J Wood Sci (2015) 61:586-594
DOI 10.1007/s10086-015-1506-7

=
@ CrossMark

ORIGINAL ARTICLE

Surface roughness and brightness of scots pine (Pinus sylvestris)
applied with water-based varnish after densification and heat

treatment

Hiiseyin Pelit' - Mehmet Budak¢1' - Abdullah Sénmez” « Erol Burdurlu®

Received: 27 April 2015/ Accepted: 22 July 2015/ Published online: 3 September 2015

© The Japan Wood Research Society 2015

Abstract This research was aimed at determining the
surface roughness and surface brightness properties of
Scots pine (Pinus sylvestris L.) wood samples to which
water-based varnishes were applied after thermo-mechan-
ical densification and heat treatment. Samples; after den-
sifying by compression in the radial direction at two
different rates (20 and 40 %) and two different tempera-
tures (110 and 150 °C), samples were subjected to 2 h of
heat treatment at 190, 200, and 210 °C. Then, surface of
the samples was varnished with one-component (OCW)
and two-component (TCW) water-based varnishes. The
changes occurring in surface roughness and surface
brightness of the samples were determined according to the
basis of TS 2495 EN ISO 3274, TS 6212 EN ISO 4288 and
TS EN ISO 2813. According to results of the research,
surface roughness decreased and surface brightness
increased in densified samples. On the other hand, an
increase in the heat treatment temperature led to an
increase in surface roughness and a decrease in surface
brightness. Also, regarding the effect of varnish type on
both surface roughness and surface brightness, better
results were obtained in the surface OCW applied com-
pared to those TCW applied.
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Introduction

Wooden materials have been used throughout history in
various ways to meet human needs. At present, wood, as an
industrial product, has many uses in parallel with techno-
logical developments. The increase in human population
and new application areas of wooden material has caused a
heightened demand, which has increased the need for high-
quality wood. This situation necessitates a more efficient
use of existing resources, the modification of wood species
of low resistance, and their use in this sector, as well as the
production of different materials [1]. Wood can be densi-
fied and its properties modified not only by filling its void
volume with polymers, molten sulfur, or molten metals but
also by compressing it under conditions such that the
structure is not fractured. Densification is the process
where the wood density is increased by reducing the void
volume of the lumens in the wood material. This is com-
monly achieved by compressing the wood in the transverse
direction. The first aim of the densification is to improve
the mechanical and moisture sorption behavior of the wood
[2]. The properties of wooden materials can be improved
through compression. However, when compressed wood is
subjected to water and high relative humidity, it tends to
return its original dimensions. This situation is caused by
the extension in cell wall, relaxation of internal stresses
formed in the material structure as a result of compression,
and, in particular, the cell recovering to its original form
[3-6]. Heat modification has become an increasingly
important commercial application to improve the stability
and performance of wooden materials.
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On the European market, several industrial heat treat-
ment processes have been introduced. The most common
processes are: the ThermoWood® process (Finland), the
Plato process, the retification process, le Bois Perdure, and
the oil-heat treatment (OHT) process [7]. Heat treatment
leads to permanent changes in molecular structure of the
chemical compounds of wood. The fundamental idea
underlying this application is to treat wooden material with
heat above the temperatures of 150 °C where chemical
reactions become accelerated [8, 9]. The properties
potentially improved by heat treatment are: biological
resistance to fungi and insects, low equilibrium moisture
content, increased dimensional stability with respect to the
decrease in contraction and expansion, increased thermal
insulation capacity, paint adhesion, increased resistance to
weathering, variety in decorative colors, and increased
potential use [10]. However, an important disadvantage of
this application is the decrease in density and resistance
properties of the wood material [9, 11-14].

