particle size distribution

The percentage of produced wood flour after drying process obtained with heat drying
condition were shown in Table 4. Focused on 0 minutes of wet milling time, the largest
percentage in the vertical fractions was 34.5 % at the size 180 - 425 pm and the second
largest was 30.9 % at the size of >425 um. The percentage of the size 90-180 um was 15.1 %
and the other fractions showed less than 10 %. This proportion of 0 minutes was the initial
stage, and the distribution of weight fraction changed according to the wet milling time. It
was found clearly that the distribution of wood flour size become smaller from 0 minutes to
40 minutes of milling time. The largest percentage was found in the wood flour size of 90 —
180 pm and 53 — 90 pum, at the milling time of 30 minutes and 40 minutes, respectively.
However, at the milling time of 120 minutes, the distribution changed again, showing the

largest portion in the size of >425 um. This reason could be aggregation as mentioned later.

Table 4. The percentage of produced wood flour for heat drying conditions.

Wet milling time (minutes)

Mesh size (um) 0 10 20 30 40 60 120
> 425 309 151 41 68 98 218 621

180 - 425 345 372 228 143 53 186 186

90 - 180 151 212 291 336 255 220 92
53-90 89 121 206 225 321 207 3.9
32-53 98 99 156 147 210 130 33
<32 08 44 78 81 62 39 30

The percentage of produced wood flour after drying process obtained with heat
drying condition were shown in Table 5. Almost same in the Table 4, the largest percentage
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at 0 and 30 minutes of wet milling time by vertical fractions was found at the size 180 - 425
um and 90 — 180 um. At that time the percentage was showed 37.8 % and 42.0 %,
respectively. However, for 120 minutes of wet milling time the largest percentage was found
at the size 90 — 180 um. At that time the percentage of wood flour was showed about 34.9 %.
The reason of these might be due to the aggregation. Both of Table 4 and 5 showed that the
difficulty to get wood flour at the lowest size of fractions, < 32 um. It showed that the

percentage nearly zero percent although the number of pots that obtained was high.

Table 5. The percentage of produced wood flour for freezed-drying conditions.

Wet milling time (minutes)

Mesh size (um) 0 10 20 30 40 60 120
> 425 358 137 43 14 26 42 123

180 - 425 378 356 236 177 408 543 328

90 - 180 168 247 338 420 389 248 349
53-90 63 134 212 233 108 123 141
32-53 32 110 135 122 53 41 54
<32 02 15 35 34 16 03 05

Figure 2 shows the particle size distribution of wood flour after ball milling process.
Particle size distribution of produced wood flour depended on the milling conditions. The
highest intensity for the largest particle size (peak) was observed for 0 minutes wet milling
time. At that condition, the average of particle size around 800 pm and the intensity around
12 %. As the increasing time of ball milling process, particle size decreased. At 10 and 20
minutes of wet milling time the peak were found same trend and the particle size as 0 minutes
of wet milling time. It was showed that the intensity around 6 and 4 %, respectively.
However, it was showed the particle size has wide range and lower compared to un-milled
wood flour. Two peaks were appeared at 30 and 40 minutes of wet milling time. At that time
both of peaks were showed the same intensity around 4 %. However, it showed the different

particle size that were around 800 and 80 um, respectively. At 60 minutes of wet milling
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time was found that the first peaks around 800 um were disappeared. However, there was
two peaks with the particle size around 70 and 10 um, respectively. In the case of 120
minutes of wet milling time was found that the peak around 10 um increased nearly 5 % of
intensity. The peaks around 800 pm of the particle size was increased at 4 % of the intensity.
This might be due to the milled wood flour into finer or fibers caused by the high rotating

speed of the ball mill.

12

10 -

=

Intensity (%)
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1 10 1040 1000

Particle size (pm)

Fig. 2 The particle size distribution after pulverization by a ball mill.

The particle distribution after re-fibrillation process obtained by heat drying
condition and the freezed-drying condition were shown in Fig. 3. As can be seen that
between heat drying and freezed-drying had same trend of the particle size distribution. The
highest intensity of particle size around 6 % was found at 0 minutes of wet milling time. At
that time showed the particle size around 800 pm. At 10 minutes of wet milling time was
found that the peaks decreased and wider of range then un-milled wood flour. The intensity
for heat drying and freezed-drying at this time were 5 and 4 %, respectively. It showed that

for heat drying conditions was steeper than that for freezed-drying conditions.
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At 20 minutes of wet milling time both of drying condition were found the two peaks
appeared. The first peaks nearly one thousand micrometers and the second peaks around 90
um with 4 % of the intensity both of drying conditions. At this time the freezed-drying
showed was wider range than heat drying condition. Two peaks also appeared at 30 and 40
minutes of wet milling time. At that time both of peaks were showed the same trend of
particle size around 1000 and 80 um, respectively. However, the intensity of heat drying
condition was higher than freezed-drying condition. It was around 4 to 5 % and 2 to 4 %,
respectively. At 60 and 120 minutes of wet milling time, the different trend of particle size
distribution were found. At 60 minutes of wet milling time for heat drying condition showed
that only one peaks appeared around 100 um with 5 % of the intensity. However, three of
peaks at freezed-drying condition with different particle size and intensity were found. The
first peak around one thousand micrometers with 3 percent of the intensity, followed by two
peaks around 20 and 80 um with 3.5 to 4 % of the intensity, respectively. In the case of 120
minutes of wet milling time was found that the peak around 1000 pm decreased nearly 2 %
of intensity. The peaks around 80 um has same percentage of intensity and the particle size
with 60 minutes of wet milling time. However, the third peaks nearly 20 um was increased

up to 5 % of the intensity due to the aggregation.
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Fig. 3 The particle size distribution after re-fibrillation process obtained by (a) heat
drying condition and (b) freezed-drying condition.

The particle distribution of dried-wood flour after the screened process for 180 to
425 pm were shown in Fig. 4. The wood flour that obtained with heat drying condition can
be seen in Fig. 4(a) and for the dried wood flour with the freezed-drying condition in Fig.
4(b). Particle size distribution of produced wood flour depended on the milling conditions.
Focused on the large particle size around 800 pm for both heat drying and freezed-drying
conditions, the highest intensity (peak) was observed for 0 minute of wet milling time. Under
that condition, the intensity was approximately near 10%, and it decreased with increase in

wet milling time up to 30 minutes. The deviation of the particle size distribution
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demonstrated that there are various sizes and shapes in milled wood flour. However, the
wood flour that obtained by heat drying showed increased from 30 to 120 minutes of wet
milling time. It was meant the aggregation occurred longer 30 minutes of wet milling time.
The intensity near 100 um for heat drying and freezed-drying conditions increased with
increasing the wet milling time. Same trend found at the smaller particle size (near 20 pm)
for both drying conditions and the peak appeared at 120 min of wet milling time. Under
those conditions, the intensity for the freezed-drying condition was higher than that for the
heat drying condition. This might be due to the milled wood flour into finer or fibers caused

by the high rotating speed of the ball mill.
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Fig. 4 The particle size distribution after the screened process for 180 to 425 pm
obtained by (a) heat drying condition and (b) freezed-drying condition.
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SEM images of wood flour for 180 to 425 pm at 0, 30 and 120 minutes of wet milling
time was shown in Fig. 5. As can be seen in Fig. 5(a) and (d), there was an intact single
particle for un-milled wood flour. At the time of wet milling was 30 minutes there was
fibrillated particle on both of heat drying and frezed-drying conditions as shown in Fig. 5(b)
and (e). However, in the wet milling time 120 minutes there was a fibrillated and aggregated
particle as can be seen in Fig. 5(c) and (f). There was an aggregated particle with the different
surface characteristic between heat drying and freezed-drying conditions. The surface of
heat drying wood flour was flat due to the aggregation. Figure 5(c) and (f) showed that the
heat drying conditions had a bigger average of particle size compared to the freezed-drying
conditions. It also as can be seen in Fig. 3 and 4 that for milled wood flour around 800 um
of heat drying particle size was higher intensity and wider range than freezed-drying. It
proved that the aggregation occurred in this condition higher than freezed-drying conditions.
It was clearly showed the increasing of intensity and the peak occurred at 120 minute of wet

milling time.

