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Abstract

Aim of the study: In this study, the influencing factors on the capability of adhesion in Uludag Fir
(Abies bornmiilleriana Mattf.), Chestnut (Castanea sativa Mill.) and Poplar (Populus tremula L.) woods
were investigated

Material and Methods: An important problem is that wood have different wettability that makes the
bonding process difficult. Influence of PVAc-D3 and PU-D4 adhesives, which are widely used in the
furniture industry, on wetting properties was evaluated by contact angle measurement analysis. Bonding
strengths of the laminated veneers, which were untreated, treated in two hours at -20 °C and 60 °C
temperatures, water immersion, and water vapor, were determined. Influence of adhesives on the wetting
properties was evaluated by contact angle measurement analysis. The adhesion line to determine
wettability was investigated with scanning electron microscopy (SEM), and energy dispersive X-ray
analysis (EDX).

Main results: The results indicated that bonding strength of chestnut wood was determined to be
higher than poplar and Uludag fir for all applications. The results generally showed that the applied
treatments were resulted in a decrease in bonding strength for both types of adhesive. The lowest bonding
strength was determined when the specimens were exposed to water immersion. The results clearly
indicate that the surface wettability measurements were informative for forming of adhesion layers.
According to the EDX analysis, a decrease of carbon and oxygen was observed in the transition from
adhesive to wood.

Research highlights: The adhesion capabilities were directly related to wood density and different
treatment factors. The different wood species and adhesives used affected on wettability.
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Odunun yapisma kabiliyetini etkileyen faktorlerin incelenmesi

Ozet

Calismanin amaci: Bu ¢alismada, uludag goknar1 (Abies bornmiilleriana Mattf.), kestane (Castanea
sativa Mill.) ve kavak (Populus tremula L.) odunlarinda yapigma kabiliyetine etki eden faktorler
aragtirtlmustur.

Materyal ve Yontem: Odunun farkli 1slanabilirlik 6zellige sahip olmasi, yapisma siirecini zorlastiran
onemli bir problemdir. Mobilya endiistrisinde yaygmn olarak kullanilan PVAc-D3 ve PU-D4
yapistiricilarinin  1slatma  6zellikleri temas agis1 Olglimii ile degerlendirilmistir. Lamine edilmis
kaplamalar, 2 saat siireyle -20 °C ve 60 °C sicakliklarda su ve su buharinda bekletme islemlerine tabii
tutulmus ve Orneklerin yapigma mukavemetleri belirlenmistir. Ayrica yapistiricilarin aga¢ malzemeyi
islatabilme kabiliyeti temas acist 0l¢iim analizi ile degerlendirilmistir. Islanabilirligin belirlenmesi i¢in
yapigsma hatti, taramali elektron mikroskobu (SEM) ve enerji dagilimli X-i1sin1 analizi (EDX) ile
incelenmistir.

Sonuglar: Tim iglemler i¢in Kestane odunun yapisma direncinin kavak ve géknar odununa gore daha
yiiksek oldugu belirlenmistir. Genel olarak sonuglar, uygulanan islemlerin her iki yapistirici tipi i¢in
yapisma direncinde bir azalmaya neden oldugunu gosterdi. En diisiik yapisma direnci, suda bekletilen
orneklerde belirlenmistir. Yiizey islanabilirlik 6l¢timlerinin, yapisma katmanmn olusmasi hakkinda bilgi
verici oldugu goriilmiistiir. EDX analizine gore, yapistiricidan oduna gegiste karbon ve oksijen azalmasi
gozlemlenmistir.

Aragtirma vurgular:: Yapisma kabiliyeti dogrudan odunun yogunlugu ve ¢esitli uygulama faktorleri
ile ilgili oldugu belirlenmistir. Kullanilan farkli odun tiirleri ve yapistiricilar 1slanabilme 6zelligini etkiler.