Today, wooden surface layers are commonly used for
the protection of the furniture and decorative elements
produced from wood and other structural elements. Pro-
tective liquid surface treatments such as paints and var-
nishes are often used to extend the esthetic and economic
life of wooden material surfaces [15—17]. The main pur-
pose of a surface treatment is to protect the surface of wood
and give it a good appearance. Varnishes and paints are the
most used coating materials and are usually the outermost
layer of the treated wood. Coating materials consist of
binders, fillers, pigments, flatting agents, solvents, and
additives. The main properties of the materials to be used
for surface treatment depend greatly on the binder. Binder
materials commonly used for the treatment of wood
include amino resins, polyurethane, acrylate, polyester, and
nitrocellulose. Special properties can be achieved by the
use of a combination of these materials [18]. At the present
time, role and importance of water-based coatings used to
create the protective layer are great. The water-based sys-
tems are becoming more broadly used with the passage of
time owing to their superior characteristics as being more
environmentally friendly (lower volatile organic com-
pound-VOC, lower toxic effect, and lower solvent content,
etc.) than solvent-based systems and being less harmful for
their user [19]. In addition, these systems have good light
and fire resistance [18].

In our previous studies, it was determined that combined
use of the densification and heat treatment would eliminate
the aforementioned disadvantages of the two modification
methods and improve the features of the materials. [1, 6].
In light of the literature knowledge, the purpose of this
study was to determine effect of the densification, the heat
treatment, and the water-based varnishes on surface
roughness and surface brightness properties of scots pine

(Pinus sylvestris L.) wood. The results of this study are
considered to be important because they contribute to the
improvement of production methods of various enhanced
materials and to the more widespread usage of environ-
mentally friendly products.

Materials and methods
Preparation of wood material

In this study, Scots pine (Pinus sylvestris L.) wood having
relatively low density and which has been widely used in
the woodworking industry was employed. Trees that were
used to prepare samples were obtained from the area of
Melet Office of Mesudiye Forest Management in the city of
Ordu in Turkey. Round woods, having green moisture
content, were cut from their sapwood with an automatically
controlled band sawing machine. Cuts were determined by
considering sample dimensions as annual rings parallel to
the surface (tangent section) and these were transformed
into timbers of rough scale. Attention was paid to ensure
that no rot, knot, crack, color, or density differences were
present in the samples [20]. Samples were initially dried to
12 % moisture in an automatically controlled conventional
drying furnace, and afterwards they were brought to the
dimensions given in Table 1.

Before the densification process, samples were kept on
hold in a conditioning cabin until they reached a stable
weight with a relative humidity of 65 + 3 %, and tem-
perature of 20 &+ 2 °C. To prevent possible moisture
changes that could occur after conditioning, samples were
preserved in plastic bags until the time of densification
[21].

Densification

Densification of the samples with the thermo-mechanical
(TM) method was performed with a specially designed
hydraulic press machine which can achieve pressure and
temperature control and whose pressing tray dimensions
are 60 x 60 cm? [1]. Densification process was done by
forming four different variations at target compression
ratios of 20 and 40 %, with temperatures of 110 & 5 and
150 £ 5 °C. Densification variations are given in Table 2.

The samples were placed onto the bottom tray of the
pressing machine and held under a slight pressure by get-
ting them in contact with the heated bottom and top press
tray to provide heat transfer. The samples were kept in this
position for a while until their internal temperature reached
the target temperature, by checking with a thermometer.
Temperature control samples, which were separately
located on the pressing tray, were used for controlling
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Table 1 Before densification dimensions of samples

Compression ratio (%) Length, longitudinal

direction (mm)

Width, tangential
direction (mm)

Thickness, radial
direction (mm)

Control 450
20 450
40 450

95 10
95 12.5
95 16.7

Table 2 Densification Research code

Pressing temperature (°C)

Compression ratio (%) Duration (min)

variations
Al 110
A2 110
Bl 150
B2 150

20 Heating + 10
40 Heating + 10
20 Heating + 10
40 Heating + 10

internal temperature of the samples. Afterwards, a com-
pression process in radial direction with automatic control
at 30 mm/min loading speed was carried out. To obtain
targeted compression thickness (10 mm), metal stopping
sticks were placed onto the pressing tray at particular
intervals [1]. Compressed samples were held under pres-
sure for 10 min, and after this period these samples were
taken out from the press machine and cooled to room
temperature under a pressure of 5 kg/cm” in order to
minimize spring-back effects.

