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Abstract

In this thesis | hypothesize that plasma will etch wood surfaces, produceceiewvall
microstructuresand change the surface chemistry of wood because of differential etching of
wood®s polymeric constituents. | also examine factors affecting the etching of wood by plasma
and applications of plasma etching for wood processingnr8ieg electron and light microscopy
and white light confocal profilometry were used to examine etching of wood surfaces. Wet
chemical analysis, FTIR and XPpectroscopyvere usedto analyze chemical changast the
surface of plasm#&eated wood. Experinmes were also performed to examine the effect of
plasma treatments on the color of biieined woodthe morphology ofungal hyphae and the
adhesion and performance of coatings ondiloimodified wood.Exposure of woodo plasma
caused etching afood cll walls and cre@d new surface microstructuresedionsof cell walls

that wererich in lignin such as the middle lamella were etched more slowly by pl&onéocal
profilometry of wood exposed to plasmeevealed a strong relationship between plasma
treatment time and etching of cell wallend same technique found that lignin pellets were
etched more slowly than cellulogellets Plasma reduced the levels of carbohydettehe
surface of modified woqdwhich resulted in a relative increase in lignaontent. Plasma
treatment improved the effectiveness of hypodte bleach at removing blesain from wood
andit prevented the discoloration of a white acrylic paint ondibimodified woodexposed to
naturalweathering However, plasma treatment lobt-oil modified wooddid not have positive
effects on the adhesion amaterior performance ofa range of other coatings (mainly semi
transparent stains) conclude that prolongeekposure tglasma can etch wood cell wallsut

cell wall layers that ardgch in lignin are degraded more slowBlasma etching of wood mainly
depends on treatment tina@d alscon the structure and chemical compositadrwood Plasma
treatment is an efficient pteeatment for bleaching of blustained wood and reducing the
discoloration of white acrylic paint on khotl modified wood.
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Parts ofChaptes 3 and 4have been publishedn an internationalgurnal. The original
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1 Generalmtroduction

1.1 Introduction

The surface properties afood play an important role when wood is used or ggeed into
different productsuch as siding, joinery and wood composifesh@balala 2005 For example,
the surface degration of wood when it is usedutdoors, places wood at a disadvantage
comparedo other materials (Feist and H&884,Rowell 2005 Evans 2008

Much effort has been expended in the search for better methods of modibpdgurfaces
in preparation for adhesive bonding and the @pgibn of coatings (Kamke and L2607). The
methals employed havemainly involved physical and chemical piteeatments Denes et al.

2005 Hill 2006). A newer surface treatmemtses plasma instead of wet chemicégisma
consists of an activated gaseous discharge that is capable of modifying the clunfeterials
prior to application of adhesives or coatingsa direct, nortoxic way witlout producing large
amouns of physical or chemical wasfgoducts(Wu 1982, Boerg 1982 Kinloch 1987 Liston
1994 Chu et al. 2002Jama and Delob&007, Lee etal. 201).

The tem plasma was first used in 19270 descri be the #dAinner
discharge in which a significant number of the constituent atoms and /or molecules are
el ectrically cBoenig 1P8)dMocerrecently plasmatdme e(n def i ned
excited gas which consists of atoms, molecules, ions, free electrons and metastablé @pecies
fisimply a mixture of electrons, negatively and positively charged particles, and neutral atoms
and mo | Krdoaohl 1883 loagaki 1998.

Plasmas are capable of rapidly modifying materials @ladma treatmerttave opened up
novel ways of modifying wood based materials, including surface functionalization and coating.

For example, plasma treatment with organic gases can rapidly altarrtheesenergy of solid
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wood surfaces without changing bulk propertiBerfes and Yound 999 Magalhdesand de
Souza2002 Odraskova et al. 2@). This technology is claimed to be a very efficiédtyd
approach that avoids the disadvantages of relatedtnwatments such as organic solvent
extraction Cho et al. 200,1Denes et al. 200Blantocaset al. 2006).

Plasma prdreatment using inorganic gases can increase the surface permeability of wood,
performance of coatings and the fracture strength of gheetl Sakata et al. 199%odgorski
et al. 2000 Lukowsky and Hor&2002 Rehn et al. 2003Ramos (2001) anBvans et al. (2007)
found that prolonged exposure to a gldischarge plasma significantly increased the glue bond
strength of difficultto-glue eucalyptus specie®/olkenhaueret al. (2009) showed that plasma
generated from dielectric barrier discharge increased the surface energy of aged wood. Plasma
treatments wre also effective at increasing the adhesion of varnish to wood and bamboo
(Setoyama 1996 Yuan et al. (20043howed that plasma treatment could significantly improve
the static and dynamic mechanical properties of widwé-polypropylene composites. Bad on
their findings they suggested that increases in surface roughness of-plest®d wood fibers,
which they observed using scanning electron microscopy, led to higher interfacial contact and
mechanical interlocking resulting in an overall improvetmemechanical properties.

Very few studies have examined the effect of plasma on the structure and physical and
mechanical properties of wood, despite the interest in using plasma to modify wood (Denes et al.
2005). More information is available, howeyen how plasma can modify the microstructure
and properties of papelFor exampleSapieha et al. (198&xposed several kinds of paper to
plasma, and found that plasma acted like a fine microtome, continuously removing thin layers of
cellulose. The ratef etching of cellulose could be controlled by changing parameters, such as

gas pressure and compositi@nd discharge power. Not surprisingly, it has been shown that



chemical changes to cellulose during cold plasma treatment, affects the wettabilitieand
adhesion properties of cellulogeéarlsson and Stroed991).

It is clear from studies conducted to date that surface modification of wood by plasma can
improve surface energy and bond strength of adhesives and cotamgs (et al. 20Q%vans et
al. 2007, Avramidis et al. 20Hb). However, there is little fundamental information om th

effect of plasma on the mityucture and chemical and physical properties of wood.

1.2 General gpothesis

There is some evidence in the literature, mainly from stunfiggasma treatment of paper,
that plasma can etch the wood cell wall. The ability of plasma to etch and roughen the surfaces
of plastics is well knowr{Egitto et al. 19900ehrleinet al. 201). Ablation of these materials
occurs when plasma reduces thelecular weight of their polymeric constituents and they
become volatile enough to be removed by the vacuum pump employed in plasma devices
(Boeng 1983. If the substrate consists of a blend or alloy of materials that react differently in
plasma, differetial ablation of these components can create a anawghened surfacéQlluri
2003 Oehrleinet al. 201). Wood consists of a blend of cellulose, hemicelluloses, and lignin
(Sjostrom1981)). Therefore it is plausible that the same effect coaltur wherwood is exposed
to plasma.

In this thesis | hypothesizbat plasma will etch woodurfacesand produce new cell wall
microstructures because of differential ablation of viegublymeric constituents.

There is some evidence that ionizing rays, predominantly gamaysa can alter the
physical, mechanical and chemical properties of wood (Tabirih et al. 1977, de Lhoneux et al.
1984). Considering this evidence and the energetic nature of particles in gdlasmiaer

hypothesizethat differentialetching ofwo od 6 s p ol y me will changedhesprfacee nt s
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chemistry of wood. | alsexamine factors affecting the etching of wood by plasma and possible

applications of plasma etching for wood processing (skmW).

1.3 Outline of study

This thesis consists @ight chapters. Followg this introduabry chapter, @apter 2 reviews
the literature on plasma and plasme@ieatmens including a briefintroduction to the different
types and ways of generating pfes and teir effects onmaterials.Relevant literature on wood
surface properties anchodification and previous research on the plasma modification of
lignocellulosics is also reviewed. Chapter 3 examines the effgppwidischargeplasma orthe
microstructure bwood. This chapter focusses on the differergiahing of cell walls andell
types found in wood. Rapter 4 examirgefactors thainfluence etching ofvood cell walls, and
uses a new techniqueu(gace confocal profilometjyto quantify the etching okoodand model
wood compoundsChapter 5 examines changessurface chemistry of plasma treated wood.
Chapter 6 tests the ability glasmaalone and in combinatiowith bleachingto remove blue
stainfrom wood colonized by staining fungChapter 7examnes whether plasma can improve
the adhesion and outdoperformance of coatings applied to woththt has been thermally
modified using hot oil. Finally, Chapter @scusses the findings of all experimental chapters
draws general conclusions and magaggestion for further research needed to fully understand

findings arising from the research described in this thesis.



2 Literature review

2.1 Introduction

Wood continues to be used for many applications because of its many excellent material
properties (suclas a good strength teeight ratio,attractiveappearance etc.), howeydralso
suffers from a number of disadvantag@& o d insnsi@hal instability in response ¢banging
atmospheric conditions, susceptibility to biological attack and changes imrappe when
exposed to weathering, place restrictions itsnpotential enel s e s . The origin
properties can be understood with reference to its structure at the macroscopic, microscopic and
molecular levelgHill 2006). Thereforethe chemistry and physical characteristicswob o d 6 s
components need to be understtmdhake sensible property changesvtmd.

There has recently been renewed intereshanging and improving the properties of wood
using chemical modificationThis interest has been stimulateddnwvironmentakestrictions on
the use of wood preservativessuch as creosotgentachlorophenohnd chromatg copper
arsenatéPreston 2000). Wood modification is a process ¢aatbeused 6 improve the material
propertiesof wood, but ideally it should producea materialthat canbe disposed of without
presenting an environmental hazard any greater than that associated with the disfieesal of
unmodified wood (Preston 2000).

Modification of materials with plasmbhas become importamecently. Plasmareatmensg
provide fast andefficient methods for improving the surface properties of materiads
mentioned in Chapter Thereare large numbers of publications on modificatadrpolymers
with plasma(see reviews bZhu et al. 20020ehrleinet al. 201}

Plasma has been widely usedhodify polymeis to improve their wettability, adhesion and
other surface propertigtnagaki 1996) Plasma modification ofvood and other lignodelosic
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materiak is seen as beingnportantbecause it can enhance souoréical surface properties.
However,there have been relatively fepublications on the modification of wood compared
with those on the modification of polymers by plasiist stuies of the plasma modification
of wood have been confined to the laboratanidcommercial applications of the technology for
wood processinfave not been reported in the public literature.

This chapter reviews the literature on plasma and plasesmets including a brief
introduction to the different types and ways of generatingnaand its effects omaterials.
The reviewmainly focuses on plasma modification of lignocédlsic materials (wood and
pape), but relevantpaperson wood Gurface proprties andmodification are also reviewed.
Some of thesepapers provide extensive information on plasma processing, whereas others
describethe processn a more cursory mannerhis is due, in part, tahe high diversity of
plasma processesed to modifywood surfacesandthe complexity of the environmesin the
plasma devices. Furthermore, the main focus of the majority pablications is onthe
characteristics of the plasma generated surfaadser tharthe plasma process itsglDenes et

al. 2005).



2.2 Plasma

2.2.1 Introduction

When blood is cleared of its various corpuscles there remains a transparent liquid, which
was named plasmay the Czech medical scientist, Johannes Purkinje (1889). The Nobel
Prize winning American chemist Irving Langmuir1927 was the first to ugbe term plasmato
describe the inner region of an electrical discharge in which a significant number of the atoms
and /or molecules are electrically charged or ionized. Langmuir was remindedcatthation
of red and whitecorpusclesin the plasma of bloodby the way an electrified fluid carries
electrons anibns (Tonks 1967 Fitzpatrick 2008).

