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Effect of Treatment Temperature on the Initial
Performance of Layers of Water-based Paints in
Heat-treated Pine and Beech Wood

Mehmet Karamanoglu,** Emre Birinci,? Haci Ismail Kesik,® and Alperen Kaymakci ¢

Hardness, surface roughness, and adhesion strength were determined for
water-based opaque paints applied to heat-treated wood material
surfaces. For this purpose, Scotch pine (Pinus sylvestris L.) and beech
(Fagus orientalis Lipsky) woods were used as experimental material.
Specimens were subjected to heat treatment at 3 different temperatures
(150, 180, and 210 °C) and 2 different periods (2 and 4 h) under laboratory
conditions. Two-component water-based paints with commercial codes
D17 and D45 were applied to the surfaces. The hardness, surface
roughness, and adhesion strength values of painted samples were
determined according to the applicable standards. The results showed that
there were higher values of hardness and surface roughness of water-
based paints in short-term heat treatment compared with long-term heat
treatment. A general decrease in pine with D17 and D45 paints applied to
the surfaces and in beech with D45 in adhesion strength was detected
depending on the increasing heat treatment temperature and duration. An
increase was observed in beech samples with D17 paint applied.
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INTRODUCTION

Wood is preferred in many places of use due to its favorable properties and other
advantages (Hill 2006; Kesik 2009; Kesik et al. 2015). Wood has excellent mechanical
properties, although it is known to have some disadvantages such as its hygroscopicity and
a tendency to undergo deformation and structural degradation when exposed to outdoor
conditions or external effects; in addition, there are a lot of different processes to ameliorate
these inadequacies (Kili¢ and Hafizoglu 2007; Karamanoglu 2012; Kesik and Akyildiz
2015; Dagbro 2016; Karamanoglu 2020). Heat treatment and protective layers (paint/
varnishes) are widely used to protect furniture and decoration materials produced with
wood material (Sénmez et al. 2004; Cristea et al. 2010; Dunningham and Sargent 2015;
Dagbro 2016).

Heat treatment is an environmentally friendly method to improve the properties of
wood materials without the use of chemicals. After heat treatment, the dimensional stability
of the wood material and its durability are greatly increased, if it is not directly in contact
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with the ground during its use (Dagbro et al. 2010; Demirel and Temiz 2015; Dagbro
2016).

Some properties of heat-treated wood material improve compared with non-heat
treated (natural) material. However, when the wood material is exposed to the weathering
(outdoor conditions or UV aging), the surface degradation continues, and the aesthetic
appearance that the wood has gained with heat treatment is lost. For this reason, it is
necessary to cover wood with protective layers to extend the life of natural and heat treated
wood material and to protect its appearance (Militz 2002; Hill 2009; Miklecic¢ et al. 2011,
Mikleci¢ et al. 2017).

Technological and application problems arise in solvent-based paints and thinners.
Usage of such products also faces legal obligations imposed by the USA, European
Community, and other developed countries on Volatile Organic Compounds (VOC) limits
in paints and varnishes. Today there is an effort to overcome these problems with high
solid content solvent-based paints, water-based paints, and electrostatic paints (Kimetsan
2021). Due to the low VOC values of water-based paints/varnishes, their production and
consumption are increasing rapidly. At the same time, the variety in usage areas is
increasing, and water-based finishes are widely used to protect wood material (S6nmez et
al. 2004).

For the long-term performance of the protective paints layers, scientists and the
paint industry attach importance to the adhesion of paints to the wood surface. For this
reason, it is important to determine the adhesion strength by some methods such as tape
peeling, observing the cross cut, and pull-off test (Bardage and Bjurman 1998; Dilik et al.
2015). Hardness is an important indicator of the resistance of paint and varnish layers to
physical and mechanical effects (Kaygin and Akgun 2008). At the same time, the surface
roughness of the wood plays an important role for the finishing process (Korkut et al.
2013). These parameters are affected in different ways by the changes in the polymers of
the wood material, the equilibrium moisture content, and the density depending on the
application temperature and duration of the heat treatment (Unsal and Ayrilmis 2005;
Akyildiz et al. 2009; Korkut and Budakg¢1 2010; Cakicier et al. 2011; Budakg: et al. 2013;
Kesik et al. 2014; Pelit 2014; Kesik and Akyildiz 2015; Glrleyen et al. 2017)