Heat treatment

Heat treatment was performed on the experimental samples
to provide dimensional stability. Heat treatment application
was carried out in three stages (1—drying at elevated
temperature, 2—heat treatment, 3—cooling and condi-
tioning) according to the methods described in the Ther-
moWood Handbook [22]. In the first stage, samples were
dried to approximately O % moisture by increasing furnace
temperature with using heat and steam. In the second stage,
heat treatment at the proposed temperatures (190, 200, and
210 °C) was applied to the samples during 2 h. In the third
stage (conditioning), the temperature was reduced and
moisture ratio of the samples was provided to reach 4-6 %
by applying water spray.

After heat treatment, experimental samples were prop-
erly stored under of 65 &+ 3 % relative humidity and
20 £ 2 °C for 2-3 weeks. Afterwards, the samples were
cut as to have dimensions of 80 x 80 x 10 mm (length-
longitudinal direction x width-tangential direc-
tion x thickness-radial direction) and as to be repetitive
for 8 times for each test variant. According to TS 2471
after cutting, the samples were kept on hold at a temper-
ature of 20 £ 2 °C and relative humidity of 65 + 3 %
until they reached a stable weight [21]. Then, sample
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surfaces were ground with 150 and 180 sandpapers and
dust was removed using pressurized air, after which they
were ready for varnishing.

Varnish

In the varnishing of experimental samples, glossy, water-
based, one-component and two-component wood varnishes
produced with nanotechnology were used. Resin groups of
the varnishes and abbreviation codes used in the study are
given in Table 3 and some technical properties are given in
Table 4.

The standards stated in ASTM-D 3023 were used in the
varnishing of experimental samples [23]. Varnishing appli-
cations were carried out using a spray gun with a 0.8 mm
spray opening with an air pressure of 1-1.5 bar approxi-
mately 20 cm from the sample surfaces. Water-based filling
varnish (WF) application onto the surfaces of experimental
samples was performed three times at 1 h time intervals
between each application according to the advice of pro-
ducing company. After waiting 24 h, sample surfaces were
ground with 280 sandpaper to eliminate fiber swells and to
provide surface smoothness. Dust was removed with a soft
haired brush. Afterwards, one-component water-based
(OCW) finish layer varnish was applied to half of the samples
to which WF had been applied and two-component water-
based (TCW) finish layer varnish was applied to the other
half of the samples. Considering the solid content rates to
obtain the uniform thickness of the varnish layer (film) in the
wood material surfaces, OCW finish layer varnish applica-
tion was performed three times at 1 h time intervals between
each application and TCW finish layer varnish application
was performed twice at 1 htime intervals. To allow complete
drying of the varnishes, experimental samples were stored
parallel to the ground surface at room temperature for a
period of 3 weeks.
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Table 3 Resin groups of the

varnishes and abbreviation Type of varnish

Resin group Research code

codes Water-based filling varnish

One-component water-based varnish (topcoat)

Two-component water-based varnish (topcoat)

Acryl copolymer resins WF
Acryl copolymer resins OoCwW
Acryl modified polyurethane resins TCW

Table 4 Characteristics of the varnishes

Type of varnish ~ pH  Density (g/cm®)  Application

Amount of varnish applied (2/m?)  Solid content (%)

viscosity (s/DIN Cup 4 mm/20 °C)

WF 8.1 1.11 18
OCwW 8.1 1.13 18
TCW 82 115 18

70 34.20
65 26.92
75 34.14

Determination of surface roughness

Surface roughness measurements were carried out in
accordance with TS 2495 EN ISO 3274 and TS 6212 EN
ISO 4288 standards with a Time TR-200 surface roughness
tester, which is able to measure successive profile changes
[24, 25]. The device measures the surface roughness by
obtaining the dent-ridge profile of the surface by moving
the 5 um diameter diamond tip of the scanning needle up
and down on the surface of the sample. The central line
between the profile dents (valleys) and the ridges (hills)
shows the mean roughness (R,) in pm (Fig. 1). The surface
roughness was evaluated in terms of R, in the present
study.

After setting the roughness measurement tester to a
measuring step length of 2.5 mm and a measurement
number of 5 (cutoff), measurements were done perpen-
dicularly to the fibers at two different points on each
sample before and after varnishing; arithmetic mean values
were recorded as a single value (Fig. 2).

