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CHAPTER 1

INTRODUCTION

Wood materials have been used in the area of building, transportation,
papermaking, textiles, and people’s daily lives for a long time. It is difficult to suggest
another material possessing such diverse properties and basic utilities. Although
modern technology has been successful to substitute wood in many ways with light
metals and plastics, it has never been possible to supercede the versatile utility of wood
because wood is strong and stiff with respect to bulk density, cheap, durable, beautiful
appearance, naturally available, and easy to work with. Though the versatility of wood
is well recognized, there are some inherent characteristics that tend to restrict its
versatile and potential applications. The most important drawback is the dimensional
instability at variations of moisture contents, resulting in contractions and expansions
in some anatomical directions of wood. Several approacﬁes have been taken in the past
in attempts to avoid such défects and to enhance the quality and enlarge the dimension
of wood as a raw material, therefore wood composites or wood-based materials are

developed.

Thailand has a lot of planted rubber trees (Hevea braziliensis), a softwood
species, that produce latex for tires, adhesives, and other products. Rubber plants have
been a major economic plant in the southern and the éaétem part, including some part
of the north-eastern part. At present, Thailand has about 11.6 million rais rubber
- plantation area . The rubber plantations in Thaﬂand tend to continue increasingly every

year, particularly in the north-eastern part. [1]



Since the role and the important of rubber have increased, the government has
encouraged the replantation of the uneconomic rubber trees with the high yielding
varieties one, In the beginning, most of cut down rubber frees were burnt away. The

rest, just a few proportion was used for fuel, which caused much of economic loss.

After the govemment has banped foresiry concession in 1989, the lack of
~hardwood occurred. Therefore, Thailand must imported sawlogs and sawntimber from
neighbouring countries. The import values increase, as a result, Thailand must loose
the hard to gain foreign currency. Moreover, the import of wood from neighbouring
countries has been uncertain in quantities, more difficult, and not enough for the
demand of industry. Consequently, the rubber wood becomes more important and

more demand.

As a result of forestry concession banning in 1989, the furniture manufacturers
have lacked of materials from hard wood. Therefore, the manufacturers tumed to
develop the utilization of softwood which is rapid growth tree and non-reserved wood
species, particularly rubber wood as a substituted material in large quantities. The
manufacturers found that it can substitute the hard wood from natural forest in certain
applications. Morever, the export market prefers furniture made from rubber wood.
Today, rubber wood products have been increasing in values and bring not lower than

1C,OOG million baht a year income to the country.

After the economic life of a rubber tree which was estimated to be 25 years, it
produces too small amount of latex, and the tree must be replaced with a new one. The
rubber trees can be used to substitute import sawlogs and sawntimber from the
neighbouring countries. Around the country, there are uneconomic rubber trees which

are cut down at about 200,000 rais for annum, equivalent to the volume of wood at




about 9.8 million cubicmeter. If all of the weod could be used, it would be very vseful

and make strong impact to the economy of the country. [2]

1.1 Objective of the research work

1. To study the process for the preparation of the mbbelwood—poiymer
composites prepared by impregnation of rubberwood with methyl
methacrylate/acrylamide and methyl methacrylate/2-ethythexyl acrylate

2. To study the physical and mechanical properties of rubberwood-polymer

composites obtained under various conditions.

1.2 Scopes of the research work

In this research work, the wood-polymer composites were prepared from
methyl methacrylate/acrylamide, methy! methacrylate/2-cthylhexyl acrylate and
rubberwood. Suitable monomer mixtures and various impregnation conditions such as
initiator content, evacuating time, soaking time, and monomer ratios were investigated.
The physical and mechanical properties of specimens such as polymer loading,
density, water absorption, antiswell efficiency, modulus of elasticity, flexure stress,
compression paraliel to grain, resistance to termite, and SEM of the microstructure of

WPC would be studied.



CHAPTER 2

THEORY AND LITERATURE REVIEW

Wood reserve of the world forest is diminishing very fast. All this has
necessitated for the development of good quality wood, as well as the improvement of
low grade wood either by genetic changes or by chemical treatments of the low grade
wood to transform it to work as a substitute for the higher grades. One way to improve
the physical and mechanical properties of low grade wood is by combination of wood
and plastic. Plastic, unlike wood, has high resistance to water absorbility and is
hydrophobic. It is also durable in various weather conditions and resistant to pest
attack. The combination also makes the product more resistant to abrasion, biological
attack, and weather conditions. The best way to make the comﬁinaticn is alloyed or
reinforced with plastic, that is, monomer molecules are forced into the void spaces of
wood and then they are polymerized among the fibers of wood and even the saturated

cell walls,
2.1 Formation and struecture of wood

2.1.1 Chemical compaosition of wood [3]
Wood consists of a cell wall made up of biopolymer and a cell cavity
regarded as a void. Main components of the cell wall are cellulose (40-50%),

hemiceliulose (5-20%), and lignin (20-30%), and the rest is extractives (more than



Cellulose, the major constituent, comprises approximately 50% of wood
substance by weight. It is a high-molecular weight lincar polymer consisting of chains
of bonded giucose monomers. During growth of ihc tree, the celluiose molecules are
arranged 1nto ordeced strands called fibrils, which in tum are organized into the larger

structural elements comprising the cell wall of wood fibers.

Lignin comprises 23-33% of softwoods, and 16-25% of hardwoods. It occurs in
the wood throughout the cell wall, but is concentrated toward the outside of the cells

and between cells. Lignin is a three-dimensional phenylpropane polymer.

The hemiceliuloses are associated with celiulose and are polymers buiit from
severad different kinds of sugar monomers. The relative amounts of these sugars vary
markedly with species. The hemicelluloses play an hmportent role in fiber-to-fiver

bonding in the papermaking process.

The extractives may range from roughly 5-30%, depending on such fuctors as
species, growth conditions, and time of year (he tree is cul. The extrancous materials,
arc both organic and inorganic, The organic component contributes to such propertics
of wood as color, ordor, tasle, decay resistance, densitly, hygroscopicity, and
ﬂarpma‘aiiity. Extractives include tannins and other polyphenolics, coloring matters,
essential oils, fats. This component is termed extractive because il can be removed
- from wood by extraction with such svlvents gs water, alcohol, acetone, benzene, z'md

cther.

The inorganic component of the extrancous material generally comprises 0.2-
1.0% of the wood substance, although bhigher values are occasionally reporied.

Calcium, potassium, and magnesium are the more abundant clement constituents,




The cell wall polymers (cellulose, hemicellulose, and lignin) have many
hydroxy! group, functioning as sites with chemicals during the chemical modification

of wood.

The cell cavity is filled with air, and the ratio of void volume varies with wood
species or wood density, being 13-93%. The voids function as passage and reservoirs

of chemicals during the chemical modification of wood.
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Figure 2.1 Schematic diagram showing the location of major constituents of wood

2.1.2 Anatomy of wood [4]
A cross scction of a tree {(Figure 2.2) shows the following well-defined features

in succession from the gutside to the center:

Bark, which may be divided into the outer, corky, dead part that varies greatly

in thickness with different species and with age of trees, and the thin, inner living part.



The cell wall polymers (cellulose, hemicellulose, and lignin) have many

hydroxyl group, functioning as sites with chemicals during the chemical modification

of woad.

The cell cavity is filled with air, and the ratio of void volume varies with wood
species or wood density, being 13-93%. The voids function as passage and reservoirs

of chemicals during the chemical modification of wood.
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Figure 2.1 Schematic diagram showing the location of major constitucnts of woeod

2.1.2 Anatomy of wood [4]

A cross scction of a tree (Figure 2.2) shows the folloving well-defined features

in succession from the outside to the center:

Bark, which may be divided into the outer, corky, dead part that varies greatly

in thickness with different species and with age of trees, and the thin, inner living part.



Wood, which in merchantable trecs of most species 1s clearly differentiated

into sapwood and heartwood.

Pit, the small core of tissue located at the center of tree stems, branches, and

twigs.

Sapwood is located between the bark and the heartwood. The sapwooed
contzains both living and dead cells and functions primanly in the storage of food and
the mechanical transport of water or sap. The sapwood layer may vary in thickness and
in the number of growth rings contained in it. Sapwood commonly ranges from 1-1/2
to 2 inches in radial thickness. Sapwood of all species, however, is not resistant to

decay.

In gcnq1al, heartwood consists of inactive cells that do not function in either
water conduction or food storage. The transition from sapwood to heartwood,
however, is accompanied by an incrcase in the extractive content. Heartwood
extractives i1 some species such as black locust, western redeedar, and redwood make

the wood resistant to fungi or insect attack.

The age of a tree at any cross section of the trunk may be determined by
counting the growth rings. The inner part of the growth ring formed first in the
growing season is called carlywood and the outer part formed later in the growing
scason, latewood. Earlywood is characterized by cells having relatively large cavitics

and thin walls. Latewoaod cells have smaller cavities and thicker walls. [5]
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2.1.3 Softweod and hardwood

Woods arc divided into hardwoods and soft_woods. Hardwood trees
(angiosperms) generally have broad leaves, are deciduous in the temiperate regions of
the world, and contain a special cell called a vessel element. Softwood trees {conifers
or gymnosperms) are conc-bearing, geocrally have scalelike or necdiciike lcaves, érc
not deciduous, and do not contain vessel elements, The terms hardwood and softwood

have no direct application to the hardness or softoess of the wood.

2.1.3.1 Seftwood [6]

Figure 2.4 illustrates the cell structure of white pine, an example of a softwood.
The three planes, TT, RR, and TG, represent the same three planes described for
hardwoods. The rectangular units that make up the transverse surface (TT) arc sections
-through long vertical cells called tracheids (TR). Because softwoods do not contain-

esscl cells, the tracheids serve the dual function of transporting sap vertically and

<

givir;g strength to the wood. The wood ravs (WR) store and distribute sap horizontally.
Fusiform wood rays (FWR) are rays with horizontal resin ducts (HRD) at their centers.
The large hole in the center of the end grain is a vertical resin: duct (VRD). Some
softwoods, such as cedar and the true fir, do not have resin ducts. The annual ring
(AR) is often divided into an carlywood zone (S) composed of thin-walled cells and a
latewood zone {SM} composed of thicker walled cells. The synﬁboi SP indicates a
simple pit, an unthickened portion of the cell wall through which sap passes from ray
parenchyma cells to tracheids or vice versa, Bordered pits (BP) have their margins
| - overhung by the surrounding cell walls but still function as a passageway for sap to

move from one cell to another.
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Figure 2.4 Cellular structure of a softwood. (AR) annual rings, (BP) border pit, (FWR)
fusiform wood rays, (HRD) horizontal resin duct, (RR) edge grain, (8) carlywood,
(SM) latewood, (SP) simple pits, (TG) flat grain, {TR) trachied, (TT) cnd grain, (VRD)

vertical resin duct, and (WR) wood rays

2.1.3.2Hardwood

Figure 2.5 illustrates the cellular structurc of @ yellow Poplar, an example of a
hardwood. The horizontal plane (TT) of the block corresponds to a minute portion of
the top surface of a stump or end surface of a log, called the transverse surface. The
vertical planc (RR) corresponds to a surface cut parallel to the radius and paraiiej to
the wood rays (WR), called the radial surface. The ven:.icai plane {TG) corrcspounds toa
surface cut a right anglesvfo the radius and the wood rays (WR) and is called the
tangeatial surface. In temperature climates, trees often produce distinct growth layers
called growth rings or annual rings (AR). These rings vary in width according to

cavironmental conditions.
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Where there is visible contrast within a single growth ring, the first formed
layer is calied earlywood_ {S) and the remainder latewood (SM). Hardwoods have
specialized structures Ealicd vessels for conducting sap upward. Vessels are a series of
relatively large cells with open ends sct one on top of the other and continuing as open
passage for long distar-lces. In most hardwoods the ends of the individual cells are
entirely open, whereas in others they are separated by a grating, as indicated at SC. On
the end grain, vessels appear as holes and are termed pores (P). Most of the smaller
celis on the end grain ﬁrc wood fibers (F), which are the strength-giving clements of
hardwoods. They usually have s.nall cavities and relatively thick walls. Thin places or
pits (K} in the walls of the wood fibers and vessels allow sap to pass from onc cavity to
another. Wood rays (WR) are strips of short horizontai cells that extend in a radial

direction. Their function is food storage and lateral conduction.