X100 " 100um

— 100 rm  m—
0001 12 May 2017

0001 11 May 2017

Fig. 5 The SEM image of 180 to 425 pm wood flour. Heat drying condition; (a) 0,
(b) 30 and (c) 120 minute of wet milling time. Freezed-drying condition; (d) 0, (e) 30
and (f) 120 minute of wet milling time. 100 times of magnification.
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4.1.2 Flexural properties of WPC

Figure 6 showed the relationship between flexural strength of WPC made from 180 — 425
um wood flour with the wet milling time (a) and the average particle size (b). Figure 6(a)
showed that the flexural strength of WPC increased from 0 to 30 minutes of wet milling
time. After that, the flexural strength of WPC shows decreased at 120 minutes of wet milling
time. The highest and the lowest flexural strength of WPC was found at milling time of 30
minutes and 120 minutes, respectively. Referring to the SEM image on Fig. 5, when focused
on un-milled wood flour, we can see the single particle clearly. During the increasing of wet
milling time, fibrillation of wood flour occurred. However, we can still see the single particle
at 30 minutes of wet milling time. In the case of 120 minute, the aggregated wood flour was
found. It was suggested that the aggregation of wood flour occurred when the ball milling
time more than 30 minutes applied. The results showed that the flexural strength of WPC
for freezed-drying were higher than heat drying conditions for un-milled and milled wood
flour. When focused on the un-milled wood flour (0 minutes) and at the maximum flexural
of WPC, 30 minutes of wet milling time, there was no significant difference between heat
drying and freezed-drying condition. However, there were significant difference of flexural
strength between both of heat drying and freezed-drying condition at 120 minutes of wet

milling time. These might be due to the difference in aggregation.

Figure 6(b) showed at around 500 pm of average the particle size, during the
increasing of wet milling time, the flexural strength of WPC was increased. At this average
particle size, it was found the highest flexural strength for freezed-drying condition which
is around 90 MPa. After that, the flexural strength decreased at 120 minutes of wet milling
time both for heat and freezed-drying. At this condition, the average particle size is lower

than 300 um. In the case of the wet milling time at 120 minutes heat drying was bigger
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particle size compared to freezed-drying condition. However, at 120 minutes heat drying
showed that flexural strength was smaller and significant difference compared to others

condition. The reason of these might be due to the aggregation.
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Fig. 6 The relationship between the flexural strength of WPC made from 180 — 425
pm wood flour with (a) the wet milling time and (b) the average particle size.

The relationship between the flexural modulus of WPC made from 180 — 425 pm
wood flour with the wet milling time and the average particle size were shown in Fig. 7(a)
and (b), respectively. As same trend with flexural strength, Fig. 7(a) showed that the flexural
modulus of WPC increased from 0 to 30 minutes of wet milling time. The highest flexural
modulus of WPC was found at milling time of 30 minutes. After that, at the wet milling time

is 120 minutes, the flexural modulus of WPC decreased. Referring to the SEM image on Fig.
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5, when focused on un-milled wood flour, we can see the single particle clearly. During the
increasing of wet milling time, fibrillation of wood flour occurred. However, we can still
see the single particle at 30 minutes of wet milling time. In the case of 120 minute, the
aggregated wood flour was found. It was suggested that the aggregation of wood flour
occurred when the ball milling time more than 30 minutes applied. The results showed that
the flexural strength of WPC for freezed-drying were higher than heat drying conditions for
un-milled and milled wood flour. When focused on the un-milled wood flour (0 minutes)
and at the maximum flexural of WPC, 30 minutes of wet milling time, there was no
significant difference between heat drying and freezed-drying condition. However, there
were significant difference of flexural strength between both of heat drying and freezed-
drying condition at 120 minutes of wet milling time. These might be due to the difference

in aggregation.

Figure 7(b) showed the same trend with Fig. 6(b) that showed at around 500 um of
average the particle size, during the increasing of wet milling time, the flexural strength of
WPC was increased. At this average particle size, it was found the highest flexural strength
for freezed-drying condition which is around 3,5 x 10° MPa. After that, the flexural strength
decreased at 120 minutes of wet milling time both for heat and freezed-drying. At this
condition, the average particle size is lower than 300 um. In the case of the wet milling time
at 120 minutes heat drying was bigger particle size compared to freezed-drying condition.
However, at 120 minutes heat drying showed that flexural strength was smaller and
significant difference compared to others condition. The reason of these might be due to the

aggregation.
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Fig. 7 The relationship between the flexural modulus of WPC made from 180 — 425
pm wood flour with (a) the wet milling time and (b) the average particle size.

4.1.3 Tensile strength of WPC

Figure 8 showed the relationship between tensile strength of WPC made from 180 — 425 pm
wood flour with the wet milling time (a) and the average of particle size (b). The result as
can be seen in Fig. 8(a) showed that the tensile strength of WPC was increased from 0 to 30
minutes of wet milling time. The highest tensile strength of WPC was found at milling time
of 30 minutes. At that time the tensile strength was around 50 MPa for both heat and freezed-
drying. After that, at the wet milling time is 120 minutes, the flexural modulus of WPC

decreased. Referring to the SEM image on Fig. 5, when focused on un-milled wood flour,
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we can see the single particle clearly. During the increasing of wet milling time, fibrillation
of wood flour occurred. However, we can still see the single particle at 30 minutes of wet
milling time. In the case of 120 minute, the aggregated wood flour was found. It was
suggested that the aggregation of wood flour occurred when the ball milling time more than
30 minutes applied. The results showed that the flexural strength of WPC for freezed-drying
were higher than heat drying conditions for un-milled and milled wood flour. When focused
on the un-milled wood flour (0 minutes) and at the maximum flexural of WPC, 30 minutes
of wet milling time, there was no significant difference between heat drying and freezed-
drying condition. However, there were significant difference of flexural strength between
both of heat drying and freezed-drying condition at 120 minutes of wet milling time. These

might be due to the difference in aggregation.

Figure 8(b) showed the same trend with Fig. 8(b) that showed at around 500 pum of
average the particle size, during the increasing of wet milling time, the flexural strength of
WPC was increased. At this average particle size, it was found the highest flexural strength
for freezed-drying condition which is around 3,5 x 10° MPa. After that, the flexural strength
decreased at 120 minutes of wet milling time both for heat and freezed-drying. At this
condition, the average particle size is lower than 300 um. In the case of the wet milling time
at 120 minutes heat drying was bigger particle size compared to freezed-drying condition.
However, at 120 minutes heat drying showed that flexural strength was smaller and
significant difference compared to others condition. The reason of these might be due to the

aggregation.
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pm wood flour with (a) the wet milling time and (b) the average particle size.
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4.1.4 1zod impact strength of WPC

Figure 9 showed the relationship between Izod impact strength of the WPC made from 180
—425 pm wood flour with the wet milling time (a) and the particle size (b) of WPC obtained
by heat drying and freezed-drying condition. The result showed that the impact strength of
WPC for heat drying conditions increased with increasing wet milling time up to 30 minutes.
In the case of the wet milling at 120 minutes it shows decreased as shown in Fig. 9(a). When
focused on freezed-drying conditions, the trend is similar with heat drying conditions at wet
milling time up to 30 minutes. However, in the case of 120 minutes of wet milling time, the
impact strength for freezed-drying conditions was higher than heat drying and the has
different trend with others condition. The highest impact strength was found for freezed-
drying at 120 minutes of wet milling time. These might be due to the difference in
aggregation. The result showed that there was no significant difference between impact
strength of WPC for heat drying and freezed-drying condition at 0 and 30 minutes of wet
milling time. However, there were significant difference of impact strength between both of

heat drying and freezed-drying condition at 120 minutes of wet milling time.

Figure 9(b) shows the different trend of impact strength compared to the flexural and
tensile properties. At the average particle size around 500 pm, during the decreasing of
particle size, the impact strength of WPC increased. It was found that there was no
significant difference impact strength of WPC for heat drying and freezed-drying condition
at 0 and 30 minutes of wet milling time. However, there were significant difference of
impact strength between both of heat drying and freezed-drying condition at 120 minutes of
wet milling time. And the highest impact strength was found for freezed-drying condition at

120 minutes of wet milling time, which is 16 MPa. At this condition, the average particle
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size is lower than 300 um and the freezed-drying has bigger particle size compared to heat

drying condition. The reason of these might be due the difference in aggregation.
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Fig. 9 The relationship between the impact strength of WPC made from 180 — 425
pm wood flour with (a) the wet milling time and (b) the average particle size.
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4.1.5 Water resistance properties of WPC

Figure 10 showed the relationship between water absorption of WPC made from 180 — 425
um wood flour with the time of water resistance test (a) and the average particle size (b)
obtained by heat drying and freezed-drying condition. As can be seen in Fig, 10(a), the water
absorption of WPC increased during the increasing time of water resistance test, especially
from 0 to 360 hours. After that, there was fluctuation value of water absorption around 400
hours and it was saturated at around 5 to 6 % start from 648 to 1032 hour of water resistance
test time. When focused on the saturated condition, water resistance properties showed the
same trend, even for the large and small particle of wood flour. As observed in Figs. 10(b),
there is no significant difference on water absorption at the large and small particle for both
of heat drying and freezed-drying condition. However, the lowest water absorption was
observed at 120 minutes of wet milling time heat drying condition. The reason of these might

be due to the differences of aggregation.