Determination of surface brightness
Brightness measurements were done in accordance with TS

EN ISO 2813 standards using a Gloss meter (Erichsen,
A17) [27]. Measurements were done perpendicular and

Profile valley

%n f

Profile peak

ﬁ

A / /45’//‘/4;’ |
Rex Mean Roughness

Fig. 1 Surface profile determined by the scanning needle [26]

Fig. 2 Surface roughness measurement

parallel to the fibers for each surface before and after
varnishing (Fig. 3). Arithmetic mean values were recorded
as a single value.

For determining the gloss of paint and varnish layers,
20°, 60°, and 85° were used to determine the surface gloss
of matte layers, both matte and shiny layers, and very shiny
layers, respectively [28]. Measurements were carried out
with a gloss meter which measured at 60° £ 2°. The meter
was properly varnished before each group measurement
and calibrated with black glass with a smooth surface,
index of refraction of 1567 and whose gloss is determined
as 100 for every geometry.

e

Fig. 3 Surface brightness measurement
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Statistical analysis

The MSTAT-C software package (Michigan State
University, USA) was used for the statistical analysis of the
data and to show the effect of densification, heat treatment,
and varnish type on surface roughness and brightness of
scots pine wood. Analysis of variance (ANOVA) was
performed to determine whether there were any significant
differences among the experimental samples. ANOVA
followed by Duncan’s test was used to show significant
differences.

Results and discussion
Surface roughness

Variance analysis results for the surface roughness of the
thermo-mechanically densified, heat treated scots pine
samples to which water-based varnishes were applied are
given in Table 5.

According to variance analysis results, dual interaction
of densification-heat treatment and triple interaction of
densification-heat treatment-varnish type on the surface
roughness values were ineffective; all other effects and
reciprocal interactions of these were significant (P < 0.05).
Mono comparison results of the Duncan Test conducted
using least significant difference (LSD) critical values for
densification, heat treatment, and varnish type level are
shown in Table 6.

According to results shown in Table 6, the highest
roughness value (1.919 um) at densification level was
obtained in the samples undensified, and the lowest value
(1.665 pm) was obtained in the samples densified under B2
conditions. After the densification process, a decrease

Table 5 Analysis of variance results of surface roughness values

occurred in surface roughness values; lower roughness
values were obtained at high compression rates (40 %).
This could be caused by the denser structure of the den-
sified wooden material as a result of decreasing intercel-
lular voids [14]. In previous studies, it has been reported
that a decrease in surface roughness took place after den-
sification processes [29-32]. Lower surface roughness
values were obtained in samples which were densified at 20
or 40 % compression rates at 150 °C. This could be caused
by insufficient softening of the samples which were den-
sified at lower temperatures (110 °C) and accordingly by
more failures (fracture, cracking, and collapse, etc.) taking
place within the cell structure because of compression
pressure [14].

The highest surface roughness value (2.124 pm) in the
heat treatment level was obtained in the samples heat
treated at 210 °C, whereas the lowest surface roughness
value (1.546 um) was obtained in the samples to which the
heat treatment was applied at 190 °C. Surface roughness
values increased depending on the increase of heat treat-
ment temperature. It can be said that the grinding process
performed before varnishing is influential on the results; it
was observed that the grinding of the samples where
structural damage and mass losses occurred after heat
treatment leads to more deformation depending on the
increases of heat treatment temperature. This situation
effectively decreases surface quality and increases rough-
ness [14]. In a previous study, it was stated that a consid-
erable decrease in abrasion resistance of wooden material
occurs in a manner dependent on the temperature increase
after the heat treatment process [33]. In another study, it
was stated that surface roughness values increase with
increasing temperature of the heat treatment applied [34].

