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Objectives of thesis

Laser technology, considered as a new technology, is able to cut a wood material by focusing a beam on
the material and then, when the energy of beam distributes through the whole material, the material
breaks apart by absorbing the energy. The main advantage of using laser over saw is to provide highly
precise cut, narrow kerf width, extremely smooth surface, and flexibility on starting and finishing at any
point on material . The quality of Laser-cut wood is important for further manufacturing processing such
as gluing and finishing [7].

There is not much studies which investigate the gluing properties of a bondline constituted laser cut
wood. In 1993, Rabiej et al., investigated the shear strength of samples cut by laser. A significant
reduction of shear strength of the bond line was resulted. The reduction in the glued-layers can be
explained by some underlying assumption. The first assumption probably is surface inactivation, reducing
extremely the bond strength of glue line. This can be explained by a reduction in the wettability of wood.
The second one most likely is the degradation of chemical bond, interrupting the wood adhesion.
Modifications in cellulose, hemicellulose and lignin as a consequences of laser beam can be leads to
changes in gluing property. Also, Carbon formation on the wood surface, as a result of burning from laser
energy, block almost all cell’s lumen and thus strongly prevent adhesive penetration. The adhesive
penetration in combination with other factors (adhesive’s type, wood species, etc.) plays an important
role in wood bonding strength [9,10]. It is important to mention that no research was conducted to prove
or reject the assumptions.

The research objectives of the work can be divided into few points:

1. Analyses of CO2 laser parameters (cutting speed, feed speed, focal point position) on the tensile shear
strength of laser-cut wood.

2. Microscopy analyses on the anatomical and morphological-structure of wood cut by CO2 laser.

3. Investigations of the adhesive penetration into porosity structure of laser-cut wood, assessment of
bondline failure after shear glue test, analyses of the wetting properties of the wood cut by CO2 laser.

4. The investigation of the surface

Methodology
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According the aim, the methodology of the work can be divided into few points:

1. A primary step for this study is literate review. The previous research scientific works give us numerous
broad hints about the selection of proper methods and materials.

1.1. Literate review regarding processing parameters of CO2 laser, bonding phenomenon, properties of
wood affected by the laser cutting

2. The research plan is prepared according to hypotheses. Characteristics on samples are determined. Test
samples are defined

2.1. Variation in the processing parameters of CO2 laser (cutting speed, gas pressure, focal point position),
2.2. wood species and its properties (Beech and oak species, moisture content)

3. Test method are defined. Data collection is performed according to the plan in the laboratory scale.
3.1. Universal testing machine

3.2. Scanning electron Microscopy

3.3. Microscopy (laser or Digital microscopy)

4. The data which collected are modeling and analyzed.

4.1 Statistical software
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Abstract

This study airs to identify thetensileshearstrengthof gluedbeech(Fagus sylvatice
L.) andoak (Quercus robur L). samplescut by CQ laser.The mainfocus is on the
characteristics othe bondline made of laseut wood The laserbeamwas cut the
samplesn the perpendicular direction to the gralinesurface qualityf thelaser cut
samples was measured iging acontact and contactless (laser) meth@dscanning
electron microscapwas used to show the anatomical structilme penetratiodepth
of PVAc resin and O/Qatio of the laser cusurface Contact angle nasurement ani
chemical analysis were implemented by udtogrier transform infrared spectrosco
and a contact angle goniomet€he tensile shear test on tlaser cutsampledonded
with polyvinyl acetatewvere carried out using universal testing machive gained
knowledge about thelued strengthof laser cut wood The work brings new
information abouthe physical and chemical propertieslagercut surfaceprior to
gluing. The main characteristicof the bondline made of lasecut wood were

successflly determined

Key words CO laser,glued tensile shear strength, §@ocessing parameters.



Hypothesis and Objectives
Hypothesis

1. Glued tensileshear strength of beech and oak wood couldld@easedvhen
cuttingwith a CO, laser due tochemicaland physicathangesccurredon the
lasercut surface.

2. Lasercut surfacenay lead ta bettersurfacequality, due tothe meltingprocess
compared t@ surfaceobtained by a contact tofhilling, planning, sawing)

3. ltis assumed thaihewetting properties of the laseut surface decreases, because
of heat affected zone of laseut surfacesThe anatomical structure dhsercut
surfacecould beaffected by C@laser,due to variation inhermaldegradation of woad

There would be the degtation of wood chemical compound, and the degradation rate is
highly correlated to speed and power ofd&3er.

Objectives

1. Analysis of CQlaser parameters (cutting speed, feed speed, focal point ppsition
on the tensile shear strength of the lazemwood.

2. Microscopy analysis on the anatomical and morphologitakcture of wood cut
by CQ laser.

3. Investigatios of the adhesive penetration into porosity structure of laser
wood, assessment of bondline failure after shear glue test, analysis @tting w

properties of the wood cut by CO2 laser
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1 Il ntroducti on

1.1 Laser cutting process

Thetermi LASERO is stand for ALIi ght Ampl i fi ca
Radiationdo. The process called fAstimul at ec
in 1917. Later on. In 1958, producing light with a wavelength in the visible range was
reportedoy Charles Townes and Arthur Schawlow. Different materials such as ruby laser
(short pulses of laser light) and Helivmeon gas laser or liquid dye lasers (continuous

beam of light) can be used as lasting materiilge advent of the first gas laser was

recorded in 196. Afterward, newer types of lasers have been developed which are more
advanced and reliable. Actually, Lasease Coherent, monochromatic, and highly
directional beams of light which are able to melt and vaporize the material by focusing

and clivering high energylensities to small areas of a matefMbdestet al.2001) Al

lasers build from three main parts; an active medium (lasing material that produce the
light), a power supply (a source of energy to excite the active medium) andmesona

cavity (an optical resonator consisting of two parallel mirrors which amplify the light)
(KannateyAsibu 2009)

Lasers are categorized based on their lasing mediums. the lasing mediums of laser can be

in the state of gas, liquid, or solid. Moreoverh e oper ati on of all | a
one or two temporal modes, continuaugve and pulsed modes. The continuous wave

mode occurs when the laser beam emits continually, without any interruption. Whereas,

in pulse mode, the laser beam emits peraticChryssolouris 1991)Currently, for

material processing, lasers with lasing media in the form of a solid or gas are used. The
ruby laser, neodymium glass laser. and the neodymium yttrium aluminum garret (Nd

YAG) laser are three types of sokthte &ser. The NeWAG laser is able to maintain

higher power for longer periods, as compared to the other two types. The output wave
lengthofthe N6 AG | aser is 1.06 Om wladed(gaslésery car t
used in the material processing, thegleanh i s f ar gr e adDawes1992) ou g h |
The other types of laser which allocated for material processing are carbon monoxide
(CO) and the Excimer laser etc. However, among all types of laser, tféA@daser

and CQ laser are the best for lagritting of different materials. the processing capability

of the NAYAG laser is poor for wood materials while the £1@ser is representing the

excellent capabilityHavrilla andAnthony 2003) In the presenstudy, a CQlaser was

14



selected to cut the @od. So, a detailed review of its performance is providethe

following paragraph.

CO laser is widely applicable as a source in the laser processing of materials. The highest
efficiencies for the conversion of electrical to optical energy can beirgterdason.

Another reason can be the ease of operation at high power levels in both continuous wave
and pulsed configurations rotationa$ | ine:
molecules generate lasemission(Duley and Williams1983)(Figurel).

3

Laser

Beam
~— Focused lens

Gas for 5
Process

€ Nozzle

Kerf Width

Gas jet

Work Piece

Figurel. Configuration of CQlaser
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The active medium of CQaser is a mixture of gases including carbon dioxide gas (1
9%), Helium (60685%), nitrogen (185%), and other gases. The combination of each
amount & the gas depends on the desigropfimal cavity, the gas flow rate, and the
outputcoupler used. A high electrical potential is produced by power supplied (a high

electrical potential) to keep the gas mixture in the excited @ig/ssolouris 1991)

The resonant cavity composed of a discharge tube holding the excited gas mixture
between two end mirrors. One mirror is allocated to reflect the beam totally while other
mirror is partially transparent in order to give a permission for beam output. Numerous
effective changes in resonant cavity such as an acceptable beam divergence and high
efficiency, a variety of mirror configuration can be carried out in order to achieve the
required beam stability.

The optical resonator described above is responsiblgnéoamplification of light. The
parallel mirrors in the resonant cavity direct the light back into the lasing medium. Such
back and forth activity of photons through lasing medium induces more and more
emissions. photons which are not in the alignmentesbnator are not able to be
redirectedby mirrors, resulting no more stimulation for emission. As photons are
amplified by mirrors, the coherent beam develops quigiryssolouris 1991
KannateyAsibu 2009)

Five basic configurations of commercial £€@ser are available; sealed, transversely
excited atmospheric pressifiitEA), slow axial flow, fast axial flow and transverse flow.

The differences of each type are characterized by the geometry of gas flow in the optical
cavity.

Cutting mechanisms oflase beam Lasers have several features, particularly
monochromatic, coherent, and low divergence as compared with normal light. With such
features, it can be able to produce high power densities. When the laser beam focuses on
a small area of material, theyer of laser beam is transferring to the material, resulting

in heatingmelting, and finally removing of the material. the melting material is removed
by using assist gag®owell J., 1998fKannateyAsibu 2009)(Havrilla andand Anthony

2003)

Five different mechanismaf laser cutting are defined; 1. inert gas melt shearing cutting,
2. active gas melt shearing, 3. vaporization, 4. chemical degradation and 5. scribing.

Inert gas melt shearing: a base material is melting and removing by usingmdsgure

inert assist gas. This mechanism requires lower energy of laser beam, as compared to

16



other methods. The melting energy is totally provided by laser beam. The formation of
striations (valleys and peaks that creates along the thickness) on thdang and dross
(molten materials which solidify on the cut edge) is a major problem of this cutting
method(KannateyAsibu 2009)

Active gas melshearing this cutting method is resembling the inert gas melt shearing

with a few differences. An exothermehiemical reaction probably generated additional
energy, resulting in increasing cutting speed, as comparison with inert gas melt shearing
method. Higher temperature of this method compared to inert gas melt shearing induces
edge charring in carbemased mierials. Oxygen or air is considered as an active gas.
However. The active gas medhearing method shows the same major problem as
mentioned in inert gas melt shearing metfiwannateyAsibu 2009,lon 2005)

Vaporization The material reaches its vapaton temperature by heating before
extensive melting with thermal conduction. Subsequently, the removal of magerial
occurred by vaporization and also an inert gas jet ejecting liquid. The mechanism is used
to cut plastics such as Poly (methyl methaatg) and polyacetal. The vaporization
mechanism is provided the excellentality and narrow kerf width. However, the thin
section of material is useful for cut, due to extensive energy required to cut a unit volume

of material, as comparison to melt sheatting (Powell 1998]Jon 2005,He et al. 2005).

Chemical degradatiorthe laser beam breaks the chemical bonds of material, which

deeply changes the material s i ntbhasgdr i tvy.
products, most thermoset polymers, rubpesducts, and epoxy resins. The flat and
smooth surface of cut edge is resulted from this method. However, a fine layer of residual
carbon dust remains on the cut edge, which may require cleg@ungll 1998Jon 2005,

He et al. 2005)

Scribing by making a hole and groove in the material, the structure of the material is
getting poor. Therefore, the mechanical property of the material is getting weak also. The
hole is sometime provided by laser to the other side of the material and the hole is not so
deep. Vaporization with small Heat Affected Zone (HAZ) can be formed by low energy
and highpower density pulses. This mechanism can be effective to cut alumina, some
glasses and compositéSreen et al1991, Wenham and Gred®88, Green et al. D8,

Steen 2003, lon 200Abbott2006).