The different structures of the particle may also contribute to different degrees of
water uptake. The possibility water to absorb is same because the amount of water itself is
same. In the case of aggregated wood flour, even the water amount is same, the size of
dimension will expand higher compared to the singular particle of wood flour. During the
absorption, first, the water uptake occurred on the surface of the particles; then, the water
transferred from one cell lumen to another over time (Mu ef al., 2018). The primary and
secondary kneading also might influence the speed of water absorption. Under a temperature
of 190 °C, the thermoplastic polymer PP was able to cover the surface of wood flour and
would provide greater strength to the WPC. In the case of this kneading process, the particles

of thermoplastic polymer PP might be unable to cover such a large number of surfaces of
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wood particles. This would affect the water absorption of WPC as a result of the water

absorption by the wood.
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Fig. 10 The relationship between water absorption of WPC made from 180 — 425
pm wood flour at saturated conditions with (a) the time of water resistance test and
(b) the average particle size.

Figure 11 showed the relationship between thickness swelling of WPC made from
180 — 425 um wood flour with the time of water resistance test (a) and the average particle

size (b) obtained by heat drying and freezed-drying condition. As similar with water
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absorption trends, an increasing the time of water resistance test, the thickness swelling of
WPC increased. As can be seen in Fig 11(a) it was occurred at 0 to 360 hours of water
resistance test time. After that, there was fluctuation value of thickness swelling up to 600
hours and it was saturated from 648 to 1032 hour of water resistance test time. When focused
on the saturated condition, water resistance properties showed the same trend, even for the
large and small particle of wood flour. As observed in Figs. 11(b), the highest thickness
swelling of WPC was observed at un-milled (0 minutes) of wet milling time. In the case of
milled wood flour, there is fluctuation of thickness swelling among different wet milling
times. During decreasing of particle size, the thickness swelling of WPC decreased. It was
meant the milling process has positive effect for thickness swelling properties of WPC. The
reason of these might be due to the difference of aggregation and contributed to difference
degrees of water uptake, especially dimensional swelling of the composites. The result
showed that there was no significant difference on thickness swelling at the large and small
particle. However, there were significant difference of thickness swelling between the heat
drying and freezed-drying condition at 0, 30, and 120 minutes of wet milling time,

respectively.

According to Mu et al., (2018) that said different particle structure may also
contributed to different degrees of water uptake on the dimensional swelling of the
composites. The possibility water to absorb is same because the amount of water itself is
same. However, in the case of thickness swelling, specifically on the aggregated wood flour,
even the water amount is same, the size of dimension will expand higher compared to the
singular particle of wood flour. The primary and secondary kneading also might be affected
the speed of water absorb. Under a temperature of 190 2C conditions, the thermoplastic
polymer PP was able to cover a more specific area of wood particles and will provide the

greater strength of WPC. In the case of this kneading process, allegedly that the particles of
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thermoplastic polymer PP were unable to cover such a large number of surfaces of wood
particles. This would be affected the thickness swelling of WPC as a result of wood absorbs

the water and plastic instead of it, does not absorb the water.
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Fig. 11 The relationship between the thickness swelling of WPC made from 180 -
425 pm wood flour at saturated conditions with (a) the time of water resistance test
and (b) the average particle size.

The relationship between predicted maximum water absorption or thickness swelling

of WPC with the adsorption speed of water was shown in Fig. 12. As mentioned in chapter
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3, the saturation point at a maximum of water resistance properties was A, and the speed of
water uptake was B. The lower A would have a positive effect on the mechanical properties
of WPC and the higher value of B signify that it was lower speed of absorb and drain the
water. The result showed that during the increasing of wet milling time, the maximum water
absorption for heat drying and freezed-drying was decreased as can be seen in Fig. 12(a).
However, in the case of the speed of water uptake showed he opposite trend. As increasing
of the wet milling time, the speed of water uptake was increased both for heat and freezed-
drying. Figure 12(b) showed the maximum thickness swelling of heat drying and freezed-
drying was decreased during the increasing of wet milling time. It was followed by same
trend of the water uptake speed heat drying condition, that was also decreased during the
increasing of wet milling time. In the case of freezed-drying condition, the speed of water
uptake was increased from 0 to 30 minutes of wet milling time. After that, it was decreased
during the increasing of wet milling time to 120 minutes. Based on the fact, the optimum
condition would occur when the WPC has low water absorption and thickness swelling with

the low speed of water uptake was observed.
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4.2 The effect of wet milling time on the mechanical properties of WPC

4.2.1 Percentage of wood flour and particle size distribution

According to Table 5 and 6, the percentage of dried wood flour for 90 - 180 um of mesh
pass obtained by heat drying and freezed-drying were investigated. Upon increasing the time
of ball milling, the percentage of dried wood flour increased up to 30 min of wet milling
time. Thereafter, the percentage of dried wood flour slightly decreased up to 60 min of wet
milling time. However, a significant decline from 22 to 9% was found for heat drying at a
milling time of 60 to 120 min. The reason for this could be aggregation, which is discussed
later. Conversely, at the same wet milling time, the percentage of dried wood flour showed
a significant increase for the freezed-drying condition. Under this condition, the percentage
increased from 25 to 35%. It is suggested that freezed-drying prevented the aggregation of

wood flour.

The particle distribution of dried-wood flour after the screening process for 90 to 180
um is shown in Fig. 13. Even after the screening process, there were particles with sizes of
less than 90 pm and more than 180 um. This caused the particles to exhibit complex and
irregular shapes, such that their particle size cannot be directly defined by this measurement.
Therefore, there may be some particle sizes outside of the range of the relevant category.
The wood flour obtained with heat drying condition can be seen in Fig. 14(a) and the dried
wood flour under the freezed-drying condition can be seen in Fig. 14(b). Deviation of
particle size distribution of the produced wood flour depends on the milling conditions. The
standard deviation of freezed-drying condition showed higher than the standard deviation
for heat drying, especially at the longer wet milling time. It was meant the particle size

distribution of the freezed-drying condition was wider than that for the heat drying condition.
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Therefore, the highest intensity of particle size for the freezed-drying condition was
lower than that for the heat drying. From 0 to 30 min of wet milling time, there was no peak
for the larger particle size near 1000 um. However, for milling times of 40 up to 120 min,
the peak was shown to decrease with increase in the wet milling time. Under those conditions,
the intensity for the freezed-drying condition was higher than that for the heat drying
condition. For the particle size near 100 pm, the intensity decreased as the wet milling time
increased up to 30 min. However, the intensity for a particle size near 100 um from 40 - 120
min increased with increase in the wet milling time. The highest intensity of milled wood
flour for the heat drying condition was observed at a wet milling time of 120 min, which
might be due to aggregation. In the case of the smaller particle size near 20 pm, heat drying
and freezed-drying conditions showed the same trend. As the wet milling time increased,
the intensity near 20 pm increased. Under this condition, the intensity for freezed-drying

was higher than that for the heat drying condition.
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Fig. 13 The particle size distribution after the screened process for 90 t0180 pm
obtained by (a) heat drying condition and (b) freezed-drying condition.

