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Heat treatment is an environmentally friendly and efficient way to improve 
the properties of wood species. These treatments alter the substrates and 
can influence the surface properties of the varnish coatings. This paper 
investigated the effects of heat treatment on the physical properties of 
open and close systems Scots pine (Pinus sylvestris L.) and poplar 
(Populus euramericana) wood, coated with water-based, polyurethane-
based, and oil/wax-based varnishes. Heat treatment was applied at the 
temperatures of 190, 212 °C for pine and 180, 200 °C for poplar, 
respectively. Color, gloss, and roughness tests were carried out for each 
of the coatings. Higher mass loss occurred in pine samples with heat 
treatment as compared to vacuum-heat treatment. Gloss decreased in 
OIL+WAX treatment and color change increased after the heat treatment, 
but these results were inhibited with vacuum-heat treatment. Maximum 
roughness was obtained in PUR varnishes and minimum roughness in OIL 
+ WAX samples. The low roughness values provide some advantages in 
application. 
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INTRODUCTION 
 

In addition to being a renewable lignocellulosic material, wood is the most suitable 

material for building construction due to its relative high strength in comparison to its 

weight and low processing costs. However, wood has a lower dimensional stability than 

non-recyclable synthetic materials. This issue limits the use of wood since dimensional 

stability is an important criterion in many fields of application. Wood modification reduces 

the hygroscopic behavior of wood and is therefore necessary in order to improve its 

dimensional stability, as well as to boost its resistance to biological organisms, e.g., fungi 

and insects. Thermal (heat) treatment is performed via heating the wood without the use of 

any chemicals. The fact that it is not necessary to use chemicals makes it one of the most 

common commercial wood modification methods (Lee et al. 2018). According to Hill 

(2006), thermal modification should be performed at temperatures between 180 °C and 260 

°C. While lower temperatures (below 140 °C) cause no major changes in the properties of 

wood, at higher temperatures the structure of the wood is severely degraded, which causes 

changes to the physical and chemical properties of the wood (Yildiz et al. 2006; Candelier 

et al. 2013; Yang et al. 2015). An important physical property that changes at high 

temperatures is the color of the wood (Nemeth et al. 2016). The lignins and the 

chromophores contained in the extractives are responsible for the color of wood. The 
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degradation of the hemicelluloses found in the wood during the heat treatment leads to the 

formation of new chromophores, which as a consequence, causes the color of the wood to 

change (Kučerová et al. 2016; Nemeth et al. 2016). The darkening of the wood surface 

increases with the increase in the temperature of the heat treatment. 

Although the effects of the heat treatment temperature and duration on the 

properties of wood materials have been evaluated in various studies, research is lacking on 

the effects of the atmosphere under (open system) which the heat treatment is carried out 

(Hidayat et al. 2017). Some studies have experimented with the use of a vacuum 

environment (close system) as a heat treatment medium (Rep et al. 2004; Allegretti et al. 

2012; Surini et al. 2012). The boiling point of water is reduced under vacuum, which causes 

the water to evaporate at lower heat treatment temperatures. The effects of water are 

reduced in the wood hydrolyzed during the heat treatment. Therefore, heat treatments 

performed under vacuum result in lower weight losses (Allegretti et al. 2012; Srinivas and 

Pandey 2012). 

Although some studies have examined a heat treatment closed system, no data have 

been reported on the effects of such treatments on the color, glossiness, or roughness of 

wood coatings. The aim of this study was to determine the influence of heat treatments in 

a closed or open system on various surface modifications. To this purpose, the changes in 

surface color, glossiness, and roughness of the pine and poplar wood samples subjected to 

thermal treatment in both open and closed systems were investigated. In addition, after the 

heat treatments, the surfaces of the samples were coated with three types of coatings, i.e., 

water-based, polyurethane-based, and oil-based varnishes, and the strength of the surface 

properties of the wood samples were measured. 

 

 

EXPERIMENTAL 
 

Scots pine (Pinus sylvestris L.) and poplar (Populus euramericana) specimens were 

prepared from sapwood blocks with dimensions of 75 mm (R) × 15 mm (T) × 150 (L) mm. 

The specimens were free of macroscopic defects, e.g., knots and splits. The oven-dried 

densities of the pine and poplar samples used were 0.66 g cm-3 and 0.28 g cm-3, 

respectively.  