The fundamental aspects of modification of wood by using a laser beam and related

different parameters such as intensity, time, laser type, and focus to the surface
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morphology was stated by Haller et al. (2001). The mviand melting process could be
observed by using scanning electron microscdpe penetration of water into laser
treatedsurfaces isignificantly stopped By controlling the energy inputhe laser beam

can be used to remoweicroscopical amounts irrder to clean or to prepare the surface

for coatingsThis can be usefuh the preservatioaf historic monumentshe possibility

of usinglaser ablatioron woodwithout carbonizatiorcan beperformedfor certain
parameter set&ecause of the absorptipnoperties of the wood)V and IRpulse lasers
areappropriatd or t hi s pur pose. For these | aser t
range waddetected which fulfills the hypothesisof mainly thermal ablation at laser
wavelengths above 300 nmwhenCO; laser and pulse width in the range of 1 was

used the melting of wood surfaces withocérbonizingis observed. The depth of the

molten layer wasliscovered 0 be i n t he r anglendetheodepth2 Om
of thermal/ structural modificainswasevaluatednt he r ange from 5 Om
Short time measurements have shown that the moisture absorption of the laser irradiated

wood surfaceslowed remarkabliow.

1.2 CO: laser versus conventional cutting process

Laser cuttingnethod orwood aml woodbased materials provides following advantages

over conventional cutting process

Contactfree processSharpening, replacing, repairing ts@renot required, due to the

absent of reaction forces exerted on the workpi€oe.deformation of the cyiart is not
occurred during processyen material is flexible. However, other components such as
lenses are required to maintgicMillin and Harry 197, Peters and Marshall 1975
Szymani and Dickinson 197Barnekov et al. 198%Powell 1998 Powell andKaplan
2004).

NarrowKerf width: The lower the material removed, the less the waste material resulted.

Conventionabprocess provides wider width kerf and highestematerialcompared to
laser method (McMillin and Harry 1971 Peters and Marshall 197%zymani and
Dickinson 1975Huber et al. 1982Barnekov et al. 198Mukherjee et al. 1990Powell
1998 Powell and Kaplan 2004).

Fully CNC controlled It indicates thathe compéx shaps or patternscanbe achieved

by laser. The cutting process chestated from any point followed by line, circles,
curves andterminatedo any desirgoint. Laser shows greateipotential when it comes

to design a complex geometiMcMillin and Harry 1971 Szymani and Dickinson 1975
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Huber et al. 198Barnekov et al1989 Mukherjee et al. 199®owell 1998 Powell and
Kaplan 2004)Extremely hard and brittle wood materials can be cut by lakevever,

the laser cutting of composite and compounds isasotomfortable as conventional
method (Peters and Marshall 1975zymani and Dickinson 1975). Laser cutting of
composites and compounds is not always easier compared to convengtmads. Laser

is advantageous only when precision, controllability and flexibility are needed; however,

the requirements vary among cueogtions.

Cutting accuracy is improvethesmoother surface of wood obtained from laser method

rather thanconventional method. Peptocessing, like cleaning aanding are not
required. A Charringnark on the wood surfa@es a result of laser cuttirogn be used as
a decorative purpog®cMillin and Harry 1971 Peters and Marshall 19/5zymani and
Dickinson 1975Powell 1998 Powell and Kaplan 2004).

A low running costA running costre extremely lower in comparison with conventional

method.The convational method requirdsigh energyHuber et al. 1982Powell 1998
Powell and Kaplan 2004).

Low noise laser cutting generated very slight noise, and the process is extremely quiet.
(Peters and Marshall 19/8uber et al. 1982Powell 1998 Powell and Kalan 2004).

Fully automatedase cutting is more secure than conventional metHaber et al. 1982
Powell 1998 Powell and Kaplan 2004).

1.3 Wood as a workpiece material

Throughout humarhistory, wood was used as a majgpurcefor the construction of
boats shelters, weapons and also for cooking f@adlier society used wood Egyptian
pyramids Chinese temples and tombs, and ancient ships.earlier society was found
very early the great advantages of womtluding widely distributed, multifunctioha
strong, easy to work, aesthetic, sustainable, and renewabkeriaries, woothas been
used as a major sourfgg constructiompurposescooking and heatingven the fact that
wood hagnstability towardmoisture, and degradations due to microorgasi, termites,
fire, and ultraviolet radiatio(Pizzi and Mittal 2003Niemz 2006 Handbook2010).

Wood isaninhomogeneouand anisotropimaterial constituted ofaryingtypes of cells,
and chemical compoundsiccompanyingogether toprovide the needsfdiving plant.
The three main functi@of wood in living plant is water conduction, mechanical support,

storage, synthetic of biochemic@b fulfill these functions, woodells must design well
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and interconnected’hrough these functions, B0 different speciesof woody plants
were evolved, witltheir unique properties

Looking ata tree stumpseveral concentric bands were obsenfeduick observation
from outsideto theinsideof the stumps demonstratingeverakertainbands nominated

as outer brk, inner bark, vascular cambium, sapwood, heartwood, and pith (Bjgure

Sapwood Cambium cell layer

Inner bark
Outer bark
\

| . Heartwood

Figure2. Concentric bands of a tree stump

Outer barlactslike fence protectng mechanicallytheinner barkand restriahg the water
loss.Inner barkacts liketransit trangorting sugarformedby photosynthesiwithin the
tree. The boarder between bark and w@odefined as vascular cambiuggntaining
meristiccharacteristicso producethe bothwood and barkissues Sapwood is a living
tissue which able to carry water or sap from the roots to the lelmaagive and
nonconductingissue located in the middle ahost treesfor many speciesoticed as
darker color(due toaccumulation of mainly colourful chemicglss called heartwoad
Pith tissue ishe remaining part of early growth befdhewood formation Annual rings
are a consequence of seasonal growth in temperate Adwagowth rateis highestin
early springforming early woodwhile, it is lowest duringsummer and autum forming
latewood.Early woodis characterized a=lls withthin walls and wide lumewhile late
wood is labeled asellswith thick walls and small lumein a trunk, therarelongitudinal
(L) axis in the parallel direction to the grain, radial arishe direction from pith to the
bark andtangentialaxis in the perpendicular direction to the gramd tangential to the
radial axis.Wood is dividedinto two groups hardwood and softwood, based on their

origin and anatomical structu(Bowyeret al 203).
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Hardwood isbotanically originated from angiosperfifo(vering plants)and softwood is
originated from gymnosperm (mostly conifers). Theadleaf deciduous treesre
considered as hardwopthcluding beech, oakmapleand etc. In contrasthe need-
leave evergreen treeme considered as softwoqehrticularlypine, spruce and etChe
anatomical structure of hardwood is more complexe present of vessel elements in

hardwood is the most important distinction between softwood and hardwood

Other differencescan be explained as; d¢nsity is one of the most important physical
properties of wood and determined by the wood anatomical strétarelbook2010)

The density increases when the proportion of cells with thick cells walls rises. Therefore
hardwood often has a highéensity, but also the amount of void spaces by vessels needs
to be considered. The density is always related to the wood moisture content, which is
another crucigbropertyof wood. Due to the woods high number of pores (erage 50

60% of the wood material), it has a high inner surface @néarnational Agency for
Research on Canceét006) This cavity system absorbs humidity from the air as well as
other liquids such as adhesives. Wood obtains a-threensional networkf cells with
different tasks such as conducting, storing and strengthening cells. The orientation and
composition of these cells varies greatly forsaiftd hardwood and further for individual
species. Softwoodontains a much simpler anatomical struetaind has mainly tracheids

( O 9(Niémz and Sonderegger 201aMd parenchyma, but further wood rays, resin

channels and pits.

1.4 Process indicators

1.4.1 Wood properties on bonding performance

It has long been known that the bond performance properties aeniceld by the quality

of the wood surface.

Surface roughnesshe wood surface roughneséthe wood bond elementis another

critical factor thatffectswoodbond quality Even if suitable technological solutions are
availablefor measuring surface rougéss, lhe directmeasurement and the determination

of surface topography are rarely performed in a systematic manner (Sandak et al. 2020).
Wood industries rely upon the frequent scheduling of tool changes, the superior quality
of the cutting tools and thedjustment to the feed speaslan alternativeof monitoring
surface roughnes3hus, therdas limitation in the quality of glued surfaces, which is

significantfor statistical process control, especially in small production plants.

21



Wood moisturethe cyclc sorption and desorption ahoisture in woodattribute to

variations in the relative humidity (RH) of tlaé. A reduction of RH in the winter leads
to the rapid drying of wood. The wood moisture at the surface reach the same level of the
surrounding mdure within minutes, whiléhe moisture exchange in the bulk interior

occurred via diffusion which isotoccurred fas({Niemz and Gereke 2009).

This resulted in technical problems in wood gluing wherP14R resin used. PUR resin
demands water for hardeginwhich is insufficient when wood is dr§ometimes, extra
water is praying onto the glued wood surface to compensate for the reduction of RH
during winter.The internal stress in the woaduses the wood deformatjodue to
moisture gradientsthe thicke the glued wood. the higher pressure required to
compensate fahe sample deviation.

Grain angleThe effect of grain angle on the penetration behaviour of adhesive into wood
was investigated by Hass (2012). The mechastcahgth wasmfluenced by griam angles
where the wood failure percentage of glued wood bond under stress was appeared.
Density: variation in densityvithin annual rings obetweenearly wood andate wood

can be fand, mainly in coniferous wood speciésiivermann 2014)The bulk denisy

can be different between species, even within a singleTthreemorphological structure

of ring-poroushardwoods, asbr oak,variessignificantly from that of diffusgorous
hardwood species, beech and birch (Arnold et al. 200t%refore the adhdase bond
performancebehavesdifferently based on the morphology differenc&enerally,
softwoodhas lower density than hardwqaak a resultower mechanical strength and
swelling/shrinkageThis results in lower shear stresses in the bond line duminggrvice

life. This is clearly proved when testing adhesive bond in dry condition or after immersing
into water. Inaddition, thdow mechanicafesistanbf softwood leads to a higher rate of
wood failure when gluing these lower density spedied (n stall 2022)Thole (2017)

found that there waso direct correlatiorbetween wood failure ratio and lap shear
strength in beech wood LVIn addition,the expand ofwood breakageid not provide

any signal for expected strength of Hahesivébond.The performance requirements for
hardwood species can not be easily applied on softwood, due to the higher native strength
of hardwood.Wood surface characteristics include weak boundary layers, surface
inactivation, chemical heterogeneity, and processing itapggarticularly aging,
machining, drying Gardner 2006)Studies of the bond qualitZfiristiansen 1990, John
1980 show the importance of freshly prepared, clearly cut wood surfaces, leading to form

uniformly thin bondline
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1.4.1.1 Mechanical damage at the wood surface

The damaged wood adjacent to the bondline forms the mechanical weak boundary layer
(NWBL) which can be repaired bgsing(Bikerman 20B). Even with an attempb make

a Aperfecto surface, planners orn For¢hiseer
reason, sanding must be used on the surfagastogluing. The freshly prepared surface

is more applicable on surfacespairticleboard and fiberboatd remove the surface layer

that is overdried or over cur@ahd with high wax content.