SEM images for wood flour at wet milling times 0, 30, and 120 min are shown in Fig.
14. As can be seen in Figs. 14(a) and (d), there was an intact single particle for 0 min wood
flour. At the wet milling time of 30 min, there was a fibrillated particle under both heat
drying and freezed-drying conditions, as shown in Figs. 14(b) and (e). However, at 120 min
of wet milling time, it was found that the different surface characteristic of particle size
between heat drying and freezed-drying. As can be seen in Fig. 14(c), the surface of the heat
drying wood flour was flat and low aspect ratio compared to 30 min (see Fig. 14(b)). This

is due to the strong aggregation of milled small wood flour. This observation reinforces the
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drastic increase of the intensity around 200 pm at wet milling time of 120 min in the particle
size distribution on Fig. 14(a). As can be seen in Fig. 14(f), in the case of freezed-drying at
ball milling time of 120 min, each particle size was smaller than heat drying and its surface
was fibrillated. It is suggested that the 120 min of wet milling time produced the fibrillated
particle and freezed-drying suppressed the aggregation of smaller particles compared to heat
drying. The average particle size at a wet milling time of 120 min for the heat drying
condition was higher than that for freezed-drying (see Fig. 15), demonstrating that
aggregation occurred in this condition. However, wood flour became finer in the case of

freezed-drying conditions.

bl |

Fig. 14 The SEM image of 90 to180 pm wood flour. Heat drying condition; (a) 0, (b)
30 and (c¢) 120 minute of wet milling time. Freezed-drying condition; (d) 0, (e) 30
and (f) 120 minute of wet milling time. 100 times of magnification.

The average particle size is calculated from the particle size distribution data by a laser
diffraction particle analyzer machine. As shown in Fig. 15, the average particle size of wood
flour for heat drying decreased at a wet milling time of 10 min. At that time, the average

particle size significantly decreased from 527 to 311 pm and then increased to 333 pm at 20

min. However, the average particle size was decreased to 305 um at a wet milling time of
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30 min and increased again to 329 um at a wet milling time of 40 min. Finally, it increased
drastically from 227 to 293 um, from 60 to 120 min of wet milling time. There was an
increase in the average particle size under freezed-drying conditions from 266 to 320 pum at
a wet milling time of 0 to 10 min, then decreased to 250 um at 20 min. However, the average
particle size increased again from 287 to 322 um from a wet milling time of 30 to 40 min.
Finally, it decreased rapidly from 331 to 194 um when the wet milling time was 60 up to

120 min. There was no clear relationship between the average particle size and wet milling
time. Therefore, another parameter, which could be used to explain the relationship between

wet milling time and mechanical properties of the WPC was needed.
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Fig. 15 The relationship between average particle size and milling time. [] heat
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The correlation coefficient (R) between the intensity at any particle size (Ip) and

mechanical properties are calculated as the following equation (8).

Y(M,— M) (Ip, — Ip)
R = “es 8
" S~ MR, — Ip)? ()

where M, M, Ip;, and Ip are any mechanical property at wet milling time z, mean mechanical
property, intensity at p um on the particle size distribution of wet milling time # and its mean

intensity, respectively. R is calculated for the intensity at any particle size versus flexural
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modulus, tensile strength, and Izod impact strength. Because the particle size distribution
pattern on freeze-dried and heat dried wood flour were different, R for freezed-drying and
heat drying were separately calculated. Note that R is the parameter to evaluate only the
‘linear’ relationship between intensity and mechanical properties. The relationship between
intensity and mechanical properties is not necessarily linear; therefore, R is not a perfect

parameter to determine the effective particle size that relates to the mechanical properties.

The correlation vector of the mechanical properties for each wood flour size was
observed. The results showed that the mechanical properties at a particle size smaller than
100 um had negative correlation. Inversely, particle size from 100 — 900 um had positive
correlation for each mechanical properties of WPC. For heat dried wood flour, correlation
vector for mechanical properties at smaller particle less than 30 pm had a negative
correlation. However, particle size around 40 — 100 um and around 200 pm showed positive
and negative correlation, respectively. The highest correlation between mechanical
properties was observed at a particle size 77.3 um. Therefore, the intensity at 77.3 um was
used as the parameter of smaller particle. On the other hand, the intensity at 678.5 um, which
also indicated a higher correlation between each mechanical property, was defined as the
parameter of larger particle. Figure 16 shows the relationship between wet milling time and
the intensity at the (a)small and (b)large particles. As milling time increased, the intensity
increased until 60 min. In the case of heat drying, the intensity at wet milling time of 120
min drastically decreased. This results in the decrease of smaller particles due to aggregation
during heat drying. In the case of freezed-drying, the intensity at 678.5 pm linearly decreased
until 60 min and then reached saturation. This suggests that the large particle was
successfully pulverized at 60 min of wet milling time. In the case of heat drying, the intensity

did not decrease at less than 40 min. The wet milling condition for both freeze and heat
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drying were identical; therefore, this might be due to the aggregation of small wood flour

particles.
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Fig. 16 The relationship between wet milling time and intensity of the particle size
distribution analysis at (a) 77.3 pm and (b) 678.5 pm. [] heat drying at 0 min and
O freezed-drying at 0 min.

4.2.2 Flexural properties of WPC

Figure 17 showed the relationship between flexural strength with the wet milling time (a)
and the average particle size (b). Figure 17(a) showed that the flexural strength of WPC
increased from 0 to 30 minutes of wet milling time. The highest flexural strength of WPC
was found at milling time of 30 minutes. After that, from 40 to 120 minutes of wet milling

time the flexural strength of WPC decreased. Referring to the SEM image on Fig. 14, it was
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suggested that the aggregation of wood flour occurred start from 40 minutes of wet milling
time. In the case of 120 minutes wet milling time, the flexural strength of WPC decreased
under the same wet milling time. At that time the flexural strength of WPC for freezed-
drying were higher than heat drying conditions. When focused on the maximum flexural of
WPC, 30 minutes of wet milling time, there was no significant difference between heat
drying and freezed-drying condition. However, there were significant difference of flexural
strength between both of heat drying and freezed-drying condition at 120 minutes of wet

milling time. These might be due to the difference in aggregation.

Figure 17(b) showed at 300 to 500 um of average the particle size, during the
increasing of wet milling time, the flexural strength was increased. Around 300 um of the
average particle size were found the optimum flexural strength. At this condition, the
average particle size, the flexural strength was around 90 MPa. When focused on the average
particle size lower than 300 pm, during the decreasing of wet milling time, the flexural
strength of WPC decreased. In the case of the wet milling time at 120 minutes heat drying
was bigger particle size and be around the optimum average particle size. However, it
showed that flexural strength was smaller compared to others condition. The reason of these

might be due to the aggregation.
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Fig. 17 The relationship between the flexural strength of WPC with (a) the wet
milling time and (b) the average particle size.

The relationship between the mechanical properties of WPC and the intensity of
small or large particles were investigated. Figure 18 shows the relationship between the
flexural strength and the intensity of small and large particles. As shown in Fig. 18(a), an
excessive percentage of small particles resulted in the decrease of flexural strength. In the
case of large particle, as shown in Fig. 18(b) the flexural modulus decreased during
decreasing the intensity. The lowest flexural modulus was observed under the condition of
heat drying with a wet milling time of 120 min. As described above, the wet milling

condition is the same for both freezed and heat drying. Therefore, the actual amounts of
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smaller particles for the same milling time must be identical. It is suggested that the
aggregation of smaller particles during heat drying reduces the apparent intensity for the
small particles. The fact that the flexural strength for small and large particle at 120 min of
wet milling time showed a similar trend, that for freezed-drying is higher than that for heat
drying. When the number of particles existing in WPC is considered, number of freeze-dried
particles should be larger than that of heat dried particles. By contrast, when we focused on
the size of the particle, flexural modulus for heat drying condition should be higher than
freezed-drying one since heat drying wood flour is larger than freezed-drying wood flour.
However, heat drying sample showed slightly lower flexural strength than freezed-drying
sample. It is suggested that in the case of increasing this aggregated wood flour, the flexural
strength decreased. These results suggest that the aggregated particle may reduce the

reinforcement efficiency between the entanglement of PP side.
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Fig. 18 The relationship between flexural modulus of WPC and intensity of the
particle size distribution analysis at (a) 77.3 um and (b) 678.5 pm. [] heat drying at
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Figure 19 showed the relationship between the flexural properties with the average
particle size in unit of micrometers. The relationship between the flexural modulus with the
wet milling time and the average particle size were shown in Fig. 19(a) and (b), respectively.
As same trend with flexural strength, Fig. 19(a) showed that the flexural modulus of WPC
increased from 0 to 30 minutes of wet milling time. The highest flexural modulus of WPC
was found at milling time of 30 minutes. After that, from 40 to 120 minutes of wet milling
time the flexural modulus of WPC decreased. Referring to the SEM image on Fig. 14, it
was suggested that the aggregation of wood flour occurred start from 40 minutes of wet
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milling time. In the case of 120 minutes wet milling time, the flexural modulus of WPC
decreased under the same wet milling time. At that time the flexural modulus of WPC for
freezed-drying were higher than heat drying conditions. When focused on the maximum
flexural of WPC, 30 minutes of wet milling time, there was no significant difference between
heat drying and freezed-drying condition. However, there were significant difference of
flexural modulus between both condition of heat drying and freezed-drying at 120 minutes

of wet milling time. These might be due to the difference in aggregation.