Prior to the heat treatment, all the specimens were oven dried at 103 °C to a 

moisture content of 0%. The oven and vacuum pressure chamber samples were subjected 

to heat treatment for 2 h at a range of 180 °C to 200 °C for the poplar samples and at a 

range of 190 °C to 212 °C for the Scots pine samples. Poplar is known to be more affected 

by heat treatment. Therefore, the heat treatment temperature was kept lower. For the first 

method (open system), heat treatment was performed using an oven (Memmert, 

Schwabach, Germany). No water vapor or other gases were introduced into the 

environment. The samples were placed into the oven when the target temperature was 

reached. In the second method (close system), the oven-dried samples were place in a 

vacuum pressure chamber (Jeio Tech, Seoul, Korea) once a vacuum of 675 mmHg was 

achieved. After the heat treatments, the mass loss was determined by Eq. 1,  

Mass loss (%) = ((m1 - m2) / m1) x 100                               (1) 

where m1 is the mass before heat treatment and m2 is the mass after treatment. Finally, the 

modified samples were stored for two weeks in a controlled environment at 20 °C and 65% 

relative humidity (RH).  
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Three types of varnish, a water-based (AQUA), a polyurethane-based (PUR), and 

an oil/wax-based (OIL+WAX) varnish, were applied to the unheated (control) and heat-

treated samples. The varnishes were applied on the samples by hand using a roller brush 

with a spread rate of 100 g/m2.  

The color measurement was performed with a Konica Minolta spectrophotometer 

(Osaka, Japan) via measuring the L*, a*, and b* values of the samples. For each sample, 

three-color measurements were made at randomly selected zones, according to ISO 

standard 7724-2 (1984). The CIELab System was used for color evaluation. The L*, a*, 

and b* color coordinates were determined for the sample only after coating. L* represents 

the black-and-white axis; for black, L* = 0, and for white, L* = 100; a* represents red-

green color based on the positive and negative axes and b* represents yellow-blue color 

(positive value to yellow, negative value to blue). The changes in the color coordinates 

(∆L*, ∆a*, and ∆b*) were determined by taking the difference between the final (after 

coating) and initial (before coating) value. The total color changes (ΔE*) were calculated 

according to Eq. 2, 

∆E* = [(∆a*)2 + (∆b*)2 + (∆L*)2] 1/2                                      (2) 

where ∆L* is the change in L*, ∆a* is the change in a*, and ∆b* is the change in b*. 

The gloss levels were determined in accordance with DIN standard 67530 (1982) 

and ISO standard 2813 (2014) using a PICO GLOSS 503 photoelectric apparatus. The 

surface gloss of the heat-treated (HT) and vacuum heat-treated (VHT) samples, both coated 

and non-coated, were measured at 20°, 60°, and 85° angles of incidence. For typical test 

measurements, a 20° angle is used to measure the surface gloss of matte coatings, a 60° 

angle is used for both matte and glossy specimens, and an 85° angle is used for very glossy 

surfaces. Two measurements were taken from the surface of each sample, one parallel to 

the grain direction (of the wood fibers) and one perpendicular to the grain direction. Five 

measurements in both direction parallel and perpendicular to the grain. Five measurements 

were taken of the surface in each direction. A complete specular light reflection, i.e., very 

high gloss, would be 100%, and a complete diffuse light reflection, i.e., matte, would be 

0%. 

The surface quality measurements were performed using a MicroProf FRT 

instrument (Fries Research & Technology GmbH, Bergisch Gladbach, Germany). The 

range of roughness parameters were calculated by device, which included the arithmetic 

mean deviation of the assessed profile (Ra), Rz, and Rqmax. All of the parameters were 

measured in 2D profile and three measurements were taken from the surface of each 

direction, i.e., one parallel to the grain direction and one perpendicular to the grain 

direction. Using an evaluation length of 50 mm, a sampling length of 2.5 mm, and a 

measuring resolution of 5 μm with the scanning speed of 750 μm/s, a total of 10000 points 

were scanned per measurement. A Gaussian filter was automatically applied to all 

roughness data. The roughness measurements were performed for all samples prior to and 

after being coating in their respective varnish. 

 

 

RESULTS AND DISCUSSION 
 

The mass loss values of the poplar and Scots pine samples, which were heat treated 

after reaching their full dry weight, are shown in Table 1. In addition, the standard deviation 

values are shown in parentheses.  
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Table 1. Mass Loss (%) 

Scots Pine (Pinus sylvestris L.) Poplar (Populus euramericana) 

HT-190 HT-212 VHT-190 VHT-212 HT-180 HT-200 VHT-180 VHT-200 

2.01b 
(0.25) 

6.32c 
(0.64) 

1.00a 
(0.14) 

2.04b 
(0.39) 

0.54a 
(0.11) 

2.31b 
(0.20) 

0.55a 
(0.18) 

0.84a 
(0.38) 

Note: HT = heat-treated; VHT = vacuum heat-treated, In parentheses: SD 
a,b,c indicate Duncan’s homogeneity groups in the column. The fact that the letters are 
different shows that the variations take place in significantly different groups. 