1.4.1.2 Surface Chemistry Barriers to Bonding

A chemical weak boundary layer (CWBL) restricts bond formation. Methods that are
sensitive to chemical properties are required. Wood specigainsa largeamountof
nonpolar extractive are generally hardatbich improvethe natural resistance of wood

to biotic agentsHowever the hydrophiligoroperties of wood surface decreases over time
which limits the spread of watdyased adhesiveblosttropical wood species and some
domesticwood species containing high exdtiae are difficult to glugZeppenfeld and
Grunwald 2005, Frihaet al. 2021)Thequantityand chemical structuid theextractive

in heart and sapwodate different, resulting in different bond performance. Oak (Quercus
sp.), black locust (Robinia 9p.and ash (Fraxinus sp.are identified in gluability
Variation, due to the variation in extractive contgnts ¢ d k e et al etal2015,
2016,Bockel et al.2019 Bockel 2020)A fresh planned surface reduces contact angle
(between wood andatertorneresin) and provides better wettabilitffwood contains a

large amount of extractive, an adhesive application immediately after fresh planned

surface is required.

1.4.2 Contact angle measurement and wettability

The standard analytical method of assessngface wettability is contact angle with
water, polar liquids, or the resin. A low contacigleimplies that surface tension of the
solid is higher in relation to the liquid. The low angle is also showing the liquid will make
molecular scale contact withe wood The perfect interfacial strength takes place when
the surface energies of the wood and adhesive are the $ameate that adhesive
penetrate into a capillary such as lumen is influenced by contact Hregtmntact angle

is too high, the mper wetting and spreading of liquid was not occurred. In a case of
proper wetting, further reduction in contact angle induces overpenetration and/or

distribution of the resin over too large an area.
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Many factors that are probably influenced to the grhthss of surface energy at the
wood surface are determindthe first possible factor is thdtemovemenbf extractives

such as resin and fatgcidsand their esters, waxes, sterols and terpenes to the wood
surface Adhesivesvith ahigh pH were recomanded to use for wood comntang ahigh

level of extractives on the surfadénere could also be chemical changes to the molecules
on the surfacéike oligosaccharides, phenols and tanmmsving to the surfaceThere

are not only lowering surface enerdpyt also hinder the cure of the resin, by dissolving

in the resin. Very acidic woadike oakis not very critical to bond if the resin is strongly
buffered.Moreover,a fresh and high energy surface absorb contaminants from the air
which decrease surfaanergy. Overtrying of woofveneer for plywood LVL oriented
strandboard fakes¥ the secondpossiblefactor in which surface inactivation occurs.
Physical effects along with the degradation of the mechanical properties of the surface
layer, and blockingfesurface cracg thusdecreasingurface areaChemical changesre

the movement ohydrophobic wood ingredients to the surfa@idation, molecular
rearrangement of various functional groups on the surface and elimination of hydroxyl
groups are as a s of chemical modificationThe third possible factas a time of year

that a tree is harvesteBireshly cut wood harvested in winter provides difficulty for

bonding, due to high contact angles from high levels of extractive.

1.4.3 Wood bond formation and performance

Adhesion technology is one of the most important surface phenomena in which glued

solid surfaces remain attached to each other. Understanding adhesion phenomena requires
extensive studies because it 0stcomprisesbfel ongi
many in particular macromolecular science, physical chemistry of surfaces and interfaces,

materials science, mechanics and micromechanics of fracture, and rheology.
Four main theories which explain adhesion phenomenon are as follows:

1. Mecharcal interlocking theory

2. Diffusion theory
3. Electronic theory
4

. Adsorption/specific adhesiaheory (Pizzi 1994).

Mechanical interlocking theomyas firstintroduced by MacBain & Hopkins (1925). The

theory was emphasizing on mechanical performance @dcadhesive into enclosed
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spaces (micro and macro scales) of substrate. This theory was not supported by many
who had proved that satisfactory adhesion can be formed by smooth surface (without
porous) [(sraelachvili & Tabor 1972). For supporting this thgorlots of studies
demonstrated that the bonding strength increasttdan increase in surface roughness,

that is to say, more penetration into substrate. These results primarily were not found to
be matched completely when wood was involved as subgiritege amount of adhesive

was required when the surface roughness values was increased. This eventually led to
weaknesses in bond strength. The starved edges, as a result -pewostation of
adhesive into wood cells, were the reason behind. As meuntione higher the level of
surface roughness, the higher the adhesive utilization. However, with such a high price
of adhesive nowadays, tlggiantity of adhesive on surface was of great importance for
wood applications. Despite of the fact that the medahnnterlocking theory had
provided strength in bonding, it was not only a crucial factor for bond strength (Pizzi
1994).

Diffusion theory: Thesecond theory was presented by Voyutskij (1963) at the beginning

of 1960s. The distribution of polymer molées of both adherent and adhesive was
occurred in interface area. The polymers were become close to each other with the
purpose of solubility. The theory was call
the rate of solubility parameters sholde near |l y t he same. It 6s
numbers of adhesives had different degree of solubility parameters close to wood
polymers or far too much from them (Urea or phenol formaldehyde). Secondly,

amorphous polymers were demanded for solubility.

Therefore, the crystalline portions of cellulose were not able to take part in solubility
phenomenon. Hence, itbds apparent that al/l
same concerning diffusion theory. The bonding join strength was relied dirsithgimate

contact in interface area and the weight of resin molecular. With regards to diffusion
theory, ultimately, intediffusion wasnot possible in the situation where crosslinked

polymers and extremely crystalline portions were found (Pizzi, 994a

Electronictheory the third one was proposed by Derjaguin & Smilga (1967). When

adhesive was kept in contact with substrate, an electron transfer was occurreeasl hat
because of the opposite electrons which were setting in each material. However, th
electronic forces built through interface were supposed to be a reason for adhesion.
Disapproval was expressed by scientists who declared that the motion of electron from

one surface to other was very fast and was not very slow process to able to create
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adhesion. A questionable assumption was made by scientists who stated that these
electronic forces maybe contributed to initial adhesion. For wood bonding, this theory is
inapplicable. There was not empirieaidence to show electronic theory was respaeasi

for an adhesion phenomenon when wood was used (Pizzi 1994).

Adsorption theoryAdsorption theory was defined as forces which actually exist between

substrate and adhesive as a result of atomic and molecular attraction. The theory was
generally approve@nd widely recognized in adhesion phenomenon. There were two
types of forces; primary (ionic, covalent and metallic bonds) sewbndary forces
(hydrogen band and electrostatic forces). THesms were acceptable equally based on
adsorption theory. Buh wood bonding, nonetheless, an incorrect opinion was expressed
for separation between primary and secondary forces. The separation was not actually
proper. Both attractive forces were two features of adsorption theory (Pauling 1960,
Patrick 1989).

The nodel of interaction secondary forces between resin (plaenblirea formaldehyde)

and crystalline amorphous region of cellulose in interface region was designed and
theoretical forces were measured. It was revealed that by altering parameters in resin
preparation to desire degree, an adhesion improvement between resin and cellulose was
resulted (Pizzi & Eaton 1987, Pizzi 1990). This outcome and other parallel findings
emphasized that the secondary forcesdsorption theory were significant factor in

adhesion phenomenon.

As mentioned before, primary forces were subdivision of adsorption theory. However,
for being clear, the definition was mandatory. Forces were created by covalent chemical,
ionic and metallic coordination bond in interfaemeas known agrimary forces. Initial

reactivity between resin and substrate was not easily obtained (Pizzi 1994).

It was significant to accept several numbers of modifications to get strong covalent bond
like adding reactive groups to resin or substrate. In facpriheary chemical reaction in
interfaceareas was taken place intrinsically or under a certain condition (modification).
Examples for those react naturally were polyurethane adhesive andlegsed/ primer

which proved by Klein et al. (1983).

Primary chemial bonds did not exist in wood adhesion under normal circumstances as
Johns (1989) was demonstrated in his research. Pizzi et al. (1993) and Frisch et al. (1983)
indicated that there was not covalent bond under usual condition between isocyanate

group andwvood surface components when they were in contact with each other. It was
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neglected the high reactivity rate between isocyanate and water. Thus, because of small
amount of water in wood, the small proportion of covalent bond may be generated.
Furtherexampes can be provided to ensure the ac
was that the methylene groups in adhesive (urea, Melamine and phenol formaldehyde)
was able to react rapidly with wood components (hydroxyl groups and aromatic nuclei)
when they wre in exposure to high temperature. The second one illustrated that the
covalent bond was not formed in normal condition when urea formaldehyde was applied
as adhesive to wood surface. Adjusting PH value of urea formaldehyde in particular
condition leadgo form covalent bonds. Covalent bond is mainly discussed in the text
above. lonic and metallic coordination bond were not involved. Wood treated with
copperchromiumarsenate (CCA) can be considered as example for metallic
coordination bond. In reality, dpper reacts with chemical structures in lignin and form
stable bond.

The strength and stiffness of wood products increases by effective adhesive transfer and
distribute loads between components. Hiicient loadtransfer is attributed to the
strength otthe chain links from one member to another across the wood adhesive bond
(Figure 3). Therefore the interaction of the complex factors that connected to the
properties of the individudihks can determined theerformance of a bonded joint during
productassembly{Frihart and Hunt 2010)

Figure3. Links between adhesive and wood bond using the schematic from Mara (1980). Lin
Adhesive layer, Link 2 and 3: adhesive interphase layer, Link 4 and 5: adhesive wood interfa6e
and 7: wood interface layer, Link 8 and 9: wood layers
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Adhesive classificatianThere are two classification methods; classification by curing
method and adhesive origin. Classification by curing method contains paripamne
adhesives is includingpoxies, polyimides, acrylics, urethanes and cyanoacrylates which
are able to cure by heat application, UV light and moisture or pressure. Moreover, two
part adhesives are curing when two or more components are mixed and constitute a

chemicalcross link eaction of the polymer molecule.

Base on adhesive origin, wood adhesives are mainly grouped as naturel and synthetic.
Prepolymers or polymers obtained from petrochemical material are called synthetic.
Wetting wood surface is possible only by the liquide of resins or as water solution.
Curing is occurred by the support of heatingasslinking. Setting is started to happen

just with cooling the polymers melted or water evaporation (Ebnesajjad 2008).

Synthetic adhesives itself are categorized amrtbsetting and thermoplastic based on
their polymer behaviors after curing or setting. Thermoplastic adhesives are required
cooling toroom temperature after being in the exposure of heating through softening. In
contrast, thermosetting adhesives are afiering by heating and they form crosslinking
through curing (Conner 2001). Numerous important Examples for thermosetting
adhesives are represented as follow: 1) Phenol formaldehyde (PF) is one the most
important adhesives used for exterior wood appbeatiincluding plywood mostly
produced from softwood (White 19%8nop & Pilato1979). 2) Urea formaldehyde (UF)

i's annually manufactured around 1600006000
hardwood plywood utilized in interior atmosphere (White 399t has been used
predominantly all over the world because of some advantages especially low cost, water
solubility, great thermal properties, resistance to biological attack, hardness and easy to
apply on wood surface. Alongsideese advantagethereare disadvantages also. UF
adhesive is not resistance to moisture like PF. This can be a great issue for using in
exterior applications. Due to the moistuessistant property of phenolic compounds, PF

adhesives is used for exterior applicatiBoell 2005).

In general formaldehydebased adhesives are releasing formaldehyde which is harmful
and requires more consideration during production in wood industrieye(M
Hermanns 1986). Another term for thermoplastic adhegves melt, too. Examples for
thermoplastic adhesivesan be Polyvinyl Acetate (PVAc) and Ethylene Vinyl Acetate
(EVA).
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Natural adhesives are derived from natural sources. For a long time, in the past, the
utilization of natural adhesive namely animal, soy, and casein andbésedhdhesives

(known as proteinaceous adhesives) was common. However, with the advent of synthetic
adhesive in the mid twentieth centuries their utilization was limited to some extent.
Frequently usage of synthetic adhesives was resulted in an increase Heru#, the
tendency for usingatural based components such as carbohydrate, tannin, Lignin and
etc. was initiated again. There are several disadvantages resulted from the proteinaceous
adhesives in contrast to synthetic adhesives. Proteinaceous asllasivet resistance

to microorganism attack and moisture (Ebnesajjad 2008).