Recently more detailed definition®f plasmahave appeared in the literatun€inloch
(1987 defined plasma as an exited gasich consist of atoms, molecules, ions, free dlens
and metastable species simply a mixture of electrons, negatively and positively charged
particles, and neutral atoms and molecules. Plasma is also considered to hethhstdte of
matter becausi¢is more higly activated than solid, liquid @yasousstateqInagaki 1996.

In many cases interactions betwezharged particles anteutral particles are important in
determining tie behavior and usefulness gblasma. The type of atoms in a plasitie, ratio of
ionized to neutral particles and the particle energitsresult in a broad spectrum of plasma
types, characteristics and behaviors. These unique behbaivggesulted igrowing number of
applicationdor plasma (Eliezer and Eliez2001).

The species in plasma that modify materials are electrons, ions, and rathedéter two

speciesare generated by collisions between electrons and gas moleculasgexisplasma.

" From the Greek word whiome ans fAmol dab | eel Isyudbbst anceod or fij
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Theseelectrons, ions, and radicatan react with the surface of materialsfaur ways: (1)
implantation reactions of atomg&) radical generatign(3) polymerforming reactionsand (4)
plasmaetching The type of reaction that is initiated depends mainly on the plasma gas, the
energy leel of the plasma and the nature of the polymeric material being mo¢iiegdan and

Ro% 2007) Plasma composed of inorganic gases such as argon, helium, hydrogen, nitrogen, and
oxygen oftenfavors implantation of atoms, radical generation and etchiragtiens, whereas
plasma derived from organic gases such as hydrocarbons and alkyl&iameso polymer

forming reactions (Inagaki 1996).

2.2.1.1Plasmaypes

Plasma can be classified according tioeir temperature and pressufar example, plasma
can be clasified asequilibrium (ot or thermal)or nonequilibrium (cold or nofthermallow
temperaturgplasma. Huilibrium in this context referto thermal equilibrium among the spes
present in the plasmaNonequilibrium plasmas are commonly known as coldspias while
equilibrium plasmasare known as thermal plasmaBefies1997. Equilibrium or thermal
plasmas are those in whitie temperature is the same for all the species present in the plasma.
The energy to ionize and activate the gas cofrms thermal heating which carcause the
plasma taeachtemperatures greater tha6,000°C. A well known examplef a thermal plasma
in nature is the solarorona Aschwanden 2004 B5uchplasmas are mainly used in plasma spray,
plasma torches, waste destruction and welding applicatiimshe other handionrequilibrium
(cold) plasmasdo nothave a definingemperatureNeverthelessin these types of plasmas
electrons have a very higemperaturegs hot as 10,000C), which allows them to activate other
species and produce ionizatiaxcite other species presemtdcausedissociation of molecules

(Kaplan and Ras 2007). Because ions, atoms and molecules cammohange heat with
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eledrons these spcies arealmostmaintainedat room temperature. Asrasult suctplasma are
6col dé ( r oo nsomeemapséghtly highkrbeit generally lower than 10T (Rossell
2007).

Non-equilibrium plasma are typically divided into two typs: (1) thosegenerated either
under reduced pressur€?) those generateth air at normal atmospheric pressure. Under
reduced pressure, the plasthat isgenerated is called glow-dischargeplasma while plasma
generated in air at normal atmospheric pressure is caltbelectric barrier ocorona discharge

plasma(Boenig 1982 Uehara 1999, Kogelschatz 2003

2.2.1.2Plasma gneration

Plasma can be produced in the laboratory by raising the energy ofraggadless of the
nature of the energy source. Plasmas lose energy to their surroundings through collision and
radiation processes and, consequently, energy must be supplied continuously to the system to
sustain the dischar ge wdyltoncargiraudusly infeét ®ge)gy intdial h e
system is using electrical energyo and for t
produce mosplasmas(Denes and Manolach#Z004). Plasma generated by electrical discharge
can beclassified as eithecold or hot, as mentioned abouexanmples of naturally occurring
plasmas are lightning, and thoseeated during thehenomeon known as Aurora Borealis or
Northern Lights Denes andvlanolache2004). A low temperature plasma generated under
reduced pressa is a glowdischarge plasma, as mentioned above.

Three essential requiremeraee needed to form a gledischarge plasménagaki 1996.
These are(1l) energy source for ionizatiof2) a vacuum system for maintaining plasma state;
and(3) a reaction ciimber.Electrical energy from a directr alternatng current is usually used

for ionization of atoms and molecules. Electric power is supplied to atoms and molecules from a
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pair of dectrodes placed in the reactichamber in capacitative or inductive coupling modes.
The reaction chamber issually a bell jar or tubular chamber armslinvariably made of glass or
stainless steelrfagaki 1996. Different equipments usedo generate plasma dielectric barrier

or corona dischargén air or at atmospheric pressure. A typical corona discharge treatment
apparatus consstof a high frequency generator, a high voltage transformer and a treating
station assemblgCramm and Bibe&982. The high frequency generator congghe available
electrical energyinto a higher frequency suitable for the treatmemhile the transformer
increass the available voltage to a level needed to generate plasma and to gagat®ctronic
impedancematching function Cramm and Bibed 98, Kinloch 1987. Electrical energy is
transmitted to atoms and molecules in the air thrauglal electrodes which may be insulated
with dielectric materials. Occasionally the

metal electrodes at atnpseric pressure (Kogelschatz 2003).

2.2.2 Glow-discharge lasma

Under reduced pressure, a glavgcharge plasma is generated. Radio frequency (RF) glow
discharge (RFGD) plasma devices are widely used for the surface modification of polymers
because they are able produce a large volume of stable plasma. RF discharges have been
classified into two types depending on the method of coupling the RF power with the load: (1)
capacitive coupling and2) inductive coupling. Both modes can use internal or external
eledrodes.The external mode uses a discharge tube that is made of glass (quartz or borosilicate
glass),which make it possible to reduce contamination of the plasma by impuifitees the
electrodes. Hence, thoupling mode is common in RF plasma devices. In generalREhe
discharges operate in the 50 KH®0 MHzrangeand the pressure during discharge is between

102 and 100 tor(Boenig 1982Chu et al. 2002).
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Glow-discharge processes that are suitable fomfase modification of materials take
advantage of energetic electrons, ions, free radicals, and vacuum UV radiation present in the
glow-discharges. These species have energies high enough to break even the most stable

chemical bonds with substrates (Das1997).

2.2.3 Effects of plasma on the surface chterials

From the time whenLangmur first defined plasmas muckeffort has gone into
understandingthe plasma stateand also touse plasma to modify materials The
microelectronics industryas one othefirst to develop plasmarocessing technologiesToday
many other industriessuch asthe biomedical,automotive, textileand lighting industries are
using plasmas to modify the surface of materials (BMB1).Plasma processingchnology
aimsto modify the chemical and physical properties of a surface (Inagaki 129@jke liquid
cleaners and etchants, which use only molecular chemistry, plasmas employ moéoonir,
free radical and metastable species for chemical effects, and electrons and positive ions for
kinetic effectdRawlinson 1999

Energetic particles plasma are able to break covalent chemical bandsganic materials
thus creating free radits at polymer surface Almost all chemical bonds involved in organic
structurescan be dissociated in plasma, howevegher energies are usually required for the
dissociation of unsaturated linkages and the formation of multiple free radicals. Agbgrdin
finitial or plasmagener at ed unsaturated bonds wil/l h a\
conditions, in comparisont® i n g1 e (Dénesi9®3. dhe reactions of radicals formed in
plasma include chain scission, radical transfer, oxidationmeswmbination on polymer surfaces

(Wu 1982).

11



The effect of a plasma on a given material is determined by the chemistry of the reactions
between the surface and the reactive species present in the plasma. At the low energies typically
used forplasmatreatrrent, plasma only changehe surface of the material; the effects are
confined to a region onlyeseral moleculesieep and the bulk properties of the substeaite
unaffected However, pasmas also generate electromagnetic radiation, in the form of vacuum
UV photons, which can penetrate bulk polymers to deptHl0to 75 um depending on their
wavelength UV radiation can also cause chain scissn and crosdinking (Egitto 1990,
Rawlinson 1999

Surfaceschangesresulting from plasma treatmemtepend on thecomposition of the
substrateand the gas used. Gases, or mixtures of gases, used for plasma treatment of polymers
can include air, nitrogen, argon, oxygen, nitrous oxide, helium, tetrafluoromethane, water vapor,
carbon dioxide, methane, or ammofkansonet al. 1995). Each gas produces a unique plasma
and specific changes to thsurface properties®f the material being treate@ubstiution of
molecular moieties ahe surface can make polymers either wettable orwettabledepending
on the chemistry athe polymer and the source gas@$ie specific type of substituted atoms or
groups determines the specific surface potential (Finson et al.. FRg59xample, argon plasma
treatment can induce crebsking between substrate and polymer, endasfluorine plasma
treatment decreases the surface energy of polymers (Liu et al. P0fiha treatment processes
usingdifferent gases are optimized by varying the time, power, pressure and gas flow rate to the
substrate anche modification ofsurfacedy plasmahas been suldivided into 3generaltypes
(1) functionalization or activatiqr{2) coating ordeposition and (3¢tching or ablation (Fig2.1)

(Rossell 2007).
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Figure 2.1: Has been removed due t@opyright restrictions. It was a £hematic diagram of the
three different responses of a material to plasma; (1) functionalization (2) coating and (3) etching
(modified after a diagram in Rossell 2007)

2.2.3.1Plasma functionalization ¢dvation)

Plasma dinctioralization involves plasma specidgat do not react among themselves, but
rather with the substrate surfacat determined positions (Rossell 2007). The name also
encompassethie procese f substi tuting at omwithchemicallyreupp ol vy
from the plasma (Kollur2003).

Free electrons and metastable particles in plasma are able to break covalent chemical bonds,
thus creating free radical polymer surface (Boeng 198J. When polymes are exposed to
plasma, they show ESR (electron spisomance) signs| indicatingthe formation ofradicals.

Such radicalsan be formed in a number of way®r example withhydrogen abstraction from
polymer chainsby radicak or electros, andor C-C bond scissionby electron or ion
bombardment (Inagaki 88). These free radicals then undergo additional reactions, depending
on the gases present in the plasma or the subsequent expbsiueeradicalso gases in the
atmosphereFreeradical reactionsan create a surface thatvery different from that othe

starting bulk polymerBoeng 1982 Steinbruchel et al. 1986
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Implantation reactions during plasma treatnameione of the most important ways in which
plasma modifies polymers (Inagaki 1996). The surface energy of the polymer placed in a plasma
can be increased very rapidly by plasimaluced oxidation, nitration, hydrolyzation, or
amination. The higher surface energy of the polymer surface increases its wettgilibyri
2003). For examplegas molecules such as oxygen and nitrogen are activated by plasma; the
activated oxygen and nitrogen species interact with polymer surfaces, and functional groups
(hydroxyl, carbonyl, amino and amido) are formed. Such implantation reactions lead to large
changes in the surface properties of the polymer, for example, hydrophobic polymers can
become hydrophilic as a resul't of t he reac
t r e a tisfreqgnently used to improve the adhesive propedigmolymers (Imgaki 1996). The
increase in apparent bonded surface area that results serves to increase the strength of adhesiv
bonds. This process can also be used to subsgtatgs athe surfaceof polymess with ones

that facilitate covalent bonding between tlodymer substrate anddhesives (Kollur2003).