Anahtar Kelimeler: LVL, Yapisma direnci, Islanabilirlilik, Is1 iletkenligi, EDX, SEM
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Introduction

Wood  characteristics are  unusual
compared to almost any other structural and
engineering material. Meanwhile, increased
demand for wood has caused a considerable
reduction in forest resources. To meet this
ever-increasing demand, it is necessary to
use appropriate manufacture techniques for
the best yield (Aydin et al. 2004). Because of
wood material has hygroscopic and
anisotropic structure, use of layered materials
improve undesirable structural properties.
Therefore, laminated wood and wood joints
may be utilized as a substitute for solid wood
as they retain the structural features of wood
(Kamala et al. 1999). Veneers obtained from
medium or small diameter logs can be
converted into laminated wood or glued
parallel laminates, which have all the
features of thick wood boards (Kilic et al.
2006). Bonding strength of laminated wood
and wood joints can be categorized as
parameters of the bonding process, features
of the resin and the adhesive mix, and wood-
related parameters (Gavrilovic-Grmusa et al.
2012). For a good adhesion capability;
surface roughness and wettability of wood
are very significant. The adhesive properties
such as wet flow, penetration, and cure on
wood surface have a significant role in the
ability of an adhesive (Wang et al. 2007).
Understanding of the interaction of liquids
with solid substrates is important. Therefore,
wettability measurements are a useful
method for determining the thermodynamic
behavior of wood surface because it is
adhesive bonded in 70% of all applications
(Gardner et al. 1991).

Wettability of wood is frequently
evaluated by measuring the contact angle of
a droplet on the side by evaluating its
progress with respect to time (Shi and
Gardner 2001). The lower the contact angle,
the greater the wettability. Yorur et al. (2017)
determined the effect of surface roughness on
wettability of Pine, Beech and Fir using
PVAc adhesive. As a result; the wetting
angle is affected by the change of surface
roughness. Penetration of an adhesive into
the wood is an important part of the bonding
process (Frihart 2005). The lumens of cells
are large enough to provide a good pathway
for liquid-phase resin flow. Interconnecting
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pits are often adequate to permit resin flow.
However, high molecular weight resins or
occlusions in the pits or lumens may inhibit
flow (Kamke and Lee, 2007). Also, the same
study states that adhesive penetration into the
wood may be categorized into gross
penetration which results from the flow of
liquid resin into the porous structure of
wood, mostly filling cell lumens, and as well
as cell-wall penetration that occurs when
resin diffuses into the cell wall or flows into
micro fissures. The wettability can be
influenced by various factors such as
heterogeneity and  porosity, chemical
components of the wood surface, wood grain
direction, extractives, acidity (Buyuksari et
al. 2011). In addition, surface roughness is
very important in applications such as
utilization of adhesive in wood (Sulaiman et
al. 2009). Smoother surfaces have higher
bonding strengths compared to rougher
surfaces (Buyuksari et al. 2011, Sogutlu
2017). Surface roughness values can be
affected by various factors such as cross
grain, rays, annual ring width mature and
juvenile wood, reaction wood, ratio latewood
and earlywood, knots, and specific cell
structures, wood density (Dundar et al.
2008). It is assumed that these different
bonding strength values of the adhesives
stemmed from the differences between their
technological structures, penetration of the
adhesive, reaction mechanisms and adhesive-
cohesive bonding characteristics (Kaygin and
Tankut 2008, Yorur et al. 2014).

In this study, the influencing factors on
the capability of adhesion in Uludag Fir,
Chestnut, and Poplar veneers were
investigated. Influence of PVAc-D3 and PU-
D4 adhesives, which are widely used in the
furniture and construction industries, on
wetting properties was evaluated by contact
angle measurement analysis.

Material and Method
Woods

The specimens of Uludag Fir (Abies
bornmiilleriana Mattf.), Chestnut (Castanea
sativa Mill.), and Poplar (Populus tremula
L.) were chosen from non-deficient, knotless,
normally grown (without zone line, without
reaction wood and without insect, fungi
damages) wood specimens. The wood
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specimens were obtained from Karabuk and
Bartin, located at west point of the Black Sea
Region in Turkey.

Adhesives
Polyvinyl ~ Acetate (PVAc-D3) and
Polyurethane-based (PU-D4) adhesives,

which are usually used for the assembly
process in the furniture industry, were
employed. PVAc-D3 has a viscosity of
14000 mPa.s and a density of 1.05 g/cm? at
20 °C (Wurth, producer firm, 2018). PU-D4
which is described as a polyurethane-based
one-component adhesive with a viscosity of
6000 mPa.s and a density of 1.10 g/cm? at 20
°C (Soudal, producer firm, 2018).