Poly vinyl acetate(PVAc): PVAc is linear and thermoplastigolymer which is an
excellent alternative to replace some other adhesive containing formaldehyde. As a wood
adhesive utilization of PVAc is effortless as it is water soluble, biodegradable with
excellent chemical resistance and has no toxic action on human body. The main
advantages of this wood adhesive that it does not need high temperature for curing. But
it has a drawack and poor performance toward humid condition at elevated temperature.
So, toovercome these problems and increase the performance of PVAc two approaches
have been used 1) Copolymerizing vinyl acetate with more hydrophobic monomers or
functional monomer(Qiao et al. 2011p) blending PVAc with other adhesives and
hardener (Qiao and Easteal 2001, Kaboorani and Riedl 2011)

Jiang et al (2018) conducted a study in which he used commercial polyvinyl acetate and
starch adhesive weraixed with dicarboxylic acl with cellulose nanofiber. By adding

optimum amount of CNF, the lap joint strength increased to 74.5%.

1.4.4 Adhesive penetration into the cellular structure of wood

The effect of penetration on bonding performance has been the object of important
investigatims for severadecadeqFigure 4) Penetration in combination with other

factors such as cohesive strength, and covalent and secondary chemical bonding affects
bonding performance in some adhesives. Indeed, stress can be distributed evenly through
interface areas when the curing stage of adhesive was occurred (Nuryawan et al. 2014).
l'tos stildl under discussion that the bondi
wall penetration or cell lumen. The ideal penetration depth for bonding strength is
unidentified. The effect of different penetration depths on shear bonding strength was

investigated by Suchsland (1985). The final results prowatthere is no relationship
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between penetration and shear bonding strength. Failure which is occurred imgbondi

strength maybe arises from oy@#netration or undgsenetration.

B Ar [ Mixture

—— B Wood BrPF

Figure4. X-ray computed tomography (XCT) slice showing a bondline made using latewood lo
pine and the 13®in BrPF resin a before and b after segntoma(Jakes et al. 2019).

The percent of wood failure during shearing test was different in latewood and earlywood
cells of Douglas fir. Because Tracheas were responsible for mechanical properties of
wood. When only the earlywoods were involved in shest, 100% wood failure was
occurred. In reference to latewood, the failure was detected in bulk adhesive and the
percent of wood failure was 10%.

In contrast, in Beech wood, various wood failures were not found in latewood and early
wood cells (Gavriloic et al. 2012). Another remarkalvksearch was performed by Ivana
demonstrated that there was the opposite relationship between the viscosity of UF
adhesive and shear strength of beech wood. The more viscosity, the less penetration, and
at the end the lwer shear strength would be resulted. This can be explained by

mechanical interlocking theory or reinforcing the interface areas of wood by penetration.
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The Mechanical properties of wotsed panel have been influenced by the cell wall
penetration of URdhesive. As a matter of fact, higher elastic modulus and hardness were
achieved bythe xi st ence of UF adhesive into cel]l
wall penetration provided dimensional stability and also recovered damage cell walls
during suface treatment (Lizhe et al. 2016). Penetration into cell walls was specialized

for adhesives with low molecular weight as discussed before (Konnerth et al. 2008).

1.5 Monitored factors on process indicators

1.5.1 Cutting speed

Cutting speed can be defined as tthteat whichthe laserpasses througmaterials per
minute. The high speatkbcreasethe laseexposure timéo a materialWhen the cutting
speed decreased, the material removal and cutting edges declined lisheeHickness
of a workpiece is higtthe low cuttingrequires in cooperation with the laser powieum
et al 2000Barnekovet al 1986 usoff et al. 2008)

1.5.2 Gas pressure

A coaxial gasget nozzle system is responsible for three functions:

1) Vaporized products are removed from the cut,dmanstance; carbodust and

exhaust smokeesulting in protecting the lens

2) Controlling excessing burningy remove ignitionat which a high air speed

inducesto handlewood vaporization.
3) Increase the cuttinigcated below the lens focus

The gagetsystem s attri buted to the characteristi
diameter, to nozzle standoff distance, and to the type ofRgers and Marshdl©975

Szymani and Dickinsoh975 Barnekov et al1986).

The more common nozzles in laser cutting of wood is convergent nqtzlesd

Mazumder 1991)Mukherjeeet al. 990)reported that the use of a supersonic nozzle
resulted an increase of 50%cutting spee.6 m/min) when a basswood had a thickness

of 25.4mm. The standard nozzle resulted in a low cutting sBedthin. However, there

were no changes in the surface quality of the cut surfaces, charring and kerf with.

The laser beam should beamly placed exactly at the centre of the nozzle hole, which

has a diameter of 1mm. MDF was cut successfully with a ndizateeterof 1.5mm and
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paper wagut with a nozzle diameter of 0.2mm. Increasing the nozzle dimeter declines
the gas pressuféi and Mazumder 1991Eltawahni et al 2011ovikorpi et al. 2004)

The standoff distance, known as standoff position, rarely affects the laser cutting process.
In fact, using a standoff distance of 1mm can perfume successfully wood and paper
cutting Quintero etal. 2011)

The type of gas and the pressure itdluenceon the penetration depth, feed speed and
quality. The cheap clean compressed air already brings fairly satisfactory (€®itss

and Marshalll975 Powell1998 Lum et al.2000

1.5.3 Focal-point position

The distance between the converging and the diverging laselivezated to focal point
position at which the energy of the bundled laser light is highly concentiidtedhree
focal point paition are defined:

a) Above the work piece surface

b) Slightly above the workpiece centre

c) On the workpiece surfag®arnekovet al 1986)Figure 3)

Figure5. Focal pointpositionson the workpiece

When the focal poimvasabovethe workpiece surface, energy density dedine this
casethe wide kerf width and high charred surface resuBgcgositioning the focal point

on the surface, the maximum surface energy density achi€kediniformity of energy
density was occurrednge the focal point is at or slightly above the workpiece centre,
resulting in smooth surface with less charrifigarnekovet al 1986,Hovikorpi et

al. 2009. Eltawahni et al. (2013analyzed the possibility of focal point postti at the
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workpiece bottom. The kerf width at the upper side of the workpiece was highéné¢han
rest part. The focal poipositionsarenot an issue at which thin material®e used, except
for precision.An A-shaped cutting kerf was resedt as a consgience of placing focal
point above the workpiece surfack contrast, placing the focal point below the
workpiece surface generated asWapedFor paper materials, with a thin thickness, the
focal point should be betweer0.2 mm and 0.2 mm to reach tharrowest kerf width
(Malmberget al 2006).
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2 Materials and met hods

This chapter discussdise selectedvood species and adhesive tygsed inthis study
Detailed information about the G@aser processthe selected processimpgramesrs
(cutting speed, gas pressure, focal point posii®pjovided.The method required for
chemical and physicalnalysisof lasercut surface including contaciand contactless
(laser) devices, contact angle measuremdtauriertransform infrared spéoscopy
(FTIR), Scanning Electron Microscope (SEM) are also described. In addltgospecific
information onthe glued laseicut samplesglued shear tesbondline failure, adhesive
penetration, numericalalculationof shear modebased on the expemental resulare

provided.

2.1 Materials

2.1.1 Wood species

Defectfree beechKagus sylvaticd.), Oak (Quercus robut), spruce (Picea abied.)

and Larch(Larix decidua Mill.)wood was selected for the specimen te$he species
werehar vest ed f r oegioninlhe Czech KReplblicraad purchased from
Wood Store E comp @myroper@es ofthh spéiegaretprlovided. in
Table 1.The boards wereut into pieces with a dimension 5f0 ¢ m [1 235 ccnm
(1l ength T wi dndbonditionet dt 8%; k2%easads18% and above fiber
saturation point

Table 1. The average properties of three wood speci@¢isonnerth et al. 2016).

%llxooa European European | o ocan oak | Larch
N peech opriee (Quercus robur (Larix
e, N7 (Fagus (Picea abies 0 decidua
%, sylvaticaL.) (L.) Karst.) Mill. )
Mean Density 0.743 0.445 0.698 0.632
[9/cm?] (0.026) (0.028) (0.0230 (0.06)
Moisture 12.52 12.74 11.39 11.55
content (%) (1.17) (0.7) (0.45) (1.24)
Tensile shear
strength 85-12.1 6.5-7.7 7.9-10.3 7-8.3
(N/mm?)
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2.1.2 Adhesive

Polyvinyl acetate (PVAG)Polyurethane (PURBNnd twecomponent emulsion polymer
isocyanate (EPIwere used forgluing of the the lasercut samples The technical
specification ofthe resinadhesive is shown in Tab2 The ahesive was applied
manually with a roller otthe wood samplsurfaces, with a range of 1580 g/n# for
PVAC.

Table 2. Technical parameters ofthe selected adhesives

ReSi
n
% PVAC PUR EPI
. . 50007000 3500
Viscosity (mPas) 600019000 (5000 with
(at 23
hardener)
Working time 1520 1520 7-12
(min)
Density (g/cnf) | 0.91. 1 ( at 1.16 1.15
Open time (min) 15 15 12
2.2 Methods

2.2.1 CO:laser cutting

CQO, laser machine from two companiesBLT WoodCut and T R U MP FCzech
Republic wereused to cut thevood pieces The wood pieces were conditioned at 8%,
12%, 18% and abovébre saturated point before lasewtting processLaser beam cut
the pieces in the direction parallel to the graventherewasa possibility to cut in the
pempendicular direction. The aim of cuttimdpongthe grain is taassess thglued tensile
shear strength. The resulted laset samples have semidark surfaceon the tangential
section The selected processing parametéISO; laser argrovidedin Table3.
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Table 3. Applied processing parameters of CQlaseron the wood species

Co Varie L
?Ppa,, se”iq BLT WoodCut Comany TRUMPFE Comp
a’”@[ o
813,
Cutting _speed 3 3 3.5
(m/min)

Focal point position | At 1/30f the workpiece| At the centre othe workpiece

from top surface At the top of the workpiece
Laser power (W) 5000 3200
Gas pressure (bar) - 17 21
Nozzle diameter 27 27

(mm)

2.2.2 Analysis of Laser-cut surface before gluing

2.2.2.1 Scanning Electron Microscopy (SEM)

SEM, made in GermanyLgica SM 2000R, Leica Bigstems Nussloch GmBHCzech
Republic Brno (Tescan OrsayHolding) and the USA (Thermo Fisher Scientific,
Hillsboro), was used to investigate the anatomical structoirdasercut surface. The
changesn O/C ratioon thelaser cutsurface and the layebsow the surfaceverealso

investigatedby SEM

2.2.2.2 Fourier transform infrared spectroscopy (FTIR)

FTIR, made in Czech RepublidNicolet, K S e | o)vwas ks&d to investigate the
chemical degradation occurred in the laser cut surface.

2.2.2.3 Contact angle measurement

Contact angle devicanadein Germany, HumburdK r ¢),savas used to measure the

degree ofingle dropPVAc resin on the lasecut samplegFigure 6)
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Measurement: Step: 4 Liquid:
Sessile drop([95] Temperature: 20,0 °C water (Air)

Figure 6. Contact angles of PVAc resin

2.2.2.4 Surface profile measurement of the laser cut surface

The surface profile measurement veasried out bytwo different method®n the laser
cut samples]) acontactdevice using a contact todtqrm Talysurf 50 IntraEngland
2) A contactless devicglympus,Japan (Figure7). The aveage wavinessWh) and

the average roughned’:] were obtainedby filtering surface profile.