Figure 19(b) showed the same trend with Fig. 18(b) that at 300 to 500 um of
average the particle size, during the increasing of wet milling time, the flexural modulus was
increased. Around 300 pm of the average particle size were found the optimum flexural
modulus. At that average particle size, the flexural modulus was around 3.5 x 10° MPa.
When focused on the average particle size lower than 300 um, during the decreasing of wet
milling time, the flexural modulus of WPC decreased. In the case of the wet milling time at
120 minutes heat drying was bigger particle size and be around the optimum average particle
size. However, it showed that flexural modulus was smaller compared to others condition.

The reason of these might be due to the aggregation.
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Fig. 19 The relationship between the flexural modulus of WPC with (a) the wet
milling time and (b) the average particle size.

The relationship between the mechanical properties of WPC and the intensity of
small or large particles were investigated. Figure 20 shows the relationship between the
flexural modulus and the intensity of small and large particles. As shown in Fig. 20(a), an
excessive percentage of small particles resulted in the decrease of flexural modulus. In the
case of large particle, as shown in Fig. 20(b) the flexural modulus decreased during
decreasing the intensity. The lowest flexural modulus was observed under the condition of
heat drying with a wet milling time of 120 min. As described above, the wet milling

condition is the same for both freeze and heat drying. Therefore, the actual amounts of
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smaller particles for the same milling time must be identical. It is suggested that the
aggregation of smaller particles during heat drying reduces the apparent intensity for the
small particles. The fact that the flexural modulus for small and large particle at 120 min of
wet milling time showed a similar trend, that for freezed-drying is higher than that for heat
drying. When the number of particles existing in WPC is considered, number of freeze-dried
particles should be larger than that of heat dried particles. By contrast, when we focused on
the size of the particle, flexural modulus for heat drying condition should be higher than
freezed-drying one since heat drying wood flour is larger than freezed-drying wood flour.
However, heat drying sample showed slightly lower flexural modulus than freezed-drying
sample. It is suggested that in the case of increasing this aggregated wood flour, the flexural
modulus decreased. These results suggest that the aggregated particle may reduce the

reinforcement efficiency between the entanglement of PP side.
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Fig. 20 The relationship between flexural modulus of WPC and intensity of the
particle size distribution analysis at (a) 77.3 um and (b) 678.5 pm. [ heat drying at
0 min and O freezed-drying at 0 min.

4.2.3 Tensile strength of WPC

Figure 21 showed the relationship between tensile strength with the wet milling time (a) and
the average of particle size (b), respectively. The result as can be seen in Fig. 21(a) showed
that the tensile strength of WPC was increased from 0 to 30 minutes of wet milling time.
The highest tensile strength of WPC was found at milling time of 30 minutes. At that time
the tensile strength was around 50 MPa for both heat and freezed-drying. After that, from

40 to 120 minutes of wet milling time the tensile strength of WPC was decreased. Referring
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to the SEM image on Fig. 14, it was suggested that the aggregation of wood flour occur start

from 40 minutes of wet milling time.

Figure 21(b) showed that the as decreasing of average particle size, the tensile
strength was increased. Around 300 um of the average particle size was found the optimum
tensile strength. In the case of 120 minutes wet milling time, the tensile strength of WPC
decreased under the same wet milling time. At that time the tensile strength of WPC for
freezed-drying was higher than heat drying. When focused on the maximum flexural
property of WPC, that was at 30 minutes of wet milling time, there was no significant
difference between heat drying and freezed-drying condition. However, there were
significant difference of tensile strength between heat drying and freezed-drying condition

at 120 minutes of wet milling time. These might be due to the differences in the aggregation.

59



mHeat drying B Freezed-drying

o . @
ESH
=S
= 40 1
EﬂEﬂ
.E .
= 20
E
10 -
=
0 4 r r r r r
] 10 20 30 40 LT 120
Wet milling time (minute)
55 - (b)
E‘ 50 ® .E Hest  Freered
E o u o drying  drying
= 45 4 ® [ ] P 0 min
E: ® By @ omn
g H @& 20min
% 401 B @ 30mn
= .
B [ ) 40 min
E = 1 () 60 min
0 | @ 120 min

100 200 oo 400 500 600
Average particle size (nm)

Fig. 21 The relationship between tensile strength of WPC with (a) the wet milling
time and (b) the average particle size.

The relationship between tensile strength and intensity on small and large particle
is shown in Fig. 22. In the case of 77.3 um, higher tensile strength was exhibited when the
intensity was around 2 - 4% (see Fig. 22(a)). Neither an over- nor an under-percentage of
intensity decreased the tensile strength. It is suggested that there is an appropriate amount
of small particle that would yield the desired tensile strength of WPC. The flexural modulus
for 120 min of wet milling with heat drying showed notably lower values than that for

freezed-drying, indicating the aggregation of smaller particle influencing the tensile strength
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of WPC. Contrarily, no relation between the intensity at 678.5 um and tensile strength was

observed (see Fig. 22(b)).
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Fig. 22 The relationship between tensile strength of WPC and intensity of the
particle size distribution analysis at (a) 77.3 um and (b) 678.5 pm. [ heat drying at
0 min and O freezed-drying at 0 min.

4.2.4 1zod impact strength of WPC

Figure 23 showed the relationship between Izod impact strength and wet milling time (a),
also impact strength and particle size (b) of WPC obtained by heat drying condition and
freezed-drying. The result showed that the impact strength increased with increasing wet

milling time and at the time more than 40 minutes it slightly decreased as shown in Fig.
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23(a). In case of the wet milling time at 120 minutes impact strength was higher and has a
different trend compare to the others. However, freezed-drying was higher than heat drying
due the aggregation. Figure 23(b) showed that there was no big difference of impact strength
of WPC per each condition during the decreasing of particle size. In the case of freezed-
drying condition at 120 minutes of wet milling time, impact strength higher than other due

the aggregation.
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Fig. 23 The relationship between impact strength of WPC with (a) the wet milling
time and (b) the average particle size.

Figure 24 shows the relationship between the impact strength and intensity at

77.3 pm and 678.5 um. In the case of heat drying, except at 120 min, the impact strength
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gradually increased with increasing intensity at 77.3 um. In the case of freezed-drying,
increasing intensity increased the impact strength. However, there was no clear relationship
between intensity at 678.5 pm and impact strength. The amount of large particle might not
affect the impact strength. When focused on Izod impact strength, there is no clear
relationship between the Izod impact strength and wet milling time. In the case of the wet
milling time at 120 min, the impact strength was higher and has a different trend compared
to the others. It is found that the freezed-drying condition was higher than the heat drying

condition, which might be due to the difference in aggregation.
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Fig. 24 The relationship between impact strength of WPC and intensity of the
particle size distribution analysis at (a) 77.3 um and (b) 678.5 pm. [] heat drying at
0 min and O freezed-drying at 0 min.
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4.2.4 Water resistance properties of WPC

Figure 25 showed the relationship between water absorption of WPC with the time of water
resistance test (a) and the average particle size (b) obtained by heat drying and freezed-
drying condition. As can be seen in Fig. 25(a), the water absorption of WPC increased during
the increasing time of water resistance test, especially from 0 to 360 hours. After that, there
was fluctuation value of water absorption around 400 hours and it was saturated from 648
to 1032 hour of water resistance test time. The highest water absorption was observed at 60
and 120 minutes of wet milling time heat drying condition. The reason of these might be
due to the aggregation. The aggregation was thought to be due to the influence of applying
milling time and drying condition. Figure 25(b) showed the relationship between the
saturated water absorption of WPC (around the 5 %) with the average particle size. The
highest water absorption for heat drying condition were observed at 40 to 120 minutes of
wet milling time. In the case of freezed-drying condition, the lowest water absorption was
observed at 120 minutes of wet milling time. The reason of these might be due to the

difference of aggregation.