Wettability

PVAc-D3 and PU-D4 adhesives were
dropped on wood substrate of the specimens
of 50x50x10 (width x length % height) mm
at room temperatures. Dynamic contact angle
measurements were conducted by Casio Pro
EX-F1 (1200 fps) model camera. PVAc-D3
and PU-D4 adhesives were dropped on
substrate surfaces through an adjustable
injector. The views of drops were caught at
the 0, 5th, 15th, 30th, 60th and 150th seconds
and these images were transferred into
AutoCAD 2017 to measure contact angles of
each drop from the right and left profiles.
These processes repeated three times and
mean angle values were calculated and the
diagrams were drawn through the Sigma Plot
12.0 Software (Omag et al. 2017).

Determination of Moisture Content and
Density

The moisture content of the wood
specimens before bonding was determined
according to TS 2471. The densities of the
wood materials were determined according
to TS 2472.

Bonding Strength

Each of the specimens was subjected to
the bonding test in a 5-ton universal test
machine. The loading speed of the machine
during the experiment was adjusted to 2
mm/min.
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SEM and EDX

The SEM studies were conducted to
analyze of the adhesion on cell walls. Ultra-
structural observations were operated at 15
Kv using a Hitachi 4500 SEM (Zeiss,
Munich, Germany). EDX is an X-ray
technique used to identify the elemental
composition of materials and this technique
is non-destructive.

The bond line was analyzed by means of
EDX spectroscopy to investigate distribution
of adhesives within the wood. Specimens
with the size of 20 mm % 10 mm %10 mm
were cut from bonded wood.

Preparation of Experiment Specimens

The wood specimens at the dimensions of
6 (h) x 100 (w) x 900 (I) mm were cut in
tangential orientations with 3200 rpm of a
circular sawing machine. After the specimens
were calibrated and prepared for the adhesion
surfaces, surface roughness, and wetting. The
surface roughness was measured by mean
arithmetic deviation of profile (Ra) and
maximum roughness (Ry) accordance with
DIN 4768 standard from tangential surface of
woods. A Mitutoyo SJ-310 instrument was
used to measure surface roughness. The
instrument has a measuring speed of 10
mm/min, a needle radius of 5 um and a 90°
shaft angle. The specimens were bonded with
PVAc-D3 and PU-D4 adhesives. The
adhesives were applied to tangential surface
of veneer at a rate of 200 g/m? The
specimens were compressed by using a
pressure of 1.5 N/mm? for one hour at 50 °C
for PVAc-D3 and two hours at 20 °C for PU-
D4. A total of 300 specimens were prepared
by considering three wood types, two
adhesive types, five different treatments, and
ten experimental trails for each laminated
veneer. The laminated veneers were sized at
10 x 20 x 150 mm dimensions according to
BS EN 205 standard. The test specimens
were kept two hours at -20 °C and 60 °C
temperatures, water immersion, and water
vapor at 50 °C to determine bonding
performance under different ambient
conditions. After that, they were tested on a
Universal Test Machine. The thermal
conductivity of solid wood and laminated
veneer specimens was measured by a quick
thermal conductivity meter according to
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ASTM C 1113-99 hot-wire method by QTM
500 meter.

Results and Discussion

The main objective of this study was to
examine the relation between the adhesives
and the wood species. The major findings
obtained were explained in detail with
respect to density, moisture content (MC),
wettability, surface roughness, thermal
conductivity, bonding strength.

Density

The density changes after treatment were
measured for all wood specimens as shown
in Table 1. density of a wood is mainly
related to porosity, cell wall thickness, etc.
The density affects many factors such as,
surface roughness, wettability, adhesion and
strength.

When the average values of density were
compared, the highest density (0.751 g/cm3)
was found in Chestnut samples, while the
lowest density of the oven-dried group was
observed in the Poplar samples (0.328

g/cm3). Density is one of the main character
traits for wood. But, the amount of shrinking
and swelling with changes in moisture
content is also an important factor where
long-term serviceability of glue joints are in
particular, required (Selbo, 1975). MC in the
structure of wood can affect the bonding
strength to structure of the adhesives (Uysal
and Kurt 2005). The optimum moisture
content in the wood is about 6-12% for good
adhesion (Kaya 1977).