All cells in wood, including vessel cells, fibers, and ray cells, arc cemented

together by a thin laycr, the middle lamella. This thin, intercellular laycr is composed

of lignin and carbohydrate.

- Figure2.5 Cellular structure of a hardwood. (AR) annual rings, (F) fiber, (K) pits, P
 pores, (RR) edge grain, (8) earlywood, (SM) latewood, (TG) flat grain, (TT) end grain,

and (WR) wood rays
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2.2 Wood-polymer composites [7}

Quite a number of studics have been camried out to ‘improve the quality of
timber of low-grade wood normally used for fuel. The improvement is done through
the formation wood-polymer composites using suitable monomers which are
impregnated  into the wood bulk. Wood-polymer compositc (WPC) is a wood
impregnated with poiymcm in order to strengthen the properties of the natural wood.
WPC is a compositc made by impregnating wood with a polymerizable monomer
(mainiy vinyl-monomer) or prepolymer, and polymerzing them to a solid. The
initiation of polymerization is done by generation of free radicals with irradiation of
radiant ray or heating with catalyst (initiator). Formulation of polyxﬁcrization by frce

range radicals is (Equations 1-4):

I —p 2R’ {(Generation of radicals)  ......... 1
R4+M—p M~ (Initiation step) - ..o 2
M +M —> M;‘, (Propagation step) ... .3

M, + M; — P, (Termination step) T 4

n

Where [ is initiator; R'is free radical from initiator, M- is monomcr, M is
growing radical, P is polymer, and ni, n are the degree of polymerization. The
- impregnated monomers are polymerized within the wood cells by exposure to
radiatton or hcat-catalyst. The polymers form a netlike texture created from the
impregnated monomers within the wood cellulose. The wood sample preserves its
- aesthetic look but its physicomechanical propenies. are greatly enhanccd.b These
materials, called wood-polymer composites (WPC), are suitably used in place of high-

* quality timber of teak, mahogany, oak, etc.
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2.3 Impregnatiaﬁ Process

Prior to the impregnation stage, water and :ﬁr must be removed from the wood
to provide a space for the treating fluid. Water is removed by a drying process in ar'a._
oven. After drying, wood is placed in 2 pressuré vessel and a vacuum process is.
applied to remove air. After the wood is placed in a vessel, air is first evacuated fiom
the vessel and wood cell lumen in evacuation chamber, and next the monomers, with
or without catalyst, arc introduced iato the vessel under the vacuum. After atmospheric
pressure is regained, the impregnated wood is taken out of the monomer liquid. In the -
case of low permeable wood, air pressure is applied to the liquid prior to taking out the "
wood. The pressurc and time of evacuation and compression depend upon the wood
specics used. Next, to polymerize the monomer, the impregnated wood is heated or f
uradiated. The amount of monomer lcading depends upon the monomer composition,

the period of impregnation, and the structure and specics of wood.

2.3.1 Thermal polymerization [8]
This method requires a catalyst to be incorporated into the impregnation -

solution in order to thermally create frec-radicals that initiate the catire polymcrizati_oh_j

: process to ultimately prepare. wood-polymer  composites. The mechanism of

production of the composite is once the free radicals are generated out of the -

impregnating bultk monomer with the help of the added catalyst.

Among many different vinyl monomers used during the 1970s and 1980s,
methyl methacrylate (MMA) appears to be the preferred monomer for the thermal .
- (catalyst-heat) process. However, all types of vinyl monomers can be thermally

- polymerized in the presence of a catalyst, suchasa peroxide.
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2.3.2 Peroxide initiators [9]

Pcroxide initiators {peroxides) arc chemical substances that posscss onc
or morc oxygen-oxygen bonds and have the general structurcs ROOR' or ROOH
where R and R are inorganic or organic group. Under the influence of heat or light, the
weak oxygen-oxygen bond cleaves to produce a pair of fice radicals (radicals) as

follows:

AorhV , :
ROOR’ — —» RO+QR {or other radicals)

2.3.2.1 Applications of Peroxides
Because they produce highly reactive radicals, peroxides are
used in many commercial radical reactions. In the various polymer industries they are
used as radical sources for polymerizing and copolymerizing viny! monomers, curing
-unsaturated polycster resins and  elastomers, crosslinking olefin  polymers and
“copolymers, grafting vinyl monomers onto pelymers, modifying polypropylene, and

compatibilizing polymer blends and alloys.

The cffcctivcncés of a peroxide in-a given application depends
on its thcmxaf decomposition rate and the cfficiency of the radicals generated in
czﬁwying cut the desire reaction. The first step in sclecting a peroxide for use in an
~ application is to choosc a peroxide having half-life characteristics best suited to the
~ temperature and time of the application. In applications, for example, requiring a
. reaction time of ~ 5 hr, the peroxide selected should have a I-hr half-life time (HLT)

- from ~ 5°C below to ~ 15°C above the temperature of the application.
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The second step in picking a peroxide for use in an application
is to choose a peroxide that is the most effective in the application. In applications suc
as vinyl monomer polymerization and copolymicrization to give unbranched (Eincér)
polymer, pecroxide should be selected that generate alkyl radicals having lower

cnergies than methyl radicals.
2.4 Monomers for wooed-pelymer composites

Representative types of monomers and prepolymers have been used to make

WPC during the past 30 years, and somc of them are listed in Table 2.1. The most

widely used industrial monomers, such as methyl methacrylate (MMA) and styrenc

(St) arc the cheapest WPC base chemicals and are casy for engincering. The lower the

viscosity of monomer is the easier the impregnation becomes. To a monomer solution,

-soluble, light-stable dyes can be added to color the final WPC. The color emphasizes
the grain structure of the particular species. The third component, chemicals such as a

crosslinker, an absorbent of ultraviolet rays, a flame retarder, and preservatives can be

added to improve the propertics of WPC and the organic solvent for swelling the ccll

~wall to control the impregnation arca of monomers. In the catalyst-heat process, the

- catalyst can be added in the amount-of 0.2-2% weight pereent to monomers.
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Table 2.1 Some monomers and prepolymers used for making WPC

Methyl methacrylate (MMA)

Di-, tri-mcthacrylate

Glycidy! methacrylate (GMA)
Hydroxycthyl methacrylate (HEMA)
Hydroxycthyl acrylate (HEA)
Acrylonitrile (AN)

Styrene (St)

Unsaturated polyester (UP)

In this study, three types of monomers were used to copolymernize including
mcthyl methacrylate (MMA), acrylamide (AM), and 2-ethylhexyl acrylate. The details
of cach monomer when they are polymers and mechanisms of copolymerization of

MMA/AM and MMA/2-EHA are expressed below:

2.4.1 Polymethyl methacryiate
Polvmethyl mcthacrylate is an atactic, amorphous, thermoplastic
matenal. and has a high transparency. Resins arc used 10 produce cast sheets or other

snapes. It is produced by free radical polymerization of methyl methacrylate using the

" usual peroxide orazo initiators, or by thermal or photochemical initiation.

Polymethyl methacrylate have excellent optical, thermal, electrical, and
chemical propertics. They have poor resistance to ketones and chlorinated solvents.

Outstanding weatherability makes them an excellent choice for exterior applications.
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2.4.2 Polyacrylamide
Polyacrylamides are readily water soluble over a broad range of .

conditions. Initially designed for applications involving separation and clarification of
liquid-solid phases, the polymers are now used for binding, thickening, and film

formation.

Acrylamide, CH,=CHCONH,, is unique in its ability to produce very high
molecular weight lincar polymers which exhibit strong hydrogen bonding. Solid
polyacrylamide is a hard glassy pelymer and has good thermal stability when
compared with other polyclectrolytes; however, degradation occurs upon prolonged

heating at clevated temperatures.

Acrylamiide copolymerizes easily with many vinyl monomers. Reaction
rates' and molecular weights tend to be lower than those obtained in acrylamide
homopolymerization, and the acrylamide content of copolymers is often higher than
that of the feed. Some of the most widely used comonomers are weak acids, acrylic

and methacrylic acids.

2.4.3 Poly2-ethylhexy! acrylate
Acrylic csters are represented by the generic formula CH,=CH-COOR.
The nature of the R group determines the properties of each ester and the ‘polymers it

- forms. 2-Ethylhexyl acrylate, CH,=CH-COOCH,(C,H,)CH(CH,),CH,, is in this class.

To a large extent, the properties of acrylic ester polymers depend on the

‘nature of alcohol radical and the molecular weight of the polymer. Poly(methy!

 acrylate) has little or no tackiness at room temperature; it is a tough, rubbery, and

moderately hard polymer. Poly(ethyl acrylate) is more rubberlike, considerably softer
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and more extensible; whereas Poly(butyl acrylate) is softer stiil and much tackier. In
the n-alkyl acrylate series, the softness decreases through m-octyl acrylate. Unless

subjected to extreme conditions, acrylic polymers are durable and degrade slowly.

- The combination of durability and versatility, and the ability to tailor
- molecules relatively casily to specific applications, have made acrylic polymers prime
candidates for numerous and diverse applications. The easc of handling acrylic ester
monomers and the ease of copolymerizing the softer acrylates with the harder
methacrylates, styrene, acrylonifrile, and vinyl acetate allow products to be

manufactured which range from soft rubbers to hard nonfilm-forming polymers.

2.5 Mechanisms of copolymerization of MMA/AM and MMA/2-EHA

Both two types of copolymers were produced via heat-catalyst polymerization

. which benzoy! peroxide was used as initiator or catalyst to generate free radicals.
CH;
HyC= HyC==CH

COOCH; ONH;

Mecthyl methacrylate Acrylamide

catalyst

frec radical polymerization

Hs CONH,
—(-H2C~(E—~CH2~CH-9§
COOCH;

Poly(MMA/AM)

Figure 2.6 Copolymerization mechanism of poly(methyl methacrylate/acrylamide)




CHj;
HoC==C + HC=CH
OOCH; COOCH:(CaHs)CH(CH2)3CHs
Methy! methacrylate : 2-Ethylhexyl acrylate
A catalyst
frec radical polymerization
CH; COOCH(CoHs)CH(CH;)3CH;3
"""‘“(‘""“‘HZC‘""?_‘CHQ—”CH’—) i
COQOCH;

Poly(MMA/2-EHA)

Figure 2.7 Copolymerization mechanism of poly(methyl methacrylate/2-ethylhexyl

acrylate)
2.6 Properties of WPC [10]

WPC has changed and improved in many arcas, compared with the untreated
wood. Its notable advantages are an increase in the static strength, surface hardness

.. abrasion resistance, dimensional stability, fine-finishing, and attractive grain.

2.6.1 Mechanical properties
The most pronounced mechanical propertics improved by WPC are
- ~compression strength and hardness. These properties are improved 4 to 5 times that of

- untreated samples, if attentive selection is made to the wood species and monomers.

19
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The properties of WPC are improved 1.5 to 2 times for tension, bending, and impact

strengths, compared to the untreated wood.

2.6.2 Dimensionaﬁ stability
Polymers generally reduce swelling and shrinkage from water, and
promote dimensional stability. WPC especially, shows more resistance to water

absorption because of the resistance of water vapor-diffusion from polymer in the ccll

Jumen. Otherwise, antiswelling efficiency (ASE) depends on the volume-cffect after

WPC treatment, i.c., bulking effect. The larger the volume of bulking is, the morc has
dimensional stability. Regarding ASE of WPC with polymer loading, it shows the

maximum value between from 30 to 70% of polymer loading.

2.6.3 Biolegical deterioration of wood [11]
The biological causes of wood deterioration, during its processing or
when it is in service, are of great concermn to wood technologists. The economic

importance of wood losses due to attack by decay fungi, wood-boring insects and

marine borers demands that consideration be given to methods of conserving wood

through a better understanding or these biological agencics.