 

A mass loss of 2.01 to 6.32% was observed for the HT Scots pine samples treated 

at 190 to 212 °C, and a mass loss of 0.54 to 2.31% was observed for the HT poplar samples 

treated at 180 to 200 °C. However, lower mass loss percentages were obtained after heat 

treatment in a closed system. A mass loss in the range of 1.00 to 2.04% was observed in 

the Scots pine VHT samples, and mass loss in the range of 0.55 to 0.84% was observed in 

the poplar VHT samples. Mass loss is one of the most important features that changes 

during heat treatment. The mass loss of wood varies depending on the heat treatment 

medium, temperature, and duration (Esteves and Pereira 2008; Kutnar et al. 2013). For 

Scots pine heat treated at 210 °C, a mass loss of 13.6% was reported (Sivrikaya et al. 2015). 

However, for the current study, heat treatment at 212 °C resulted in a mass loss of 6.32%, 

and at temperatures below 190 °C was even lower (Table 1). The mass loss values of the 

poplar samples after heat treatment in an open and closed system were found to be lower 

than those of the Scots pine samples. This is attributed to the low heat treatment 

temperature. However, it was revealed that the wood of coniferous trees was more sensitive 

to heat treatment in a dry environment. The lack of oxygen during the heat treatment in a 

vacuum environment reduced the weight loss values. Ferrari et al. (2013) determined that 

weight loss values increased as an effect of a reduced vacuum medium, but at low 

temperatures, the amount of oxygen in the environment was not important. The results of 

the author’s study showed that at 180 °C, there was no statistically significant (P-value = 

0.03) difference between poplar wood being subjected to heat treatment in either a closed 

system or an open system. 

 

Color Changes 
The color values of the Scots pine and poplar samples with three different varnishes 

are shown in Table 2. Color measurement was conducted on samples only after coating. 

A low ΔE* value indicated either little color change or color stability. For all the 

heat-treated variations, negative ΔL* values, positive Δa* values (excluding the PUR 

varnish-treated Scots pine control), and positive Δb* values were obtained. The maximum 

total color change value for the Scots pine control samples was found in samples with an 

OIL + WAX varnish application (ΔE* = 9.85). With the application of varnishes to the 

heat-treated Scots pine samples, the total color-change values increased when compared to 

the control samples; i.e., greater color change was observed in the heat-treated samples. 

However, in the samples heat treated in a closed system, the total color change value was 

higher than the control values, but lower than the samples heat treated under a normal 

oxygen environment. The maximum total color change value was observed in the heat-

treated samples with an OIL + WAX varnish application, similar to the Scots pine control 

samples. In a literature study by Tomak (2011), ΔE* values of 22 to 24 were found for 

Scots pine samples impregnated with hazelnut oil, waste oil, soybean oil, corn oil, 
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sunflower oil, and canola oil. After the oil treatment, the wood samples became more 

yellowish-brown in color. 

The poplar wood samples behaved similarly to the Scots pine wood samples; i.e., 

the color change values in the control samples with an application of varnish were lower 

than the color change values in the test samples. The fact that the color change values of 

the control samples were lower than the test samples was caused by the heat treatment 

applied to the samples. The transparent structure of the three varnish treatments caused the 

post-heat treatment color differences to be reflected in the measurements. The causes of 

the sample surface color changes after heat treatment have been noted in multiple literature 

studies (Tjeerdsma et al. 1998; Mitsui et al. 2001; Bekhta and Niemz, 2003; Ahajji et al. 

2009; Gunduz et al. 2010; Kamperidou et al. 2013; Sivrikaya et al. 2019). Chow and Mukai 

(1972) stated that there is a relationship between the color change caused by heat treatment 

and the degree of crystallinity, degree of polymerization, and amount of OH. 

 

Table 2. Color Coordinates and Total Color Changes of Heat- and Vacuum Heat-
Treated Scots Pine and Poplar Samples after Coating  

 
Varnish 

Type 
Variation ΔL Δa Δb ΔE 

S
c
o
ts

 P
in

e
 (

P
in

u
s
 s

y
lv

e
s
tr

is
 L

.)
 