The highest roughness value (3.265 pm) in the varnish
type level was obtained in the samples unvarnished, and

Factors Degrees of freedom Sum of squares Mean square F value Level of significance (P < 0.05)
Densification (A) 4 2.448 0.612 12.2296 0.0000*

Heat treatment (B) 2 21.359 10.680 213.4007 0.0000%*

Interaction (AB) 8 0.514 0.064 1.2838 Ns

Varnish type (C) 2 391.861 195.930 3915.0548 0.0000*

Interaction (AC) 8 4.072 0.509 10.1703 0.0000*

Interaction (BC) 4 1.097 0.274 5.4786 0.0003*

Interaction (ABC) 16 0.728 0.046 0.9093 Ns

Error 315 15.764 0.050

Total 359 437.843

Ns not significant

* Significant at 95 % confidence level
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Table 6 Comparison results of Duncan test related to surface
roughness values at densification, heat treatment, and varnish type
level

X (um) HG LSD
Densification
Undensified 1.919 A* +0.07333
Al 1.822 B
A2 1.784 B
Bl 1.767 B
B2 1.665 C
Heat treatment (°C)
190 1.546 C +0.05680
200 1.704 B
210 2.124 A*
Varnish type
Unvarnished 3.265 A* +0.05680
OoCwW 0.997 C
TCW 1.112 B

X average value, um micron, HG homogeneity group, LSD least sig-
nificant difference, Al 110 °C/20 %, A2 110 °C/40 %, Bl 150 °C/
20 %, B2 150 °C/40 %, OCW one-component water-based, TCW
two-component water-based

* The highest roughness value

the lowest value (0.997 pm) was obtained in the samples
applied to OCW. A decrease in surface roughness values
occurred after varnish applications. Moreover, lower
roughness values were obtained on the surfaces where
OCW was applied compared to the surfaces where TCW
was applied. TCW was applied as two layers and OCW
was applied as three layers due to the solid content rates
after the WF application; therefore, it can be said that
OCW, which more effectively fills wooden material pores,
was influential on the results. The surface roughness values
of scots pine are presented comparatively in Fig. 4.
According to Fig. 4, decrease was observed in the
roughness values subsequent to densification. The samples

Fig. 4 Comparative appearance

which were densified under B2 conditions generally yiel-
ded lower roughness values. Roughness value of the sam-
ples subjected to heat treatment at 190 °C both prior to and
subsequent to varnishing was found lower. Moreover,
decrease in the surface roughness after the application of
varnish occurred at a higher rate in the samples applied
with OCW.

Surface brightness

Variance analysis results for the surface brightness of the
thermo-mechanically densified, heat treated scots pine
samples to which water-based varnishes were applied are
given in Table 7.

The variance analysis results revealed that effects of
densification, heat treatment, and varnish type and dual
interaction of heat treatment-varnish type on the surface
brightness values were significant whereas other interac-
tions were negligible (P < 0.05). Mono comparison results
of the Duncan Test conducted using LSD critical values for
densification, heat treatment, and varnish type level are
shown in Table 8.

According to the results in Table 8, the highest bright-
ness values (55.06, 54.72, and 54.68) at densification level
were obtained in the samples densified under B2, A2, and
B1 conditions, and the lowest value (53.89) was obtained
in the undensified samples. Slight increases in surface
brightness values occurred after the densification pro-
cesses. This might be caused by decreasing roughness
values and increasing beam reflection of the sample sur-
faces. In a previous study, it was demonstrated that den-
sified wooden material might also have a smooth and
glossy surface without using any surface coating [35].
Furthermore, it has been claimed that smooth, defect-free
surfaces reflect beams coming from a specific direction
with same or similar angle [28].

The highest surface brightness value (56.96) in the heat
treatment level was obtained in the samples heat treated at
190 °C, whereas the lowest surface brightness value
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of surface roughness values in 5.0
scots pine 45

=il

Surface Roughness (nm)

C LLLLLs

il
@l |
A ]
<l
L]

|
[
[
=1 3
N

c

|
S Vrrrs
]|
> 77
o B
Wrrrrs
||

SQrrrr
S R

@ Springer



592

J Wood Sci (2015) 61:586-594

Table 7 Analysis of variance results for surface brightness values

Factors Degrees of freedom Sum of squares Mean square F value Level of significance (P < 0.05)
Densification (A) 4 52.609 13.152 2.6437 0.0337*