2,6.3.1 Deterioration by microorganisms

All microorganisms have four fundamental requirements for

~ growth: air, water, a favorable temperature, and food. Exclusion of any one of its

. requirements will prevent a microorganism from growing. It follows that the most

- effective and permanent way of preventing biodeterioration is to deprive the target

organism of at least one of its requirements,
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The most important deterioration of wood by microorganisms is
caused by fungi. Fungi are primitive plants which lack chlorophyll and, therefore,
cannot manufacturc their own food like green plants do, but must rely instead on the
products of the photosynthesis of green plants to provide them with alrcady-
manufactured organic substances. Two classes of fungi, called the Ascomycetes and
Fungi Imperfecti, usually live on low-molecular weight carbohydrates, such as sugars
and starch, stored in wood, without attacking the wood cell wall substance and,
therefore, cause discolorations without affecting wood strength. Most deterioration of
wood by microorganisms can be prevented, or at least minimized, by proper design,

construction, and choice of materials.

2.6.3.2 Biodeterioration by insects
The primary insccts that are capable of initiating attack in dry
wood in service are termites, powderpost beetles, carpenter ants, and carpenter becs.
Of these, the termites cause by far the greatest structural damage. In this rescarch, only

dry wood termites are studicd.

Dry wood termitcs cause significant damage in aboveground
portions of structures, principally attics, in warm climates. They are a more severe

problem in subtropical and tropical regions around the world, Under the caste system

. in‘the termite society, only the workers areinvolved in chewing tunnels and chambers

in the wood. The worker termites are creamy-white, soft-bodied, maggot-like,

wingless, sterile, blind and usually eyeless insects.
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Termites actually break down wood cell wall substances as their
food source, but they need help with the process. Protozoan symbionts, living in the
gut of each termiie, euzymaticai’ly break down the wood, which the termite has

mechanically pulverized, into soluble substances which the tenuite can use as food.

2.6 Literature review

Impregnation of wood wi;th suitable chemicals that can react with cell wall
components has been extensively reported to improve dimensional stability towards
moisture and some mechanical pfbperties. Impregnation of wood to produce wood-
polymer composite {WPC) which can be carried out with suitable chemicals, such as
liqguid-borne preservative or monomers that can be polymerized in situ either by using

a catalyst-heat technique or irradiation method are summarized as follows:

Deubzer, B. and Brunner, E. [12] studied impregnated wood confaining a
polymer which is produced in the wood matrix from the polymerization of a monomer
and/or prepolymer having aliphatic multiple bonds and crosslinked
organopolysiloxanes. The polymer impregnated wood is prepared by impregnating the
wood with a mixture containing a monemer and/or prepolymer containing aliphatic
multiple bonds which is capable of free radical polymerization and a crosslinkable
érganopolysiloxane and thereafter the monomer and/or prepolymer is polymerized and

the organopolysiloxane is crosslinked in the wood.

Ygarashi, 1., Ota, H., and Mizoguchi, Y. [13] investigated a curing composition
and a method for impregnating wood using the curing composition obtained by
reacting an alkylene oxide adduct of a hydrocarbon polyol and (meth)acrylic acid

providing easily cures on irradiation using active energy rays, such as ultraviolet rays,
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or heating impregnation of wood by this method with those ingredients which have
low volatility and easy to handle, exhibits less problem with offensive odor upon
cutting or polishing after curing. Mqreover, it shows excellent prdperties of wood and
high reactivity. Therefore, it is capable of improving moisture resistance and

dimensional stability to wood.

Rozman, H.D., Kumar, RN., Abusamah, A. and Saad, M.I. [14] prepared
wood-polymer composites (WPC) of rubberwod (Hevea brasiliensis) by impregnating
the wood with glycidyl methacrylate (GMA), combinations of glycidyl methacrylate
and diallyl phthalate (GMA-DAP), or diallyl phthalate (DAP) alone. Polymerization
was catried out by catalyst-heat treatment. The results showed that WPC based on
GMA exhibited about five times greater dimensional stability {resulis of antishrink
efficiency after six days of soaking) than those based on DAP alone. Flexural
{Modulus of Elasticity (MOE), Modulus of Rupture (MOR), and toughness],
compressive, and impact properties for all the samples tested are improved, especially

for those with higher chemical loading.

Khan, M.A. and Idriss, K.M. [15] prepared woaod plastic composites {WPC)
with low density wood simul under Co-60 gamma radiation using acrylamide (AM),
butyl methacrylate (BMA), and styrene (ST) as the bulk monomers at different
compesitions with methanol used ‘as swelling agent. The effects of additives, e.g.,
polyfunctional monomers and oligomers,‘ used by 1% v/v or w/v, on the polymer
loading and tensile strength of the composites are investigated. Polyfunctional
monomers are N-viny! pyrrolidone (NVP), tripropylene glycol diacrylate (TPGDA),
and trimethylol propane triacrylate (TMPTA). Oligomer additives are urethane
acrylate (UA), epoxy acrylate (EA), and polyester acrylate (PEA). When polymer

loading (PL) was increased, the tensile strength (TS) of the composite was enhanced.
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Incorporaﬁon of a small amount (1% v/v or w/v) of coadditives like sulfuric acid (H),
lithium nitrate (Li'), copper sulfate (Cu™), and urea (U) into the impregnation
solutions containing the additives has significantly influenced the PL and TS values of

the WPC.

Solpan, D. and Guven, O. [16] impregnated oak and cedar with acrylonitrile
(AN), methyl methacrylate (MMA}, and mixtures of allyl glycidyl ether (AGE) with
AN and MMA to conserve and consolidate the wood. After impregnation, these
monomer mixtures were polymerized by gamma irradiatio_n. The dimensional stability
and the resistance against the biodegradation of the wood (oak and cedar)/(co)polymer
composites were determined. The water uptake capacity of the wood/(co)polymer
composites is up to 50% lower than that of the original wood, for PIAGE/ MMA) and
P(AGE/AN} copolymers. They are also lower than those of PAN and PMMA.
Agtificial raining does not change the structure of wood/(co)polymer composites and

no biodegradation are observed.

Witt, A.E. [17] studied a wear-resistance wood product such as a wood flooring
material having a whité or bleached appearance which is obtained by impregnating
wood with a solution of a polymeric resin containing whitening agent in a
polymerizable monomer such as methyl methacrylate. After uniform distribution of the
monomer solution throughout the wood was obtained, the monomer was polymerized
and the whitening agent precipitated in situ in the polymer matrix as a material having
a refractive index sufficiently different from the refractive index of said matrix to

impart a bieached or white appearance to wood flooring material.
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Rungvichaniwat, C. [18] impregnated para rubberwood with epoxy resin
mixture under reduced pressure. The effect of diluent type, diluent content, hardener
content related to the viscosity and curing time of prepolymer mixture were studied.
Impregnation conditions such as soaking times, evacuating time, evacuating pressure
were varied to various conditions in the preparation process. Para rubberwood-epoxy
resins composites gave significant lower water absorption, higher antishrink efficiency
than natural para rubberwood. Modulus of elasticity, flexure stress, compression
parallel to grain were improved and specific gravity was higher than natural para

rubberwood.

Kasamchainanta, B. [19] prepared durianwood-polyester resins composites by
impregnation under reduced pressure. The effect of diluent content, initiafor types,
initiator content that related to viscosity and cure time of prepolymer mixtures were
studied. Impregnation parameters such as evacuating time, soaking time were varied fo
various conditions in preparation process. Impregnated samples obtained from the
optimum conditions gave significant lower water absorption, higher antishrink
efficiency, higher density than natural durainwood. Modulus of elasticity, flexure

stress, compression parallel to grain were also improved.



CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1 Materials

3.1.1 Rubberwood

The small pieces of mbberwood were obtained from Bangkok Shuttle
Industry Co.,Ltd. Dimension of them are 2.5x2.5x0.5 cm (widthxlengthxthickness), Ix
3x1 em {(widthxlengthxthickness), 2.5x10x0.5 cm (widthxlengthxthickness), and 2x2x1

cm {widthxlengthxthickness).
3.1.2 Monomers and initiator

3.1.2.1 Meonomers
Methy! methacrylate (MMA)
CH,=C(CH)COOCH,, b.p.= 100.5°C

2-Ethylhexyl acrylate (2-EHA)
CH,=CHCOOCH,(C,H)CH(CH,),CH, , b.p=214-220"C

Acrylamide (AM)
CH,=CHCONH, , b.p.= 125°C

All of these monomers were supplied by Siam Chemical Industry Co., Ltd.
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3.1.2.2 Initiator
Benzoyl peroxide (BPO)
(C,H,CO)0,

It was supplicd by Siam chemical Industry Co,Ltd. Iis trade name s NYPER

BO, 50% whitc paste.
3.2 Apparatus and equipments

1. Vacuum Chamber : modified from 8 inches diameters desiccator
. ', - 2. Vacuum pump : SUPER POWER 1/2HP, Type SM-1/2 R

3. Vernier: MITUTOYO, Japan

4. Sandpaper: WATER PROOF NO.80

5. Universal testing machine : HOUNDFIELD 1000N, England

6. Electric saw : PEHAKA, England

7. Vacuum oven : MUTTER, Germany
Weighting - METTLER, England

Desiceator

Apparatus for vacuum impregnation is shown in Figure 3.1
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A~ Vacuum desiccator

B- Plastic or glass treatment beaker
C- Test wood blocks

D- Glass or suitable weight

E- Treating solution

F- Polycthylene tubing

G- Three-way stopeock

H

Flask containing treating solution

I- Line to source of vacuum

Figure 3.1 Apparatus for vacuum impregnation

28
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3.3 Experimental Procedures
3.3.1 Preparation of rubberwood-polymer cemposites

3.3.1.1 Preparation of wood specimen

The wood specimens used for testing were prepared from clear,
defect-free rubberwood. Test specimens were sawed in the dimension in 3.1.1 and

oven dried at 105°C for 24 hours prior to treatment.

3.3.1.2 Determination of moisture content and density of specimens
Each specimen was weighed and then reweighed after drying

over night in oven at 105°C. Moisture content was calculated as the percentage of

moisture based on the weight of wood.

Moisture Content (%) = W - W, x 100
Wl

where W, = weight before drying

W, = weight after drying

The volume of each sample was determined. Density was calculated using

equation below.

Density =W, /V (g/cms)

where V = volume of specimen after drying



3.3.1.3 Preparation of impregnation monomer mixtures

30

The monomer mixtures were prepared with methyl

methacrylate/2-ethylhexyl acrylate (MMA/2-EHA) and methyl

methacrylate/acrylamide (MMA/AM) which were mixed by weight in the ratio

shown in Table 3.1 and used appropriate content of benzoyl peroxide to

catalyze the polymerization reactions.

Table 3.1 Monomer solutions for rabberwood-polymer composites

Ratio of (% wiw)
MMA:2-EHA 1Y
100:0 100:0
80:20 80:20
70:30 70:30
60:4p 60:40
50:50 - 50:50
40:60. 40:60
30:70 30:70
20:80 20:80
S I s 0:100
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3.3.1.4 Preparation of rubberwood-polymer compeosites

All wood specimens for impregnation or testing were first oven
dried at 105°C for 24 hours and placed in a vacuum chamber at room temperature for
desired time. The monomer mixture and benzoyl peroxide as a catalyst, were
infroduced into the vacuum chamber until the wood samples were covered. After the
desired soaking time was reached, the vacuum was released. Finally, wood samples
were removed and wiped out to remove excess monomer mixture from wood surface
{polymerization was usually begun during the impregnation process). The wood
samples were wrapped in aluminium foil and thermally polymerized at 90°C for 24

hours. The apparatus for vacuum impregnation was shown in Figure 3.1.

3.3.2 The study of appropriate conditions for rubberwood-polymer

composites

3.3.2.1 Effect of evacuating time on properties
Rubberwood-polymer composites were prepared from monomer
mixtures containing materials as follows: 100% by Wi, MMA, 2% initiator content.
The impregnation parameters were as follows: 4 hours soaking time, and various

evacuating times at 0.5, 1, 2 hours.