AQUA 

Control -4.22 (0.50) 0.33 (0.29) 1.09 (0.63) 4.41 (0.60) 

HT-190 -6.88 (1.47) 1.47 (0.43) 5.45 (0.79) 9.00 (0.92) 

HT-212 -13.63 (1.58) 3.00 (0.54) 1.81 (1.73) 14.19 (1.20) 

VHT-190 -5.12 (4.04) 0.83 (0.46) 1.34 (0.52) 6.34 (1.75) 

VHT-212 2.63 (9.60) 0.31 (1.34) 3.74 (1.01) 9.13 (3.45) 

PUR 

Control -6.08 (0.97) -0.02 (0.21) 1.49 (0.60) 6.28 (1.04) 

HT-190 -10.51 (1.88) 2.07 (0.43) 6.21 (1.17) 12.45 (1.76) 

HT-212 -11.40 (3.99) 3.13 (1.72) 0.43 (2.72) 12.13 (4.21) 

VHT-190 -5.23 (3.73) 0.95 (1.22) 2.80 (1.23) 6.24 (3.68) 

VHT-212 -2.39 (6.04) 0.86 (1.24) 2.63 (1.61) 6.49 (2.17) 

OIL + 
WAX 

Control -8.14 (0.43) 0.91 (0.17) 5.43 (0.86) 9.85 (0.64) 

HT-190 -14.17 (2.37) 4.00 (1.26) 10.45 (0.98) 18.07 (2.69) 

HT-212 -20.40 (2.35) 6.72 (0.79) 2.40 (2.51) 21.77 (2.07) 

VHT-190 -8.99 (1.36) 1.41 (0.47) 5.85 (1.63) 10.88 (1.80) 

VHT-212 -22.11 (9.18) 5.16 (1.56) 8.35 (1.89) 24.52 (8.13) 

P
o
p

la
r 

(P
o
p
u

lu
s
 e

u
ra

m
e
ri
c
a
n
a

) 

AQUA 

Control -5.14 (1.11) 1.14 (0.34) 2.63 (0.67) 5.92 (1.13) 

HT-180 -6.93 (0.60) 1.29 (0.23) 3.94 (0.53) 8.09 (0.57) 

HT-200 -12.85 (3.87) 3.16 (0.35) 5.11 (1.04) 14.35 (3.21) 

VHT-180 -5.18 (0.99) 1.46 (0.42) 3.06 (1.15) 6.22 (1.42) 

VHT-200 -7.98 (3.06) 2.69 (0.55) 4.83 (0.67) 9.82 (2.72) 

PUR 

Control -4.29 (1.92) 1.51 (0.54) 3.80 (0.30) 6.08 (1.38) 

HT-180 -5.70 (2.78) 1.75 (0.54) 4.89 (1.07) 7.82 (2.65) 

HT-200 -12.73 (2.83) 4.21 (0.62) 7.58 (1.76) 15.60 (2.07) 

VHT-180 -6.00 (1.02) 2.44 (0.36) 5.98 (0.78) 8.83 (1.24) 

VHT-200 -10.27 (2.35) 3.89 (0.38) 6.37 (1.53) 12.85 (1.75) 

OIL + 
WAX 

Control -8.48 (1.12) 2.22 (0.53) 8.01 (0.63) 11.89 (1.23) 

HT-180 -7.67 (2.15) 2.64 (0.95) 8.55 (1.18) 11.98 (1.25) 

HT-200 -16.12 (2.94) 7.48 (1.40) 12.86 (1.34) 22.07 (2.06) 

VHT-180 -8.92 (2.41) 3.34 (0.90) 9.03 (1.23) 13.15 (2.68) 

VHT-200 -16.09 (6.11) 6.24 (0.74) 12.40 (1.08) 21.56 (4.79) 

Note: HT = heat-treated; VHT = vacuum heat-treated; number after denotes temperature 
Control: unheated+varnish, In parentheses: SD 
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The total color change values of the Scots pine samples subjected to a vacuum heat 

treatment were found to be lower than the samples heat treated in an oxygen environment. 

However, there was no significant (P-value < 5%) difference between the vacuum heat 

treated and oxygen heat treated the poplar wood samples. Yang et al. (2015) applied a 

thermo-vacuum treatment to alder birch (Betula alnoides) hardwood at temperatures of 160 

to 200 °C under a relative vacuum of -0.08 MPa. Higher heat-treatment temperatures (180 

°C or greater) and longer treatment times (h) resulted in lower ΔL* values and higher ΔE* 

values. The L* value decreased from 76.81 to 52.27, and the highest ΔE* value was 25.21, 

which resulted from a heat treatment at 200 °C for 4 h.  