Detector
Confocal
aperture
Light
| source
I
/ illumination
aperture
Sample
|—= C
)
:5;';.:"‘:‘-‘;_”.—“‘
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Range: 1mm (0.039 in)

Tip Radius: 1.52 . 5 Om
Stylus force ovefull range: 70
100mgf (0.7- ImN)

Enter 12mm bore to depth of:
12.7mm

Measurable depth of recess: 5m

Figure 7. Two methods of surface profile measurement; a) contactless method, b) contact meth

2.2.3 Analysis of the glued laser cut surface

2.2.3.1 Tensile shear strength of the glued laser-cut samples

After applying PVAc resin, the tensile shear test on the glued-tasesamples was
performed byusing a universal testing machine equipped with a video extensometer
(1 NSTRONE 5 8 82 USANaDdRoWmE Gniversal testing machine UTS 50
(TIRA, Germany)was also use(Figure 3)

Figure 8. Tensile shear test of the lasetut samples performed by a universal testing machine

equipped with a video extensometer (leftand without a video extensometer (right)

2.2.3.2 Numerical calculation of the glued shear model

Based on the load and displacement of the datainedfrome xt ensomet er 6 s s

the numericalnalysesvere carried oufThe knowledgef Elongation model obverlap
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joint was necessary to obtained thmear elasticity the surface of therosssection, the
internal loadof the glue line The assumptiowasthat the module of linear elasticity, the
surfaceof the cross section and internahdsof claddingwere equal.By considering
only loadsin the claddingand bycalculating the elongation of the cladditige module

of linear elasticity of glue lin® (MPA) wascomputedoy assuming that the Poissons
ratio is equato 0.3. The results of analytical calculations were verified by the method of

finite elements

Wood material data was calibrated using standard Abaqus@qslPA) adhesive weld

modules for individual types of connections were calculated. A method elinsam
calculations was used. The given extengbiforced the load values (mm) obtained
based on experimental tests. The sample was immobilized by assigning freedom levels
adequate to the experimental tensile test. The weld and cladding were modelled with the
use of C3D8R elements (am8de linear brick, reduced integration, hourglass control,
the total number of nodes: 71778, total number of elements: 54120). Quicking d&as ma
on the commercial version of the Abaqus v. 6.13 (Dassault System Simulia Corp.
Providence, RI, USA). The correctness of the model calibration is presented in the form

of numerical calculations and their comparisons with the results of experimentathesea

The method of measuring the elongation of the connection appropriate for elongations in
the mathematical model. The results of all measurements were collected and compiled in
the form of stress and deformation accounts, as well as calculated mddyilus lmes.

2.2.3.3 Failures in the bondline after shear test

Adhesive, cohesive and wood failusecurredin the bondlineof the lasercut samples

after shear test were determined visually.

2.2.3.4 Scanning Electron Microcope (SEM)

SEM, made inn Germany [Leica SM DOOR, Leica Biosystems Nussloch GmbH), Czech
Republic Brno (Tescan OrsayHolding) andthe USA (Thermo Fisher Scientific,
Hillsboro), wasused to investigathe penetration behavior of PVAc resin iporosity
structure of the beech and oak wood. Eleneantalysisof the bondline after shear test

was alsadeterminedyy energy dispersive Xay (EDX) spectrometry
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2.2.3.5 Statistical evaluation

Duncands test, with a significance | evel [
results and their Il nteractions. Based on
determinesvhether the observed factor is statistically significant. According to the
value of Pthe monitored factor is evaluated.

A P = 0- the probability that the factor does not act is zero

A P <0.05- the influence of the factor is statistically significant

A P = 0.05i the influence of the factor is on the border of statistical

significance

A P>0.05i the effect of the factor is not statistically significant
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3 Synd hiog acquired knowl edge

This chapter shows the summary results of the dissertation published in a professional
publication during the doctoral study. The PhD disgem consists dive articles: three
first-author article antivo second author articl®nefirst author article antlvo second
author article have been published ama first author article is submitted(under
review). The firstpart of the result§ocuses orthe glued tensile shear strength of the
bondline made of the laseut wood (beech and oak specigsgction3.1). The second
partcompares the contact and contactless metbiotheasuring surfacquality on the
thermally modified sprucewood (section 3.2).The third part is dealing with the
morphology and anatomical structure of laset samples(3.3). The forth part is
investigatingthe characteristics of the bondline made of laser cut wood (bésssdtion
3.4). The fifth part is investigatimthe shear bondline strength under the

The quality of the woo@dhesive bond is highyependean the properties of wood and
adhesive along witthe production process If one of the bondline elementadhesive
or wood) becomechange due tosurface o adhesive preparatiothe bondine strength

become affected.

Article no. 1 Milan Gaff, Fatemeh Rezaeit al. 2020) shows that the shear strength of
the glued lasercut samples (beech and oak) decreased, compardibse ofmilled
samplesThis researt showsthatthe percentage @dhesive failurevas higher than the
percentage oivood and cohesive failuseThis researclkdlemonstratethe degradation of
lasercut surface with lower moisture contemas higherather than that of with higher
moisture catent.The currenstudyshowsalso thathesurface qualitfW, andRs) of the
lasercut surfacewas lower (measured bgontact methodrather thanthat of milled

surface

Article no. 2 FatemetRezaei Milan Gaffet al. 20B) compareshe two methosl (oontact

and contactles)f surface qualityneasurementn this researchthe average surface
roughness and waviness were obtained by two methods on the thermally treated spruce
milled with different processing parametécsitting speed, rate angle anddespeed)

More accurateesults obtained bgontactless methaslas provencompared witltontact

method
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Article no. 3 FatemehRezaei Rupert Wimmer et al202) shows the anatomical
structure and surface quality of the lasat sampleswith different CO. processing
parameterscutting speed, gas pressure, focal point posifibis research demonstrated
thatthe average roughness values of the samples cut with high and low cutting speed did
not change, however, tis¢éructural integrityof thelasercut samplegcross sectionwith

a high speedshoweda betterresult Replacing the focal point position from top to the
centre of the workpiegerovides rougher surfa@dreduce thestructuralintegrity. This

paper representlehigher gas pressure resuali@ smoother surface rather than that with

lower gas pressure.

Article no. 4 Fatemeh RezagGGaff Milanet al. 2022xhows the bondlineharacteristics

made of lasecut samples. This paper discusses that the contact angles between PVAc
resin and lasecut surface is lower than those at sawn surface p€hetration behavior

of PVAc resin intothe porosity structureof laser and sawn cut was the sarfbe
chemical degradation was occurred on the laser cut surface mainly in hemicellulose and
lignin. The rumerical calculation of the shear model was the same as the experimental

shear model.

Article no. 5( Mi r o s | a vFatGreely Reaaet ak 2022 showed that thglued
tensile shear strength of the sampdas by a tool(larch and spruceyas not affeced
underalternating differenfreezing and high temperatgrelhis paper represents that
although theraverevariations in moisture content of the glued samples when subjected
to alternating freezing ankigh temperaturethe glued tensile shear strengémained

unchanged, compared to that without conditioning

42



3.1 Discussion

Thegluing properties of the bondline madelager cut wood (neoontact) was lower
than those cut by contact todhilling, planning, saw, etc.)lo find out the reasen
the physical and chemical analysis of ldercut surface along with the characteristics
of the bondlinevereinvestigated

The surface quality cut lyontact and nogontacttool: At the beginningto investigate

the surfacequality of the lasercut samplesa contact methoda(stylus tip)was used
Late, following thearrival of noncontact methodconfocal microscope}he research
wasconducedby usingonly confocal microscopéNo studies have been foutmlprove
which method provides more acctegand reliablelata A research study was carried
out to compareghe two methos. Confocal microscopavas proven to have more
accuracy thara stylustip. Hence,the surfacequality of the lasercut sampleswas
measureanly usingthe confocal microscope

The quality of a cut surfacas depending ana) machining tools andhe cutting
parameter useln) wood anatomical structure amopertiessuch asnoisture content,
density, and anatomical structurévessels,fibres ray cells) The accuracy of the
measuring method is also quite importaatprovideanaccuratavoodsurface profile.

Wood cuttingtools and measuring methedf surface profile It was assumed that the

surfacesubjecting to laser energyovidesa smoother surface than surface cutaby
contacttool. The assumption covers the idbatthewood surface structure melts down
and induces smoothnegg.the beginning, whensing a stylus tip, the hypothesis was
accepted, later, when using a confocal microscopy, the hypothesis was rdjaeted.
averagesurface roughnes®y) of lasercut samples measured atylus tipivas lower
thansamples cut bthetools. In opposite, th&, of the lasercut samples measured by
confocal microscopwas higher than thosaut bythetools. Theconfocal microscpe
can measure the deeper valleys and peaks with the ladigrs tharthe stylustip.
Therefore,the results othe confocalmicroscopeare moreprecise and reliable than
thosemeasured bthe stylus tipThe higheR, of the lasercut surface can be rédal to
charring at which the distributioratewas not uniformEventhe wood samples were
securely anchoreldefore lasecutting the traces o#vood vibration on some samples
werealsoobservedThe processing parameters of the lagdrsamples measuré&y
two different methods were differe s a resulieadingto theformationof new surface
profile.
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Moisture content The wood samples conditioned to different moisture content (MC)

before cuttingcan influencedtutting parametarand leading t@ newsurface profile.
Theexactmodelof Ry wasnot possible taletermindor thelasercutsurfaces wittigh
and low MC The lasercut surface of beech was roughehigiher MCthan the surface
atlow MC. In oppositebychanging thevoodspecies, ogkhe lasercut surface atigh
MC was smoother than the surfacdaat MC. The rougher laser cut surface of beech
was resulted atlmost highMC (18%) rather than the surface &w MC. The
interaction of MC with processing parametégaspressuretouldaffectthe Ra.
Processing parameterslagercutting The optimization of C@processing parameters

and the intimate interaction with material properties can be resulted in acceptable
surface profildor furtherapplication processuch as gluing and coatinghe high and

low cutting speed was not affected on Belt is quite interesting to recognized that
theinteractionof MC with processing parametersuld significantly affect on th&..

The samples at 8MIC cut with usinghigh gas pressure provided smaatisurface

rather that the samples cut with lower gas pressure at the same MC. This result is
difficult to interpreter, due to the resulted surfacgaserated based on several factors
and their interactions. Positioning focal point on top at samplestmoret! at 12% MC

was resulted as a bettBs. There is still unknowrwhetherthe rougher surface or
smoother surface provides a better wood adhesive bonesin penetrates so much

into wood structuredue to rougher surface, the bond strengttucesHowever,with
smoother surface, sometimes, the bondline penetration only created and wood around
bondline has less interaction with the resin, may leading to a low bond strength.