3.3.2.2 Effect of soaking time on properties
Rubberwdod—polymer composites were prepared from monomer
mixtures containing materials as follows: 100% by wt, MMA, 2% initiator content.

The impregnation parameters were as follows: 2 hours evacuating time, and different

soaking time at 2, 4, 6 hours.
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3.3.3 Study of factors effecting in the preparation of rubberwood-polymer

composites

3.3.3.1 Initiator contents
Benzoyl peroxide content as 1%, 2%, and 3% by weight was
added to the monomer mixture. The impregnation parameters were as follows:

evacuating time was 2 hours, soaking time was 4 hours.

3.3.3.2 Monomer ratio
Two types of monomer mixtures, MMA/2-EHA and MMA/AM,
wete prepared in the same ratio as follows: 100:0, 80:20, 70:30, 60:40, 50:50, 40:60,
30:70, 20:80, and $:106 % wéw. The initiator at 2% cootent was added into each
monomer mixture.

The impregnafion parameters were as follows: evacuating time

was 2 hours, soaking time was 4 hours.
3.3.4 Characterization of rubberwoed-polymer compaosites
3.3.4.1 Physical properties

3.3.4.1.1 Polymer loading
Before impregnation, the spectmens were dried-in an
oven at 105°C overnight and weighed. After impregnation, the wood composites

specimens were obtained. They were weighed again and the polymer loading were

calculated as follows:
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Polymer loading (%) = W - W, x 100
W

0

AN

where W_ = weight of treated wood

W, = weight of untreated wood (oven dry)

3.3.4.1.2 Density of specimens
The weight and dimension or volume of wood composite

specimens were determined. Density was calculated using the following formula:
Density = W/ V (/o)

where W = weight of specimens

V = volume of specimens

3.3.4.1.3 Water Absorption (WA)
All sampleé, both control and treated, were immersed in
water at room temperature for 7 days. After that period, the samples were wiped of
excess water and weighed. The water absorption was determined on the basis of oven-

dry measurements.

Water absorption (%) = [W, — W] x 100
W,

where W, = weight of specimens after water soaking

W, = weight of specimens before water scaking
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3.3.4.1.4 Antiswell efficiency {ASE)
The dimensional stability of impregnated wood samples, cut
from longitudinally, was eva}uatéd with antiswell efficiency (ASE) values using
changes in tangential, radial, and longitudinal dimensions after 7 days of soaking in

water. Dimensional stability was expressed as ASE and determined as follows:

Volumetric swelling coefficient (S) =V, -V

Vo

where V, = wood volume after water soaking

V, = wood volume before water soaking

Volumetric antiswelling efficiency (ASE)= S, - §; x 100

S

where S, = volumeiric swelling coefficient for untreated wood

S, = volumetric swelling coefficient for treated wood

3.3.4.2 Mechanical Properties

Mechanical properties are measured as follows:

3.3.4.2.1 Flexure stress and meduiixs of elasticity (MOE)
[ASTM D3043-87]
This method is applicable to material that is unpiform with
respect to elastic and strength properties. Total deflection, and modulus of elasticity
were calculated from it. A conventional flexure testing machine is used to apply and

measure a load at mid-span of a small flexure specimen; and the resulting deflection at



W
w

mid span is measured or recorded. The test proceeds at a constant rate of head motion -
until either sufficient deflection data in the elastic range have beet gaihered or uniil

spectinen failure occurs.

Modulus of elasticity (MOE) = L’A W
4bd’AS

where L = the span beiween the centers of supports {m)
A W = the incremaent in ioad (N}
b = the mean width (fangential direction) of the sample ()
d = the mean thickness {radial direction} of the sample (m)

A8 = the increment in deflection (m)

The dimension of testing specimen is shown ia Figure 3.2

\

Smm L

100 mp » 25 mm

{
Lt
{‘(

Figure 3.2 Dimension of specimen for flexure stress and MOE testing

3.3.4.2.2 Comnipression parailel to grain [ASTM D3501 §
Compression strength parallel (0 grain was meéasured by a univeisal
testing roachine using samples of 10x10x30 mim for rubbérwood as control and treated

wood. The compression parailel to grain was calculated from the formula below:

T 4G4 814
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Compression parallel to grain= P_

axb

where P =the maximum lcad (N}

jitid

a, b = the cross section dimension of the test piece (mm)

The dimension of testing specimen is shown in Figure 3.3 as follows:

e

30 mm.

SEE

10 mm.

Figure 3.3 Diniension of a specimen for compression paraliel 1o grain testing

3.3.42 Evaluation of WPC specimens for the resistance to termites

[ASTM D3345]

Prepare five replicate blocks for gach variable under test. Use five
untreated blocks as controls for each séparate study. Wash all containérs rinsed in the
surface antiseptic solution, and dry. Place the test block in the bottom of the container
with oné edge of the block up against the side of the containers. Add 200 g of oven-dry

sand and add sufficient distilled water. Calculate the water content as follows:
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% water to add = % saturation 7.0

Calculate the percent saturation as follows:

% saturation = (weight of water / oven dry weight of sand) x 100
g Ty

After addition of water, the countainer was left overnight. The
termites was weighed at 1 + 0.05 g and added info prepared container with loosely
closed tops. The container was maintained at room temperature for 4 weeks. After 4
weeks, disassembled the containers, removed and cleaned the blocks. The test blocks

were examined visually at each block using the following rating systerm:

Figure 3.4 Typical ratings of termite attack on tést blocks



10 = Sound, surface nibbles permitted
9 =Light attack

7 =Moderate attack, penetration

4 = Heavy

0 = Failures

3.3.4.4 Microstructure of WPC specimens

Scanning electron microscopy was used to examine
microstructure of the specimens. The extent to which the polymer filled the cells and

the empty wood cells was investigated.
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CHAPTER 4

RESULT AND DISCUSSION

Wood could provide better service in some applications if it was harder and
more dimensionally suitable. In this study, rubberwood-polymer composites made by
impregnation of rubberwood with different monomer mixtures and impregnation
parameters were investigated. Dimensional stability and mechanical properties of

specimens were tested and compared to those of natural rubberwood and other
hardwoods.
4.1 Characteristic of natural rubberweood materials

The natural rubberwood was characterized for their mechanical properties
before study. The results of characterization (average valuc from two separated

determinations with five specimens cach) are presented in Table 4.1.

Table 4.7 Characteristic of natural rubberwood materials

Properties Rubberwood
Density (g/em’) 0.63
MOE (MPa) 6596
Flexure stress (MPa) 93.0
Compression (N/mm’) 40.08
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4.2 Effect of evacuating times on the polymer loading of impregnated samples

As the evacuating time iocreased, the void space free of air was
correspondingly ingcreased. So the more amount of monomer mixtures penetrated into
the wood cells was obtained. In this study, the evacuating time was varied from 6.5, 1,
and 2 hours. The monomer mixtures containing 100% MMA, and 2% initiator content
were used. Results of theses experiments are shown in Table 4.2 and illustrated in

Figure 4.1.

Table 4.2 Polymer loading of mibberwood-MMA. composites prepared from various

evacuating times
Physical properties Evacuating times (hrs.)
§.5 1 P
‘Polymer loading (%) 13.54 31.32 56.75

% Polymer loading

[ T T ]

05 i 2
Evasuaiing time {hrs.} !

Figure 4.1 Effect of evacuating time on polymer loading of imnpregnated samples
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In this experiment, the results showed that 2 hours evacuating time samples
gave the highest polymer loading values. The long evacuating time gave the ability to
evacuate air from the wood cells. Thus, it was allowed for more opportunity of.
monomer mixture to penetrate into empty wood cells and retained in there. Therefore,
the evacuating time of 2 hours was used to study for the next experiment. These results
agreed well with those reported in the literature [18]. According to the literature [18], it
was pointed out that at 2 and 3 hours evacuating time, the rubberwood samples gave
higher polymer loading than 1 hour evacuating time. Moreover, MOE and flexure
stress of treated samples at 2 and 3 hours showed significant improvement at about 55-
100% when compared to untreated sampie. From all of results, it was found that at 2
hours evacuating time the rubberwood polymer composite gave the best dimensional

stability and mechanical properties.

4.3 Effect of soaking times on the polymer loading of impregnated samples

Soaking time is the periods used to soak the specimens in the polymerizable
mixtures. The soaking times were varied from 2, 4, and 6 hours. Anothér impregnation
parameter was fixed at 2 hours evacuating times. The monomer mixtures containing
100% MMA, and 2% initiator conmtent were used. Properties of the impregnated

samples are shown in Table 4.3 and iliustrated in Figure 4.2.

Table 4.3 Polymer loading of rubberwood-MMA composites prepared from various

- soaking times

Physical properties Soaking times (hrs.)

2 4 6

Polymer loading (%) 3535 5693 61.03
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Figure 4.2 Effect of soaking time on polymer loading of impregnated samples

The results from Figure 4.2 showed that the polymer loading was increased
accordingly with soaking time. However, there was no significant different of polymer
loading between specimens obtained after 4 hours soaking time. Thereby, soaking time
at 4 hours is enough period that treated samples showed high poiymer loading and it

was used to study for other effects.
4.4 Effect of initiator content on the properties of impregnated samples

It was expected that, the higher concentration of initiator, the better the
properties of impregnated wood. The initiator contents were varied from 1, 2, and 3
percents. Parameters of impregnation process were as follows: 2 hours evacuating time
and 4 hours soaking time. Impregnated samples gave the properties which presented in

Table 4.4, Figures 4.3, and 4.4.
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Table 4.4 Properties of rubberwood-MMA composites prepared from various initiator

contents
Physical properties Initiator content (%)
1 2 3
Polymer loading (%%) 4582 55.77 56.76
Density (g/cmm’) 0.96 0.98 0.98
Water adsorption (%) 37.99 36.81 33.97
Antiswell efficiency 35.40 4222 4221
Mechanical properties Initiator content (%)
1 2 3
Polymer loading (34) 40.76 4542 48.54
MOE (MPa) 84727 9610.9 96123
Flexure stress (MPa) 142.35 168.35 176.22
Polymer loading (%6) 38.72 43.43 49.13
Compression (N/mm’) 86.09 93.46 97.89
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Physical properties of impregnated sample with various initiator contents
showed that the polymer loading was increased with increasing initiator contents but
they were not significantly difference at 2% and 3% initiator contents, resulting in

similar value of density in such initiator contents.

The water absorption and antiswell efficiency (ASE) were found to be in the
same trend which could be explained that the increasing amount of polymer could fill
up the lumen of wood, resulting in the reduction of hydroxy groups of wood cell wall

and prevented the absorption of moisture which consequence in improving ASE.