Hazir and Kog (2019) determined the highest adhesion resistance in water-based
paints on MDF samples. Kabakc1 (2018) applied water-based thermal insulation paint to
the surfaces of wood and wood-based parquets samples and determined its hardness and
resistance to adhesion to the surface. Kesik et al. (2015) applied water-based varnish and
paint on oil heat-treated Scotch pine (Pinus sylvestris L.) wood. They determined that the
hardness of the varnish layers was higher than the paint layers and water-based varnish and
that paint provide good adhesion to the heat-treated wood surface. Salca and Hiziroglu
(2014) studied evaluation of hardness and surface quality of different wood species as
function of heat treatment. According to their results, hardness values of the specimens
also decreased with increasing time and temperature treatments, which can be related to
deterioration of the cell wall structure after the heat treatment.

There have been very limited studies on the layer performance of water-based
opaque paints and the relationship between heat treatment and water-based paints.
Therefore, this study determined the effect of heat treatment applied to Scotch pine (Pinus
sylvestris L.) and beech (Fagus orientalis Lipsky) woods on the hardness, surface
roughness, and adhesion strength of water-based paints.
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EXPERIMENTAL

Wood Material

Scotch pine (Pinus sylvestris L.) and beech (Fagus orientalis Lipsky) woods were
obtained as kiln dried timber (thickness: 5 to 6 cm, width: 14 to 15 cm and length: 300 to
320 cm) from Kastamonu province, Turkey. Experimental materials were selected
randomly from mixed core and sapwood, with smooth fibers, no knots, no cracks, no
difference in color and density, and annual rings perpendicular to the surfaces according to
ASTM D7787 / D7787M (2013).

Paints

Filling varnish (D18) and double-component opaque water-based paints (D17 and
D45) were produced by Kimetsan Chemical, Mining and Metallurgical Industries
International Trade Consulting & Engineering Co. Ltd. (Ankara, Turkey). The paints were
applied to the surface by mixing with improver at the level of 6% and with distilled water
at the level of 6%, prepared by weight, in accordance with the company directives. The
technical and application properties of the varnish and paints are given in Table 1.

Table 1. Technical Properties for Varnish, Paints and their Application (Kimetsan)

Densit Viscosity Nozzle Pressure
Layer Type Content pH ( /cms))/ (sn./DINCup Gap (Atii)
9 4mm/20°C) | (mm)
- Transparent - Nano Acrylic
D18 filling Modified Polyurethane 8.65| 1.011 18 1 2
. Black pigmented - Nano
D17 paint Acrylic Modified Polyurethane 9.10) 1.015 18 1 2
. Brown pigmented- Nano
D45 paint Acrylic Modified Polyurethane 820| 1.022 18 1 2

Preparation of the Experimental Specimens

Before the test samples were cut, the surfaces of the timbers were smoothed by
planer (Netmak PL 500, Turkey) and thicknesser (Netmak KA 600 OTM, Turkey)
machines. The direction of the fibers of the specimens used in the study was cut with a
circular saw machine (MZK 2200 Prestij, Turkey) as a draft with the dimensions of 320 x
105 x 15 mm (length x width x thickness) parallel to the length axis, with the annual rings
parallel to the two sides perpendicular to the other two sides and the intersecting faces
perpendicular (ASTM D7787/ D7787M 2013). The samples were kept in the conditioning
room with a temperature of 20 = 2 °C and a relative humidity of 65 + 5% until it reached a
constant rate (TS 642 1SO 554 1997).

After conditioning, the samples were cut to 100 x 100 x 10 mm (700 pieces) in net
dimensions with circular saw machine (MZK 2200 Prestij, Turkey). Later, some of the
samples (100 pieces) were separated as a control group, and the others were subjected to
heat treatment under atmospheric pressure in a laboratory-type oven at three different
temperatures (150, 180, and 210 °C) and two different times (2 and 4 h). After the heat
treatment, the test samples were left to condition again (TS 642 1SO 554 1997). To smooth
the surfaces of the samples, clean them, and make the paints perfect, all samples were
polished sequentially with 80 grit, 100 grit, and 220 grit sandpapers.