The anatomical structuref the lasercut samplesThe anatomical structuref wood

may damage physicallyhen wood proceed kg contactool. However, there were no
evidence to show howould bea wood anatomical structurgter laser cuttingThe
anatomical structure of wood caaibfluenced byCO, processing parameteisutting
speedand focal point positianThe hydrophilic property ofvood can also play an
important role in an interaction with the cutting parametersating a new form of
anatomical structur&he anatomical structure of tHaser cut surface at low MC (8%)

was more degraddtian the surface at high MC (>FSBpth oak and beech species
with a bit different anatomical structuveere shown the same behavidhis can be
explained in the way that with higher moisture content, less burning on the surface
occurral. A part of laser energyspendsfor water evaporation. Thimtegrity of the

anatomical structure of the lasert surface weakewhenalow cutting speed was used.
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When a low cutting speed applied, timore areas of the laser cut surface becomes
degradedHowever, the degradation of higher molecwlaightis depending on laser
power.Theintegrity of anatomical structure was affected by focal point position. The
focal point is the maximum energy of laser which can focus on surface or ckthitee
workpiece (beech) The maximum energy on the surface distributed better in the
workpiece and resulted ia better integrationThe interpretation is requireshore
research on thermal conductivity and the specific wood spéldiesless anatomical
integrity on thesurfacemeans lessurfacestrengthwhenthetensile shear strength was
applied

The chemistryof the surface cut by negontact toal The main chemical compounds

of beechwood were degraded thermalenergyof CO; laser based on the FTIR
analysis.However, the dpth of the affected layer®©/C) was mostly observed in the
first and second layer6 50 Om e a. dHbmicéllaloseamd)lignin are two main
components thahostly degraded. Therefore, the number of hydrogen bonds which can
be createdbetween esin and wood reduced. This can be one of the neasonsvhy

the gluing properties of laser cut surfadoeer, compared to that the surface cut by a
contact tool.

The characteristics of the bondlimade olasercut samplesare the wetting properties,

the penetration behavior of the PVAc resin, bondline failure, numerical calculation of
shear model.

Wetting properties of the laseut surfaceind the penetration depth of P\Alee PVAC

drop was disappeared fast on the lasdrsurface The charred stace absored the

PVACc drop and held ibetweerthefree spaesof a tinycharredparticle As a result, in

the closd assembly time the penetration of adhesive could not posEné& pressure
from cold pressingvasapplied on the glued laseut samplesthe bondline penetration
was resultedlt is interesting that the penetration behawbPVAc resininto cellular
structure of the laseut surfacavas the same dbat of surface cut by a contact tool.

The better adhesion is achieved by a properingettf PVAc resiron wood However,

there is still not clear whether or not taghesion is correlated with high penetration or
low penetration depth of resin. A high glued strength of wood also achieved with a

bondline penetration.

Failureanalysisin the bondlinemade of laser cut woodhe PVAc resirwas not able

to properly fornedthe hydrogerbonds with the chemical compounds of the laser cut
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surface.The PVAc failure was observed more in the bondline area. The reason can be
explained by th@resenbf the charred partickson thelaser cut surfacandmixing to

the PVAcresin, acting as a boundary between wood and resin.

Thekerf shape olasercut samplesvascurved. Hence, the flat surfaces of the laser cut
surfaces was not achieved. Even theguresof cold pressing was applied on the curve
shapes, the bondline was not form flat. This can be one the main reason which reduce
significantly the glued tensile shear strength.

Finally, the tensile shear strength of the gliseser-cut samples was raded compared

to the surfaces cut lyontact toglthe main reasonsereprovided as bellow

a) The present of charred particles the lasecut samples
b) Thedegradation of the wood chemica@mpands

c) The depth of heat affected zone.

d) The curveshape of th lasercut samples

e) The disintegration of the anatomical structure of the fagesamples.

The glued strengthof larch and spruceamplescut by a contact tooéxposed to the
alternatingreezing and high temperatuneassurprisinglythe same as thosathoutthe
conditioring. The changes occurredin the moisture content of the glued samples from
freezing to high temperatur@uld not impact on the glued strengirhe result was
rejecting the hypothesa whichthe glued tensile shear strength redumgdonditioning

to thevaried temperature@reezing to high temperaturedj the glued strength dahe
samples cut byhe sawwas influenced byhe variedtemperatureonditions the glued
lasercut samples were also subjected to the alternating figenid high temperatures.
Hence, there were no need to test the lasersamples under varied temperatures

conditions
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4 Concl uandnfuture wor ks

The quality ofengineeredvood products is highly dependent on the quality of the wood
cutting processThe current research showed ttteg tensile shear strengthtoe glued
laser cut samples reduced significantly, comparatiabof samplesut bythe contact
tools. The quality of theglued strength depends on the quality of the suyridieesive

andproduction process

The currentresearchshowed thaglued tensile shear strength of the laser cut samples
reducedsignificantly, comparedto that of samples cut by contact todl$is support the
hypothesis at which the tensile shear strength decressedresult of chemical and
physical changes occurred thelaser cut surface.

Thesurface quality of the laser cut surfaces behaved differently loasbe measuring
method the processingparametersf the laserand moistureontairsin wood The lagr
cutsurfaceshowed dower average roughness withe processing parameters of 5000w,
3m/min, with focal point at one third from top surface, compared to those surfaces cut by
the tools.This resultprovesthe theorythatin comparison to sawn surfadbe average
roughness of the laser cut surface decre&ghen the processing parameters changes to
3200 w, 3 and 3.5 m/mjr21 and 17 bar, focal point at top and centre of the workpiece,
the average roughness was higher than that of cut by theTbaslisproveshe theory

at whichin comparison to sawn surface, the average roughness of the laser cut surface
decreasesThe precision of the confocal microscopy used for measuring the surface
profile was proverwhen compareavith the stylus tipmethod The laser cutsurfaceof

oak wood was smoother at high MC while the surface of beech wood at high MC showed
rougher, as compared to the surfaces of beech and oak at lolndviéaisingyaspressure

and focusing focal point at top surface was provided smoailndaces of laser cut
samples rather than those with lower gas pressure and focusing at the middle of the

workpiece.

The bondline penetration was observed from both surfaces cut with laser and the contact
tools.The contact angle of the resin was reduéasg on the charred layer of the laser cut
surface However, this is not indicating the higher penetrabbRVAC resin This result
suppors the hypothesighat wetting properties of laser cut samples redudee to
thermal modified laser cut surfac&he chemical degradation of the lignin and
hemicellulose wadetected on the laser cut surfacagpport the hypothesispming up

with the chemical degradation of the main wood comporexesed tahe laser power.
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The anatomical structuref the laser cut surfacesis influenced by the C®laser

processing parameters and the moistunetainsin the wood. The anatomical structure
of the surfacexonditioned tolower MC degraded as compared to higher MC. The
structural integrityis betterin the sample duby laser with increasing cutting speed and
focusing the focal point on top, compared titat of the samples with decreasing cutting
speed and focusing at the middle of the workpig@be. hypothesis about the anatomical

structure of the laser cut suréaaffected by laser power, is fulfilled by this result.

The findings of the current research are significantly beneficiabtiwd science in terms
of the laser cutting processhe cutquality and finally the gluability of the laser cut
samplesFor exampe, the anatomical structure of the laser cut wood providesw
insight in wood biology.Wood scientists caemploy the resultsof the gluabilityin
developinga newresin especiallyfor laser cutsurface The results of laser cut can be
modelled and dpmized by scientiss who are interested in laser cuttinthis current
research is greatly beneficial for wood industrial in practigting wood by CQlaser
providesa desirablecomplicated shapeith a shortime. Wood industries can save cost

by renoving the sharpeningrocess of tools.

This research has thrown up many questions in need of further investigatibrerwork

needs to be done to establish whether laser cutting on the softwood species behaved the
same as hardwood species. Furtheraneteshould usefully explore how the direction of

the laser cut in the perpendicular direction vary from parallel direcigperimental
investigations are needed to estimate the mathematical model for glued shear strength
with properties before and aftémser cutting. Research in other adhesive systems,
therefore, an essential next step in confirming the glued shear stremxgtriments,

using a broader range obatings could shed more light ®surface properties of the laser

cut wood.More broadly, esearch is also needed to determinedtfiesion and hardness

behavior of the lasatut surfaces whereas the product used for exterior purposes
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ARTICLE INFO ABSTRACT

Keywords: Over recent decades, laser technology is at the forefront of material processing and in the near future, probably,

Laser machine it can be considered as a replacement for traditional techniques such as sawing. This paper reports the effect of

Tensile shear strength monitor factors (cutting methods, moisture content at laser cutting, surface waviness and roughness) on tensile

De’f“‘y shear strength of glued layered wood. The process of laser cutting was applied on beech (Fagus sylvatica L.) and

Motxe conmr oak wood (Quercus robur L.). The quality of the surfaces resulted from laser cutting was measured by contact type
surface profilometer. To ascertain the bonding behavior, laser cut surfaces were bonded with polyvinyl acetate
adhesive and tensile glue shear strength was investigated on the bond-line. The results were compared with the
results on saw cut samples. The test results revealed significant influence of monitored factors on the tensile
shear strength of glued joints. The tensile glue shear strength values on laser-cut wood samples were significantly
lower than those on saw cut samples,

1. Introduction However, burning and charring are two main drawbacks of the laser

Wood is a renewable raw material, and widely used in construction
and furniture industries. Due to the increasing demand of the increasing
population, the pressure on the wood resource is tremendous. This has
caused a steady increase in the prices of wood throughout the world.
Hence rational utilization of available wood resource is quite important
to meet the ever-increasing demand of the society. Continuous efforts
are being made to minimize wastage, improve cutting precision and
make the cutting process more automotive. In this endeavor, one of the
modern techniques in wood processing is cutting wood with a laser
beam. The use of laser technology for cutting wood goes back almost to
the beginning of 1970s [1-3], particularly for cutting die in packing
industries. Nowadays, the applications of laser cutting are rapidly ex-
panded, mainly cutting wood for car interiors and wood inlays for the
furniture industries [4,5]. Positive benefits of laser cutting to increase
the yield can be summarized in two basic points: minimum kerf width
(0.1-0.3 mm) as compared to saw cut (3-6 mm) and flexibility to start
and finish cutting at any point on the board (Fig. 1). The other ad-
vantages of laser cutting over a saw cutting (conventional method) can
be specified in highly precise cut, no tool wear, lack of mechanical
stress in the work piece, low noise emission, and a smooth surface.

*Corresponding author.
E-mail address: gaffmilan@gmail.com (M. Gaff).

https://doi.org/10.1016/j.compstruct.2019.111679
Received 19 July 2019; Accepted 5 November 2019
Available online 07 November 2019
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cutting, leading to the reduction of the wood surface quality as well as
reduction in a glued joint quality [6].

The quality of a wood surface, cut by laser, is primarily dependent
on factors related to process parameters (cutting speed, laser beam
power, type and pressure of the assisting gas jet and the focal point
position), and also wood itself (moisture content, density, morphology,
etc.) [7]. Numerous studies have been carried out to find out the mutual
interaction of these factors on a cut surface quality. Branekov et al. [8]
have investigated the effect of different focal point positions on the cut
surface quality. A smooth surface with less charring was achieved when
the focal point is at or slightly above the middle of the workpiece.
Quintero et al. [9,10] demonstrated that a clean-cut quality with less
roughness is a result of increasing the beam power. Lum et al. [11]
reported that increase in feed speed increases the roughness of surface.
Wood with relatively high moisture content cut by laser reduces feed
speed [12-15]. McMillin & Harry [12] have reported that moisture in
wood increases thermal conductivity resulting in considerable energy
loss in the heating zone. Peters & Banas [16] have found that moisture
content certainly decreases the yield of the process as comparted to dry
wood, however, cut quality was enhanced due to reduction in surface
charring. Energy from laser beam breaks chemical bonds and therefore
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Fig. 1. Board and places with different quality cut by laser (LC) and saw (SC).

disrupt the integrity of material. Hence, laser cutting is a type of
thermo-chemical decomposition mechanism [11]. Despite several suc-
cessful processes of laser cutting, laser machining of wood has not been
accepted by wood industry.