 

Gloss Values 
The gloss values of the Scots pine and poplar wood samples are shown in Table 3. 

The measurements were made both parallel to and perpendicular to the grain of the wood. 

For the control samples measured at 20°, 60° and 85° parallel and perpendicular to the 

fibers, the Scots pine samples with an OIL + WAX application yielded the highest gloss 

value (6.05) and the poplar samples treated with PUR yielded the lowest gloss value. At 

the 60° and 85° measurements in both directions, the same varnish applications yielded the 

highest and lowest gloss values. 

 

Table 3. Average Gloss Values for Heat- and Vacuum Heat-Treated Poplar and 
Scots Pine Samples After Coating 

 
Parallel (‖) to the grain Perpendicular (⊥) to the grain 

20° 60° 85° 20° 60° 85° 

S
c
o
ts

 P
in

e
 (

P
in

u
s
 s

y
lv

e
s
tr

is
 L

.)
 

A
Q

U
A

 

Control 
2.41 

(0.18) 
16.96 
(1.62) 

28.45 
(3.47) 

2.38 
(0.17) 

12.55 
(0.94) 

14.22 
(1.38) 

HT-190 
2.77 

(0.18) 
20.65 
(1.42) 

35.39 
(2.42) 

2.63 
(0.16) 

14.95 
(0.87) 

19.72 
(2.33) 

HT-212 
2.49 

(0.33) 
19.48 
(1.80) 

35.77 
(3.52) 

2.55 
(0.23) 

16.39 
(1.52) 

23.37 
(2.80) 

VHT-190 
2.20 

(0.23) 
16.51 
(1.97) 

27.76 
(3.23) 

2.17 
(0.20) 

12.35 
(0.93) 

14.59 
(1.93) 

VHT-212 
2.53 

(0.32) 
19.87 
(2.05) 

35.15 
(3.97) 

2.42 
(0.34) 

14.85 
(1.27) 

19.62 
(2.10) 

P
U

R
 

Control 
2.25 

(0.74) 
14.22 
(5.08) 

19.34 
(8.53) 

2.38 
(0.61) 

12.85 
(3.69) 

15.16 
(5.31) 

HT-190 
2.04 

(0.44) 
13.57 
(2.62) 

19.12 
(5.12) 

2.47 
(0.37) 

13.49 
(2.23) 

14.40 
(2.54) 

HT-212 
1.78 

(0.44) 
13.79 
(3.80) 

23.92 
(8.00) 

1.64 
(0.49) 

11.42 
(3.04) 

16.74 
(3.97) 

VHT-190 
1.65 

(0.20) 
11.00 
(1.48) 

14.82 
(2.98) 

1.50 
(0.38) 

8.27 
(2.51) 

9.96 
(2.96) 

VHT-212 
1.20 

(0.05) 
8.59 

(0.83) 
14.60 
(2.01) 

1.18 
(0.32) 

7.24 
(2.44) 

9.92 
(3.53) 

O
IL

 +
  
W

A
X

 Control 
6.05 

(1.23) 
38.81 
(4.93) 

60.36 
(7.27) 

5.85 
(2.00) 

30.30 
(8.24) 

42.95 
(11.19) 

HT-190 
4.64 

(0.76) 
32.16 
(4.56) 

48.50 
(8.17) 

4.53 
(1.14) 

24.82 
(4.58) 

33.99 
(7.23) 

HT-212 
4.52 

(0.78) 
31.97 
(4.31) 

48.24 
(8.77) 

4.54 
(1.33) 

25.57 
(5.29) 

35.52 
(7.06) 

VHT-190 3.56 26.90 40.42 4.02 22.24 28.20 
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(0.79) (5.35) (9.37) (1.30) (6.59) (9.39) 

VHT-212 
3.90 

(1.34) 
28.82 
(6.69) 

43.80 
(4.77) 

4.43 
(1.38) 

24.88 
(5.94) 

34.69 
(8.84) 

P
o
p

la
r 

(P
o
p
u

lu
s
 e

u
ra

m
e
ri
c
a
n
a

) 

A
Q

U
A

 
Control 

2.56 
(0.25) 

18.30 
(1.62) 

29.55 
(3.16) 

2.49 
(0.47) 

14.43 
(2.32) 

19.14 
(4.51) 

HT-180 
1.55 

(0.39) 
13.27 
(2.56) 

20.85 
(4.80) 

1.48 
(0.35) 

11.19 
(1.55) 

16.15 
(2.35) 