The different structures of the particle may also contribute to different degrees of
water uptake, especially in dimensional swelling, such as thickness of the composites. The
possibility water to absorb is same because the amount of water itself is same. In the case of
thickness swelling, specifically on the aggregated wood flour, even the water amount is same.
However, the size of dimension will expand higher compared to the singular particle of
wood flour. During the absorption, first, the water uptake occurred on the surface of the
particles; then, the water transferred from one cell lumen to another over time (Mu et al.,
2018). The primary and secondary kneading also might influence the speed of water

absorption. Under a temperature of 190 2C, the thermoplastic polymer PP was able to cover
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the surface of wood flour and would provide greater strength to the WPC. In the case of this
kneading process, the particles of thermoplastic polymer PP might be unable to cover such
a large number of surfaces of wood particles. This would affect the water absorption of WPC

as a result of the water absorption by the wood.
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Fig. 25 The relationship between water absorption of WPC with (a) the time of
water resistance test and (b) the average particle size.

Figure 26 showed the relationship between thickness swelling of WPC with the time

of water resistance test (a) and the average particle size (b) obtained by heat drying and
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freezed-drying condition. As an increasing the time of water resistance test, the thickness
swelling of WPC increased. As can be seen in Fig. 26(a) it was occurred at 0 to 360 hours
of water resistance test time. After that, there was fluctuation value of thickness swelling up
to 600 hours and it was saturated from 648 to 1032 hour of water resistance test time. As
same water absorption trends, the highest thickness swelling was observed at 60 and 120
minutes of wet milling time heat drying condition. The reason of these might be due to the
aggregation. The aggregation was thought to be due to the influence of applying milling

time and drying condition.

Figure 26(b) showed the relationship between the saturated thickness swelling of
WPC (around the 5 %) with the average particle size. As same as water absorption trend,
the highest thickness swelling for heat drying condition were observed at 40 to 120 minutes
of wet milling time. In the case of freezed-drying condition, the lowest thickness swelling
was observed at 120 minutes of wet milling time. The reason of these might be due to the
difference of aggregation and contributed to difference degrees of water uptake, especially
dimensional swelling of the composites. During absorption, water uptake occurred on the

surface of the particles at first and then the water transferred from one cell to another over

time (Mu et al., 2018).

The primary and secondary kneading also might be affected the speed of water
absorb. Under a temperature of 190 2C conditions, the thermoplastic polymer PP was able
to cover a more specific area of wood particles and will provide the greater strength of WPC.
In the case of this kneading process, allegedly that the particles of thermoplastic polymer PP
were unable to cover such a large number of surfaces of wood particles. This would be
affected the thickness swelling of WPC as a result of wood absorbs the water and plastic

instead of it, does not absorb the water.
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Fig. 26 The relationship between thickness swelling of WPC with (a) the time of
water resistance test and (b) the average particle size.

Figure 27 shows the relationship between the intensity at 77.3 pm and 678.5 on the
particle size distribution and the water absorption and thickness swelling of the WPC. When
focused on the saturated condition, water resistance properties showed the same trend, even
for the large and small particle of wood flour. As observed in Figs. 27(a) and (c), there is no
significant difference on water absorption at the large and small particle for the heat drying

and freezed-drying condition. In the case of thickness swelling showed that there is
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fluctuation among different wet milling times (see Figs. 27(b) and (d)). The reason might be

to the differences of aggregation. Increase in the aggregation particle corresponds to a

decrease in the dimensional stability against water.
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Fig. 27 The relationship between water resistance properties of WPC and intensity
of the particle size distribution analysis at (a) 77.3 um and (b) 678.5 pm. [] heat
drying 0 at min and O freezed-drying at 0 min.

The relationship between predicted maximum water absorption or thickness swelling
of WPC with the adsorption speed of water was shown in Fig. 28. As mentioned in chapter
3, the saturation point at a maximum of water resistance properties was A, and the speed of
water uptake was B. The lower A would have a positive effect on the mechanical properties
of WPC and the higher value of B signify that it was lower speed of absorb and drain the
water. The result showed that during the increasing of wet milling time, the maximum water

absorption for freezed-drying was decreased 0 to 20 minutes of the wet milling time as can
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be seen in Fig. 28(a). At that time, the speed of water absorption was high compared to
others condition. After that, the maximum water absorption showed a slightly increased with
lower of water absorbs speed. However, in the case of heat drying showed that the opposite
trend. As increasing of the wet milling time, the maximum water absorption was decreased
from 0 to 20 minutes of the wet milling time. At that time the speed of water adsorption was
lower than others condition. After that, the maximum water absorption showed was

increased significantly and increasing speed of water absorb.

Figure 28(b) showed that the maximum thickness swelling of freezed-drying was
decreased during the increasing of wet milling time. It was followed by same trend of the
water uptake speed, that was also decreased during the increasing of wet milling time. In the
case of heat drying condition showed that the maximum thickness swelling, and the speed
of water uptake were decreased from 0 to 20 minutes of wet milling time. After that, it
showed both that the maximum thickness swelling, and the speed of water uptake were
increased during the increasing of wet milling time. Based on the fact that the optimum
condition would occur when the low speed and low water absorption and thickness swelling
was observed. The optimum condition was found at 30 minutes of wet milling. The reason
of these might be due to at that time were observed a low of water resistance and also lower

time needed to adsorb and drain the water.
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4.3 The investigation of mechanical properties of WPC made from smaller mesh size

4.3.1 Bending, tensile, and impact strength of WPC made from smaller mesh size

Table 6 shows the mechanical properties of WPC for targeted condition. As mentioned in
the chapter 3, the fraction of 32-53 um by 30 minutes of wet milling time for freezed-drying
was added, because it was thought to be the ideal condition for comparison. Considering at
the previous results indicates that the particle size distribution influences the mechanical
properties of WPC. Decreasing the particle size corresponded to an increase in the
mechanical properties of WPC. And it was also found that the optimum mechanical property
of WPC was obtained at 30 min of the wet milling time for freezed-drying conditions. So,
it is necessary to compare these optimum mechanical properties with the same wet milling
time and drying conditions but different in wood flour size. In this topic, the results showed
that the mechanical properties of WPC including the flexural and tensile properties
decreased during the decreasing of wood flour size in micrometers. In fact, the lowest
mechanical properties except for impact strength were found at the targeted conditions,
which is made from 32-53 pum of wood flour. In the case of impact strength, it decreased
during decreasing of particle size. However, the highest impact strength was found for WPC
made from 32-53 um of wood flour. It was meant an excessive percentage of small particle

decreased the mechanical properties of WPC.

Table 6 The mechanical properties of WPC made from smaller mesh size.

Freezed-drying 30' WMT

Mesh size
(um) Flexural Flexural modulus  Tensile strength ~ Impact strength
strength (MPa) (MPa) (Mpa) (KJ/m2)
180 -425 91,03 (0,59~  3641,74 (92,97)" 51,97 (0,36)* 9,30 (1,17)»
90-180 89,03 (0,37)~  3530,41 (30,15)* 50,64 (0,48)" 8,08 (1,42)»

32-53  82,58(0,56)  2941,14 (22,34 43,70 (0,30)* 10,15 (0,75)"

" Standard deviation
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4.3.1 Water resistance properties of WPC made from smaller mesh size

Figure 29 showed the relationship between the water resistance properties of WPC
obtained by freezed-drying condition with the time of water resistance test in hours. The
result showed that the water resistance and thickness swelling have similar trend as can be
seen in Fig. 29(a) and 29(b), respectively. An increasing the time of water resistance test
from 0 to 360 hours, both of water absorption and thickness swelling of WPC increased.
After that, there was fluctuation value of water absorption and thickness swelling up to 600
hours and they were saturated from 648 to 1032 hour of water resistance test time. When
focused on the saturated condition as observed in Figs. 29(a), it showed there was no
significant difference on water absorption, even for the large and small particle of wood
flour. However, as shown in Figs. 29(b), during decreasing of particle size, the thickness
swelling of WPC decreased and the lowest thickness swelling was observed at WPC made
from smallest wood flour. It was meant the milling process has positive effect for thickness
swelling properties of WPC. The reason of these might be due to the difference of
aggregation and contributed to difference degrees of water uptake, especially dimensional
swelling of the composites. The result showed that there were significant difference of

thickness swelling of WPC during the decreasing of particle size.
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Figure 30(a) showed the relationship between the saturated water resistance
properties of WPC with the average particle size. The results showed that there is no clear
relationship between the saturated water resistance properties of WPC with the average
particle size. When focused on the water absorption, there was no big difference of water
absorption of WPC made from different arrangement of mesh size. However, in the case of
thickness swelling, during the decreasing of particle size the thickness swelling decreased.
And it was found that there was big difference of thickness swelling of WPC made from
different arrangement of mesh size. The lowest thickness swelling was observed for WPC

that made from mesh size 32-53 pm. It was meant the smaller mesh size has a positive effect

for the thickness swelling of WPC.