1t has long been investigated that the quality of a wood surface has a
strong effect on wood bond quality. Influences of other factors on wood
bond quality such as adhesive’s types, wood species, and production
process have been extensively covered by Pizzi [17] and Landrock &
Ebnesajad [18]. The quality of the wood surface is affected by me-
chanical (cutting, sanding, and planning) and physical (drying) treat-
ments prior to gluing. A poor bonding quality can be resulted from
extremely rough surface [19]. The exact roughness value for optimal
wood bonding is not yet identified [20,21]. Another issue for the for-
mation of the poor bond is heat effects [22,23]. The heat of laser beam
changes chemically the main comp of wood (cellulose, hemi-
cellulose and lignin), and also extractive substances. Lignin content
reduces, and then demethoxylation takes place. Cellulose component
under heat exposure degrades through its depolymerization and crys-
tallization [24,25]. The i ion of the charides instead
of polysaccharides in the hemicellulose content implies its degradation
and overall reduction [25].

There are a good number of studies concerning the surface quality
of laser-cut wood but information on glue bond performance of laser-
cut wood is very scanty [26]. The aim of this paper is to investigate the
tensile shear strength of glued joints on laser cut surface and compared
to those cut by a saw.

Composite Structures 234 (2020) 111679
2. Experimental
2.1. Materials

The experiments were carried out on two wood species: Oak
(Quercus robur L.) and European beech (Fagus sylvatica L.), harvested
from the Vysocina region in the Czech Republic. Clear specimens of
dimension of 110mm x 25mm X 4 mm (length x width x thickness)
were used in the study. The single-component water-proof polyvinyl
acetate adhesive was used for gluing wood surfaces.

2.2. Methods

2.2.1. Laser and circular saw cutting

Wood samples with 2 moisture content regimes (8% and above fiber
saturation point), were cut by CO, laser machine. Moisture content of
the samples was determined according to 1SO 13061-1 [27]. Wood
density was determined according to 1SO 13061-2 [28]. The test spe-
cimens were cut from a plank using CO, laser (BLT WoodCut) with a
cutting power of 5 kW and an average cutting speed of 3 m/min. Focal
point of laser beam was set at 1/3 of sample thickness from top of the
plank. Thickness of plank was the width of test samples (Fig. 2). Cutting
width of laser beam was 0.3 mm. In case of circular saw, standard
cutting parameters for hardwoods were used.

2.2.2. Milling
The milling operation was carried out with a single-spindle milling
machine (FVS) with STEFF 2034 power feeder (Maggi Technology,
Certaldo, Italy). The machine parameters and cutter settings are:
Single-spindle milling machine FVS

o Input power (kW) 3.8
o Cutting speed (m/s) 20,
© Feed speed (m/min) 4,

Cutter head (9 125 mm)

© Clearance angle (a) 25°,

© Cutting angle of wedge (B) 45°
© Rake angle (y) 15°,

o Cutting angle (8) 75°,

The machining was performed with three two-edge processing
shaper heads (Maximus, Czech Republic) each for one angle. The mil-
ling blades were made of steel (CSN 19855) with 0.7% carbon; 4.2%

=10
- |-
25 . ‘ ‘
[ <~
<
2.9

=

b=25

—

Fig. 2. Dimensions of test sample Note: I; —sample length (mm), I; - shear area length (mm), b — sample width/shear area width (mm), h - lamella thickness (mm).
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Table 1
Mean values of measured parameters for samples cut by saw (SC) and laser (LC).
Cutting method ws W (%) fv (Mpa) Ra (um) Wa (m) Density (kg/m?) N
sc o 8 5.9 (23.8) 10.2 (11.28) 18.2 (20.81) 511 (2.37) 20
sc B 8 119 (17.6) 6.8 (14.49) 8.4 (13.61) 683 (2.26) 20
c B 8 4.2 (23.1) 5.2(9.6) 85 (11.5) 667 (2.9) 20
c o 8 22(14.2) 6.5 (11.1) 26.6 (11.0) 638 (4.8) 20
c B > FSP 7.9 (11.3) 6.2 (10.9) 78 (124) 662 (3.2) 20
c o > FSP 5.4 (16.2) 45 (19.0) 10.4 (14.9) 787 (3.0) 20
O - Oak, B - Beech, Values in parentheses are coefficients of variation (CV) in %.
Table 2
One-way ANOVA evaluation for i ions of d factors on tensile shear strength.
Cut by laser
Monitored factor Sum of squares Degree of freedom Variance Fisher’s F - Test Significance level P
Intercept 1718771 1 1718.771 928.2396 AR
Interaction of monitored factors 285.424 3 95.141 51.3821 *hh:
Error 124.060 67 1.852
The respective model explains roughly 100% of the total sum of squares.
Cut by laser
Monitored factor Sum of squares Degree of freedom Variance Fisher’s F - Test Significance level P
Intercept 4774222 1 4774.222 1487.797 —
Interaction of monitored factors 531.276 1 531276 165.562 ik
Error 186.117 58 3.209
The respective model explains roughly 55.4% of the total sum of squares.
*#* _ significant. The level of significance was accepted at P < 0.05.
Table 3
ANOVA evaluation for interactions of defined factors on Ra.
Cut by laser
Monitored factor Sum of squares Degree of freedom Variance Fisher’s F - Test Significance level P
Intercept 2039.681 1 2039.681 2369.004 ik
Interaction of monitored factors 46.850 3 15.617 18.138 i
Error 54.242 63 0.861
The respective model explains roughly 87.0% of the total sum of squares.
Cut by laser
Monitored factor Sum of squares Degree of freedom Variance Fisher’s F - Test Significance level P
Intercept 4351.479 1 4351.479 1521.692 ot
Interaction of monitored factors 179.527 1 179.527 62.780 i
Error 165.859 58 2.860

The respective model explains roughly 60.3% of the total sum of squares.

*kx _ signifi The level of signifi

was accepted at P < 0.05.

I ium; 18% and 1.5% di

2.2.3. Roughness and waviness
Surface roughness (Ra) and surface waviness (Wa) measurements

were performed using a stylus type surface profilometer (Form Talysurf
Intra 2, Leicester, UK). The instrument records the surface profile by
measuring the height, width and shape of peaks and ridges on the
machine surfaces. Average surface roughness (Ra) measured as the

57




M. Gaff, etal

Table 4

Composite Structures 234 (2020) 111679

ANOVA evaluation for interactions of defined factors on Wa values on samples cut be laser.

Cut by laser

Monitored factor

Sum of squares Degree of freedom Variance Fisher’s F - Test Significance level P
Intercept 11567.11 1 11567.11 1176.163 whw
Interaction of monitored factors 3664.36 3 1221.45 124.199 AR
Error 619.58 63 9.83
The respective model explains roughly 58.4% of the total sum of squares.
Cut by laser
Monitored factor Sum of squares Degree of freedom Variance Fisher’s F - Test Significance level P
Intercept 10585.17 1 10585.17 1160.483 whk
Interaction of monitored factors 1445.00 1 1445.00 158.420 il
Error 529.04 58 9.12
The respective model explains roughly 56.4% of the total sum of squares.
NS - not significant. *** — significant. The level of significance was accepted at P < 0.05.
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Fig. 4. Effect of the interaction of the monitored factors on tensile glue shear
strength values-fv (MPa) cut by laser.
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Fig. 5. Effect of the interaction of monitored factors on tensile shear strength
values fv (MPa) cut by saw.

arithmetic averages of the absolute values of all the deviations of peaks
and ridges from the mean. Waviness refers to the arithmetic mean de-
viation of the waviness profiles (Wa) measured on the edge surface. The
recorded surface profiles were processed in the connected computer
and the values of Ra and Wa were displayed.

Interaction of collected factors

Fig. 6. Effect of the interaction of monitored factors on roughness values (Ra)
cut by laser.
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Fig. 7. Effect of the i ion of
values cut by saw.
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values (Ra)

2.2.4. Tensile shear strength (TSS)

Adhesive was applied manually on the surface as a single-sided
coating of 150 g/m? to 180 g/m?. Viscosity of used adhesive was 5000
to 7000 mPa s. The adhesive was applied on the wood surface and cold-
pressed for 90 min. Samples were conditioned at 65 + 3% RH and
20 * 2 °C temperature to achieve an equilibrium moisture content
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LC-B8 LC-Q-8 LC-B->FSP  LC-Q->FSP
Interaction of collected factors
Fig. 8. Effect of the 1 ion of d factors on values (Wa)
cut by laser.
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Fig. 9. Effect of the interaction of monitored factors on waviness values (Wa)
cut by saw.

(EMC) of 12%. Tensile shear strength (TSS) was assessed using lap joint
test according to EN 205 [28] (Fig. 2). Tensile-shear strength was de-
termined using the universal testing machine UTS 50 (TIRA, Germany).
Aconstant loading speed was setat 5 = 0.5 mm,/min such that the time
required to reach failure was between 30 s and 50 s. Maximum loading
force was directly recorded into a computer.

2.3. Evaluation and calculation

The tensile-shear strength was calculated according to EN 205 [28]
as per the following equation.

_ B
L.b

7

where 7 is the tensile-shear strength parallel to the fibers (MPa), Fruax is
the maximum loading force recorded at the breaking point (N), I, is the
length of the shear area (mm), and b is the width of the shear area
(mm).

The shear bond strength values were evaluated using MANOVA,
specifically utilizing Fisher’s F-test in STATISTICA 13 software (Statsoft
Inc., Tulsa, Oklahoma, USA). The results were evaluated using 95%
confidence interval which reflects a significance level of 0.05
(P < 0.05).
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Table 5
Comparison of the effect of the i ions of d factors d on
samples cut by laser.
Tensile shear strength
Method Interaction of (1)4.2465 (2)2.2358 (3) 7.8898 (4)5.4292
monitored factors
1 1CB8
2 1CQ-8 0.00
3 LCB- > FSP 0.00 0.00
4 LCQ- > FsP 0.01 0.00 0.00
Ra (um)
Method Interaction of 1521  (2)6.54 (D618 (4447
monitored factors
1 LC-B-8
2 16-Q-8 0.000
3 LC-B- > FSP 0.004 0.273
4 LCQ- > FSP 0027 0.000 0.000
Wa (um)
Method  TInteraction of (1) 8.54 2)2657 (3)7.83 (4)10.40
monitored factors
1 1C-B-8
2 LCQ-8 0.000
3 1C-B- > FSP 0521 0.000
4 LCQ- > FSP 0.097 0.000 0.030
Table 6
Comparison of the effect of the i d factors d on
samples cut by saw,
Tensile shear strength valies
Method Interaction of monitored factors (1) 4.2465 (2)2.2358
1 sC0 0.000
2 SC-B 0.000
Ra (pm)
Method Interaction of monitored factors (1) 10.246 (2)6.7864
1 SC-0 0.000
2 SC-B 0.000
Wa (um)
Method Interaction of monitored factors (1) 18.190 (2)8.3748
1 SC-0 0.000
) SCB 0.000

2.4. Categorization of type of failure

After tensile shear test, the failure occurred in the interface area of
each sample was visually assessed. The failure analysis was done ac-
cording to adhesive failure, wood failure and cohesive failure, as shown
in Fig. 3. The failure occurred in the interface area of specimens cut by
laser was compared to those cut by saw. Each failure was quantified
based on the proportion of failure surface with respect to the total in-
terface area.

2.5. Microscopy

Both the surface and the section of the glue lines were observed with
a MIRA 3 electron microscope (Tescan Orsay Holding, Brno, Czech

public) with a dary electron d P d at 15 kV accel-
eration voltage. The used working distance was 8 mm, and the spot size
was 4 nm. The vacuum mode was set as follows: gun pressure,
1 x 107® Pa; column pressure, 6 x 10~* Pa; chamber pressure,
8 % 102 Pa. The elemental compositions of the section of the glue line
were examined by an energy dispersive spectroscopy system (Bruker
XFlash X-ray detector, Karlsruhe, Germany, and ESPRIT 2 software).
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Table 7
Spearman's correlation for analyzed values and individual on samples cut by saw.
Variable Interaction of monitored factors fv (MPa) Ra (pm) Wa (um) Density (kg/m%)
Interaction of monitored factors 1.000
fv (Mpa) 0.864 1.000
Ra (um) -0.762 -0.724 1.000
Wa (um) -0.853 -0.814 0.855 1.000
Density (kg/m3 0.866 0.754 —-0.664 -0.801 1.000
Correlations (SC 7v*60c)

A

Correlations (LC 10v*71¢)
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Fig. 10. Correlation matrix of the analyzed values and individual on samples
cut be saw.