HT-200 
2.03 

(0.30) 
17.77 
(1.50) 

32.51 
(4.08) 

2.00 
(0.29) 

14.67 
(1.36) 

24.30 
(2.86) 

VHT-180 
2.68 

(0.36) 
21.26 
(1.55) 

36.46 
(2.37) 

2.79 
(0.24) 

14.73 
(2.74) 

21.44 
(3.72) 

VHT-200 
2.50 

(0.32) 
19.17 
(2.14) 

30.74 
(4.36) 

2.41 
(0.48) 

15.28 
(1.80) 

22.09 
(3.16) 

P
U

R
 

Control 
1.85 

(0.34) 
10.70 
(2.69) 

12.45 
(2.76) 

2.02 
(0.33) 

10.11 
(2.30) 

10.44 
(3.36) 

HT-180 
1.26 

(0.40) 
8.77 

(3.98) 
18.10 
(8.00) 

1.45 
(0.45) 

8.63 
(2.88) 

10.05 
(3.51) 

HT-200 
0.63 

(0.25) 
5.76 

(2.08) 
11.63 
(3.63) 

1.00 
(0.38) 

7.93 
(2.53) 

12.16 
(3.02) 

VHT-180 
1.57 

(0.53) 
9.35 

(4.22) 
10.21 
(7.05) 

1.38 
(0.20) 

6.79 
(1.23) 

6.45 
(2.72) 

VHT-200 
0.99 

(0.17) 
5.35 

(1.30) 
5.08 

(2.73) 
0.99 

(0.28) 
4.84 

(1.84) 
4.91 

(2.99) 

O
IL

 +
  
W

A
X

 

Control 
4.60 

(0.81) 
32.57 
(4.69) 

43.23 
(6.55) 

4.23 
(0.77) 

22.77 
(2.85) 

29.99 
(4.06) 

HT-180 
4.71 

(0.96) 
33.58 
(4.14) 

54.18 
(5.93) 

4.17 
(0.55) 

24.46 
(2.71) 

36.85 
(4.00) 

HT-200 
3.96 

(0.58) 
29.53 
(3.28) 

50.87 
(4.52) 

3.82 
(0.83) 

24.67 
(4.09) 

41.13 
(3.70) 

VHT-180 
2.90 

(0.38) 
22.78 
(3.65) 

29.52 
(4.92) 

3.04 
(0.43) 

15.92 
(2.68) 

15.10 
(2.58) 

VHT-200 
3.08 

(0.64) 
22.83 
(3.96) 

30.70 
(7.58) 

3.36 
(0.44) 

19.68 
(2.11) 

26.70 
(4.11) 

Note: HT = heat-treated; VHT = vacuum heat-treated; number after denotes temperature 
Control: unheated+varnish, In parentheses: SD 

 

The gloss values of the Scots pine and poplar wood samples were found to generally 

decrease with heat treatment and coatings (as shown in Table 3). Moreover, the gloss 

values decreased in parallel with an increase in the heat treatment temperature. The results 

obtained were similar to those in multiple literature studies (Korkut et al. 2013; Krystofiak 

et al. 2014; Ayata et al. 2017). Furthermore, the gloss values of the samples heat-treated in 

a closed system were lower than the samples heat-treated in oxygen (except for the poplar 

samples with an AQUA or PUR varnish).  

The glossiness was generally higher parallel to the grain than perpendicular to the 

grain, which was in accordance with the prior report by Bekhta et al. (2014). For gloss 

measurements made perpendicular to the grain, the device prevented light reflection as the 

measuring light struck the fibers. This resulted in lower gloss values for the wood samples. 

 

Surface Roughness Values 
The roughness values of the samples were investigated using three different varnish 

surface treatments. According to the findings, the roughness values of all the poplar 

samples treated with an AQUA water-based varnish showed similar results; i.e., there was 

no statistically significant (P-value = 0.03) difference between the control and the heat-
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treated samples. Greater roughness values were observed for the VHT-180 °C poplar 

samples and the VHT-212 °C Scots pine samples treated with a PUR varnish.  

The poplar and Scots pine samples treated with an OIL + WAX varnish exhibited 

different behaviors. Although in general the Rmax roughness value increased significantly 

(P-value = 0.03) for the heat-treated samples, a few of the Scots pine samples had a 

decreased Rmax value. The roughness values of the Scots pine samples decreased after heat 

treatment in a normal oxygen environment, whereas they increased in a closed system; i.e., 

with an OIL + WAX varnish, the control samples (pine) and the VHT samples had the 

same roughness values. 