Wettability

Wettability is closely related to
hydrophilicity. Also, Penetration ability is
directly related to wettability. Adhesives
penetrate in the wood. Therefore, it is more
important wettability for adhesion line. In the
study, the wettability of wood surfaces was
examined by sessile drop technique. The
relationship between the time-dependent
behaviors of a drop for wood substrates was
depicted in Fig. 1 and also Fig. 2 showed
contact angles of adhesives.

Table 1. Density values of wood species based on treatments [gr/cm?®]

Oven-dry  Air-dry Water Water
(0) - [} o]
Wood type  MC [%] density density 20°C 60 °C immersion vapor
Uludaa Fir ~ 10.6 0.401 0.460 0.510 0.430 0.730 0.675
g ' (0.01) (0.02) (0.06) (0.01) (0.15) (0.07)
0.477 0.534 0.549 0.522 0.751 0.576
Chestnut - 10.6 (0.01) (0.01) 0.08)  (0.01) (0.14) (0.09)
Poplar 105 0.328 0.339 0.355 0.333 0.656 0.519
P : (0.04) (0.02) (0.04) (0.01) (0.23) (0.11)

* Values in parentheses are standard deviations.
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Figure 1. Time-dependent drops of PVVAc-D3 and PU-D4 adhesives on Fir, Chestnut and Poplar
wood substrates
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Figure 2. Contact angles of adhesives for Fir (a) Chestnut (b), and Poplar (c)

Influence of adhesives on the wetting wettability has deteriorated with increasing
properties was evaluated by contact angle surface roughness.
measurement analysis. As it can be seen in
Fig 1, the measured contact angle values Bonding Strength
were affected by the wood density and The Average bonding strength values,
adhesive. The contact angles of PVAc-D3 surface roughness and thermal conductivity
and PU-D4 adhesives for the ranges of 0-150 of control specimens and laminated veneers
sec. were given in in Fig. 2. based on the different treatments are given in

The relationship between the contact Table 2. The higher bonding strength was
angle and the time was given in Fig. 2. A determined at Chestnut specimens in
sharp decrease in the contact angle of PU-D4 comparison to Poplar and Fir. When the
was observed for approximately at the first adhesive types after treatment are compared
30 s for all wood specimens. For PVAc-D3 the bonding strength of PVAc-D3 was higher
adhesive, the contact angle decreases than of PU-D4 except for the specimens
suddenly at about 10 s, but the adhesives treated with water immersion and water
were almost regained the initial form due to vapor. PU-D4 gave better results at water
the high cohesive force of adhesives. At a immersion and water vapor treatments.
low wetting velocity, the roughness of a According to the control samples, it can be
hydrophilic surface enhances the wetting said that the temperatures of -20 °C and 60
process. As the wetting velocity increases to °C, water immersion and water vapor
a critical value, the surface roughness starts treatments were decreased the bonding
to inhibit wetting (Zhao et al. 2014). So, the strength.

Table 2. Average values of bonding strength of control and different treatment specimens.
Wood Thermal
surface  conductivity
roughness [w/m.K] Wood Adhesives

Average bonding strengths [N/mm?]

. species
[pm] LVL Solid Control -20°C 60 °C . Water Water
wood Immersion vapor
Ra4.86 0.135 PVAc-D3 789 585  6.79 2.86 5.75
(0.59) 0138 0.177 Uludag Fir
Ry6.31 PU- D4 6.98 539 641 4.07 5.77
Ra6.44 0.143 PVAc-D3 934 701 854 3.37 6.88
(0.4) 0164 0.188  Chestnut
Ry859 - PU- D4 924 666 822 5.38 7.04
Ra9.8  0.122 PVAc-D3 770 561  7.27 2.52 5.47
(0.70) 0.152 0.174 Poplar
Ry 1259 PU- D4 701 546 691 4.75 5.61

* Values in parentheses are standard deviations.