After cleaning the surfaces of the samples with a soft bristle brush and compressed
air, they were prepared for painting. The painting of the samples was done with a Fuji
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Spray Q4 Gold machine (Toronto, ON, Canada) in accordance with the manufacturer's
recommendations and ASTM D3023-98 (2017). The samples were painted with filling
varnish (1 cross coat- 70 gr per 1 m?) and then lightly sanded with 600 grit sandpaper. The
paints (2 cross coats -70 gr per 1 m?) were applied, with 24 h between the last layers in
accordance with the company directives. The varnished samples were free from dust and
dried in a room temperature environment parallel to the ground plane.

Hardness Measurement

The hardness values of the all samples were determined as Shore-D with Mitutoyo
Hardmatic-HH-334 device (Neuss, Germany) according to ASTM D2240-15 (2021). Ten
measurements were taken from each group.

Surface Roughness Measurement

The surface roughness measurements of the samples were made with the Accretech
Handysurf E-35B needle scanning surface roughness measuring device (Tokyo Seimitsu,
Munich, Germany) according to the principles of TS 6956 EN 1SO 4287/Al1 (2013).
Roughness measurement was made perpendicular to the fibers. The average surface
roughness (Ra+) and ten-point average surface roughness (Rz+) values of the samples were
measured. Ten measurements were taken from each group. Measurements were made at
room temperature, away from vibration and noise sources with a 5 um tip diameter, a 0.5
mm / sec measuring speed, a 12.5 mm sampling length, and a Ac = 2.5 mm cut-off length.
For measurement accuracy, the device was recalibrated every 50 measurements. The
parallelism of the samples and the device to the ground plane checked and adjusted.

Adhesion Strength Measurement

The adhesion strength of varnishes to the surface was determined according to the
principles of ASTM D4541 (2017). Measurements were made using a Shimadzu AG-I1C
20kN / 50kN brand universal test device (Kyoto, Japan). Pull-off test cylinders with 20 mm
diameter were attached to the sample surfaces with Bison two-component epoxy adhesive
(without any solvent effect) at room temperature and with the help of special molds. The
samples were left to dry for 24 h. The layer on the surfaces to which the pull-off test
cylinder is attached was cut along the material surfaces with the help of a cutter (Budakg¢1
2006). The samples were pulled from the cylinders attached to the surface in the universal
tester, and the force at breaking was recorded. Five measurements were taken from each
group. The test was completed within 90 seconds according to ASTM D4541 (2017). The
adhesion strength was calculated as follows,

X (MPa) = 4F/z.d? 1)

where X is the adhesion strength (MPa), F is the rapture force (Newton), and d is the
diameter of the test cylinders (mm) (Budakg1 2006).

RESULTS AND DISCUSSION

The values for the layer hardness, surface roughness, and adhesion strength values
of D17 and D45 coded water-based paints applied to the surfaces of natural and heat-treated
pine and beech wood are given in Table 2. The hardness values of D17 and D45 paints
applied to the sample surfaces was higher in beech than in pine (Figs. 1 and 2). The
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penetration of water-based paints into wood, depending on the density, may have an effect
on surface hardness (S6nmez et al. 2004; Budak¢1 and Sonmez 2010; Ulay and Budakg1
2015; Can et al. 2021).

Table 2. Hardness, Surface Roughness, and Adhesion Strength Values of D17 and
D45