2.2.3.2Plasma deposition ¢ating)

When organic gases are used to generate a plasma, pdikengroducts are deposited on
the surface of all substrates in the reaction chamber. This process is called plasma
polymeization, and the product formed as a result of plasma polymerization is called a plasma
polymer(Inagaki 1996) The creation and properties of a plasma polymer are strongly dependant
on the plasma conditions, e.g., the magnitude of the input RF powerintaimehe glow
discharge, the flow rate of the organic gases introduced into the plasma, and the pressure in the

reaction chamber (Inagaki 1996). Some chemical deposition processes have long been carried

2 The ability of a liquid to spread over and penetrate the surface
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out in the gaseous or vapor phases. There are & vidmoily of related processes differing in
detail, and collectively referred to as chemical vapor deposition (CVD) techniques (Chapman
1980). Plasma deposition is essentially an extension and enhancement of some of these
processes, but a plasma is usedlissociate and activate the reaction gases. The detail of the
stoichiometry of the modified surfaces or films is somewhat different for the two methods, but
more importantly (at least in the semiconductor industry) the plasmi#icationprocess can be

accomplished at a lower substrate temperature (Chapman 1980).

2.2.3.3Plasma etching fdation)

Etching or ablationnvolves the removal of material fromsabstrateThe ability of plasma
to etch and roughen the surfaces of metals and plastics ikmeelin and isused to obtain
specific patterns ahodifiedsurfacegEgitto et al. 1990

Etching reaction at the surface opolymersoccur when theyare exposedot plasma for
prolonged periods of time, aritde molecular weighof the polymeris reducedBoeng 1983.
Plasma species diffuseto the substrate aneact with surface molecules. As a result of this
interaction, mono and multiplefree radical structures, ions @ither polarity or molecular
fragments withcharged functionalities can be generated (Det#%7). These reactions may
produce materials that avelatile enough to be removdidm the surface of the substrdg the
vacuumpump employed in plasma devices mentioned abo\{8oenig 1983. The intensity of
the production of low molecular weighha volatile structures will control the rate of surface
etching, which competes with the other reactions occurring at the surface such as plasma
polymerization (Flamnand Herbl1989).

The etching rate of a polymer largely depends on the plasma treatnmglitiors (e.g.

di scharge gas, pressur e, di scharge power, t¢
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chemical and physical properties (Wu 1982). Of these parameters the typdeaithast)is the
most important factor affecting etching. For exden oxygen plasmas are reactive etchants
whereas argon plasmas are not as reactiangeh et al. 1965, Taylor and Wde80, Olde
Riekerink 2001, Wohlfart et al. 2010).

The chemical structure of polymers has a major influencéherrate of plasma etatg.
Many studies have examined the relationship between the chemical composition of polymers and
their susceptibility to plasma etching. As results of such studies, it has been established that
aromatic polymers have lower etching rates than aliphatiavgaty.Polymers containing little
(or no) oxygen and no halogen (except fluorine) are very resistant to etching in oxygen plasma.
Accordingly, polymers containing oxygen functionalities such as ether, carboxylic acid, and
ester groups are more susceptilbeplasma etching than polyolefins, which have no such
substituentsHuorine andcyano ¢C [ Nmpoieies in polymers enhance etch resistance, due to
strong bonding in backbone chains, whereas polymers containing chlorine are rapidly eroded in
an oxygen plasm(Reich and Stivald971, Yasuda et al. 1973a¥ylor and Wolf1980, Pederson
1982 Gokan et al. 1983, Inagaki et al. 2003, Moss et al. 1986, Moss 1987, Fricke et al. 2011
Consequently,fithe substrate consists of a blend or alloy of materials that react differently in
plasma, differentialetching orablation of these components can create a mroughened

surface(Fig. 2.2) (Kolluri 2003, Wohlfart et al. 2010
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Figure 2.2: Has been removed due to copyright restrictions. It wasSEM photomicrographs of
polyethylene terephthalate(PET) treated with oxygen plasma for: (a) 1 min; (b) 4 min; (c) 10 min;
and (d) 30 min. Note development of fibrils with increasing treatment time (Wohlfart et al. 2010)

Weight losses due to etching are restricted to thertost layers of the polymernd weight
losses below the surface are much smaller or do not occur at all. Therefore, polymers subjected
to plasma etching possess similar bulk chemical and physical properties as the parent polymers
(Inagaki 199¢ . Chu et al . ( 2ehé@tadl compositon, ehenidal sstructufie; h e
degree of polymerization, and crystallinitygdasmatreatedsubstrate are hardly altered and are
similar to those of theriginal polymers The siperficial nature of plasma modification of
polymers and the fact thao liquids are useldasled to the development of plasma processes for

the dry etching of materials (Chu et al. 2002).
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Plasma etching is commonly usedhe semiconductomdustry anchas the advantagerer
earlier etching technologiaed being solvetifree, thus producing less wastéde complexity of
integrated circuits (ICs) has greatly increasadce the demonstration of the first working
semiconductor integrated circut 1958 Increass in performancef integrated circuits rglon
increasing the numbers of memory cells per wafer. Hehedabrication of device patterns with
smaller dimensions has become more important. Plasma can etch materials at the micro/nano
scale(Fig. 2.3) and pasma etching of silicon tride was one fothe first plasma pros=es to be

used by industryBoenig 1982 Flamm and Herlk989, Sahoo et al. 20DP9

Figure 2.3: Has been removed due to copyright restrictions. It wasSEM photomicrographs of
nanopillar structures (used for solar cell applications), fabricated by etching of silicon nitride film
using a gas mixture of CF4/02 at different treatment times: (a) 90 s; (b) 120 s; (¢) 150 s; and (d) 180
s (Sahoo et al. 2009)
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Plasma etching of polymer surfacean do the following: (1) leer the adhesion othe
polymers; (2)c ha nge t h enechaaitak andr gphysical properties(3) changethe
chemicalcomposition of the material or degrade or dissolve-o@ecular weight constituents
that migrate tosurfaces; (4) relieveresidual surface stress Plasma etching has been observed
in studies of thenorphologyof surfacesandthe internal structure of fibers (Boenig 1982, Egitto
et al.1990).

Plasma are veryeffectiveat removingvery thin layes of contaminants from the surface of
materials (Lee et al. 1999)Hence, bwer energy plasmas ammmonly used for plasma
cleaning as opposed ppasma etchingPlasma cleaningqvolves the removal of impurities and
contaminantssuch as hydraulic oils andubricantsfrom surfaceshrough the use oplasma
created from gaseous specfBglkind et al. 1996)Gases such argonandoxygen aswell as
mixtures such as aihydrogen/nitrogerand fluorine-containing gasre usedThe pressures of
the gaseous sgies are typically belo®w.133 P&1 torr). The energetic, ionic species react with
species on the surface of the item to be cleaned, often producing gaseous products which can be
removed by a vacuum systélvVard 1996, Nickerson 1998)he energetic spexs also cleathe
surface by colliding with it and k n o eoK6i ngo nt &romi theasurfase. Prolonged or
higher power plasma cleaning etches sudageing beyond the 'cleaning’ phggénson et al.

1995, Kapla and Ros007).

2.3 Wood surfaceroperties and odification

2.3.1 Introduction
The boundary region between two adjacent b
when one of the phases is a gas or a andpor,

Haydon 1973). The chemical angbhysical properties at the surfaoe interfacewith another
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materialare essentially different from those of the bufktlte material(Aveyard and Haydon
1973.

The topic of interfacial science is vast, however, there are some crucial areas that Bre usual
considered in defining a mat endireattigns gidymerf ac e
surfaces have been sdivided into three different categories: (1) interactioocurring at the
pol ymer s surface; (2) ¢ h aatmong axdurring atrthe palymedr i o n
surface; and (3) surface morphology (Inagaki 1996). Surface tension, wetting and adsorption are
probably the most important aspects of surfaces that are relevant to adhesion, dyeability,
printing, water and oil repellencetc.(Barnes and Gent2005).

Surface modification of polymsrcan be used to change surface properties, but any changes
are shallow in depth (Liston et al. 199&urfacemodification can includ®ne or a series of
operations including cleaning, removaf loose material, and physical aad/chemical
modification of a surface to which an adhesive or coating is appi@mdexample, foadhesive
bonding, surfacenodification tries to increasgurface polarity, wettability, and creagites for
adhesive boding. In most caseshe main reasons for surfatreatment prior to bonding are to:

(1) remove or prevent thetkr formation of a weak layer at the surface of the substrate; (2)
maximize the degree of molecular interaction between the adhesive or prichénesubstrate;

(3) optimize the adh&on forces that develop across interfaces and therefsiges sufficient

joint strength, initially and during the service life dfie bond;and @) create specific
microstructure atthe surface of thesubstrate(Ebnesajjadand Ebnesajjad2006). Normally,
optimum surface energy and structure is achieved by chemical treatriidéwat chemical
composition and the morphology of the surface are altered so that the surface energy of the

substrate is maximized for adhasioChemical treatments also increase the chances that
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hydrogen, dipole, van der Waal®nic, and/or covalent bonding can form at finéerface
between the substrate and adhesMechanical abrasion is anothsimple means of surface
preparationthat geneates less waste than chemical treatme¥ischanical abrasion works by
creatinga clean surface and increasing the contact area hbettheesubstrate and adhesive.
During theordinary gluing of objects, these methaday not be needed since optimal adhasi

is not always necessary. When a strong adghelsond is required the minimum surface
preparationrequired is cleaning and removal of dirt and grease from contact surfaces
(Ebnesajjadand Ebnesajjad2006). Alternatives to the aforementionedreatmers (with similar

surface changes) include plasma, corona, and flame treatment methods. These methods act in
similar ways to chemical treatments with legeneration of hazardous wasi@oenig 1982

EbnesajjacaindEbnesajja®006).

2.3.2 Wood surfaces

Wood isa porous, cellular, and anisotropic substrate. The anisotropic properties of wood
arise because its cells (fibers) are much longer than they are wide and cellulose chains are
oriented parallel to the fiber direction. Thene also large differences between di@pecies in
their chemistry and morphology. Therefore a simple model for wood surfaces is not sensible
(Frihart 2005).

The sirface properties of wood can be divided into two major groups: physichemical.
Physical properties include morphology, ronghs, smoothness, specific surface area and
permeability. Chemical properties include elemeraad molecular, or functionagroup
composition. Togethetheseproperties determine the thermodynamic characteristics of wood
surfaces, such as surface free egg and surface acidase acceptor and donor number

(Tshabalala 2005)he surface properties of wood play an important role when wood is used or
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processed into different paducts such as siding, joinery and wood composites. Thus, for
example, the qualitgnd durability of a wood coating are determined by the surface properties of
the wood and the coating. The same is true for wood composites, as the efficiency of stress
transfer from thalue to thewoodd somponergis strongly influenced by the surface properties
of boththe wood and adhesi&shabalala 2005

Woodbébs surface physical and chemical prop
preparedand what type of wood is being processed. Initial operatiomsod processing, like
sawing,alter surfacequality (smoothness or roughness/fuzziness, burn mat®sand control
orientation of annual rings at the surface. Drying can create defects like staining, cheaséng,
hardening etc, (Kollmannand C6té 1968). Different secondary surface preparation techniques
like sanding omplaningcan also create defects at wood surfaEes example, abrasivelaning
can createrushed and fractured cels surfacesBecause ofheir thinner cell walls earlywood
tracteids in sofivoods and vessels ithardwoods are more prone to hing andthis leads to
rougher surfaces when crushed cells spring &tdwart and Crist982, Murmanis et alL986).
However, even with good surface preparation, the natural microstrumtweod influences
surfaceproperties. For example, earlywood cells withitheinner walls should be easier to
bond becausé¢heir lumens are more accessible to adhesives. Theosapof a species is
generally easier to bond than h&abd because it has lower extractive content than
heartwood. dvenile, compression, and tension wood all hdifferentmicrostructuresompared
to mature woogdwhich can influenceadhesive/coatingonding(River et al. 199, Frihart 2005).
The resin ducts in softwoods asspecially rich in extractives. dids in \essel elements,
tracheids, ray cells and resin canaidracturescreated during sanding or planing incretise

surface area and provide regiowkere better penetration and interlocking of adhesvean
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occur (Fig. 2.4 (Frihart 200%. On the other handair entrappedn voids can weaken the

interface betweeadhesive/coating arttiewood surface (Youngt al.1985 Frihart 2005).