As shown in Table 2, after the treatment affect the bonding of laminated veneer panels
of laminated veneers, the bonding strength like in solid wood (Colak et al. 2004). As the
was greatly reduced for both adhesives. The moisture of the bonded wood increases, the
highest loss at bonding strengths was fibers in the bonding line swell and the
determined about 65% at the Poplar adhesive strength decreases. Water-based
specimens treated with water immersion. In adhesives degrade at high temperatures and
this study, the lowest bonding strength was humidity. Altinok (2002) reported that the
found in Poplar-PVAc-D3 specimens (2.52 bonding strength of laminated veneer are

N/mm?) threated with water immersion. decreased at treatments of 80 °C
Kaygin and Tankut (2008) stated that the temperatures.
lowest bonding strength was due to cell Roughness is very important for bonded

structure of wood and its over porosity of solid woods. Obtaining smoother surfaces
structures.  Changes in moisture content could possibly be related to the changes of
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components in the cell wall (Bakar et al.
2013). In this study, surface roughness values
were ranged between 4.86 um and 9.8 um.
Surface roughness of wood specimens affect
the wettability and bonding strength.

The thermal conductivity of the bonded
veneer based on all treatments decreased by
30% when compared to solid wood. It was
determined that the wveneer bonding
treatments decreased thermal conductivity.
Besides bonding veneer with PVAc-D3 had a
lower thermal conductivity value than of PU-
D4 (decreased by up to 20 %). Besides, as it
was seen in Table 2, the density determined
to affect the thermal conductivity values.

SEM and EDX

SEM studies were conducted to determine
penetration in wood of PU-D4 and PVAc-D3
adhesives. The SEM images of adhesive line
are given in Fig. 3, 4a and 4b.

e TR

Adhesive Line

Poplar wood

2 ) 60 80 100
Point number

Figure 3. SEM image of chestnut veneer
bonded with PVAc-D3.

The adhesive and wood were scanned by
SEM and the selected points simultaneously
were analyzed by EDX, as shown in Fig. 4c
and 4d.

Poplar wood

;S D, '
20 40 60 80 100
Point number

Figure 4. SEM images of Poplar wood specimens show PU-D4 adhesive line (a), PVAc-D3
adhesive line(b). EDX analysis of PU-D4 adhesive line and poplar wood(c), EDX analysis of
PV Ac-D3 adhesive line and poplar wood (d).
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As seen in Fig. 4, PU-D4 adhesive wetted
with a low contact angle in comparison to
PVAc-D3 adhesive contact angle. The
bonding performance of wood veneer was
improved by the interfacial penetration of the
adhesive. On the other hand, too much
adhesive can deteriorate formation of an
adhesive layer and directly influence bonding
performance. The final product can be
affected by the penetration depth of the
adhesive (Gu et al. 2016).

Conclusions

In this study, the influencing factors on
the capability of adhesion in Uludag Fir,
Chestnut, and Poplar veneers were
investigated. Density of solid wood, surface
roughness, thermal conductivity, wettability
and treatments on bonding strength were
evaluated. The treatments generally reduced
the bonding strength of the woods. The
adhesion capabilities were directly related to
wood density and different treatment factors.
The different woods and adhesives used
affected wettability. The results clearly
indicate that the surface wettability
measurements were informative for forming
of boundary layers. Wettability properties
changed due to surface roughness. When the
wettability enhanced, bonding strength
increased. The least values in bonding
strength were determined for the specimens
exposed to water immersion. The highest
bonding strengths of the PVAc-D3 adhesives
were observed for the control specimens. The
treatments of water immersion and water
vapor, in particular, led to a decrease in the
bonding strength for both types of adhesives.
However, PVAc-D3 gave very low adhesion
value. The between the treatments of -20 °C
and 60 °C was a slight difference in adhesion
strength. When considering the wood species
used, the Chestnut showed the greatest
bonding strength and it was followed by Fir
and Poplar. The highest density was obtained
in chestnut specimens after water immersion.
The lowest density was obtained in Poplar
specimens.  Thermal conductivity was
decreased of the laminated veneer compared
with the solid wood. Thermal conductivity of
PU-D4 adhesive with bonded veneer was
found to be higher than bonded veneer with
PVACc-D3.
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