Results of mechanical properties were shown in dash line and polymer loading
of each sample was shown in smooth line. They showed that higher initiator contents
gave higher polymer loading, but they are not much different at 2% and 3% initiator

contents like in MOE, flexure stress, and compression.
4.5 Effect of monomer ratio on the properties of impregnated samples

Impregnated wood containing monomer mixtures offers an effective way of
modification of the physical and mechanical properties to different degrees. In this
present work, 2 types of copolymers such as MMA/2-EHA and MMA/AM were
selected. The monomer ratio of MMA : 2-EHA and MMA : AM were varied from
100:0, 80:20, 76:30, 60:40, 50:50, 40:60, 30:70, 20:80, and 06:100. Paramet,em of
impregnation process were as follows: 2 hours evacuating time, 4 hours soaking time,
and 2% initiator content. Specimens exhibited the properties whieh were presented in

Table 4.5, 4.6 and Figures 4.5, 4.6, 4.7, and 4.8.
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Table 4.5 Properties of rubberwood-MMA/2-EHA composites prepared from various

monomer ratios

Physical properties Ratio of MMA : 2-EHA (% w/w)
100:0 } 8020 | 70:30 | 60:40 | 30:30 | 4G:60 | 3070 | 20:80 | 0:100
Polymer loading (%) 55.77 | 60.00 | 60.89 | 59.36 | 57.11 | 58.12 | 58.01 | 36.68 | 47.82
Density (g/er’) 098 | 099 098 | 098 | 087 | 096 | 095 | 094 | 0.96
Water absorption (%) 36,81 | 22.04 | 2508 | 2643 | 2651 | 29.94 | 34.03 | 37.82 | 3031
Antiswell efficiency (%) | 42.22 | 4928 | 47.34 | 44,89 | 4251 | 4035 | 3542 | 30.10 | 41.37
Mechanical properties Ratio of MMA : 2-EHA (% wiw)
100:0 | 80:20 | 70:30 | 60:40 § 50050 | 40:60 | 3070 | 20:80 | 0:100
Polymer loading (%) 4542 | 47.58 | 4860 | 4591 | 48.75 | 48.75 | 48.07 | 48465 | 46.02
MOE (MPz) 96100 | 72346 | 74249 { 75849 | 7730.5 | 77708 | 2025.8 | 8699 | 90473
Flexure stress (MPa) | 16835 | 10677 [ 11126 | 11281 | 11758 | 117.99 | 12051 | 13024 | 13792
Polymer loading (%) | 4343 | 5544 | 5527 | 52.98 | 5186 | 5031 | 5113 | 52.17 | 49.95
Compression 93:46-1 7736 | 69.29 | 69.15 | 66301 5346 59.56 | 5082 | 62.90
(N/mml)
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Figure 4.5 Physical properties of rubberwood-MMA/2-EHA composites prepared
from various MMA/2-EHA ratios
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Figure 4.6 Mechanical properties of rubberwood-MMA/2-EHA composites prepared

from various MMA/2-EHA ratios
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As a result in Figure 4.5, dimensional stability comparison of impregnated
samples with varied MMA : 2-EHA ratio showed that polymer loading and density
were decreased slightly with increasing 2-EHA contents. The resistance to moisture as
shown in term of ASE decreased because there was less resin filled in cell cavities
which allowed more water absorption, resulted in decreasing of ASE accordingly. On

the other hand, the retarding or preventing of the movement of moisture in wood was

decreased.

The mechanical properties are increased because the éell cavities in wood are
filled with hard polymer as expected. Interesting results obtained by copolymerizing
MMA with monomer having bulky alky! group such as 2-FHA were revealed.
Although MMA has major advantages such as excelient transparency, weatherability,
and hardness, it is also has some disadvantages includiag brittleness and low service
temperature. As mentioned above, the bulky alkyl group of 2-EHA could improve the

flexibility of MMA compositions.

From Figure 4.6 the results showed that the more 2-EHA content, the better
MOE and flexure stress. Thereby, the stiffness of rubberwood-MMA/2-EHA

composites decreased with increasing 2-EHA contents.
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Table 4.6 Properties of rubberwood-MMA/AM composites prepared from various

monomer ratios
Physical properties Ratio of MMA : AM (% wiw)
100:0 | 80:20 | 70:30 | 60:40 | 50:50 | 40:60 | 30:70 | 26:80 | ¢:100
Polymer loading (%) 5577 | 30.56 | 28.90 | 28.00 | 26.16 | 25.25 | 25.20 | 22.04 | 23.32
Density (g/cm’) 098 1 074 | 073 | 073 | o2 {071} 071 ] 068 | 071
Water absorption (%) 36.81 | 51.93 | 55.01 | 60.22 | 61.82 | 62.00 | 62.27 | 64.07 | 64.86
Antiswell efficiency (%) | 42.22 | 27.37 | 2649 | 25.26 | 23.90 | 2237 | 21.50 | 17.64 | 18.62

Mechanical propertics Ratio of MMA : AM (% wiw)

100:0 | 80:20 | 70:30 | 60:40 | 50:50 | 40:60 | 30:70 | 20:80 | 0:100

Polymer loading (%) | 4542 | 22.03 | 1659 | 1415 | 13.85 | 13.27 | 1278 | 12.67 | 22.59

MOE (MPa} 96105 | 79927 [ 79757 | 76140 | 7557.9 | 7537.2 | 75234 | 63805 | 65112

Flexure siress (IVIP&) 16835 | 125.25 | 122.15 | 118.02 | 117.05 | 105.48 | 10440 | 100.42 | 106.16

Polymer loading (%) 4343 | 2319 | 1585 | 1528 | 14.91| 1457 | 13.72 | 1230 | 2036

Compression 93.46 | 70.99 | 6935 { 67.73 | 65.78 | 57.82 | 55.97 | 53.64 | 5803

(N/mm’)
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Figure 4.7 Physical properties of rubberwood-MMA/AM composites prepared from
various MMA/AM ratios
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Figure 4.8 Mechanical properties of rubberwood-MMA/AM composites prepared

from various MMA/AM

ratios
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From Figure 4.7 physical properties in part of polymer loading and density
showed that there were no significant difference in the ratio of MMA : AM from 20:80
to 0:100, but when therec was no AM, the polymer loading and the density were the

highest.

Differences in solubility in water of the two monomers used (MMA having
poor solubility, AM being highly soluble) caused the effect of swelling in water.
Higher proportions of AM would act as a physical barrier for the approach of the
kydrophobic monomer MMA to the water swollen radicals. On the other hand, with
increasing AM proportions, water absorption increased, and ASE followed a falling
trend as in Figure 4.7. Especially, for no MMA case, exclusively present of the

hydrophilic monomer (AM) has made water absorption values to be the highest.

Figure 4.8 revealed how the mechanical properties such as MOE, flexure
stress, and compression changed with the subsequent change of MMA : AM ratio.
Progressive increase in AM content apparently led to no significant difference in MOE
up to 70% AM, but MOE started to fall from 80% AM and above. Howe\}er, for the
use of AM in an amount of more than 50%, flexure stress and compression was

decreased with increasing the contents of AM.
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4.6 Evaluation of WPC specimens for resistance to termites

The rubberwood is utilized for firewood, sawn timber, and also furnitures.
Unfortunately, rubberwood belongs to the lowest durability class, so it is easily
attacked by termites or other fungi. The WPC making is an altemative way to prevent

damage from deterioration.

In this research, five types of woods including untreated rubberwood, 2 types
of treated rubberwood, teak, and redwood were tested under the same condition. The

results are shown in Table 4.7,

From the data, it was found that termites preferred to attack untreated
rubberwood more than others. Furthermore, rubberwoods were also attacked by fungi.
Like teak and redwood, both of the ircated rubberwoods showed more resistant to
fungal attack than untreated rubberwood. Thus, the rubberwoods impregnated with
MMA/2-EHA and MMA/AM were proved to be more resistant to attack by termites
and fungi.



Table 4.7 The result of rating of termite attack

Types of wood

term

2 attack

T e

~J

10

10

Redwood

58
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4.7 Scanning Electron Microscopy (SEM) of WPC

The scanning electron microscopy (SEM) was employed to investigate
transverse sections of the specimens. The microstructure of untreated mbbezwood'
cells, impregnated wood cells of rubberwood-MMA/2Z-EHA composites, and
rubberwood-MMA/AM composites are shown im Figures 4.9, 4.10 and 4.11

respectively.

Figure 4.9 SEM micrograph of transverse section of erapty wood cells (3,500 x)
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Figure 4.10 SEM micrograph of transverse section of rubberwood-MMA/2-EHA

composites wood cells (3,500 x)

Figure 4.11 SEM micrograph of transverse section of rubberwood-MMA/AM

composiieg wood cells (3,500 x)



59

From Figure 4.9, the microstructure of untreated rubberwood cells showed the
empty void spaces. In impregnation process, Figure 4.10 and 4.11, showed the empty
wood cells filled with polymer, which were important consequence on the

improvement of physical properties and mechanical properties of natural wood.
4.8 Application of rubberweod-polymer composites

The robberwood-polymer composites had better physical and mechanical
properties and some other propertics than those of some hardwoods. The comparisons

of wood properties are shown in Table 4.9.

Table 4.8 Comparison of the properties of MMA/2ZEHA-rubberwood and MMA/AM-

rubberwood with other woods

Properties Types of wood
Rubberwood MMA/2-EHA- MMA/AM-rubberwood

rubberwood composites composites
Density 0.630 0.940-0.990 0.68-0.74
MOE (Mpa) 6596 7234.6-8699.0 | 6380.5-7992.7
Flexure stress 930 106.77-130.24 100.42-125.25
(Mpa)
Compression 40.08 50.82-77.36 53.64-70.99
(N/mm®)
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Table 4.8 Comparison of the properties of MMA/2EHA-rubberwood and MMA/AM-

tubberwood with other woods {continued)

Properties Types of woods
UPR-durianwood | Epoxy-rubberwood Teak Redwoo&
| composites composites
Density 0.841 $.860 0.650 0.87
MOE (Mpa) 11790 9271 6398 5790
Flexure stress 180 154 98 82
(Mpa)
Compression 75.90 72.00 | 86.30 82.30
(N/mmﬁ)

From Table 4.9, it was shown that rubberwood impregnated with MMA/2-
EHA could improve the mechanical properties of untreated rubberwood. The
MMA/AM made rubberwood had better flexure stress and compression, Some MOE
of MMA/AM-rubberwood composites were iraproved, some were not. That depended
on the ratio of MMA : AM as mentioned in section 4.5. When comparing with UPR-
durianwood composites and ‘epoxy-rubberwood composites though they had higher
mechanical - properties than those of MMA/2-EHA and MMA/AM-mubberwood
composites, the procedures in preparing wood-polymer composites of this research is
much easier. However, the properties of these treated rubberwood were all higher than
those of teak and redwood. Therefore, treated rubberwood could have good potential to
be applied in the applications that use teak or redwood such as flooring material,

furnitures, household items, etc.
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4.9 The cost of specimens

The cost of MMA/AM and MMA/2-EHA rubberwood composiies can be

evaluated as follow;

The prices of materials The dimensions of specimens
Methy! mathacrylate 60 baht/ke | Water absorption : 2.5%2.5x0.5 cm’
Acrylamide 130 / MOE and flexure stress : 2.5x10x0.5 cm’
2-Ethylhexyl acrylate 55 / Compression - IxIx3 cm’
Benzoyl peroxide(BPO) 400 3 Termite resistance - 2x2x1 em’
Rubberwood 70"  baht/f

In each batch, 20 pieces of each dimension of wood were impregnated all in
monomer mixtures 50 g and 2% BPO. Thus, the example of calculating cost of
impregnated samples is exhibited below:

The volumes of all specimens are

= 20x[(2.5%2.5%0.5)0+( 2.5x10x0.5)+ 1x1x3)+{ 2x2xD)] £ =0.0167 ft°
30x30x30 |
In case of MMA-mbberwood composites; 50 g of monomer mixtures
containing MMA and BPO 2% were used. Thus, MMA 49 g and BPO 1 g were used
for rubberwood 0.0167 £ which were 176.05 baht of MMA and 0.4 baht of BPO.
Therefore the net price of MMA -rubberwood composites is 176.05 + 0.4 + 70(price of
natural rubberwood) or equal to 246.45 bahv/ft'.

Table 4.9 The cost of MMA/AM and MMA/2-EHA rubberwood composites

Monomer-rubberwood composites

MMA AM 2-EHA MMA/AM | MMA/2-EHA

Price (B/ft) 246.45 451.84 161.38 287.53 243.52
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CONCLUSION

Wood-polymer composites {WPC) of rubberwood (Hevea Brasiliensis) were
prepared by impregnating the rubberwood with 2 mixtures of two monomers such as
methyl methacrylate/2-ethylhexyl acrylate (MMA/2-EHA) and methyl methacrylate
/acrylamide (MMA/AM). Polymerization was carried out by catalyst-heat treatment.
The optimum conditions for rubberwgod-polymer composifes preparation are as

follows:

Benzoyl peroxide 2% by weight
Evacuating time 2 hours
Soaking time 4 hours

MMA/2-EHA-rubberwood composites dispiayed relatively higher polymer
loading and density than those of MMA/AM-nubberwood composites. Thus,
dimensional stability in water of MMA/2-EHA-rubberwood composites could be

better than that of MMA/AM-rubberwood composites.