Heat treatment (B) 2 2232.142 1116.071 224.3359 0.0000*

Interaction (AB) 8 17.312 2.164 0.4350 Ns

Varnish type (C) 2 293,270.6 146,635.3 29,474.43 0.0000%*

Interaction (AC) 8 6.645 0.831 0.1669 Ns

Interaction (BC) 4 889.969 222.492 44.7221 0.0000%*

Interaction (ABC) 16 27.430 1.714 0.3446 Ns

Error 315 1567.125 4.975

Total 359 298,063.8

Ns not significant

* Significant at 95 % confidence level

(51.15) was obtained in the samples to which the heat
treatment was applied at 210 °C. A decrease in surface
brightness values occurred as a result of the increase in heat
treatment temperature. This can be explained by the
increase in surface roughness values in parallel to the
increase in heat treatment temperature. Additionally, it can
be said that the change in reflection angle and in the
amplitude of the incoming beam, through some amount of
absorption because of the color darkening which took place
in samples after heat treatment, might have had an effect on
the results. It has been previously reported that gloss values
of heat treated scots pine samples generally decrease with
increasing processing times and temperatures [36].

The highest surface brightness value (76.83) in the
varnish type level was obtained in the samples applied to
OCW, and the lowest value (14.30) was obtained in the
samples unvarnished. Remarkable increases in surface
brightness values after varnishing applications occurred
in comparison to those unvarnished. This is likely caused
by the fact that the surface varnish layer reflects the
incoming beams at the same or similar angle without
reducing the incoming beam’s amplitude. Higher
brightness values were obtained on the surfaces where
OCW was applied compared to those to which TCW was
applied. OCW, which was applied as three thinner layers
after the WF application, fills the pores on the wooden
material surface better, leading to lower roughness values
on these surfaces which are influential on the results.
Furthermore, structural differences of the varnishes (resin
type, drying mechanism, formulation, etc.) can be influ-
ential on the results. It has been previously stated that
brightness of the varnish layers depends on roughness of
the surface; brightness effect can be provided by a
smooth and defect-free varnish layer on a material sur-
face whose pores are completely filled. Also, the angles
of incoming and reflected beams between surfaces are
equal to each other on a perfectly brightness varnish

@ Springer

Table 8 Comparison results of Duncan test related to surface
brightness values at densification, heat treatment, and varnish type
level

X HG LSD
Densification
Undensified 53.89 B +0.7314
Al 54.58 AB
A2 54.72 A*
B1 54.68 A*
B2 55.06 A*
Heat treatment (°C)
190 56.96 A* +0.5666
200 55.66 B
210 51.15 C
Varnish type
Unvarnished 14.30 C +0.5666
OCW 76.83 A*
TCW 72.64 B

X average value, HG homogeneity group, LSD least significant dif-
ference, A/ 110 °C/20 %, A2 110 °C/40 %, BI 150 °C/20 %, B2
150 °C/40 %, OCW one-component water-based, TCW two-compo-
nent water-based

* The highest brightness value

layer [37]. In another study, in the case that pores within
a wooden material could not be completely filled, a
smooth surface could not be obtained, which resulted in
a reduced layer gloss [38, 39]. The surface brightness
values of scots pine are presented comparatively in
Fig. 5.

According to Fig. 5, a significant change was not
observed in the brightness values subsequent to densifica-
tion. The increase in the temperature of the heat treatment,
however, decreased the brightness values. Brightness val-
ues increased after the application of varnish and this
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Fig. 5 Comparative appearance
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increase occurred at a higher rate in the samples applied
with OCW.

Conclusions

In this study, the surface roughness and the surface bright-
ness properties of scots pine (Pinus silvestris L.) wood
applied with water-based varnishes after thermo-mechani-
cally densification and heat treatment have been investi-
gated. After densification processes, a decrease of 13 % in
surface roughness and an increase of 2 % in surface bright-
ness occurred. Generally, better results were obtained in the
samples densified at a 40 % compression rate compared to
those densified at a 20 % compression rate. Better results
were also obtained in samples densified at 150 °C compared
to those densified at 110 °C. Surface roughness increased
and brightness decreased depending on increasing temper-
ature of heat treatment. An increase of 37 % in surface
roughness and a decrease of 10 % in surface brightness
occurred in samples which were heat treated at 210 °C with
respect to those heat treated at 190 °C. Regarding the effect
of varnish type on both surface smoothness and surface
brightness, OCW, which was applied as three layers
according to the solid content rates, gave better results than
TCW, which was applied as two layers.
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