Figure 2.4: Has been removed due to copyright restrictionslt was a schematic diagram of a
transverse section of wood -terbughwcellolay strwotuedviths compl et
voids and fractures in cell wal |l s. Ra availabef t hese
for bonding of adhesives/coatings (modified after an illustration in Frihart 2005)

The chemical composition of wood affects the surface properties of wood. Celkikhse
main chemicalcomponent of thevood cell wall, butit may not be thanain component at wood
surfaces. It has beauggestedhat hemicellulose is the maaihemical component of wood that
hydrogen bonsl with water because hemicelluloses are more accessible than cdRilgeet
al. 1991). Howeverthere are other factotbat influence the surface characteristdéswood.
Variable percentages of lignin, hemicelluloses, cellulose and extractives are @tesarad
surfacesdepending on how the wood is cug, transverse, tangential or radi@utting may
exposethe middle lamella,which is rich in lignin or the secondary wall which hasower
concentration of ligniYoung et al. 1985) The chemical composite of ray cells is different to
that of longitudinally oriented elementend variable percentagief ray cells at wod surfaces
can influence the chemical composition w@food surface (Saka 2001) Migration of
hydrophobic extractives wwood surface during drying can result in poor wettability. Acidity or

reactivity of extractives, molecular reorientation of the surface functional groups, and closure of
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wood cell micrepores affect adhesive adsorption into the wood (Denes et al. BX@®sure to
air and light (aging) can cause surface oxidation, and dust and fatty acids can be deposited
wood surfacefrom theatmosphergYoung et al. 1985).

Most often, wood has been used becaokéts pleasant color as well as its warmth,
hardness, strengtéindlow cost The colorof wood depend on how its chemical components
interact with light (Hon and Minemura2001). Woodabsorbs and reflects light and these
interactiors producecolors thatrange from almost whiteas in holly [(lex aquifoliumL.), to
almostblack in the heartwood of African ebonRi¢spyros crassifloraHiern.). The color of
wood conveys feelings of natural gentlenfiden and Minemur£2001) When light isfocused
on the surface of wood, om®mponenis reflected directly and the other partabsorbedThe
light that is not absorbed is emitted through scattering, reflection, and transmigsomman
eye recognizethe unabsorbed light as the wdodolor (Hon and Minemur2001). Cellulose
and hemicelluloses do not absorb visible ligiitd native ligninthat isisolated with minimum
chemical or physical changespale yellow.Extractiveswhich make up only a few percent by
wei ght of woedbly mias k| uasnwelleas it dragcrice, and durability,
Hence extractives greatlyinfluence the properties and preseng of wood (Fengel and Wegener
1984, Williams 199). The color of wood can also change as a result of chemical reactions that
take place betweeaxtractives and enzymes present in freshly cut woodloe toexposure of
wood to light (Yeo et al. 2003Exposure of wood surfaces to a combination of solar radiation
(UV and visible light), moisture and heat, windblown particles, atmospheric pollutants and
certain microorganisms, influences the color, surface chinmasd roughness of wood (Evans
2008) . These changes are collectively <calle

properties, but greatly change the surface properties of wood (Evans 2008).
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The color of green (freshly felled) wood can be aleby microorganisms that grow on the
surface of woodThis discoloration is due to the pigmatibn of fungal hyphae dhe reaction
of woodto compounds secreted Inyicroorganisms (Hon and Minemura2001). For example,
blue stain is caused by fungi thabl@nize sapwoodThese fungi contain melaniand are
therefore dark browm color (Schmidtand CzeschlikR006).The fungiin the woodappear blue
or grey to the naked eye althoutiey arebrown when viewed under the microscope. This
visible bluegrey discoloration reduces the value of wdod appearancend some structural
applications(Fig. 2.5) Therefore, depending on its final use, wasdften treated to prevent

fungal stainingandimprove its surface properties for different applications.

Figure 2.5: Discoloration of wood by blue stain fungi: (left) cross section of a stem of
blue-stained lodgepole pine (Pinus contorta) showing darkening of sapwood (arrowed);
and (right) a stack of lodepole pine wood containing somgue-stained boards (arrowed)

2.3.3 Modification of wood srfaces

Chemical modification of wood seeks tmprovethe properties in which wood is deficient
without compromising those that give it its app@aguchi 1996)

Bulk chemical modification of wood is very effective means of improving wodds
properties such as dimensional stabilitydarability. In general, such modification is achieved

under heterogeneous conditions, involving sttidid reactions. Howevermodification of
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wood is not straightorward because it is difficult to ensutbat the reagent is evenly dispersed
throughout the woqdand also to remove all of theeagent and bproducs at the end othe
reactiors (Hill 2006) The reactionsgenerallyrequire an ecess of chemical reagerand the
efficiency of the reactions are comparatively low. Furtherntbeereactionsisually require high
temperatures andorrosion resistant reactors. In contrabtthe reaction is confined to the
surface of the substratéhein accessibility othe reagentto the wood is betteand subsequent
clearrup of the modifiedvood ismore easily accomplishé&iguchi 199, Hill 2006).

Some types of wood modification techniques are cleaner and more easily accomplished.
However, even wod modified using such techniques may require further modification to
improve their surface propertieSor example, thermal modification reduces the hygroscopicity
of wood and imparts other desirable characteristics such as increased dimensiongl atalbilit
natural durability (Militz 2008). Exposing wood to high temperatures, however, darkens wood
and may reduce some mechanical properties particularly toughness, abrasion resistance, and
cleavage strength, but also (to a lesser extent) modulus of r{M@R), shear strength and
hardness (Militz 2008). Heat treating wood can reducestiniace wéability of wood which
adverselyaffects adhesion of paints and coatings (Podgorski et al. PlaB@puet al. 2005).

These are many properties demanded ofdvaarface depending on how and where they
are used. These include weathering resistance, hardness, resastance, water repellency,
wettability for adhesives or coatisgand so on (Kiguchi 1996papers on surface ttezents to
improve adhesioriirst appeared in the literature in 1939 (Tischer 193ce then, wface
modification of wood has been used to improve the ultraviolet stability of wood, to change the
surface energy of wood (to reduce wetting by water, and/or improve compatibility withgsoat

or matrix material), and to improve bonding between wood sig{atik 2006).
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2.3.3.1Mechanical teatments

Mechanical treatment of wood prior to gluing or coating removes old or contaminated
surface | ayers from wood and increases wood
glues or coatings (de Mousnd Hernande2005). Planing and sanding are thestncommon
methods for mechanically improving the surface properties of wbtwdnganis et al. 198
Herndndez and Co@008, Cool and Hernand@011). Planing of wood exposes fresh surfaces
and removes contaminants such as extractives that interfere hitly.gVessel elements,
tracheids and other cells when cut provide additional surface area and regions for penetration and
interlocking of adhesives and coatings (Young et al. 1B@snandez and Cool 2008, Cool and
Herndndez2011). However, planing may Y& a negative effect on glue bond strength. For
example, air may be trapped in freshly exposed cells,hmtan create voids withiglue lines
thereby reducing glue line strength, as mentioned above. Such entrapped air creates interfacial
discontinuities,which focus stresses that can cause premature failure of glue laminated wood
when load is applied (Williams 1999). In contrast, sanding, unlike abrasive planing causes less
surface damage to wood. Machine sanding, if backed up by a soft roll, felt padag,aallows
abrasive grits to ride up and over material that cannot be cut or scraped away, thereby avoiding
compression of cellsMurmanis et al. 1986 Sanding increases the interfacial surface area of
wood which promotes better glue bond strength Niteira and Herndnde2005). However,
sanding with abrasive papers of any grit size does not always guarantee good glue bond strength
particularly if the abrasive deposits small wood particles or dust at the wood surface, or creates
weak boundary layers (Monanis et al. 198, Murmanis et al. 1986de Moura and Hernandez
20069. The effectiveness of sanding depends upon the grit (abrasive) size of sandpaiger that

used to prepare the wood. e et al. (1993) investigated the effect of sanding with a rahge o
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abrasive papers from coarf0 grit) through to very fine 2,000 grit) on the wettability and
shear strength of regrowth karftycalyptusdiversicolor F. Muell) and jarrah Eucalyptus
marginataex Sm.)wood. They found that sanding with coarsand@per (80 grit) gave the
largest improvement in both wettability and dry and wet shear stréBglias et al1993)

The surface structure of wood can be altered more dramatically by incising which is a well
establishedechnique to mechanicallyerforatethe surface of refractory wood species prior to
pressure impregnation with wood preservatiwesith and Chaure1988. Different perforation
systems using needles, drills, slit discs, lasers, and water jets have been used, hsideer
marks on the wod surface and strength lossesulting from incisingare considered to be
disadvantageous for certain wood produétass 1975Keith and Chaure1988 Winandy and
Morell 1998.

Because wood surface preparation is a critical factor in obtaining stdrgfgerformance
from coatings and glues, and taking into account the limitation of the chemical and physical pre

treatments examined to date, there is scope for the development of additional surface treatments.

2.3.3.2Biological reatments

Controlledapplicatiors of microbial decompositiomre biotechnological methadthat can
be usedo modify wood and improve itsermeability These methods mainly emplbgcteria,
enzymesor fungi for treating wood Kai et al. 2004).

Bacteriaincrease th@ermeabilityof wood whenlogsare storedn waterfor long period of
time (Fogarty 1973, Kobayashi et al. 1998 The bacteriadegrade woo@ pit membranes.
Substances encrusting cell lumina and pit chamberslaopartly removed These changes are
responsible for theimproved permeability ad drying characteristic

(Kobayashiet al.1998). However,increass in permeability occur slowlandproperty changes
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are not always homogeneoyswhich has restricted the widpread commercialization of
ponding(Lehringer et al. 2009

Enzymes have been used for theface activation of wood particle® form binderless
composites (Hill 2006. Enzymaticsurface modification can be achieved by oxidative and/or
hydrolytic systems (Kenealy et al. 200&nzyme catiyzed bonding ofwood can beachieved
either by activation of ligninor by surface activatiomf wood particles with chemicals or
enzymes (Kenealy et al. 200@klby et al. (19973%tudiedthe free radicals formed iBuropean
beech (Fagus sylvatical.) wood during laccaseatalyzed oxidation.ESR spectroscopy
indicatedthe presencef at least 2 radical species in the suspension liiidseradicalswere
phenoxy radicaldocatedin solubilizedor colloidal lignin. It was suggested thatood fibers
were modified by direct laccase oxidation of the surface, as wdllyawodification process
involving colloidal lignin fragments in a cyclic phenol/phenoxy reaction pathiivaiby et al.
1997).Kharazipour et al(1997) found that laccase treatment produgdtghly oxidized lignin
surface with a high content oarboxylic groupsFrom their results, they suggestédizing the
bonding strength of enzymatically activated lignin for the production of wood composites.
RecentlyGoswami et al. (2008jpund thatenzymatic modification could plasticizeood cell
walls. They used a multicomponent enzyn@ulose Onozuka R0 fromTrichoderma viridég
with activity on cellulose and xyla.reatment of isolated fibers with this enzyme reduced the
ultimate stress ahe fibers. They accounted for this observation by suggetstaighodification
of amorphous cellulose chains at the surface of the microfibrils ma&g loosered contact
between cellulose fibrils and the pliant matids a resultcellulose fibrilsin erzymetreated

wood were able to glide after a critical stress waseeded, makg the modified wood more
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elastic They suggestethat such behaviofrom wood veneersvould be desirable in composites
with complicated geometri€d&oswami et al. 2008).