However, both types of copolymers behaved in the same trend that the higher
polymer loading, the less water absorption they were. When the content of 2-EHA and

AM increased, the water absorption also increased.
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For the mechanical properties, the incorporation of 2-EHA could improve the
brittleness of MMA resulting in better MOE and flexure stress which corresponded
 well with the ratio of 2-EHA due to the flexibility of the bulky alky! group. Moreover,

compression was improved as well.

The sample impregnated with MMA/AM showed the highest compression and
flexure stress at the ratio of 50:50. There were no significant difference in MOE up to

30:70, but it exhibited lower value after that.

Most samples showed improvement in mechanical properties as compared to
the untreated rubberwood, however, therc is no statistically difference. Untreated
. rubberwood probably fails in compression due to the buckling or relatively thin cell
walls because of a long-column type of instability. The addition of polymer resulted in
a coating on the cell walls, which thickening them, thus greatly increased their

mechanical properties.

Resistance to termites was compared among untreated rubberwood, teak, and
redwood. The results showed that impregnation wood with MMA/2-EHA and

MMA/AM completely resisted the damage from termites as well as teak and redwood.

The investigation of microstructure of impregnated rubberwood showed that
the lumen of wood were filled with both MMA/2-EHA and MMA/AM compared with
" untreated rubberwood resulting in highly improving of physical and mechanical

properties.
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5.1 Suggestion and future work

1. From the results of termite resistance testing, it was found that the
mortality of termites was 100% died before 4 weeks. Therefore, the treated samples
should be baked at 90°C in an oven until the untreated monomers were completely

removed from the samples before testing.

2. Investigation of the properties of MMA/AM and MMA/2-EHA
rubberwood composites containg ¢rosslinking agent, such as divinyl benzene on the
physical and mechanical propertics should be further studied. It is anticipated that the

properties should be improved.

3. The large scale for impregnation, the modification of impregnation

process, and the change of monomer types are worthwhile to investigate.
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~Table A The parameters for preparation of rubberwood-polvmer composites

WpPC Initiator content (%) Evacuating time (hrs.) Soaking time (hrs.) MMA : AM ratio
' (% wiw)

A 2 0.5, 1,2 2,4,6 100:0
B 1 2 4 100:0
C 2 2 4 100:0
D 3 2 4 100:0
E 2 2 4 0:100
F 2 2 4 80:20
G 2 2 4 70:30
H 2 2 4 60:40
[ 2 2 4 50:50
J 2 = 4 40:60
K 2 2 4 30:70

2 2 4 20:80
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Table A The parameters for preparation of rubberwood

-polymer composites (continued)

WPC Initiator content (%) Lvacuating time (hrs.) Soaking time (hrs.) MMA : 2-FHA ratio
(% wiw)
M 2 2 4 0:100
N 2 2 4 80:20
0 2 2 4 70:30
p 2 2 4 60:40
Q 2 2 4 50:50
R 2 2 4 40:60
S 2 2 4 30:70
T 2 2 4 20:80
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Table 4-1 Testing properties of natural rubberwood

Physical properties Mechanical properties
Samplefpiace Density (giom’) Water absorption Swelling Ceefflcient Mocdulus of elasticity Fleseire stress (MPa) Compression (N/mm’)
{uriit) (%) {MPa}

17 0.B6 87.08 0.08 5127 72.6 32.00
Ya 083 85.44 0.08 6801 95.6 39.30
1/3 0.70 83.66 0.08 6635 i00.2 39.00
4 0.64 85.13 0.09 8972 96.3 41.00
175 0.54 86.27 0.08 7601 78.0 - 44.00
Average. 0.63 85.52 0.08 8627 92.6 39.06
2/% 0.60 BS.55 5.08 7538 107.1 36.40
202 0.61 80.74 0.08 6214 84.1 46,40
2/3 0.58 89.98 0.08 6604 108.8 44.20
214 0.71 86.68 C.08 7203 92.4 33.50
215 0.66 88.68 0.08 5262 4.8 42.00
Average. 0.83 86.33 0.08 8564 93.4 41,10
Average. 063 85.92 0.08 6596 93.0 40.08
s.D. .05 2.56 0.00 852.07 13.04 525




Table A-2 Testing properties of mubberwood-polymer composites A

Evacuating tirmes (hrs) Soaking times (hrs)
Sample / plece 0.5 1.0 2.0 2.0 4.0 5.0
{unit) Polymer loading (%) Polymer loading (%) Polymer lnading (%) Polymer loading (%) Palymer loading (%) Polymer loading (%)
LA 10.12 30.67 56.12 35.46 57.47 61.11
Vo 15.85 28.45 56.47 33.81 60.65 50.85
113 13.58 31.64 57.23 34.57 54,96 58.34
Y4 13.64 30.5% 58.37 36.57 56.18 €2.74
15 14.97 33,74 59.76 35.94 55.37 61.77
Average 13.63 31.02 57.69 35.27 56.87 60.96
1 13.09 32.74 55.47 34.12 55.71 63.42
212 12.13 31.52 50.22 36.44 56,(;2 61.57
23 14.75 o o 33.19 o 55.41 37.15 59.32 60.08
2/4 15.36 30.84 58.25 34.42 | 57.43 59.14
25 11.87 29.98 52.18 35.03 §5.82 61.25
Average 13.44 31.682 55.91 35.43 56.98 £1.09
Average 13.54 31.32 56.75 36.35 56.93 61.03
S.o. 1.79 1.60 2.4 1.14 1.8% 1.64
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Table A-3 Testing propertics of rubberwood-polymer composites B

Physical properties

Mechanical propertles

Sampie/piece Polymer Denslty Vater ASE (%) Polymer MOE (MPa) Flexure stress Polymer Compression
. {unit) Loading (g/em’) absorption Ldadlng {rMPa) Loading (Nmm®)
(%)
mn 4574 0.85 42.24 32.18 33.33 8730 140.3 42.19 97.30
Ya 44,15 0.87 40.78 33.12 34.64 8310 134.0 21.37 93.10
113 46.29 0.88 35.67 35.97 41.86 8610 132.1 35.83 74.60
14 47.78 0.86 34.97 37.74 45.23 8460 142.8 32.64 64.70
1/5 44.87 0.86 33.51 38.55 43.67 7740 162.2 40,51 100.00
Average. . 48.76 088 37.42 85.?51 38.75 8370 142.28 35.65 85.94
21 40.58 0.88 42.26 34.15 35.66 3878 159.9 4112 59.87
212 45.98 1 0.87 40.25 34.26 40.44 8483 145.6 35.46 65.48
23 48.35 0.85 40.18 36.27 44,12 8877 130.2 35.89 75.46
204 46,75 O.étl 35.@ 38.68 48.58 7865 1354 34,89 92,89
215 47.67 0.85 35.01 36.65 42.18 8768 141.3 41.59 97.46
Average. A5.87 0.86 38.56 35.28 "I 8575.4 142.42 _ 37.79 86.23
Averago, 45 02 0.86 47.99 36540 40.76 8472.7 142.35 36.72 86.09
S.D. 226 0.01 3.43 2.01 4.67 399.03 11.02 4,70 14.38

<l



Table A-4 Testing properties of rubberwood-polymer composites C

Physical properties

Mechanical properties

Sample/pleca Polymer Density Water ASE (%) Palymer MOE (MPa) Flexure stress Polymer Cumpresaion
{unit) Loading (g/cm:’) absorption Loading (MPa) Loading (Nfmm’)
{%)

i1 47.53 0.98 39.52 40.66 43.05 8741 150.7 46.46 96.00
1 57.654 0.96 37.85 41.59 43.39 10020 1587.2 46.70 96.10
i3 58.72 0.99 36.38 41.71 44,63 9808 179.5 57.79 91,40
1/4 88.74 0.89 36,19 42,62 46.62 9321 166.0 35.84 91.80
1/8 59,50 1.00 32.98 44,65 47.95 o872 186.3 29.95 91.80
Averagae. 56.41 0.98 38.58 42.28 4513 9546.6 167.94 43.35 93.42
N 43.25 (.99 41.23 40.46 42.G6 9988 198.1 30.12- 82.87
212 55.45 0.98 37.56 40.68 43.29 9755 166.2 36.28 91.23
213 £8.50 0.97 36.99 42.27 45.62 9100 178.0 55.49 93.21
214 58.98 0.99 35.49 43.53 4761 9587 160.2 48.10 85,70
215 59.48 0.95 33.88 44,12 49.99 9846 1561.3 47.63 97.42
Average. | 55.43 0.98 37.03 42.21 45,71 9675.2 168.76 43.50 03,49
Average. 55.77 0.98 36.81 4222 45.42 9610.9 168.35 43.43 93.46
S.0. £.68 0.02 2,45+ 1.49 4.75 425,33 16.23 9.88 2,62
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Table A~8 Testing propertics of rubberivood-polymer composites D

Physica! prapertles

Mechanical properties

Sample/plece Patymer Density Water ASE (%) Polymer MOE (MPa) Flexure stress Polymer Compression
{unit) Loading (gfem’) absorption Loading {MPa) Loading (N/mm’)
(%)

An 59.81 0.93 36.80 39.98 40.83 9711 174.8 52.38 100,10

Y 55.34 0.93 35.03 40.1 42,22 9796 2.6 54.27 100.60
13 55.66 1.02 34.99 42.57 49.54 9560 176.5 36.87 94,20
1/4 56.14 1.03 30.51 43,35 5435 9321 173.8 45,69 87.80
1158 57.32 .98 27.88 44,23 60.47 Q972 168.0 50.78 96.60
Average. 56.85 0.08 33.04 42.05 49.48 8672 178.94 48.00 97.88
211 56.66 1.00 39.29 40.67 39.57 8800 156.8 52.68 88.15
202 56.12 0.99 38.12 41,54 43.35 9528 169.5 48.76 98.20
273 56.14 0.95 36.55 42,25 4548 9789 170.3 40.21 98.10
2/4 57.12 1.02 30.56 43.28 50.11 9796 196.8 59.42 96.69
25 57.25 0.96 29.98 44,13 59.45 98560 171.3 50.18 97.30
Average. 56.66 0.98 34,80 42,37 47.59 9552.6 173.50 50.25 97.89
Average. 56.76 0.98 33.97 42.21 48.54 9612.3 176.22 49,13 97.89
5.0. 1.26 0.04 3.93 1.58 7.56 341.38 13.01 6.68 1.86

Vi



Table A-6 Testing propertics of rubberwood-polymer composites E

Physical properties

Mechanical nvoperiles

Sample/piece Polymer Density Water ASE (%) Patymer MOE (MPa) Flexuro strass Polymer Compression
{unit) Loading (g.fcmg) absorption Loading {MPa} Loading (N7mm?)
(%)

11 21.49 0.72 81.44 17.65 21.29 7106 100.3 23.12 52,40
Ya 23.75 0.73 58.25 19.36 2097 . £082 88.6 19,10 67.80
173 23.15 0.7 §3.24 18.29 24.54 6558 131.0 23.20 48.00
1/4 2152 0.71 63.79 18.18 19.40 5759 106.1 14.26 66.40
15 23.95 0.69 54.51 19.64 2570 5999 100.1 21.86 53.40
Average. 2277 0.7 54.25 18.60 23.13 6500.8 105.2 20.33 57.60
21 2342 0.73 61.11 18.34 2447 6010 108.2 20.21 54,40
202 22.76 0.74 65.59 17.96 22.89 6623 98.8 19.45 62,40
2/3 20.89 0.70 85.25 17.85 23.38 6725 1287 16.74 50,32
2/4 25.46 0.71 60.19 19.02 211 5997 1011 21.10 £9.96
215 2711 0.68 5523 20.00: 26,45 7253 100.8 24.38 55.21
Average. 23.87 0.7 65.47 18,63 .23.60 6521.6 107.12 20.28 58.46
Averago. 23.32 0.1 64.06 18.62 22.99 6511.2 106,16 20.36 58.03
5.0 1.80 0.02 10.4 0.80 2.28 469.89 13.34 3.09 7.90

G2



Table A-7 Testing properties of rubberwood-MMA/AM composites F

Physical propenies

Mechanical properties

Sample/plece Polymer Density Waler ASE (%) Polymer MOE (MPa) Flexure stress Palymer Compression
funit) Loading (glem’) absorption Loading (MPa) Loading (N/mm)
{%)

10 30,34 0.73 52.60 27.46 14,00 7358 117.90 22.44 62.40
Ya 30.06 0.67 53.85 26.61 24.92 7214 111.40 20.81 66.00
13 29.23 0.75 55.05 25.23 21.50 7264 146.30 22,95 79.50
1/4 31.03 0.70 49.54 28.54 23.04 8621 133.00 25.58 68.10
15 32.70 0.76 46.73 28.90 26.78 8545 111.40 24,08 74.90
Averags, 30.67 0.72 51.55 27.35 21.85 7800.40 124.00 23.147 70.18
21 29.08 0.75 54,16 26.34 22.05 8814 1060.60 25.08 76.42
212 29.89 0.74 54.06 26.57 20.19 8563 128.30 24.79 70.29
213 32.18 0.77 49,99 28.79 19.20 7577 140.80 23.28 82.10
244 30.96 0.72 50.02 27.75 25.09 8010 142.80 20,70 64.66
2/5 30.15 0.78 £63.33 27,48 24.48 7861 119.90 22.14 65.62
Average. 30.45 0.75 52.31 27.39 22.20 8185 126.50 23,20 71.80
Average. 30.56 0.74 51.93 27.37 22.03 79827 125.25 23,19 70.89
S.D. 1.18 0.03 2.70 1.19 357 515.69 15.42 1.1 .6.82

9.