The poplar and Scots pine control samples had an Ra roughness value of 1.26 and 

1.04 with an AQUA varnish, 1.43 and 2.01 with a PUR varnish, and 0.43 and 0.94 with an 

OIL + WAX varnish, respectively. In the author’s study, higher roughness values were 

obtained with measurements perpendicular to the grain compared to measurements parallel 

to the grain (Table 4). 

Similar results have been reported (Gurleyen et al. 2017; Ayata and Cakıcıer 2018; 

Ayata et al. 2018). Although there is no difference between the Ra parameter of treated and 

untreated wood, this parameter is higher for wood with a two-layer coating. According to 

literature results, Ra, Rz, and Rq parameters decreased for Scots pine after heat treatment 

(Korkut et al. 2013). These decreases can be explained by hemicellulose degradation in the 

cell wall and due to the high temperature applied (Feist and Sell 1987). 

 

Table 4. Average Surface Roughness Values of Heat- and Vacuum Heat-
Treated Scots Pine and Poplar Samples After Coating 

 
Parallel (‖) to the Grain Perpendicular (⊥) to the Grain 

Ra Rz Rmax Ra Rz Rmax 

S
c
o
ts

 P
in

e
 (

P
in

u
s
 s

y
lv

e
s
tr

is
 L

.)
 

A
Q

U
A

 

Control 
1.04 

(0.16) 
6.00 

(1.00) 
9.56 

(4.72) 
1.57 

(0.26) 
8.28 

(1.54) 
12.02 
(4.51) 

HT-190 
1.56 

(0.53) 
8.38 

(2.46) 
10.10 
(2.88) 

1.86 
(0.23) 

10.11 
(0.88) 

15.27 
(2.90) 

HT-212 
1.00 

(0.22) 
6.20 

(1.16) 
10.73 
(5.34) 

1.47 
(0.22) 

8.23 
(1.72) 

10.60 
(2.41) 

VHT-190 
0.81 

(0.21) 
4.73 

(0.99) 
7.19 

(3.14) 
1.49 

(0.31) 
7.55 

(1.66) 
10.33 
(2.63) 

VHT-212 
1.07 

(0.09) 
6.63 

(1.48) 
9.51 

(1.61) 
1.45 

(0.45) 
7.93 

(2.50) 
10.53 
(4.06) 

P
U

R
 

Control 
2.01 

(0.71) 
11.01 
(4.00) 

16.03 
(6.73) 

2.57 
(0.44) 

16.29 
(4.03) 

20.13 
(5.62) 

HT-190 
1.48 

(0.36) 
8.52 

(1.84) 
11.13 
(2.49) 

3.34 
(0.79) 

20.82 
(5.73) 

28.12 
(7.90) 

HT-212 
1.47 

(0.49) 
7.82 

(2.47) 
10.67 
(3.51) 

2.52 
(0.18) 

15.30 
(2.25) 

20.69 
(3.76) 

VHT-190 
2.66 

(1.03) 
15.83 
(5.83) 

20.74 
(3.76) 

3.35 
(1.04) 

19.74 
(4.43) 

27.27 
(4.66) 

VHT-212 
3.81 

(0.75) 
24.01 
(6.53) 

31.68 
(6.69) 

3.16 
(0.66) 

21.92 
(5.71) 

31.37 
(8.22) 

O
IL

 +
 W

A
X

 

Control 
0.94 

(0.18) 
6.24 

(1.61) 
11.22 
(3.65) 

1.26 
(0.25) 

7.16 
(1.49) 

10.22 
(3.47) 

HT-190 
0.72 

(0.36) 
4.00 

(1.99) 
5.18 

(2.54) 
1.20 

(0.42) 
7.11 

(3.32) 
11.37 
(7.56) 

HT-212 
0.63 

(0.10) 
3.62 

(0.47) 
5.33 

(1.29) 
0.78 

(0.07) 
4.53 

(0.42) 
7.46 

(1.59) 
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VHT-190 
1.13 

(0.45) 
5.96 

(3.68) 
11.96 
(6.05) 

2.10 
(0.27) 

13.00 
(1.24) 

20.59 
(8.66) 

VHT-212 
1.31 

(0.44) 
7.36 

(2.20) 
11.80 
(4.82) 

1.60 
(0.39) 

10.12 
(3.86) 

15.54 
(6.68) 

P
o
p

la
r 

(P
o
p
u

lu
s
 e

u
ra

m
e
ri
c
a
n
a

) 

A
Q

U
A

 
Control 

1.26 
(0.55) 