The relationship between predicted maximum on water absorption or thickness
swelling of WPC with the adsorption speed of water was shown in Fig. 30(b). As mentioned
in chapter 3, the saturation point at a maximum of water resistance properties was A, and
the speed of water uptake was B. The lower A would have a positive effect on the mechanical
properties of WPC and the higher value of B signify that it was lower speed of absorb and
drain the water. The result showed that during the decreasing of mesh size, the maximum
water absorption decreased, and the speed of water absorption was higher. In the case of
thickness swelling, as decreasing of the mesh size, the maximum thickness swelling
decreased. However, at that time the speed of thickness swelling became slower. Based on
the fact that the optimum condition would occur when the slow speed and low water
absorption and thickness swelling were observed. It was found that the lowest thickness

swelling was observed for WPC that made from mesh size 32-53 pm.
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CHAPTER 5

CONCLUSIONS

In this study the effect of wood flour characteristics by different filler fabrication treatment
on the mechanical properties of WPC were investigated. Two kinds of parameter were
evaluated in this research to know the influence on the mechanical properties of WPC. The
first experimental item is wet milling time, which ranges for 0, 10, 20, 30, 40, 60, and 120
minutes of pulverization process. The second item is drying condition including heat drying
and freezed-drying process. The tests were conducted to determine the mechanical
properties such as bending, tensile, impact and water resistance which would be affected by

those parameters of milling time and drying conditions.

The milling process changed the characteristic of wood flour, particularly the particle
size distribution. Increasing the time of ball milling decreased the wood flour size. However,
an excessing milling period of time longer than 40 minutes, the amount of aggregation
increased. Particle size distribution of produced wood flour depended on the milling
conditions. From the observation of particle size distribution, it was clearly found that the
average particle size after ball milling increased as a function of milling time, particularly
from 60 to 120 minute. After the re-fibrillation and screening process has similar trends.
When focused on the large particle size for both heat drying and freezed-drying conditions,
the highest intensity (peak) was observed for 0 minute of wet milling time, and it decreased
with increase in wet milling time up to 30 minutes. The deviation of the particle size
distribution demonstrated that there are various sizes and shapes in milled wood flour.
However, the aggregation occurred longer 30 minutes of wet milling time. In the case of the
smaller particle size, for both drying conditions, the peak appeared at 120 min of wet milling

time. Under those conditions, the intensity for the freezed-drying condition was higher than
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that for the heat drying condition. This might be due to the milled wood flour into finer or
fibers caused by high rotating speed of the ball mill. The investigation of SEM images is
proved that the aggregation occurred at 120 minute of wet milling time and that for heat
drying conditions was higher than freezed-drying conditions. This was meant to avoid the

aggregation less than 40 minute of wet milling time is suitable.

This result indicates that mechanical properties such as tensile strength, flexural
strength and a flexural modulus of WPC increased up to 30 minutes of wet milling time. At
120 minute of wet milling time the mechanical properties decreased and that for freezed-
drying was higher than that for heat drying. It was suggested that the different surface
characteristics of aggregated wood flour influence the mechanical properties of WPC.
Decreasing of the particle size, the mechanical properties of WPC were increased. The 1zod
impact strength increased with increasing wet milling time from 0 to 30 minutes and after
that it showed a slight decrease. In the case of 120 minutes of wet milling time, the composite
had a higher impact strength compared to others condition. The reason for these might be
due to the aggregation.

During the increasing time, water resistance properties were increased up to 648 hours
and after that showed saturation. The highest water absorption and thickness swelling found
at heat drying condition at 60 and 120 minutes of wet milling time. The reason for these
might be due to the aggregation. The result showed that there was no significant difference
on both of water resistance properties, water absorption and thickness swelling at the large
and small particle. However, there were significant difference of thickness swelling between
the heat drying and freezed-drying condition at each different wet milling time that applied.

The result showed that the particle size distribution influences the mechanical
properties of WPC. An excessive percentage of small particle decreased the mechanical

properties of WPC. It was clearly found and occurred at the targeted WPC, which is made
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from smallest particle size and for freezed-drying conditions. In the case of large particle,
the mechanical properties of WPC decreased during decrease in intensity. The optimum
mechanical property of WPC was obtained at 30 min of the wet milling time for freeze-
drying conditions. Further research that focuses on these fractions with different particle size
is needed to find out what exact size of wood flour is the most optimal in the WPC

manufacturing.
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SUMMARY

Summary in English

Wood plastic composite (WPC) is a relatively new generation of composite material made
from a combination of wood flour and thermoplastic resins on specific heat and pressure.
WPC has advantages such as easy to maintain, high durability and longtime service life.
WPC can be produced using recycled materials, and several additives can be applied to
improve the properties. The characteristics of wood flour as a raw material are important in
the manufacturing of WPC. The quality and functionality of WPC should be improved to
meet the increasing public demand. Although various studies have been conducted, there are
still unsolved factors such as the particle size distribution as a function of wet milling times
and drying conditions. It is also necessary to consider the relationship between this factor
and the mechanical properties of WPC. The objective of this study is to investigate the effect
of wood flour characteristics by different filler fabrication treatment on the mechanical

properties of WPC.

Wood flour of the Japanese pine 13.5 g was milled with 200 ml of water by a ball
mill. This was the standard method of wet milling condition for “one pot” in this research.
Two kinds of parameter were evaluated in this research to know the influence on the
mechanical properties of WPC. The first experimental item is wet milling time, which ranges
for 0, 10, 20, 30, 40, 60, and 120 minutes of pulverization process by rotating speed of 200
rpm. The second item is drying condition including heat drying and freezed-drying process.

Two kinds of drying conditions, seven days of freezed-drying at temperature -45 °C and 24
hours of heat drying (80 °C) was applied. After drying, wood flour was fibrillated for 1

minute by a blender. Dried wood flour was screened to classify into six fractions as follows;

>425 pum, 180-425 pm, 90-180 um, 53-90 pum, 32-53 pum, and <32 pm. Vibrational
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acceleration = 20 G was applied for 30 minutes of each condition by a compact vibrating

shaker.

In order to analyze the weight distribution at wood flour size of 6 classifications and
at 7 milling times, total amount of wood flour weight in each fraction of 6 x 7 matrix
conditions was weighed and calculated. The number of pots for each condition was
determined to obtain a sufficient amount for test piece fabrication and to analyze the particle
size distribution. This study focused on the fraction 90 - 180 um for all the different wet
milling times, 180 — 425 um on 0, 30, and 120 minutes, and 32 — 53 um of 30 minutes wet
milling time. The micro-structure of wood flour was investigated through a scanning
electron microscope (SEM) examination. Polypropylene (PP) and maleic anhydride-grafted
PP (MAPP) was used as a matrix and compatibilizer of WPC compound. The ratio of the
weight of wood flour, PP, and MAPP in the compound was 25:74:1, respectively. The WPC

compound was kneaded at 190 °C and a screw rotation speed of 30 rpm for 10 minutes.

After kneading, the WPC compound was crushed by a crusher machine. Injection
molding machine was used to make WPC test pieces. The dimensions of a tensile and
bending test pieces were 50 mm in length, 2 mm in thickness, 4 mm and 6 mm in width,
respectively. The test pieces were placed for 5 days or more in a saturated temperature and
humidity room (20° C, RH 65%) before testing. The tensile test was carried out by a
universal testing machine at a speed of 20 mm/min and the distance between the gripper was
30 mm. Bending test was conducted by the speed of 5 mm/min and a span of 32 mm. The
number of replications for each test was 5. Izod Impact test was conducted by Impact Tester
machine. The dimension of the specimen test was the same likes as the bending test’s
specimen and the number of replications was 5 time for each test. Water resistance test was

included two kinds of test, i.e. water absorption and thickness swelling. The test specimen
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was put in the water and heated by oven at the temperature of 70 °C. The test specimen
dimension measurements were performed after 0, 1, 3, 4, 6, 12 hours. Then, measurements

occurred once a day for the first week, followed by once every three days until saturation.