Enzymes such agectinases, cellulases, and hemicellulases can partially degrade pit
membranes and increase the permeability of Norway sgRiceaabiesL. Karst.) heartwood
and sapwoodMilitz 1993). Some enzymatitreatmentsystems haveeen commerciged and
additional systems are being developed (Kenealy et al. 2808)ever,there are alsdrawbacks
to theseenzymatictreatments (like ponding)For example, several weeks of incubatisn
needed tancreasegpermeabilityto the desired levelnd lo@lized differences in enzyme activity
lead to variation in the permeabilibf the processed material. Furthermore, the introduction of
enzymesor bacterianto dried wood is difficult because aspirated péstrict the penetration of
microbial suspensi@or enzymatic solutions into wodiilitz 1993, Lehringer et al. 2009).

In contrast to isolated enzymdangal hyphaere able to transport their specific enzymes
deep into the wood substrate during colonizaf{®cheffer 1978 The hyphae largelipllow the
nutrientrich parenchyma cells and rayand grow from there into the adjacent tracheids
primarily through simple or bordered pits or even by creating bore holes wadkdl (Scheffer
1973, Schwarzeet al. 2006, Schmidt and CzeschliR006) During the first period of substrate
colonization, thesecretedenzymes alter the chemical structure of the pit membranes and
selectively degrade therB¢hwarzeand Landmess&000) This function of fungi has been used
to improve thepermeabilityof both spwood and heartwooavith almost no negative effexbn
the strength properties of softwa(Bchwarzeet al. 2006). However, this application of fungi
for increasingwoodp er meabi | it vy, whi chan &t tleregeneds didli eod
industrial level, due toinability to control fun@l activity andsomeundesired side effects of

fungalgrowthsuch as surface discoloratifrehringeret al. 2009)
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2.3.3.3Chemical teatments

Wood is photodegraded when used outdoors beddigsen strongly absorbailtraviolet
light and this leads to radicalduced depolymezation of lignin and cellulosg(Derbyshire and
Miller 1981, Evans et al. 1996}lear finishes perform badly on wood during exterior exposure
due tophotadegradation of the underlying wood strage (Derbyshire and Miller 1991 Hence,
chemical pretreatments which photostabilize wood surfaces can prolong the life of coatings
(Evans et al 1992Chemical modificatiorof wood surfacefias beerused to improvehe UV
stability of wood (Evans et al1996) For example, treatment of wood surfaces with dilute
agueous solutions of hexavalent chromium compounds is effective at restricting the
photodegradation of wood during natural weathering and enhancing the performance of clear
coatinggand stains. Heever , as pointed out by Evans et
a brown coloration initially, which sl owly .
Furthermorehealth concerns about the use of hexavalent chromasdiscouraged commeial
development of chromium trioxides a photoprotective pteeatment underneath clear coatings
(Evans et al. 1992).

Kiguchi and Evang1998) examined grafting of a UV absorber to wood surfaces to improve
woodods photostabil i tigg.ofalUVabsorberdcowoddwase ghronmismg t
means of protecting wood surfaces from photodegradation. They pointed out that the treatment
was fHas effective as chromium trioxide in r
and superior to chromiutnr i oxi de i n terms of its effects
changes arising from treatment were smaller for grafted wood compared to wood treated with

chromium trioxide.
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Changes tdhe surface wettability of wood can be obtainedchgmicalmodification, for
example byacetylation but this is nothe primary aim of sucmodification (Chang and Chang
2001).

Wood surfaces can also be modified to improve glue bontMagy of the adhesive system
currently in use are derived from noenewable ptrochemical esources, and concerns about
the declineand increasing cosbf these resources are driving research efftstdevelop
adhesives derived fromenewablematerials. As an alternative, research is also examining ways
of directly bonding wood gtaces without the use of an adhesive. Chemical modification of
wood surface can be employed to provide active sites to allow forlsetfding directly, or to
allow for covalent bonding between wood surfaces vietmmediate reagent (Kiguchi 1996

Several approachefhave beenusedto chemically modify wood to improve adhesive
bondingas follows (1) altering the surface energy of wood to improve compatibility with-low
energy materials such as polyolefins; (2action of the wood surface withfanctionalized
coupling agent to improve compatibility with low energy mateyiéd) bonding of reagents to
wood surfaces in order to thermoplasticize the surface febealiing (4) bonding of reagest
to wood surfaces to provide the appropriate fumality for bonding sitesand(5) activation of
the wood surfacaising chemicals,for exampleFent ondés syst ems, t o
radicals (Hill 2006).

Adhesive bonding to wood can be affectedtliypresenceof extractivesat wood surfaces
(Kiguchi 1996) Extractives createveak boundary layerand henceoily woods, such as teak
(Tectona grandis..) are difficult to bond unlessxtractives are removed from the surfaces to be
bonded Treatment of wood with a mixture ethanol and benzereanremoveextractivesand

improve surfacewettability (Kiguchi 1996). $dium hydroxidetreatment alsamproves the
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wetting properties of woqdand increases gltlsond strength oung et al. 1985) Aqueous
alkaline solutions reduce surface tension, remove extragtiand increase the ability of
adhesive to dissolve extractivee at wood surface For example, Yoshimoto et al. (1972)
observed that sodium hydroxide faur different concentrations (1, 0.5, 0.25 and 0.%22pb
dissolvel and removed pit membranes especially tori withouatodifying cell walls and pit
borderswhen applied to two conifer species, s(@iyptomeria japonicd. Don) andkuromatso
(Pinus thunbergiParl.).

Fungal stains can be removed by bleaching the surface of twaedore the value of blue
stained wood for appearangeade markets (Ross et dl998). For examplea solution of
alkaline peroxide (3%Jemoved blue stain from the surfacepoihderosa pinePinus ponderosa
Laws.). The most effective treatment involveeaing samples at 60 °C for one hour (Lee et al.
1995). This technique was reasonably efficiait removing theblue stain and restoring the
woodbés original c o | o ripped maihotsohutontlze tresagnens canm@t bee s v
classified as a swate treatmentMore recently,Evans et al. (2007) screened a range of
bleaching agents to determine the most effective ones at removing blue stailodgapole
pine Pinus contortaDougl. ex Loud), andthey alsooptimized treatment parameters tore of
the treatments. They found sodium hypochlorite treatmemtas the besbneat removingblue
stain. This treatmentwas most effectivevhen the solution was sprayed on theod surface at

room temperature (20 °@} a high concentration of 10.5@vanset al. 2007)

2.3.3.4High energy treatments
Many different technologies have been developed to modify wood, but in thin@astvas
less economic or environmentakasonsto commercializesuch technologies.Today growing

environmental and legislative pressuhas made wood modification technologies more
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commercially attractive For example several processes for modifying wood have been
commercialized in Europe in the past ten ye@mtinued advances in process developraadt
environmental legislatiomay seethe commercialiation of these technologi@s other parts of
the world(BMBF 2001, Hill 2006).

High energy radiation camroduce significant changesin the molecular structure of
polymers and woodMater 1957).Some attempts were made in the past ® high energy
radiation (e.g. gamma rays) to modify the properties of wood, for example hygroscopigity. H
doses of ionizing radiatiorapidly alterthe properties ovood and paper because the radiation
depolymerizes cellulose and reduces its crystpillinvhich makes the cellulose water soluble
(Mater 1957 de Lhoneux et al. 1984t was shown thagéxposure t@ammaradiationaffected
hemicelluloses more than cellulasewood.In comparisorignin wasevenless affected (Seifert
1964). These changes do not occur at low levels of radiation (Aokil®&7&) Lignin in wood
may also be degraded and partigbjublized by high-energy radiatioriSeifert 1964 Skvortsov
1990).Hachihameet al. (1960) exposedbpanese red pin@Pinus densifloraSieb. & Zucc.)to
high doses of gamma irradiati@nd reported that such treatment significantly decreased the
holocellulose contents of irradiated wood and made the lignin extractable with ethanol and
dioxane. Howevert hei r measurement of the native |1 gt
small changes between irradiated and-mmadiated samples. Based on thelservatios they
suggested thathanges in the behavior ¢ignin in irradiated wood were caused magirdy
carbohydrate degradation and the cleavage of lignin/carbohydrate lingdgelsihamaet al.
1960) Smith and Mixer (1959) concluded that aromatic compoundignin and other
extractives)in redwood (Sequoia semperviren®. Don) End) protected the dkilose and

hemicellulose from deleterious effects of radiation. Accordingly, Flachowsky et al. (1990)

34



reportedsignificantdegradation of hemicellulose and cellulose Bs$ degradation dignin as
a result ofexposureof spruce woodPiceasp.) to various doses of gamma rays.

Gamma radiation also alters the microstructure of wood. For exaAmlane et al (1971)
found that irradiation of Norway spruc®i¢ea abiegL) Karst) with gamma rays in air with
dosesof up to 655 Mrad caused longitudinahd transverse micfocracks to develop in cell
walls. As a result the irradiated wood became more fridBlerber and Sangste(1977)
observed thatagmma radiatiomeduced the thickness of tracheid wallshooppine @Araucaria
cunninghamiD. Don) and aMexican pine Pinus seudostrobukindl.). The torus and margo in
the bordered pits of tracheids and the walls of parenchyma cells were destroyed by radiation
(Bamber and Sangstet977) They observed that the form of tracteidas not lost upon
irradiation and suggested that the resistance of lignin to gamma radiation was responsible for this
observation.