6.58 
(1.94) 

11.99 
(7.55) 

2.96 
(0.52) 

15.84 
(3.04) 

24.63 
(2.76) 

HT-180 
1.08 

(0.38) 
6.36 

(2.11) 
12.35 
(5.31) 

2.15 
(0.26) 

11.74 
(1.66) 

15.78 
(2.57) 

HT-200 
0.91 

(0.32) 
4.81 

(1.36) 
8.47 

(4.15) 
1.68 

(0.34) 
11.06 
(1.80) 

19.17 
(4.85) 

VHT-180 
1.07 

(0.20) 
5.90 

(0.28) 
8.58 

(0.96) 
3.03 

(1.36) 
15.77 
(5.18) 

22.70 
(9.83) 

VHT-200 
1.22 

(0.40) 
7.09 

(2.00) 
11.59 
(3.99) 

2.70 
(1.09) 

14.04 
(6.96) 

19.08 
(9.74) 

P
U

R
 

Control 
1.43 

(0.51) 
9.19 

(3.07) 
14.71 
(9.21) 

3.02 
(0.20) 

18.94 
(2.67) 

28.27 
(6.58) 

HT-180 
1.69 

(0.65) 
9.51 

(4.16) 
15.74 
(3.19) 

2.64 
(0.62) 

17.70 
(4.85) 

26.59 
(8.31) 

HT-200 
1.33 

(0.31) 
7.92 

(2.26) 
12.34 
(8.52) 

1.68 
(0.37) 

10.45 
(2.04) 

16.04 
(2.41) 

VHT-180 
2.47 

(0.59) 
14.26 
(3.65) 

24.62 
(8.00) 

3.16 
(0.89) 

25.75 
(4.94) 

37.95 
(5.56) 

VHT-200 
1.57 

(0.15) 
9.69 

(2.03) 
19.60 
(0.88) 

3.14 
(1.36) 

20.45 
(7.00) 

26.40 
(8.08) 

O
IL

 +
 W

A
X

 

Control 
0.43 

(0.09) 
2.53 

(0.37) 
3.85 

(0.12) 
0.96 

(0.43) 
6.76 

(3.36) 
11.47 
(7.14) 

HT-180 
1.12 

(0.71) 
5.43 

(3.27) 
16.83 
(9.99) 

1.26 
(0.12) 

9.35 
(2.11) 

24.85 
(9.11) 

HT-200 
0.89 

(0.48) 
5.49 

(2.83) 
9.38 

(4.84) 
2.48 

(1.18) 
15.94 
(6.46) 

25.87 
(8.03) 

VHT-180 
1.19 

(0.63) 
6.97 

(3.40) 
15.05 

(10.00) 
1.81 

(0.57) 
12.16 
(3.84) 

19.98 
(8.53) 

VHT-200 
0.74 

(0.34) 
4.19 

(1.68) 
8.03 

(4.18) 
1.13 

(0.45) 
8.61 

(4.55) 
14.05 
(9.57) 

Note: HT = heat-treated; VHT = vacuum heat-treated; number after denotes temperature 
Control: unheated+varnish, In parentheses: SD 

 

 
CONCLUSIONS 
 

1. Generally, lower weight loss values were obtained for the poplar and Scots pine 

sapwood samples after treatment. However, vacuum heat treatment reduced the total 

mass loss more than heat treatment did. Therefore, it could be concluded that the 

process in the present study (which focused on the goal of reducing the total mass loss 

in the modified samples) was successful and played an important role in improving the 

strength properties of the sapwood samples without any damage.  

2. The color change was inhibited as a result of a closed system. The total color change 

(ΔE*) values were greater for the open system samples than for the closed system 

samples in Scots Pine (Pinus sylvestris L.). There was no significant difference in 

poplar samples. Low color changes in the closed system can be accepted as an 

advantage for the place of use. However, other characteristics of the wood should be 

considered. 
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3. The gloss measurements that were taken at  20°, 60°, and 85° angles yielded the 

highest values for the poplar and Scots pine samples treated with an OIL + WAX 

varnish.  The gloss values taken in parallel to the grain were higher than those taken 

perpendicular to the grain. It is recommended to use OIL + WAX applied samples in 

places where higher brightness is desired. 

4. The three different varnish applications resulted in differences in the surface roughness 

values for the Scots pine and poplar wood samples. The maximum roughness value 

was obtained with a PUR varnish and the minimum roughness value was obtained with 

an OIL + WAX application. The roughness values perpendicular to the grain were 

greater than the roughness values parallel to the grain. 
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