The milling process changed the characteristic of wood flour, particularly the particle
size distribution. Increasing the time of ball milling decreased the wood flour size. However,
an excessing milling period of time longer than 40 minutes, the amount of aggregation
increased. Particle size distribution of produced wood flour depended on the milling
conditions. From the observation of particle size distribution, it was clearly found that the
average particle size after ball milling increased as a function of milling time, particularly
from 60 to 120 minute. After the re-fibrillation and screening process has similar trends.
When focused on the large particle size for both heat drying and freezed-drying conditions,
the highest intensity (peak) was observed for 0 minute of wet milling time, and it decreased
with increase in wet milling time up to 30 minutes. The deviation of the particle size
distribution demonstrated that there are various sizes and shapes in milled wood flour.
However, the aggregation occurred longer 30 minutes of wet milling time. In the case of the
smaller particle size, for both drying conditions, the peak appeared at 120 min of wet milling
time. Under those conditions, the intensity for the freezed-drying condition was higher than
that for the heat drying condition. This might be due to the milled wood flour into finer or
fibers caused by high rotating speed of the ball mill. The investigation of SEM images is
proved that the aggregation occurred at 120 minute of wet milling time and that for heat
drying conditions was higher than freezed-drying conditions. This was meant to avoid the

aggregation less than 40 minute of wet milling time is suitable.

This result indicates that mechanical properties such as tensile strength, flexural
strength and a flexural modulus of WPC increased up to 30 minutes of wet milling time. At

120 minute of wet milling time the mechanical properties decreased and that for freezed-
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drying was higher than that for heat drying. It was suggested that the different surface
characteristics of aggregated wood flour influence the mechanical properties of WPC.
Decreasing of the particle size, the mechanical properties of WPC were increased. The 1zod
impact strength increased with increasing wet milling time from 0 to 30 minutes and after
that it showed a slight decrease. In the case of 120 minutes of wet milling time, the composite
had a higher impact strength compared to others condition. The reason for these might be

due to the aggregation.

During the increasing time, water resistance properties were increased up to 648 hours
and after that showed saturation. The highest water absorption and thickness swelling found
at heat drying condition at 60 and 120 minutes of wet milling time. The reason for these
might be due to the aggregation. The result showed that there was no significant difference
on both of water resistance properties, water absorption and thickness swelling at the large
and small particle. However, there were significant difference of thickness swelling between

the heat drying and freezed-drying condition at each different wet milling time that applied.

The result showed that the particle size distribution influences the mechanical
properties of WPC. An excessive percentage of small particle decreased the mechanical
properties of WPC. It was clearly found and occurred at the targeted WPC, which is made
from smallest particle size and for freezed-drying conditions. In the case of large particle,
the mechanical properties of WPC decreased during decrease in intensity. The optimum
mechanical property of WPC was obtained at 30 min of the wet milling time for freeze-
drying conditions. Further research that focuses on these fractions with different particle size
is needed to find out what exact size of wood flour is the most optimal in the WPC

manufacturing.
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Summary in Japanese

BAFETAM 77 ZF v 7 BEMEE (WPC) 1%, Ak & BVRTEBMERE 4 RRLEM L CTIES
LEEMEITH D, WPC ITiX, AT F U ARES T, MAMRE L . THREEREN
REDORIENRDY . FI VI A 7 AMEEER L CRIETE . W ODOEIANZ LY
FEAZMESEDLZENRARETH D, WPC OBRLEIZRWT, JFEE L TORH ORMEN
BETHD, WC OFEOHEKIZHEN, ZORELMHREAHEMRT LI ENULETHD,
AR DFFEDIWPC DMEREIZ KT TREIC OV TR I F I iThoh 7223, B
PR R SORLIRSE 2 & ORIE S 7e &L AL SN TV ARWER L L, AIFEO B
BIIX. 7 4 T —DRIESMER, AR OMRIZRIETEER . 2 5 A WPC ORSRA M

ICRIETHEZRALNCTHZLTHD,

T H = DAKY 13, bg A AR—/L LT 200ml DK E & BT 200 rpm TIREIREL 7=, ¥
PESRlE7S WPC OBSIRAVRFIEIC B 2 5 B A FHIE T 572012, 00 10, 20, 30, 40, 60, 3
K20 3 DB EM TR AT o 7o, Fio, HMEEHIC L 2HELTET 572010, Bk
BORKIL —45° C T 7 HEOWRERES L <IX80° € T 24 KON IE 21T > 7=,
Rilts, 7L X — TR A 1 pHIEAER L. DS WIRE SERIZEY > 425 um, 180

- 425 um, 90 — 180 pm, 53 — 90 pm, 32 - 53 pm, FBIL W <32 pm D 6 FHHFIT K LT,

AFFETIE, TR TORKHFRERIT90 - 180 um. 0. 30, 1204 T 180 - 425 pm,
30 4y DR F A FEEE ] T 32 — 53 um D4y 2 fF F L CTWPC D#LEZ 1T o 72, BFHD A,
AU 7Ly (PP) t#EEAK~L A EREM PP (MAPP) 2, E&EMIEX 25:74:1 T

190° C. A7 U = —[B#EAEEE 30 rpm T 10 SRR L 2 30 REET-,

BHNTWPC = Ry o RITREREE TRt L. SRS A2 M L T WPC 8B A & (ERk
L7z, gliERERA LR OB, 2N ENRE S50 m, ES 2 m, 184 m & 6

mm & L7z, B IX, [BREES (20°C, RH66%) 12 5 ALLEBAEL T A&ERERIC
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U7z, SIERBRIL. S0 A EMHEEE 30 mm & L, BRI 20 nm /5 TITo 72, HITR
BRIZ. A8032 mm & L, BBEES mm /55 e LT T, 7 A Yy MEBERBRIIMT
AER & FRORE T HETITV, TG A HEH L, BB R E&5 K
&Lz, MAKRBRTIL, RBAE 70 CORKICIZEL., BB OERER L OHEE 0,
10, 30, 40, 60, 120 FEREAZICHEIE L CRKEL LOVESHRELRIN L., 20%, &
o 1EMIZ T B 1E, 201% 3 BIZ 1 E, SAKREICR2 E CREROBIEZED IZL

7':,
—o

RV VT X DRSO 3N 512> T, R ORIEN/ NS eoTz,
LInL3 S| RIS 40 B A 5 &, BRI L, R#IZ 60 7075 120 Z3ITHIER
PEERNT 2 Z 0L o Te, U—F —HELFCRLE o A ) E OFE R 5 B
RIS & SRRSO W ST CRERPLF A XD —7IZEBTH L, 30 H0E T
B BERROEME LI —2 3B Le, 72, HESHROIXZL2E b, ok
B ORI bER X IRIE - RIROAKRMPFEET 22 LRIz, £/, 30 5L LD
FHE CITE R O IS K 0 BERS AT 2 2 LAVRIB S L7z, SEM B 6, iR
e 120 73 CEEED R A L, BRRESEMOGE ITHE RS E L0 b X0 K& < EE7ZR
BENELTWDLZERELNI ST, 2O D, BEEZERET H7-0I21 40 &

A DI AR 23 Y] T 5 Z & DS b7,

IR PR DEF] & & (S WPC D5 [BRIREE, #hFIREE, il P MR & OEAY R & FLES
T 5 &, W] 30 4k CIIAEMRAUIEREDS BR Ulc, @R 0O 120 43 Tl
PR RR M) L 72, BURSEIRS I CIX BB SR L ) b WEEMER L, 20
ZLhbh, BEELIZABRN WPC OBBAVRIECROREELEZ 5 LRSIz, £
7oy BLFY A XN EL< D & WPC DOBRIRED [ B3 2EmIcdH -7, 714 > b

EFERFRE 1L, BRI 0 455 30 5 CIEIE L, F0% b M L=, 120
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ST OSEH LB LTI EWERRELZEF LW, ZIUIRBOEENRET

boHEEZBNI,

WAKEER Tlx, RIEBRAAH 648 R TR &3 Aafn L7-, BE#E60 43 L UN120 45,
BREIRE N TR LOESERENEL 2o/, I b ITBBmc LV EL
Wk DEELIEIZHE S BENRR TH L EEZ LN, LLRERBL, Avyyatf XD
B HARMZMHER LI WPC T, Wk, BIOEIEOM G ICHEBEEN RN L &R
L7z, —FC. F—@pfemsh Tt Lo a . B a it & MRSt & oM
ESERIITAREND D Z E PRI,

—IEDFERIT. RLESR S WPC OREMAVREIC B Z 525 Z L2 T D ThHo T,

WUNRRIBE DR DENG LT E D & WPC OBBAIFRFENMET L7z, £7z. RBZEOR

BOEIEMET 5 &, WPC OREMEIFRFEBIRT L7z, WPC DR 72RO I, G

LIS C OB U AR R D 30 oy TR L LT,
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