Changes to woodds microstructure as a resu
mechanical properties of wood. For exam@eki et al (1977) foundthat gamma radiation
decreased the tensile, bending and compressive strengthisiodd (Chamacyparis obtas
Endl.). Antoine et al (197)Lfound some differences in the chemical composition of irradiated
and untreated samples suggesting that cséuland lignin were degraded by gamma radiation.
They suggested that an increase in carboxyl groups in gamma radiated wood was responsible for
the lower pH of irradiated surfacé&birih et al. (1977%tudied anatomical changes in white oak
(Quercus alla L.) wood upon exposure to gamma radiatidhey observed thagxposure to
gamma radiatiomeduced cell wall thickness. Decreases in cell wall thickness were related to
radiation doseand they noted that dtigh doses ofradiation the earlywoodwas heavily

degraded Chemicalanalyses of irradiated wood samples indicated dieateasgin cell wall
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thickness wererelated to cellulosedegradation(Tabirih et al. 1977. These changes were
accompaniedyy anincrease in extractives contemthile theholocellulose content of the wood
decreasedas expectedThe lignin content (percentage)f the irradiated wood appeared to
remain constar(fTabirih et al.1977).

de Lhoneux et al. (1984) studiede effect ofgamma radiation on the ultrastructure of
Douglasfir (Pseudotsuga menziesii(Mirb) Franco) (heartwood) and yellepoplar
(Liriodendron tulipiferalL.). They found thagamma irradiation degrad cell walls, particularly
those areas thatere rich in cellulose. Accordingly, in both species, the middle lamella was
more resistant to degradation than the secondary wall. They also noted thatayer $1the
secondary wall ofDouglasfir and the warty layer in yelloypoplar were more resistant to
degradation than the other secondary wall laydiare recently Kharet al. (2006) studied the
effect of UV and gamma radiation on the surface properties of plywood coated with an epoxy
acrylate. They found thah UV radiation pretreatment increased the pendulum hardness,
adhesion strength, surface hardness and percerd gfothe coated plywood. The physical
properties of the coating on plywood decreased when high levels of gamma radexrgeased

asapretreatment. Unfortunately the authors di

2.4 Plasma modification of wod

2.4.1 Introduction

Cold plasma processagean attractive wapf modifyingwood Firstly, they are simple dry
procedures thaallow the implantation of a wide range of funct@brgroups onto surfaces, as
mentioned above. ey permit the creation of specific fage characteristicgia the control of

treatmentparameters, such as gas flow rate, sues, power, and treatment timEinally,
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modifications resulting from cold plasma treatmané confined to the outermost layeof
substrats, leavingthe bulk propdiesof the material intact (Denes and Yout@Q9).

The surface modification of wood and tinéroduction of specific groups onto the surface of
lignocellulosics (e.g. fibers, powdesood wafers) is traditionallachieved usingn excess of
liquid reagemn Following modificationtheremoval of unreactedompounds adskextra time and
increases the cost of th@oceduresThese problemsan beeliminated using cold plasma
techniqueskFor example, clear coatingan be deposited directbn wood surfacessing anRF~

plasma(Denesand Youngl999 Denes et al2003.

2.4.2 Plasma modification and woodmposites

Increasing concern for the environment has giwgretus to research on teabstitution of
synthetic fibersjn composites with wood fiberdNayak 1999 Lee et al. 201} However, the
addition of wood fibers to polymess often does not produce the desired property improvements
because of incompatibilithetweenthe hydrophilic woodfibers and the hydrophobienatrix
(polymer) andalsoweak interfacial adhémn betweenfibers and the matrixLee et al. 2011).
Poor dspersion of wood fiber in the polymenatrices due tostrong fibrefibre interactions
resulting from strong intermolecular hydrogen bondatgp preventsiatural fiber reinforced
compositedrom achieving desired propertiéiSazayawoko et al. 1999y arious methodfiave
been used to overcome these problems including electrical discharge modification of fibers prior
to mixing them with polymer¢Bledzki et al. 1998) For example, the effect aforona plasma
treatment of wood and polymer surfaces on the tensile propertiewaddpolymer composite
was investigated by Dong et al. (1993hey found that théreatment increased the stgém
properties of the composindimproved theductility of composites containing 15 to 30% of

modified fiber. Belgacenet al. (1994)examinedthe effect of corona treatment on the
37



mechanical properties of cellulefiber/polypropylene composites. The cellulose fibers and
polypropylene were modifiedith plasmafor different periods of timeThetensile propertiesf
compositesnmade fromcombinations of treated or untreated cellulose fibers and polypropylene
weresubsequently measurdBelgacenet al. (1994¥ound that plasma treatment of the cellulose
fibers aloneor both the fibers and the polypropylene improved the properties of the composites
They also found a positive effect of treatment time on the properties of the composites.

Yuan et al. (2004) useargon and aiplasma treatments to modify the surface of wood
fibersandimprove their compatibility with polypropylene. The tensile strength, and tensile and
storage modul of the composite sheetncreased to some extent after plasma treatment.
Scannig electron microscopy of fracture surfaces of tested composites suggested that plasma
treatment improved interfacial bonding between wood fibers and polypropylen.@yig<-ray
photoelectron spectroscogPS) showed that plasma treatment increasedathgen/carbon

ratios ofwood fibers (Yuan et al. 2004).

Figure 2.6: Has been removed due to copyright restrictions. It waSEM photomicrographs of the fracture
surface of air-plasma treated woodfibre - polypropylene composites (treatnent time 30 s): (a) overall fracture
surface; (b) magnified view of the identified area (Yuan et al. 2004)

Zanini et al. (2005) evaluatete effects of cold argorgsma modification othe type and

amount of rdicals formed on Kraft and chetihermomechanical pulp fibers. Ingstingly, they
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found that phenxy radicalsgeneratedn lignin on plasma treated fibefsrmedintermonomeric
bonds and rebdithelignind s o rsirugturetwdich wasdestroyeddy pulping. These results
suggestthat plasma treatmentould be usedor the autcadhesion of woadMahlberg et al.
(1999) used atomic force microscofd~M) to examine the effect of oxygen plasma treatment
on the surface morphology of polypropylei@atft pulp, filter paper and wood. They elrged
the formation of nodular structures on both polypropylene and lignocellulosics surfaces after
plasma treatment. The diameter of the nodules increasedtwdlment time. The overall
roughnes®f the surfaceshowever, decreased with treatment tifiieese phenomena weareost
apparent for treated polypropylesarfaces They suggested that sutdatureswere probably
caused bydifferent physical and chemicgbrocesses (e.g., etching, sublimation of new
constituentsormed, and/or rearrangement of theemically altered surfacde(Mahlberg et al.
1999) Adhesionbetween polypropylene and lignocellulosic materials slaghtly improved by
the plasmatreatmeni{Mahlberg et al. 1999Gassan and Gutowski (2000) used corona discharge
treatment to improve theechanical properties of jufdre/epoxy composites. They found that
exposure of single jute fibets plasmasignificantly increasg surface free energy due to an
i ncrease i n t he .The éfectd dorom treatmant iecregsed wdhrincreaging
corona energy and resulted in an improvement (15%) in storage modulus of fibers. Gassan and
Gutowski (2000) however, reported that corona treatment did not affect the modulus of
elasticity of the ibers and changes in mecheadi properties were subtighenjute yarns were
exposed tahecoronaplasma

Plasma treatmentsan alsamodify the surface chemistry @renergy of papeit is assumed
that changes are confined to the outermost layers, withdutte paper 6s bul k p

affected. Various plasms including those formed from oxygen, nitrogen, inert gases (e.g.
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argon), fluorinated hydrocarbons, organic silicon compounds and their mixtures can thedify
surface propertiesf papern(Tan et al 2001, Navarro et al. 2003, Vaswani et al. 2005).

The effect of aielectricbarrier discharge treatment tre properties of bleached chemical
and unbleached mechaal pulp fibers was investigated by Vander Wielen et al. (2005).
Changes diiber surface were investigated bjFM, inverse gas chromatograpH%(C), contact
angle evaluationdetermination of water retention valaad zerospan tensile strengttests.
Thesetechniques revealeithat at low plasma energy levels the plasma treatment incréhsed
surface energy, carboxylic acid content, roughness and the coefficiémttmin of thefibers.
Theincreased surface energy mdiperat low levels of plasmanergywas thought to beue to
increased oxidation, as suggestsdincreases in surface ids andcleaning offiber surface
(suggested by AFM imagesit higher plasma energyevels, however, the fibers beose
smootherand surface energy of fibers wsimilar to that of untreatefibers These results were
explainedby greater degradatidgremoval of polysaccharides, in accord witlecreasein zero
span tensile strengtf treated pper

Tan et al. (2001) demonstrated that plasmssisteddepositionof hexamethyldisilazane
(HMDS) wasan efficient method for makingaper surfaces hydrophobichie still maintaining
its porousstructure. The coating of HMD®asresistant to strong bases and acassyvell as to
indoor ultraviolet light.

Recently there has been interest in plasma modification of paper to improve printability.
Schuman et al. (2005studied the effect of plasma treatment on the printing and barrier
properties of dispersieooated (containing wax) paperboa@bod printability was noted after
the paperboard was plasma treated #mel barrierproperties of the paperbabwerepreserved.

Pykonen and Laht{2008) examined offset print quality of nitrogen/helium plagreated
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papers. Pigment coated and surfazed papers were treated with plasma, and the effects of the
treatment on the surface energy, surface chemistry andhology of the papers were
evaluated. Plasma treatment increased the surface energy of the paper as expected, and the O/(
ratio of the paper increased. SEM images revealed that high energy plasma treatment could
change the structure of the paper. An evadmabf the printing properties of the plasma treated
paper revealed that the treatment influenced both ink and water absorption properties and caused

ink to set faster.

2.4.3 Plasma treatment of solidowad

Plasmas have been used for a long time to alter thiacseuchemistry (surface oxidation)
and physical properties of polymees mentioned above. Many excellent reviews are available
on this subject (Liston et al. 1994, Inagaki 1996, Chu et al. ZD&rleinet al. 201). However,
the attention given to plag modification of lignocellulosicévood and paperas been quite
onesided. Most of the studies conducteddade have focused on the plasma modification of
cellulose and its derivativeRelatively few studies have examined the effects of plasntheon
chemical and physical properties slid wood Hence, therés alack of informationon the
propertiesof plasmamodified wood surface¢Chen and Zavarirl990, Wolkenhauer et al.
2007). Nevertheless, its clearfrom the studies conducted-tiate that misma treatmentsan
increaseahesurface energgf woodandalter thebond strength of adhesives and coatifdsnes

et al. 2005.

2.4.3.1Effect on chemical mperties

Furuno et al. (1990) first treated hinoki and buRagus crenatdlume.) wood with corona

plasma. They followed the formation of aldehyde groups in the plasma treated samples using
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reduction with NaBd s ol ut i on and Schi fcormbisatios withiinfraredg me
spectroscopy. Lipsk®uinn (1994) examined the chemical changethe surface of white fir

(Abies concolofGordon Lindley ex Hildebrandl treated with air, C@or NH; plasmas. Plasma
treated samples were extracted wifhi?o aqueous NaOH solution angre examined using-

ray photoelectron spectroscoPS). XPSreveale that plasma treatment caugbe formation

of carbonyl, carboxyl and Nfi or R-(C=0)NH, (for ammonia plasmajt wood surfaces
Plasmas formed from air or carbon dioxide oxidized the wood surface causing an increase in the
O/C ratios of treated surface&eatment with ammonia plasma had the opposite eff@usKa
Quinn1994)

Sakata et al. (1993) found that corona plasma treated wood had increased affinity for
Schiffbdés reagent. This observation sugaest ec
the wood surface, in accord with the findings of Furuno et al. (1990). They isolated
hemicellulose, lignin and alcohol benzene extractives from modified wood and tested their
aldehyde content. The level of aldehydes in cellulose, hemicellulose amdwigs only slightly
higher than that in unmodified wood. On the other hand, the aldehyde level of the alcoholic
benzene extracts increased significantly. Therefore they concluded that corona plasma treatment
mainly altered the chemical composition of extives at the surface of wood. Recently
Avramidis et al. (2009) analyzgifasma treatetdeech, oak, spruce and Oregon pine [Doufifas
(Pseudotsuga menzeiegMirb) Franco)]and measured changes in the physical and chemical
properties of treated surfaceXPS wasusedto analyze the chemical composition of plasma
treated and untreated beech. As expected, they found a higher total surface energy for plasma
treated surfaces. XPS revealed a higher O/C ratio for plasma treateddbedolan increase in

C-O and OC=C groupswhich accounted for the higher surface polarity of plasma treated wood.
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2.4.3.2Effects of plasma owoodstructure and physical@perties

A few studies have examined the effects of plasma treatments on the structure and physical
properties ofwood. Chenand Zavarin(1990) showed that a radio frequency plasma could
increase the permeability of Dougiiswood. Improvements to the permeability of the treated
wood appeared to be due to destruction of aspirated pits.a@ldefavarin1990) notedhat cell
walls of tracheids were damaged by plasma treatments. E@Pska (1994) usedcanning
electron microscopy to examine the effect of plasma treatment on the morphology of white fir.
After air plasma treatment, wood cells became distorted (swaled pits were degraded. These
findings accord with those of Cheamd Zavarin(1990). Furuno et al. (1990) examined changes
in the morphology of hinoki and buna wood after corona discharge treatment. They found that
tracheid walls in hinoki and vesselsaNg in buna appeared to be brittle and fragile after
treatment. Damaged cell walls were easily degraded when treated wood was soaked in water.
Enlargement of bordered and crdémdd pits also occurred during treatment.