Hydrogen is not detectable by the method used.

3. Results and discussion

Monitored factors (MF), including moisture content, wood species
(WS), and cutting methods with mean values of measured tensile shear
strength (TSS) and average values of roughness (Ra) and waviness (Wa)
are shown in Table 1.

Effect of all MF on TSS of samples cut by laser was analyzed and
compared to those constituted of saw cut wood (Table 2). Based on one-
way analysis, interaction of all MF had a statistically significant effect
on TSS values of bond-line constituted of beech and oak samples cut by
laser (BBL & BOL), as well as on TSS of bond-line constituted of beech
and oak samples cut by saw (BBS and BOS).

One-way analysis data given in Table 3 indicates a statistically
significant effect of interaction of all MF on Ra values of beech cut by
laser (BL) and oak cut by laser (OL). In a similar way, Ra values of the
beech cut by saw (BS) as well as oak cut by saw (OS) were also affected
by interaction of all MF.

Influence of interaction of all MF on Wa values of BL and OL was
proved by one-way analysis. The effect of all MF on Wa of BS and OS
was also confirmed by one-way analysis. (Table 4).

Relationship between TSS of lase cut samples and the MF is shown
in Fig. 4. Both wood species as well as moisture content of wood during
laser cutting affected the TSS. At any particular moisture content, BL

Fig. 11. Correlation matrix of monitored factors on measured tensile shear
strength, and Ra and waviness of samples cut by laser.

samples exhibited higher TSS as compared to OL wood samples. BL
samples at 8% moisture content had almost 90% higher TSS values as
compared to OL samples. Similarly, the difference in TSS between both
the wood species was about 46% in case of samples laser cut at moisture
content above FSP. The highest TSS value (7.8 MPa) among all sets of
the MF belongs to beech wood cut with a moisture content above FSP,
while the lowest value belongs to oak wood (2.3 MPa) cut at a moisture
content of 8%.

Moisture content of wood during laser cutting was also found to
have very significant effect on the TSS of bondline irrespective of the
species (Fig. 4). Samples, with moisture content above FSP, when laser
cut, offered a stronger TSS than samples laser cut at 8% moisture
content. The improvement in the TSS values between both the two
moisture content regimes was 88% in case of beech wood samples and
145% in case of oak wood samples. Results pertaining to TSS on saw cut
samples are depicted in Fig. 5. Saw cut was performed only on wood
samples having 8% moisture content. Similar to laser cutting, beech
wood samples exhibited significantly higher TSS as compared to oak
wood and the difference was almost two times. When compared with
the laser cut samples, the TSS values obtained on saw cut samples were
significantly higher in both the species. Laser cutting caused 65% re-
duction in TSS on beech wood samples while the reduction was about
63% on Oak wood samples as compared to the saw cut samples. Similar
results have been reported in the literature [29]. The authors reported
75.3% decrease in the glue bond strength on laser cut samples without

Table 8
Spearman's correlation for analyzed values and individual on samples cut by laser.
Variable Interaction of monitored factors fv (Mpa) Ra (um) Wa (um) Density (kg/m®)
Interaction of monitored factors 1.000
fv (Mpa) 0.371 1.000
Ra (um) -0.355 —-0.042 1.000
Wa (um) -0.101 -0.660 0.220 1.000
Density (kg/m3 0.647 0.148 -0.529 -0.128 1.000
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Table 9
Samples (%) with different types of failures observed in the interface area.
Monitored factors Categorization
m 2) ®
Cutting WS W (%) Samples with Samples with Samples with
method adhesive failure wood failure cohesive failure
) ) (%)
Lc B 8 100 0
Ic Q 8 93.4 0 6.6
LC B > FSP 100 0 0
©c Q > FSP 100 0 0
Cutting method WS W (%) Samples with adhesive failure (%) Samples with wood failure (%) Samples with cohesive failure (%)
sc Q 8 18.3 817 0
SC B 8 26.7 73.3 0

WD: 16.39 mm
Det: SE
Date(m/dly): 01/30/19

v
SEM HV: 15.0 kv
View field: 277 pm
SEM MAG: 1.00 kx

MIRA3 TESCAN|
czu
Fig. 12a. Surface of oak wood cut with a laser at 8% moisture content,
sanding as compared to saw cut samples. Sanding of the cut surfaces

prior to gluing improved the bond strength significantly, although, it
was still substantially lower (34.5%) as ¢ d to saw cut les. In

A

SEM HV: 15.0 kV
View field: 277 ym
SEM MAG: 1000 x

WD: 16.76 mm
Det: SE
Date(m/dly): 01/30/19

50 pm

Fig. 12b. Surface of oak wood cut with a laser at maximum moisture content.

laser cut wood. Ra of oak wood was reduced significantly (30%) while
that of beech wood marginally increased (18%) as compared to the Ra
of ples laser cut at 8% moisture content. Fig. 7, as a reference,

order to find out the plausible reasons for poor TSS on laser cut samples,
further analysis on surface quality, interface failure and microscopic
observation of laser cut surfaces were performed.

Ra and Wa are the two important parameters of surface quality.
Effect of laser cutting on the Ra was different on both the species at any
particular moisture content (Fig. 6). While, it is not logical to compare
the Ra of the two species (beech and oak) as the cellular composition,
particularly the size and distribution of pores which also contributes to
Ra, are different for both the species, the purpose of comparison was to
assess the efficacy of laser cutting in providing a better surface. The Ra
values of oak wood samples laser cut at 8% moisture content was 20%
higher than the Ra of beech wood samples laser cut at same moisture
content. However, the observations on Ra were completely opposite
with oak wood having 27% lower roughness than beech wood when
samples were laser cut at moisture content above FSP. The results also
indicate a variable effect of moisture content on the surface quality of

shows the relation between the MF and the Ra of saw cut samples. The
Ra of saw cut beech wood was lower than that of oak wood and the
reason being the fine wood texture of beech wood over oak wood. Si-
milar trend has been reported in the literature [29]. Comparison of two
cutting methods suggest that, the surface resulted from laser cut has a
lower roughness, as compared to the saw cut surface. The reduction in
Ra due to laser cut was more prominent in oak (36%), a course texture
wood than the beech (24%) which is a fine textured wood.

Ra is idered as a dary factor (adl ’s type, wood spe-
cies, processing parameters, etc.), contributing to a glue bond perfor-
mance. To elucidate this contribution, the resulted data from Ra were
compared to resulted data from TSS in the case of laser and saw cuts. It
seemed that the rougher surface in the samples cut by saw provided
higher TSS, while less roughness provided lower TSS in the samples cut
by laser. This can be described by mechanical interlocking theory
[30,31]. Rougher surface allows more adhesive penetration into wood,
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SEM HV: 15.0 KV WD: 14.33 mm MIRA3 TESCAN|
View field: 277 pm Det: SE 50 pm

SEM MAG: 1.00 kx | Date(mdly): 01/25/19 czu

Fig. 13a. Cross section of joint after joint failure — beech specimen cut with
laser

MIRA3 TESCAN

SEM HV: 10.0 kV WD: 4.5 mm
View field: 554 ym Det: SE 100 pm
SEM MAG: 500 x | Date(m/dly): 01/25/19 czu

Fig. 13b. Cross section of joint after joint failure — oak specimen cut with laser.

leading to increase in surface area and glue bond strength [32,33].
Another remarkable issue probably is that micro-cracks were covered
by cured adhesive on wood surface, resulting in increasing glued bond
strength [33]. However, good bond strength can also be achieved on
less rough surfaces with low adhesive penetration. It is noticeable to
mention that the resulted data from Ra is different when comparing two
species (Beech & oak) with one type of cutting method (saw or laser).
The lower value of Ra, the higher tensile shear strength of samples cut
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by saw was achieved. The similar trend was also found between two
species when samples cut by laser. Thus, the quantity of Ra in regards to
TSS was varied when comparison was made between samples with the
same cutting method and different cutting method. Based on the var-
iations, it can be argued that rougher or smoother surface did not play
an important role in resulted low shear strength on samples cut by laser.
Probably, other potential factors play a significant role in reduction of
the shear strength.

The effect of the MF on the surface waviness of lases cut samples is
shown in Fig. 8. The waviness values were lower for beech wood as
compared to oak wood at both the moisture regimes. Moisture content
of wood during laser cutting has a significant effect on the surface
waviness. Laser cutting of greenwood (above FSP moisture content)
resulted in significant decrease in surface waviness as compared to laser
cutting of dry wood (8% moisture content) and the reduction was more
pronounced in oak (61%), a course textured wood as compared to
beech (8%), a fine textured wood. The results pertaining to the surface
waviness of saw cut samples are shown in Fig. 9. Like laser cutting,
surface waviness of oak is also higher than that of beech wood in saw
cutting. While the waviness values of both the cutting methods were
almost similar in beech wood samples, the waviness values were sig-
nificantly lower (32%) in saw cut oak samples than laser cut samples.

Tables 5 and 6 illustrates statistical relationship between the MF and
the analyzed characteristics of the samples cut by laser and saw. It is
clear from Table 5 that there is a statistically significant difference
between the MF and analyzed characteristics of samples cut by laser.
However, there is not a statistically significant difference between the
waviness values of the BL with a moisture of 8% and the OL with a
moisture above the FSP. Also, the analysis of the waviness values be-
tween the BL with a moisture of 8% and the BL with a moisture above
the FSP showed no statistically significant difference. It is obvious from
the data in the Table 6 that there is a statistically significant different
between the MF and analyzed ch: istics of the samples cut by saw.

The results provided in Table 7 show numerous high degrees of
dependence between the MF and the analyzed characteristics of the
samples after saw-cut. Further, the degrees of dependence between the
analyzed characteristics is also provided. All the characteristics affect
the glue shear strength. While density affects the glue shear strength
positively, Ra and surface waviness affect the TSS negatively. Fig. 10
shows the upward/downward trend occurred between the MF and the
analyzed characteristics of the samples after saw cut.

The degree of dependence between the MF and the analyzed char-
acteristics of the samples after laser-cut was considerably lower as
compared to those of saw cut (Table 8). There is a relatively high degree
of dependence only between waviness and TSS as well as Ra and density
in the samples cut by laser. Fig. 11 shows the upward/downward trend
occurred between the MF and the analyzed characteristics of the sam-
ples after laser-cut.

4. Categorization of type of failure

The results pertaining to failure occurred in the interface area of
specimens is shown in Table 9. It is evident from the table that the
failure in the interface was due to adhesive, cohesive or wood failure. It
is obvious from the table that adhesive failure is the most common
failure type in laser cut samples followed by cohesive failure irrespec-
tive of the species studied. Further, adhesive failure in both the species
was most prevalent than cohesive failure on samples laser cut at higher
moisture content (above FSP) than samples cult at lower moisture
content. None of the laser cut samples failed due to wood failure.
Analysis of failure type on saw cut samples indicate quite contrasting
results. Barely 10% of the saw cut samples failed due to adhesive failure
while majority of the samples failed due to wood failure irrespective of
the wood species. Adhesive failure on laser cut samples suggests poor
bonding between wood surface and the adhesive.

Laser cutting of wood is accomplished by degradation of chemical
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