Table A-8 Testing propertics of rubberwood-MMA/AM composites G

Physical properties

Mechanical properties

Sample/plece Polymer Density Water ASE (%) Polymer MOE {(MPa) Flexure stress Polymer Compression
{ualt) Loading (g/cml) absorption Loading {MPa} Loading (N/mm?)
(%)

il 30:54 0.74 51.02 27.45 10.22 7512 118.60 17.95 66.60
Ve 29.61 0.75 55.60 26.57 12.38 7575 114,80 16.42 70.80
13 28.26 0.74 56.60 26.13 17.04 7718 126.60 15.38 €3.00
1/4 2710 0.72 56.31 24.91 19.03 8043 84.30 13.02 70.50
1/5 31.63 0.69 50.15 27.08 19.70 8331 .'l 56.30 16.00 66.40
Average. 29.43 0.73 54.34 26.59 15.67 7830 120.14 15.75 68.66
N 24.20 0.71 £9.698 23.63 18.81 8547 161.00 15.98 68.86
2102 30.19 0.73 53.12 28.14 1388 8394 89.70 14.01 71.28
2/3 29.10 0.74 55.46 25.55 12.27 7949 120.00 15.76 70.11
2/4 2811 0.72 57.21 2546 21.08 8004 119.50 16.85 69,92
25 30 0.74 52.59 29.15 22.00 7683 120.60 17.10 70.01
Average, 28.36 0.73 55.67 26.39 17.50 8115.40 124.16 15.94 70.04
Average, 28.90 0.73 58.01 26.49 16.59 7975.70 122.15 15.85 69.35
S.0. 212 0.02 3.1 1.68 4.19 35913 22.08 1.45 1.67

2/



Table A~9 Testing properties of rubberwood-MMA/AM composites H

Physical properies

Mechanical properties

Sample/piece Polymer Density Water ASE (%) Polymer MOE (MPa) Flexure stress Polymer Compression
(unt) l.oading (g/cm’) absorpiion Loading (MPa) Loading (N/mmé}
(%)

171 2545 072 71.92 23.24 10.92 7330 116.60 15.64 60.00
Ya 29.95 0.73 54,11 25.55 15.30 8008 12310 13.59 68.60
13 28.96 0.75 56.04 25819 14.35 7380 126.49 14.85 74.80
/4 25.82 0.74 59.86 24.28 13.50 7257 104.60 14.36 60.90
1/5 31.18 ()bq—_ 7;0:5 B 4 -”2?.?2 13,45 7569 B 119.90 14.50 71.60
Average. 28.27 (73 58.45 25.20 13.50 7508.80 118.42 14.59 67.18
21 26.02 0.66 72.65 23.68 13.C5 7800 118.60 15.90 £9.58
212 20,12 A(H? G060 2627 14.42 . 76808 103.60 1(‘:.16 70.16
213 27.15 07’; 62.28 - 25.64 15.68 8101 125.80 14.89 69.95
214 26.98 0.74 65.45 2489 14.62 7614 124.20 1477 72,23
25 30.36 Q.72 53.88 26.48 16.20 7393 117.40 18.15 £9.46
Average. 27.73 0.73 61.99 2532 14.79 . 7718.20 117.92 15.96 68.28
Average. 28.00 0.73 60.22 25.26 14.15 7614 118.02 15.28 67.73
S.D. 2.04 0.03 7.72 1.37 1.52 287.94 8.08 1.26 5.53

8.



Table A-10  Testing properties of rubbenvood-MMA/AM composites |

Physlcal properties

Mechanical properties

Sample/piece Polymer { Density Water ASE (%) Polymer MOE {MPa) Flexure stress Polymer Compression
{untt) Loadlng (gfem’) absorption Loading {MPa) Loading {(N/mm’)
(%)

171 25.74 0.73 61.29 2413 12.32 7509 108.00 14.44 54.40
Y2 26.70 0.71 60.19 24.23 13.35 7435 124.80 16,93 70.00
113 25.69 Q.73 63.67 23.97 16.81 7472 115.40 12.44 72.40
14 2507 0.72 65.23 22.59 13.60 7847 108.40 13.08 66.60
75 28.05 0.72 57.02 25.00 13.50 7256 121.10 15.96 56.1G
Average. 26.25 0.72 61.48 23.86 13.68 7568.75 115.14 14.57 65.85
21 25.72 0.71 62.37 2345 12.98 7318 119.80 16.23 80.10
22 25.56 0.73 63.28 2319 13.67 7795 121.70 14.88 62.42
213 24.99 0.74 64.43 22.88 14.20 7560 116.00 13.76 70.65
2/4 26.78 .72 60.55 24.57 14.26 7468 123.80 14.08 69.88
2/5 27.29 070 60.14 2552 15.04 7609 113.50 17.58 65.50
Average. 26.07 0.72 62.15 23.94 14,03 7550 118.66 16.24 . 6£.71
Average. 26.16 0.72 61.682 23.90 13.85 7567.688 117.05 14.91 65.78
S.0. 1.00 0.01 247 0.84 0.84 186.92 6.40 1.70 6.33
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Table A-11 Testing properties of rubberwood-MMA/AM composites J

Physical properties

Mechanlical properties

Samplefplece Polymer Density Water ASE {%) Polymer MOE (MPa) Flexure stress Polymer Compression
{unlt) Loading (g/iem’) absorption Loading (MPa) Loading (Nfearm?’)
(%)

i 23.78 o.M 71.88 2019 10.32 7443 98.40 12.37 58.60
Vo 24.10 0.69 61.90G £, 18 10.59 €922 12010 14.74 §7.60
173 26.02 0.75 54.03 23.37 18.78 8574 86,70 14.20 £8.80
14 25.81 0.72 57.39 22.61 14,65 6521 108.20 14.687 54.60
115 25,57 73 60.62 22.54 - 12.40 7674 110.50 15.02 55,1b

Average. 2£.02 0.72 61.16 21.97 12.75 7426.60 106.18 14.20 57.00
211 24.03 (.66 65.28 20.79 11.52 7872 100.50 15.60 56.40 |
22 24.85 0.71 68.37 22.18 12.85 6791 101.60 15.44 60.00
213 27.01 0.72 55.52 24,65 16.68 8816 99,60 15.01 57.96
2/4 26‘1.1 0.69 59.27 23.59 14.68 7013 119.40 14,59 59.94
2/5 25.24 0.70 61.58 22.74 13.18 7746 102.80 14.01 58.85

Average. 25.47 0.70 62.83 22.77 13.78 7647.60 104.78 14.93 58.63

Average. 26,25 0.71 82.00 22.37 13.27 7537.20 105.48 14.57 57.82
S.D. 1.04 0.02 6.05 1.36 2.15 755.45 8.4 .92 1.88
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Table A-12 Testing propertics of rubberwood-MMA/AM composites K

Physical properties

Mechanical properties

Sample/plece Polymer Density Waler ASE {%) Polymer MOE (MPa) Flexure stress Polymer Compression
{unit) Loading (glem™ absorption Loading {MP2) Loading {Nfmm’)
(%) .

" 2217 0.73 73.81 20.99 11.72 6302 112.50 14.06 56.40
L 26.26 0.70 58.19 21.68 12.60 7373 112.30 15.15 58.20
113 25.79 0. 62.13 21.64 13.45 8098 95,40 13.40 55.10
1/4 2573 0.71 62.40 21.05 12.99 7020 86.30 13.72 55.60
1/8 27.44 0.70 58.31 2217 12,37 8166 110.60 11.89 50.3.0
Average. 25.40 0 63.17 21.51 12.63 7392 103.42 13.64 55.12
21 23.29 0.70 63.44 16,13 10.11 8281 102.60 12.26 52.64
272 25.63 072 60.59 22,76 12.55 7283 110.80 13.58 58,01
213 25.03 0.71 §1.23 21.49 13.30 8016 100.00 14.11 56.42
2/4 24.62 0.72 62.14 20.65 13.147 7720 99.80 13.98 58.13
2/5 26.11 0.71 59.48 23.30 12,92 6994 113.60 15.01 ' 57.84
Average. 24.92 0.71 61.37 21.48 15.46 7654.80 105.38 13.79 56.81
Averaga.. 25.20 07 62.27 21.50 12.78 7523.4 104.40 13.72 55.97
S.D. 1.83 0.01 4.37 1.17 0.69 639.05 9.09 1.04 2.73

18



Table A-13 Testing propertics of rubberwood-MMA/AM composites L

Physical properties

Mechanlcal properties

Sample/piece Polymer Density Water ASE (%) Polymer MOE (MPa) Flexure stress Polymer Compression
{unit) Loading (g/cmg) ebsorption Loading {MPa) Loading (N/mm’)
(%)

171 22.31 0.70 63.83 17.51 13.03 7201 1179 11.20 52.80
Ya 22.20 0.68 66.00 16.98 12.47 5883 102.6 12.25 56.10
13 20.24 0.67 66.04 18.45 11.49 5411 81.5 13.86 58.20
14 23.1 0.69 82.59 17.99 12.35 7257 831 11.34 48.00
115 24.66 0.65 58.48 18.27 12.99 5813 92.0 13.10 51.80
Average. 22.50 0.68 §3.39 17.44 12.45 6313 98.62 12.35 53.58
21 20.11 0.7 87.73 16.65 11.01 6020 100.2 13.88 52.03
22 20.23 0.72 67.10 16.84 13.28 7042 105.0 12.42 48.82
213 23.97 0.65 80.21 19.45 12.89 5938 99.8 10.05 57.64
2/4 22.01 0.866 63,56 18.39 1245 5952 115.3 14.91 55.95
215 21.53 0.865 65.11 17.86 15.76 7228 90.8 10.28 54.08
Average, 21.57 0.68 64.74 17.84 11.94 6448 102,22 12.25 53.70
Average. 22.04 0.68 84.07 17.64 12.67 §380.5 100.42 12.30 53.64
s 1.58 0.03 2.98 0.94 1.27 712.33 10.94 1.62 a3




Table A-14  Testing propertics of rubbenvood-MMA/2-EHA composites M

Physical properties

Mechanical properties

Water

Sample/piece Polymer Density ASE (%) Polyimer MOE (MPa) Flexure stress Polymer Compression
(unit) Loading {o/om’) ahsorption Loading {MPa) Loading (N/mm’)
(%)