Heat Time D17 D45
Wood Treatment Levels
Type Tem;zer:;tures (Hour) H Rar Rz AS H Rar Rz AS
°C
Control ) 50.60 | 2.09 | 13.31 | 1.78 | 51.00 | 0.92 | 6.44 | 1.70
(1.10) | (0.39) | (1.33) | (0.34) | (1.39) | (0.08) | (0.57) | (0.33)
5 51.20 | 1.64 | 11.69 | 1.70 | 51.70 | 0.93 | 6.34 | 1.99
150 (1.51) | (0.21) | (1.00) | (0.61) | (1.18) | (0.07) | (0.86) | (0.33)
4 50.55| 1.84 | 1255 | 156 |51.85| 0.93 | 6.01 | 1.67
(1.57) | (0.19) | (1.09) | (0.12) | (1.78) | (0.10) | (0.54) | (0.41)
Pine 5 51.15| 1.80 | 12.14 | 1.64 | 52.00 | 095 | 6.36 | 1.85
180 (1.27) | (0.15) | (1.09) | (0.37) | (1.63) | (0.07) | (0.97) | (0.45)
4 50.15 | 1.66 | 11.67 | 1.63 | 4830 | 0.96 | 6.78 | 1.03
(0.75) | (0.14) | (0.70) | (0.05) | (1.55) | (0.11) | (0.77) | (0.30)
5 5165 | 1.00 | 7.24 | 1.49 | 5165 | 1.00 | 7.24 | 1.49
210 (1.33) | (0.08) | (0.56) | (0.36) | (1.33) | (0.08) | (0.56) | (0.36)
4 4545 | 2.01 | 13.14 | 092 | 46.90 | 1.05 | 6.34 | 1.15
(1.92) | (0.27) | (1.40) | (0.26) | (1.60) | (0.15) | (0.83) | (0.12)
Control ) 7085 | 1.76 | 12.76 | 0.93 | 69.85 | 2.01 | 12.55 | 2.43
(1.49) | (0.15) | (1.22) | (0.33) | (2.01) | (0.25) | (1.43) | (0.25)
> 7205 | 2.05 | 1420 | 1.47 | 7085 | 199 | 12.71 | 2.34
130 (1.07) | (0.20) | (2.01) | (0.22) | (1.49) | (0.13) | (1.21) | (0.22)
4 70.15| 195 | 1337 | 252 |70.35| 1.75 | 11.89 | 2.26
(0.97) | (0.16) | (0.83) | (0.23) | (0.71) | (0.22) | (1.56) | (0.46)
Beech 5 7165 | 1.65 | 11.67 | 2.74 | 71.30 | 1.51 | 10.72 | 2.20
180 (1.06) | (0.08) | (0.66) | (0.33) | (1.25) | (0.23) | (2.20) | (0.26)
4 70.20 | 1.80 | 12.80 | 1.70 | 69.20 | 1.59 | 11.08 | 1.82
(1.51) | (0.26) | (1.72) | (0.61) | (1.16) | (0.27) | (1.27) | (0.21)
5 72.00 | 196 | 13.30 | 3.71 | 70.40 | 1.65 | 11.23 | 3.52
210 (0.82) | (0.12) | (0.86) | (0.32) | (1.02) | (0.25) | (1.27) | (0.37)
4 67.30 | 1.89 | 12.83 | 1.27 | 67.30 | 1.62 | 10.86 | 1.31
(0.71) | (0.29) | (1.64) | (0.52) | (1.55) | (0.19) | (1.07) | (0.03)

H: Hardness, Ra-: Average surface roughness, Rz+: Ten-point average surface roughness,
AD: Adhesion Strength, (): Standard deviation.

Compared with control groups, the layer hardness of the D17 applied, heat treated
pine samples generally increased in short-term heat treatment application and decreased in
long-term heat treatment applications. In D45, an increase in the hardness with low
temperature and duration of the heat treatment and a decrease in the hardness with high
temperature and duration of the heat treatment were detected. Compared with controls, the
layer hardness of both D17 and D45 applied beech increased in short-term applications at
all heat treatment temperatures and decreased in long-term applications. In the literature, it
was reported that while heat treatment increases the hardness of the protective layer in
some cases, it decreases it in some cases (Kazan 2009; Cakicier et al. 2011; Pelit 2014;
Gurleyen et al. 2017). Gurleyen et al. (2017) reported that in the heat treatment processes,
the hardness increases initially and then decreases with the intensity of the heat treatment.

Karamanoglu et al. (2022). “Heat treatment & paint,” BioResources 17(1), 1494-1506. 1498