Uehara et al. (1993) found that corona discharge plasma treatanesed degradatioof
Japanesbeech F. crenatg wood meal. Degradeckll wallspeeled off when treated wood meal
was washed in water, an observation which accords with that of Furun@l&od).

Ramos (2001¥ound thatprolonged kigh energy watervapor plasma treatments could
increase glue bond strength of high density eucslyphetreatmentsalso causegermanent
losses in weight of thin sections and rentyetcled) vestures fromrnitervessel pits. These
findings partly accord with those ofetoyama (1996\vho observed that plasmaduced the

weightof wood and celluloseamples
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2.4.4 Processing of solid wood witHgsma

Plasma treatmesgte.g. low pressure plasma, corona or dielectciér discharg@lasmas
have been used for a long time to improve wettability, printability and adhesive properties of
polymers. Not surprisingly there has been interest in examining whether plasma treaament
have the same beneficiaffects on theropertiesand processingf wood (Wolkenhauer et al.

2007).

2.4.4.1Glue bonding

Removal of surface contaminants generally increases glue bond strength because it allows
the adhesive to interlock with the substrate surface rather than with a weak boundary layer
(Kolluri 2003). Increasing the surface energy of a material above the surface tension of the
adhesive makes it possible for the adhesive to wet the entire surface of tmempsljpstrate
(Ebnesajjad an@bnesajjad2006). Plasmas can remove surface comntanis and increase the
surface energy of materialand these effects are thought to be responsibl@art, for their
positive effects on the adhesive properties of polymers (Kolluri 2088)ther factor that
contributes to improved adhesioh plasma modified surfacess an increase in surface area of
the polymeras a result of ablation anghicro-roughening(Schultz and Nardirnl999). The
increase in the apparent surface area of contact serves to increase the strength of adhgsive bond
(Schultz and Nardi 1999) Finally, modification of the surface chemistry of a material can
facilitate covalent bonding between the adhesive and substrate, further enhancing adhesion
(Kolluri 2003).

There have been very few studies that have looked at the ability of plagmprove the
gluing properties of wood, despite the use of plasma treatment to improve the adhesion of

polymers. More studies have looked at the effect of plasma on the surface wettability of wood,
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and have assumed that improved wettability will increéhgeadhesive strength of gluesda
coatings to wood (Chen and Zavati®90, Podgorski et al. 2000ustodioet al. 2009).
Sakata et al. (1993) used a corona discharge plasma treatment to modify the properties of various
resinous wood species. The treatin@as able to reduce the contact angle of urea formaldehyde
(UF) resin droplets onwvood veneers, as expected. W and polyvinyl acetate emulsion at a
ratio of 1:2 was used to gluglasmatreated samples. Tensile strength perpendicular to the
surface of lhe joint increased rapidigs a result of anild coronaplasmatreatment. Uehara and
Jodai (1987) were also able to improve the wettability of wood using a corona discharge
treatment, in accord with finding of Sakata et al. (1993). They also found tlvatréa@ment
increased the strength of wood joints glued with a UF resin.

RehnandVidl (2003) showed that plasma treatment could imprbeefiacture strength of
glued pine (Pinus sp.) wood by 68%.Untreated wood mainly (65%) faileat the interface
between glue and woodh contrast, éllowing plasma treatmenmore failureoccured in the
wood,indicating better adhesiusnding

Ramos (2001) and Evans et al. (2007) examined the effptasma treatment on ghioend
strength of the following four difficult-to-glue eucalyptus species: blackbuBu€alyptus
pilularis Smith); Gympie messmaté& ( cloezianaF. Muell); rose gumE. grandisW. Hill ex
Maiden) and spotted gunCérymbia macwdta Hook. formerlyE. maculaty. Prolonged pasma
treatment at high energy levels improved both the dry and wet shear strength of glue bonds in all
four species.

Rehn et al. (2003) also examined the effect of plasma treatment on glue bond strength of
robinia (Robina pseudoacacid.), oak Quercussp) and teak Tlectona grandisL.) wood.

Samples were plasma treatedatedwith lacquer and pressed togethEne lacquervas used as
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theglue. The wood samplegere soaked in water for 8ays before fracture strgth tess. Their
results showed that plasma treatment increased the fracture strength of ginedand oak
wood, but it hadittle effect on the glue bond strength of teak.

More recently, Huang et al. (2011) examined the effect of atmospheric piesatraent on
the wettability and glue bond strength of popRogulussp) veneers. They exposed -dried,
ovendried and over ovedried poplar veneers to plasma and measured the contact angle of
glycerin and UF resin droplets on treated surfacBs. expected they found that plasma
treatment reduced the contact angle of glue droplets on all treated surfaces, htiveaver
treatment only improved the glue bond (shear) strength of the overdoeehsamples. The
authors did not provide any explanatian this observation.

Avramidis et al. (2014) examined the effect of atmospheric plasmatancuring of poly
vinyl acetate (PVArused to gluenaple Acer pseudoplanatus.), oak (Quercussp.),European
beech and teakeneers They measired the timedependent shear borstrength of the glued
samples Theyfounda significant improvement in curing and adhesion properties of H@Ac
plasma treated samples. They ascribéslifthding to thefaster water penetratidnom the glue
into the woodIn related researci\vramidiset al. (201b) expodwax treatedeuropearbeech
to plasma and easured thesurfacewettability and adhesion of PVAc tthe treated wood. As
expected, theyound an increase in wettability and adhesion strength of P¥&aresult of
plasma treatmentNevertheless, Avramidis and coworkers did not come to a firm conclusion
based on their observations atey indicated h a t Afurther studies ar
increased adhesion of adhesives and paints after ptasataent, and other testing methods are

necessary in order to obtain comparabid quantitative resufisAyramidiset al. 201b).
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2.4.4.2Coating

Wood is often finished with various protective and decorative/protective codBuagjan
and Graystone 2009Aspont ed out by Frihart (2005) 60des|
there are great difficulties in obtaining uniform adsorption, strong adhesion antasing
performance from coatings on woodo. They perf
roughening wood surfaces, making them more permeable and removing extractives that interfere
with the bonding of the coating or its penetration into the w@dian and Grayston2009)

Various chemical or biological ptteeatments have been used tor®the surface properties of

wood and improve coating performance. Not surprisingly, there has been interest in using
plasma treatments tdo the samdDenes et al. 2005 For example, Podgorski et al. (2000)
examined theoutdoorperformance of solventbased &lkyd resin) anda waterbased coating

(acrylic resin)on plasma treate8cos pine Pinus sylvestrid..) andlauan Shoreasp). Some
samples of lauan wood had been Hesditedat 230C for 60 minutes prior to plasma treatment.

The adhesion testh owever , did not suggest I mpr ov e me
weathering, even though the plasma treatments increased the ability of the coatings to wet wood
surfaces.

Plasma treatments have been used to cure or directly deposit surface coatwogs .oRor
example, Matsui et al. (1992) treated Japanese c€dgrtomeria japonicd. Don) wood with
tetrafluoromethane (Gfplasma and was able to generate anld wateirepellent wood surfaces
without changing the appearance and tactile propertidseonvood. XPS of the plasma treated
surfaces indicated the presence of fluowoataining functional groups including CF, £&nd

CFs;, in addition to newly added oxygen atoms.
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Denes and Young (1999) coated wood with polydimethylsiloxane (PDMSO) which
contained various UV stabilizers, absorbers or reflectors. An oxygen plasma was then used to
polymerize the coating. Coated samples were exposed to accelerated weathering. The plasma
cured coatings performed well during accelerated weathering and thegcsamficantly
improved the weathering resistance of the wood. In related research, @etg$999) coated
southern yellow pineRinus palustrisMill .) using hexamethyldisiloxane (HMDS@®F plasma
treatmentsX-ray photoelectron spectroscopgpd attenuatedotal reflectance Fourietransform
infrared(ATR-FTIR) spectroscopy revealed the presence of macromolecular layers of Si bonded
to plasma treated wood surfaces. Molecular fragmentation analysis of the coating indicated that
it was highly crossinked. Denes et a[1999) stressed that short treatment times were sufficient
to coat the wood and that the RF power had a significant effect both on the plasma induced
surface chemistry and on the properties of the resulting coaWgsd surfaces coalewith Si
exhibited very high contact anglef aboutl 2 0e f ol | owi ng pl adimked t r ez
nature of thecoatings and the complete coatinfwood surfacegxplained the hydrophobig
of the plasma modified wood

Podgorski et al. (20019ptimizedplasma conditios (e.g. gas flow, power, treatment time)
for the depsition of polymers derived from fluorine and silicone (in gaseous and liquid ptase)
the surface of Scetpine. They suggested that both fluorine and silicone, particularly when
present in liquids, were suitable monomers ptesmacoating of wood. The evaluation of
plasma treated surfaces, however, was only based on contact angle measurement and na
additional techniquewereusedto evaluate the properties of the coated surfaces

Bente et al. (2004kemployed dielectric barrier discharges usirgghane, methane and

silane/N for plasma modification oNorway spruce wood. All of these treatments made the
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wood hydrophobic especially the silane treatment. Atomic force microstapyed that plasma
treatment made wood surfaces rougher and this was thought to contribute to the increased
hydrophobicity of modified surfaces.

Magalhdesand de Souza(2002) coatedCaribbeanpine (Pinus caribaeaMorelet var.
hondurensiswood with materals generated frorathylere, acetylene, vinyl acetate, loutanel
plasmas. The properties of the coated wood varied depending on the parent gas used to generatt
the plasma. The ethylermadacetyleneplasmasgeneratd highly hydrophobic surfaces, but the
most hydrophobic surface€(= 14 0e) wer e botanelaplasma.dukowsky angl a
Hora (2002) compared the ability of different plasma treatments to improve the performance of
exterior coatings on Scots pine sad. They claimed that plasma treatments increased the wet
adhesion of coatings, which was thought to be related to the increased surface energy of treated
wood. Howeverthey did not provide any explanation for their findings, and the reliability of the
adhesion test used in their research seems questionable.