M 41.57 1.00 32,28 39.98 44.72 9398 1301 53.41 £4.80
Ya 50.42 0.96 30.73 42.82 38.08 7590 128.7 40.00 63.20
13 45,59 0.95 30.81 40.21 44,60 9551 130.2 51.83 61.80
1/4 43.40 0.94 32.05 40.08 43.35 9499 158.0 52.08 59.30
145 56.64 0.85 23.83 43.35 57.25 9161 138.3 50.00 66.00
Average. 47.50 0.88 29.94 41.30 45,60 8039.4 137.26 49,48 63.02
21 42.08 0.95 33.50 39.95 58.34 9250 140.2 51.10 65.12
272 51.64 0.96 29.97 42,49 44.26 9489 1591 53.15 60.03
213 46.58 0.95 31.86 41.03 45.71 8660 133.5 51.90 62.71
214 43,15 1.00 33.29 40.68 38.19 7489 127.1 42.33 61.5%
2/ 57.26 0.85 24.79 43.00 45,63 0388 133.0 53.65 64.44
Average, " 48.14 0.98 30.68 41.43 46.43 9055.2 138.58 50.43 62.78
Average. 47.82 (.98 30.31 41.37 46.02 9047.2 137.92 49.95 62.90
S.D. 5.683 0.02 3.38 1.40 6.80 807.74 11.58 4.79 223
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Table A-15 Testing propertics of rubberwood-MMA/2-EHA composites N

Physical properties

Mechanlcal properties

Sample/plece Polymer Density Water ASE (%) Polyrner MOE (MPa} Flexure siress Polymer Compresslon
{unit} Loading {giem’) absorption Loading (MPa) L.oading (Nmm?)
(%)

t £9.48 0.93 22.08 49,35 48.76 7349 113.00 52.25 79.00
Ya 61.00 i 26.39 A7.58 48.59 7187 111.60 54.67 93.10
113 60,35 0.92 28.33 48,65 46.24 78908 126.90 80.67 81.60
1/4 60.98 0.99 17.29 49,40 48.46 6942 86.80 53.73 65.10
1/5 60.38 0.98 14.45 5422 47.74 6751 108.90 55.29 £9.50
Average, 60.44 0.98 21.71 49.44 47.56 7227 109.04 55.32 77.60
211 80.22 0.97 23.18 49,97 46,59 6825 102.60 56.26 70.01
272 58.87 0.99 25.43 48.83 45.98 6897 92.50 54.08 74.26
2/3 58.26 0.98 29.21 45.51 48,10 7881 99.80 58.86 80.15
2/4 60.89 1.0 18.42 50.02 49.47 7276 113.50 55.54 82.28
2/5 £9.58 0.95 15.56 51.21 AT.85 7332 114.10 53.01 78.86
Average. 59.56 1.00 22.36 49.11 47.60 72422 104.50 55.55 7.
Average, 60.00 0.99 22.04 49.28 47.58 7234.6 108.77 55.44 77.36
S.b. 0.93 0.06 5.35 2.44 1.14 407.76 1.71 2.61 8.02
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Table A-16 Testing propertics of rubberwood-MMA/2-EHA composites O

Physical properies

Mechanical properties

:

Sample/piece Polymer Density Water ASE (%) Polymer MOE (MPa}) Flexure slress Polymer Compression
{unit) Loading (g/cm“) absorption Loading {MPa) Loading (N/mm)
{%)

11 48,28 0.97 30.27 44.78 50.35 8415 112.80 61,58 71.60
%) 63.48 0.98 23.74 49.18 48.86 6487 124.80 $50.00 70.80
173 61.47 0.97 24.57 47.22 47.94 7666 88.80 50.76 75.40
174 59.29 0.99 26.46 4584 49.10 €808 113.10 59.02 59.80
16 70,00 1.00 22,17 50.27 50.03 7489 113.10 56.00 67.50
Average. 60.50 0.98 25.44 47.40 49.26 7383 110.52 56.47 69.02
21 47.35 .99 3112 44.85 49.64 7567 112.50 58.07 68.06
2/2 §2.51 0.98 28.08 46.22 45.56 6829 113.10 59.52 60.18
213 62.57 0.98 25,49 A7.71 44.28 7840 105.80 49,97 77.38
2/4 62.85 0.97 24.65 48.37 49.58 6525 120.60 53.26 71.72
2/5 71.06 1.00 23.24 49.18 51.54 8523 108.00 54.49 70.48
Average. 61.27 0.98 26.52 47.27 48.12 7456.8 112.00 55.06 69.58
Average. 60.89 ] 0.98 2598 47.34 48.69 7424.9 111.26 55.27 60.20
50. 760 ‘ 0.01 2,99 1.04 222 726.69 9.60 423 573
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Table A-17 Testing propertics of rubbeiwood-MMA/2-EHA composites P

[ Physical properties N Mechanical proponles |
Samplefpiece Polymer Density Water ASE (%) Polymer : MOE (MPa) Flexure stress Poryrher Co‘mpression
{unit) Loading (g/cm’) absorption Loading {MPa} Loading (N/mm?)
{%)
7 53.91 1.01 25.32 44.57 41,63 8819 102.80 58.57 77.80
Yo 51.49 0.98 27.12 42.03 58.60 7640 114.00 50.25 58.80
1/3 46.60 0.99 30.03 4142 39.91 7827 122,70 49.76 73.80
1/4 867.63 a7 2463 46.21 30.43 6039 119.50 56.57 67.20
1/5 76.21 0.96 2413 49,00 60.70 7562 107.90 50.88 68.90
L Average. $9.15 0.98 26.25 44 .65 50.21 7577.4 113.38 §2.81 69.30
2" 53.82 1.02 2572 46.89 40.82 7625 102.90 51.28 57.86
212 52.68 0.97 26.34 48.51 44 .61 68141 111.50 55.49 76.35
213 47.58 0.98 31.24 42.32 59.48 7849 116.00 50.13 74,91
2/4 68.44 0.6 25,22 44.68 41.54 7750 123.20 49.08 59.09
215 75.32 0.98 24.48 46.27 61.64 8597 108.60 58.85 76.72
Average, 59.57 0.98 26.60 4513 49.6 7582.4 112.44 53.15 68.99
Average. 59.36 0.98 26.43 44,89 49.91 7584.9 112.91 52.98 69.15
sSD. 11.34 0.02 2.41 2.40 1M £93.36 7.48 3.48 8.02
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Table A-18 Testing propertics of rubberwood-MMA/2-EHA composites Q

Physical properties

Mechanical properies

Sample/plece Polymer Density Water ASE {%} Polymer MOE (MPa) Flexure strass Polymer Compression
(unit) L.oading (glem’) absorption Loading (MPa) Loading (N/mm?)
(%)

11 59.29 0.96 26.33 42.29 39.86 6482 108,20 54.74 71.30
Yo 54.00 0.97 27.27 41.68 44,06 7945 115.10 45.97 62.40
173 46.08 0.98 28.54 40.55 57.89 7827 144,10 53.33 72.80
14 81.93 0.98 26.28 43.37 56.27 8150 103.70 48.18 62.00
1/8 62.67 0.94 2513 45,68 44.38 8268 118.00 56.85 83.28
Avarage. 56.79 0.97 26.71 42,714 48.59 7674.4 117.42 51.81 66.34
211 59,37 0.94 26,45 42.29 57.38 8356 117.20 57.72 §2.28
2/2 53.85 0.99 27.24 41.84 44,35 8300 105.60 43.37 61,07
2/3 47.29 0.95 27.65 40.00 40.06 7638 140.80 52.28 73.08
2/4 63.04 0.87 2524 43,53 56.94 8045 113.20 4499 64.23
2/5 83.58 0.98 24.98 44,08 48,79 8594 111.90 58.16 70.5%
Average. 57.43 097 26.31 42,31 48,90 7786.6 117.74 51.90 66,25
Average, 57.11 0.97 26.51 42.51% 48.75 7730.50 117.58 51.86 £6.3
S.D. 6.49 0.02 118 7€ 7.48 685,22 14,01 4.50 4.98
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Table A-19 Testing propertics of ry

[ ——————

bberwood-MMA/2-EHA compasites R

Physical properies T ol Mechanical properties —}
B Sample/piece Polymer Density Water FSE (%) Polymer MOE (MPa) Flexure stress Polymer Compresslon
{untt) Loading (g/em’) absorption Loading (MPa) l.oading (‘.'\J/mmz)
3 (%)

L 111 £80.70 1.00 34,01 38.71 47.14 7892 121.70 53.81 52.40
iz 57.39 0.95 32.42 39.63 44,24 7750 106.90 51.87 56.40
13 59.26 0.97 24,55 42,15 44,07 8042 110.30 49.50 62.80
1/4 57.30 0.95 26.82 41.02 53.75 7700 118.00 47,17 62.60
15 55.62 0.94 31.83 40.68 54.57 7493 128.10 50.86 57.50
Average, 58.05 0.98 29.93 40.44 48,75 7775.4 117.20 50.64 58.34
2 - 61,08 0.95 33.88 39.32 47.29 7500 - 129.60 49.95 56.66
22 56.45 0.96 32.08 40,07 52.67 7659 121,20 £0.28 63.18
2/3 57.18 0.97 2542 4113 48.22 8001 111.90 46.67 64.83
2/4 56.85 0.99 26,78 40.51 43.36 7687 108.50 50.91 50.59
215 59.65 .93 3161 40.26 55.48 7984 122,70 52.02 50.02
Average. 58.18 0.96 29.95 40.26 48.40 7766.2 118.78 49.97 58.58
Average, 58.1.2 0.96 29.94 40.35 48.75 7770.8 117.99 50.31 58.46
5.0 1.90 0.02 - 363 N 0.99 XY 5,11 200.6 8,12 2.16ﬁ~ 4.85
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Table A-20 Testing properties of rubbenwvood-MMA/2-BEHA composites S

Physical properties

Mechanical propertles

Sample/piece Polymer Density Water ASE (%) Potymer MOE (MPa) Flexure stress Polymer Compresslon
{unit) Loading (a/em’y absorption Loading {MPa) Loading (N/mm")
(%)

111 60.73 1.00 35.22 36.18 49,18 5514 - 108.30 49.29 64.80
%) 58.93 0.95 35.65 35.52 46.98 B505 129.00 51.43 67.80
1/3 57.36 0.94 36.31 33.11 48.22 8340 123.00 50.21 60.40
174 56.06 0.96 3211 36.50 A7.85 8884 104.30 52.57 52.40
/5 59.57 0.95 30.82 37.42 4182 8737 134.30 52.37 53.20
Average, 58.53 0.98 34.04 3575 47.97 7996 119.78 51.47 59.72
20 59.28 0.85 35.81 32.29 49.09 6814 121.50 52.57 52.15
212 62.56 0.97 32.25 36.84 50.89 8991 119.80 49.64 54.61
213 56.88 0.96 34.98 35.44 44.38 7776 118,70 51.35 81.17
2/4 53.01 0.98 3579 33.70 47.94 7694 127.00 49,59 63.28
2/5 55,73 0.94 31.26 37.19 48.54 7003 121.20 52.35 £5.72
Averaga. 87.49 0.95 34.02 35.09 4B.17 8055.6 121.24 51.08 58.39
Average. 58.01 0.96 34.03 35.42 48.07 8025.8 120,51 51.13 59.56
8.0, 2,78 0.02 212 1.79 1.68 1087.88 9.08 1.35 5.98
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Table A-21 Testing propertics ofmbbcnvood-MMA/Z-EHA composites T

B e

Physical properties

Mechanical properties

Sample/plece Polymer Density olymer MOE (MPa) Flexure strass Polymer Compressian
(unh) Loading {glcm®) absorption Loading {MPa) Loading (Nfearm?)
{%)
) 12,70 54.29 42.60
‘341.20 52.41 54.70
165.80 50.00 57.40
125,70 4043 51.05
ﬁ—“;;‘q_f;m B 53.59 1 e

21 59.15 0.95 [ 40,05 28,18 r 50.60 8855 113.50 54.62
212 5554 0.92 = 8338 129.30 5162
213 727 | oma ] P T I v— B
""""""" i | sees | 095 = V] 139.00 53.37
25 54.45 0.94 4737 7741 116.50 50.38
Average, 56.60 0.94 T e Lo | s | om
e e J TS 0699 13024 [ 5217 I  s0e2
Y P J::E)EMM 167 665,11 17.65 ] 1.82 T 5.49
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