PEER-REVIEWED ARTICLE b | oresources.com

They stated that hardness changes can vary depending on the type of wood, processing
conditions, and even the direction of the tests. Pelit (2014) reported that the equilibrium
moisture amount in the heat-treated wood material decreased with the increase in
temperature, the surface hardness values of the wood material increased accordingly, and
the high surface roughness in the high-temperature heat treatment affected the varnish layer
hardness. At the same time, it was stated that the high surface roughness in high
temperature heat treatment affects the hardness of the varnish layer.
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Except for Ra~ and Rz~ beech control groups, the highest surface roughness values
of the paints applied to the sample surfaces with and without heat treatment were
determined in D17, both in pine and beech (Figs. 3 and 4). Compared with the control
groups, Ra~ and Rz~ values decreased in the pine samples that were heat treated with D17
on their surfaces. The decreases in Ra~ and Rz values were generally greater as the heat
treatment temperature and duration increased. In D45, Rax increased due to the increasing
heat treatment temperature and time, while Rz= decreased. Only Rz~ increased after 4 h of
heat treatment at 180 °C and 2 h of heat treatment at 210 °C (Figs. 3 and 4).
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Compared with the control groups, Ra* and Rz increased at different rates with the
effect of heat treatment temperature and time in the heat-treated beech samples on which
D17 was applied. A decrease was detected in heat treatment for 2 h only at a temperature
of 180 °C. In D45, Rax and Rz values decreased with the heat treatment. The highest
decrease was observed in 2 h of heat treatment at 180 °C. In this study, the surface
roughness of the paints was affected differently. This result suggests a decrease in the
density and surface roughness of the wood material with the effect of heat treatment and
the paint structures.

In the literature, there are studies indicating that heat treatment decreases the
density and surface roughness of wood material with increasing temperature and duration
(Unsal and Ayrilmis 2005; Korkut and Budake1 2010; Budaker et al. 2013; Kesik et al.
2014; Pelit 2014). Can (2020) reported that the reason for the decrease in surface roughness
with heat treatment is the degradation of hemicellulose in the cell wall due to the applied
high temperature. Pelit et al. (2015) reported that the surface roughness value increased
depending on the increase in the heat treatment temperature. The grinding process applied
to wood materials, which led to structural degradation and mass loss after heat treatment
and before painting, affected the surface quality and increased the roughness. They
determined that this situation leads to more deformation depending on the increase in the
heat treatment temperature.

Depending on the increasing heat treatment temperature and time in the pine
samples on which D17 was applied, the adhesion strength values of the paints applied to
the heat-treated and non-heat-treated sample surfaces decreased when compared to the
control groups. In D45, it increased in samples that were heat treated at 150 and 180 °C for
2 h and decreased in others (Figs. 5 and 6).
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With the effect of heat treatment on the surface of D17 applied beech, the adhesion
strength to the surface increased. The highest increase was determined in samples that were
heat treated for 2 h at 210 °C. In D45, the adhesion strength to the surface decreased with
increasing heat treatment and temperature. It increased only in samples that were heat
treated for 2 h at 210 °C. Heat treatment temperature and time are known to affect surface
adhesion strength, and it brings out low values in varnishes. It has been stated that the
mechanical properties of the wood material are adversely affected by the thermal
decomposition that occurs after the heat treatment (Kesik and Akyildiz 2015). Specially as
a result of the depolymerization of wood polymers at temperatures above 100 °C,
intermolecular bonds are broken, ruptures increase depending on temperature, and
adhesion bonds between varnish and wood material decrease. At the same time, increasing
surface roughness, especially after temperatures above 180 °C, causes low adhesion
strength (Aydemir and Giindiiz 2009; Pelit 2014; Kesik and Akyildiz 2015; Giirleyen et al.
2017; Altun and Esmer 2017).

Can et al. (2021) detected high adhesion strength at low temperatures and reported
that heat treatment affects adhesion in three ways. (1) Heat treatment causes “case
hardening” of the wood surface, thus decreasing the wood wettability and leading to poorer
adhesion. (2) The solvent-repellant case hardening is due to the change of numerous
chemical groups on the carbohydrates and lignin sites on the wood surface. (3) Heavy
surface oxidation can take place, leading to changes in chemical groups and chemical
rearrangements. At the same time, the cited authors stated that due to the degradation of
the hemicellulose in the cell wall structure of the wood in high temperature heat treatment,
adhesion was significantly reduced.
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CONCLUSIONS

1. The effect of heat treatment applied to pine and beech wood on the layer performances
of water-based opaque paints were investigated. Heat treatment before application of
the paint decreased the hardness, roughness, and adhesion strength of water-based
opaque paints.

2. Depending on the increasing heat treatment temperature and time, decreases were
found to be higher.

3. It was determined that the layer performance of water-based opaque paints was better
at low temperature and time heat treatment applications.
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