The effect ofa dielectric barrier dischargaelasmaon the surface properties of sawn, planed
or polished pine woodPinus sp.) has alsobeen investigated(Rehn and Vioél 2003) An
atmospheriair plasma was more effective at increasing the wettability of wood surfaces than
helium, nitrogen, oargonplasmas. Plasma treatment for ofilyo 20 secondsould make~ood
surfaces hydrophilicor increase surface absorption 22 fdkkhn andviol (2003) also showed
that plasma teatment in methane or acetyleceuld make wood surfacdsydrophobic For
example, afteplasma treatmerfor 1 mirute in an Ar:CH,=80:20 gas mixturet atmospheric
presure, the absorption of water by wood \B2gimes lower thathat of the untreated control.

Blanchardet al. (2009) treated sugar mapkcér saccharunMarsh.) with plasma derived

from different gases (N Hy, O,, and Ar) or their mixtures. They found that treatments improved
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the adhesion o& waterborne UVcurable polyurethane/polyacrylate resmthe treated sugar
maplewood Improvements in adhesiomere explained by changes in surface energy (lower
contact angle) and increases in penetration depth of coatings on plasma treated surfaces.

More recently, Pabelina et.4R011) used plasma treatment to depfiaine retardants on
wood. Theyapplied solubnsofb or i ¢ aci d, p h os p h ofavaitableaflamed a n
ret ar da nd plywoadrFuRingcadifferent methods including direct application (spraying),
vacuum vapor deposition and cold plasma deposition. They evaluated the efficiency of these
application techniquesising thermgravimetric analysis (TGAdf the treated [pwoods. They
found that samples treated byacuum vapor depositionvere the mostthermaly stable.
However the phosphoric acid plasmiaeated samples had the b#strmal stability and flame
retardant propertiefabelina et al(2011)did not provide any information on the type of wood
used in this test antthey suggested that additional experimentation megled to confirm their

findings andexplore whether thed¢atments could be used by industry.

2.5 Overview

It is clear fromthis reviewthat modification of wood by plasma can improve surface energy
and bond strength of adhesives and coatings. Howéttéx information is available omhe
effect of plasma onhe structure and chemical and physical properties of WDedes et al.
2005 Mertens et al. 2006YVolkenhauer et al. 2007

Plasma etching hdseen used extensively toodify themechanical and physical properties
of polymersand change their wettabilignd adhesion properti€¢gitto et al. 1996)Ablation of
polymersoccurs when plasma reduces the molecular weighitesf chemicalconstituents and
they become volatile enough to be removed by the vacuum pump employed in géasces

(Boeng 1982. If the substrate consists of a blend or alloy of materials that react differently in
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plasma, differential ablation of these components can create a microroughened Blatfade (
2003. Wood consists of a blend of cellulose, hemicelluloses, and ligjig©Gm 1981).
Thereforeit is plausible that the same effect could be produatthe surface of woqdas
suggestedh Chapter 1.

Evidence of plasma etching of wood can be found in a few studien(and Zavarin99Q
LipskaQuinn 1994, Setoyama 1996, Ra001, Evans et al. 2007). Tredevantobservations
include distortion of cell wadl creation pulpy cell wall layers and remoyeichng) of vestures
from intervessel pits. However, the existing knowledge on the ability of plasma to etch wood
and itsconstituents is very limited.

This review has identified a number of important gaps in our knowledge of the plasma
etching of wood. This thesis seeks to enlarge our knowledge of the plasma etching of wood and
close the most important knowledge gaps inetkigerimental Chapters that follow:

Chapter 3; heréhypothesize that there will be differential etching of wood cell walls because
of variation in the susceptibility of their polymeric constituents to degradation by plasma.

Chapter 4; here | use confogabfilometry to accurately quantify plasma etching of wood cell
walls and further examine how the etching of wood is affected by treatment time (plasma energy)
and woodds chemical composition.

Chapter 5; herd hypothesize that chemical changes will be engronounced in the
holocellulose (cellulose and hemicellulose) component of wood than kEgrdexamine chemical
changes at wood surfaces that occur eesalt of plasma treatment.

Chapter 6; heréhypothesize that plasma will etch and remove therchibm hyphae of fungi
in blue-stained lodgepole pine and plasma treatment will increase the ability of hypochlorite bleach

to remove blue stain from blistained wood.
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Chapter 7; here | hypothesiteat plasma will be able to break down and etch awagtabie
oil deposited at the surface of blamined wood that has been thaliy modified using hot oil and
examine changes iwood properties such as wettability and the adhesion and performance of

coatings
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3 Effects of pasma etching on thmicrostructureof wood’

3.1 Introduction

Plasmas created from organic gases have been used to create hydrophobic wood surfaces
(Matsui et al. 1992, Denes and Youh§99, Podgoid et al. 2001, Magalhdes anml® Souza
2002, Bente et al. 2004, Avramidis et al. 2000pnverselyplasmas created from inorganic
gases have been used to increase the surface energy of wood to make it easidiJehghae
and Jodaill987, Chen and ZavaritP90, Sakata et al. 1993, Mahlbetgaé 1999, Podgorski et
al. 2000, Ramos 2001, Relamd Viél 2003, Mertens et al. 2006). Plasma is also able to etch
materials but there has been relatively little research on the etching of wood by plasma. The
etching of wood by plasma was first noted®yen (1989) and subsequent research has shown
that plasma can remove membranes and vestures from bordered pits in softwoods and
hardwoods, respectively, enlarge bordered and drase | d pits and create
tracheid walls (Cheand Zavarinl990, Furuno et al. 1990, Lipska Quih894,Ramos 2001).

Etching of materials by plasma occurs because electrons and other reactive species within
the plasma have sufficient energy to break even the most stable chemical bonds (Denes et al.
2005). Hence, mlonged exposure to plasma can reduce the molecular weight of a polymer until
it volatilizes from the surface of the substrate (Boenig 1982.etching of polymers by plasma
is strongly dependent on the chemical composition of the material as well esetigy of the

plasma (Kolluri 2003). For example, aromatic polymers are more resistant to plasma etching

3partsof this chapter hae been published and the original publication is availabMvatv.springerlink.com.
Jamali,A. and Evans, P.D. Etching of wood surfaces by glow discharge pladfad Science and Technology.

Volume 45, Issue 1 (2011pages 169-182.
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than aliphatic polymers (Pederson 1982; Egitto et al. 1990). Hence, if a material consists of a
blend of polymers that react differently in plasmantidifferential etching of the polymer can
occur (Kolluri 2003). Wood is a blend of aromatic (lignin) and aliphatic polymers (cellulose and
hemicelluloses), and it is reasonable to assume that differential etching of wood will occur when
it is exposed tolpsma

In this Chapter | hypothesize thathere wil be differential etching of wood cell walls
because of variation in the steptibility of their polymericconstituents to degradation by
plasma To test this hypothesisyood was exposetbr different peiods of time to a glow
dischargeplasma generated from water vapBoth scanning electron microscopy (SEM) and
light microscopy were used to examine the etching of different cell typesvalhdayers in

wood exposed to plasma.
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3.2 Materials and mthods

3.2.1 Wood samples and specimen preparation
Straight grained samples of different dimensions, but fremaxfroscopialefectssuch as
knotswere obtained frondifferent softwood and hardwood species inwlo®d collectionof the

Forest Science Center at thaiversity of British Columbia (Table 3.1)

Table 3.1: Wood species treated with glowdischarge plasma and examined using scanning electron
microscopy or light microscopy

Type Species Scientific name Family
Softwood Redwood Sequoia sempervirerfB. Don) End. Taxodiaceae
Actinostrobus Actinostrobusarenarius(Gardney Cupressaceas

Yellow cedar Chamaecyparis nootkateng3. Don) Spach Cupressaceae

Radiata pine  Pinus radiaa D. Don Pinaceae

Hoop pine Araucaria cunninghamifiton ex D.Don Araucariaceas
Hardwood Hybrid poplar Populussp. Salicaceae

Rose gum Eucalyptus grandisV. Hill ex Maiden Myrtaceae

Two different types of specimenmmeasuring 5 x 5 x 5 mirand 10 x 10 x 10 mrfor
scanning electron and light enoscopy, respectively, were cubm thewood samples using a
RYOBI® BS 902band sawand razor bladeShese wood samples were generally cut from the
sapwood rather than from the heartwood of the selected species. Sapwood was preferred,
because anatomical features in sapwood are not obscured by extractives andcalse b

sapwood is from the outer more mature part of the tree, and hence the risk of inadvertent
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inclusion of juvenile wood in the samplesésluced (Heady 1997). Specimevere vacuun{80
kPa)impregnatedvith distilled water and left to soak in water fddays.

Smallwatersaturatedlocks (5 x 5 x 5 mrf) were clamped in a small vice located beneath
the stage of a low power binocular microscopéh the faceto be cut(radial longitudinal
tangential longitudinabr transverseprotruding from the jaw of the vice.

Each specimen was viewed at x 10 magnification and a sharp-suhggel razor blade
(Stainless Steel Injector Bladeype 71990)was used to manually slice thin (20 to gfh)
sections from the radial longitudindgbngential longitudinaor transversedaces of specimens
until clean, undamaged surfaces were obtainEdr radial longitudinal(RLS) andtangential
longitudinal surfaces (TLS) the cut was always made parallel to the longitudinal axiee of
wood, since, as pointedut by Heady( 1 99 7)) 6cutting at an angl
caused chaffing of the cut edged. The final
off the exposed surface using a new blade or a portion of the thiaideas not previously used,
in order to minimize distortion caused by the blade (previously observed by ldeddivans
2000. Specimensver e t hen conditioned at 20 N 1ecC
specimens were used for scannahgctron microscopy

Small blocks (10 x 10 x 10 minwere used to cut thin slices (25 um thidky light
microscopyusing a microtomeSpencer Lens Co. Buffalo, U$AFig. 3.1) One block from the
speciesof interest was clamped firmlynithe fixed sample holder of the microtowéh the
required face @dial longitudinal tangential longitudinabr transverse)acing uppermost A
disposablestainlesssteelblade (Type S35, Feath&afety Razor CoJapal in a bladeholder

was used to cut thin slicg€s25 pm) from the surfacef the block. During cutting the blade was

oriented at amngle of~3(° to thespecimenA drop of distilled water was placed on thating
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surface prior to each cut and a small clean paint brushuses to supporthe sections when
they were being cutra to prevent them from folding or disintegratifigjg. 3.1) Each gction
was removedrom the brush by dipping thend of the brush containing the sectiora small
Petri dish(55 x 17 mm (dia x h)¢ontaining distilled wateiSeveralsectionswere obtained from
each surface of interesbut only the higher qualityones (free of folds or crumbling) ere
transferred from th@etri dishinto anotherdish and air driedThese sections wepasma treatd

and exammedusinglight microscopy (see bew).

Figure 3.1: Sliding microtome and the blade used to cut thin slices from specimens: (a) the blade
holder and sample holder with a fixed sample (dotted arrow indicates direction of sectioning);
and (b) closeup of a specimen being sectioned

3.2.2 Plasma treatments

Wood specimenwere modified in a plasma reactor that was designed to treat silicon wafers
andcleanatomic force microscopy tips to produce high energy surf@tgs3.2). Onespecimen
wasplaced in the glass chamber of the plasma reat@timeand a vacuum df9.998 +/1.33
Pawas drawn using a rotary oil vacuum pump. The pressure in the chamber was monitored
using a differential pressure gauge (MKS Baratron). A metering valve wasedpge allow
water vapor from a small glass reservoir into the chamber and the vat198g +/ 1.33 Pa

was redrawn (Fig3.2). A high voltage adio frequencyignal (L kV at 125 kHz)produced from
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