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Abstract: This paper deals with the effect of heat treatment on the selected physical properties of
birch wood. Five stages of heat treatment were used, ranging from 160 ◦C to 200 ◦C, in 10 ◦C
increments, having a peak treatment duration of 3 h for each level. Primarily, changes in thermal
characteristics, namely conductivity, diffusivity, effusivity, volume heat capacity, changes in colour
and gloss parameters, mass loss due to modification and different moisture content in wood under
given equilibrium climatic conditions, were monitored. The ISOMET 2114 analyser was used to
measure the thermal characteristics. The measurement principle of this analyser is based on the
analysis of the thermal response of the analysed material to pulses of heat flow. Measurements of
colour, gloss, density and moisture content were carried out according to harmonised EN standards.
The aim was to experimentally verify the more or less generally known more positive perception of
heat-treated wood, both by touch and sight, i.e., the warmer perception of darker brown shades of
wood. In terms of thermal characteristics, the most interesting result is that they gradually decrease
with increasing treatment temperature. For example, at the highest treatment temperature of 200 ◦C,
there is a decrease in thermal conductivity by 20.2%, a decrease in volume heat capacity by 15.0%,
and a decrease in effusivity by 17.7%. The decrease in thermal conductivity is nearly constant at all
treatment levels, specifically at this treatment temperature, by 6.0%. The fact mentioned above is
positive in terms of the tactile perception of such treated wood, which can have a positive effect, for
example, in furniture with surface application of heat-treated veneers, which are perceived positively
by the majority of the human population visually or as a cladding material in saunas. In this context,
it has been found that the thermal modification at the above-mentioned treatment temperature of
200 ◦C results in a decrease in brightness by 44.0%, a decrease in total colour difference by 38.4%, and
a decrease in gloss (at an angle of 60◦) by 18.2%. The decrease in gloss is only one essential negative
aspect that can be addressed by subsequent surface treatment. During the heat treatment, there is
also a loss of mass in volume, e.g., at a treatment temperature of 200 ◦C and subsequent conditioning
to an equilibrium moisture content in a conditioning chamber with an air temperature of 20 ± 2 ◦C
and relative humidity of 65 % ± 5%, there was a decrease by 7.9%. In conclusion, the experiments
clearly confirmed the hypothesis of a positive perception of heat-treated wood in terms of haptics
and aesthetics.

Keywords: physical properties; thermal characteristics; conductivity; diffusivity; volume heat capac-
ity; effusivity; colour; gloss; thermowood; computed tomography

1. Introduction

In the area of Central Europe, birch is, on the one hand, considered an important
ameliorative, hardening and pioneering tree species, and, on the other hand, it is often
considered an undesirable admixture which, due to its rapid initial growth, can adversely
inhibit the growth of target tree species. Nowadays, in view of spruce stands destruction,
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there is an opportunity to direct the development of the mainly self-sown birch up to
the clearing age. A shift in the view of birch from a weedy tree species to an alternative
economic tree species is possible in the Czech Republic, even in view of the above. In
addition to the use of birch wood for energy purposes, where lower monetisation of
timber for forest owners can be expected, the high-quality birch round-timber assortments
are possible to be used for products with higher added value, for example, for furniture
purposes [1]. This paper aims to provide forest assets managers with important information
on the impact and meaningfulness of their activities in relation to the quality of birch timber
and its better valuation. This paper is a sequel to the previous papers, namely Borůvka et al.
2018, Borůvka et al. 2019, and Dudík et al. 2020 [2–4], focused on the study of elasticity and
strength properties, dimensional stability of wood from different sites before and after its
heat treatment, as well as surface properties of wood in the form of veneers, and marketing
appreciation of the birch wood thermal treatment process and its possible use in practice
under the conditions in the Czech Republic.

As generally known, there are wood changes at the structure level from its chemical
level and, of course, its properties due to heat treatment with respect to the applied
temperature; see the literature for examples [5–9]. The issue related to the impact on haptic
properties, mainly related to the objective assessment of the perceived temperature of
surfaces by measuring thermal characteristics, i.e., the issue of relevant justification of
tactile subjective perception is potentially less scientifically discussed and described [10,11].

Environmental comfort is created by many factors, including the appearance and
temperature of the material surfaces. The surface properties of wood largely determine
its quality in terms of using this natural material, not only in the interior (e.g., furniture)
but also in the exterior (e.g., cladding material). Subjectively, untreated “natural” wood is
judged positively both by sight and touch, and heat-modified wood is no different. A more
positive perception of heat-treated wood, i.e., a warmer perception of darker brown shades
of wood, is generally accepted by touch and sight. Untreated birch wood is perceived as
“drab”—visually uninteresting and not very durable. The research in this paper focuses on
objective measurements of the colour and gloss, particularly the thermal characteristics of
heat-treated wood, and a comparison of the values obtained with measurements before the
modification thereof.

There are several approaches to measuring thermal properties (guarded hot plate
and heat flow meter methods, transient hot-strip methods, transient heat methods, laser
flash methods, hot disk sensor methods, steady-state methods), depending primarily on
the material under test and its intended application [12]. This can be seen, for exam-
ple, in the standards ASTM D5334-08, ASTM C1113/C1113M-09(2019), ISO 8301:1991
and ISO 8302:1991, ISO 22007-2:2015, JIS R 1611:1997, ČSN EN 12664 and ČSN EN
12667 [13,14], with the information in the papers dealing with this issue found in the
literature [15–32]. Research dating back about 100 years or more [33–35] and the funda-
mental classical literature of thermal physics [36–38] can be considered the basis for this.
For wood, the standardised test is the “Determination of thermal resistance by means of
guarded hot plate and heat flow meter methods” according to ČSN EN 12664 [13]; however,
due to the demanding instrumentation, other methods are also used, e.g., measurements
based on the analysis of the temperature response of the analysed material to heat flow
pulses. Wood is an anisotropic, inhomogeneous, hygroscopic and porous material, with the
occurrence of defects, anomalies, etc., making these characteristics highly variable due to
many factors [39,40]. In terms of anisotropy alone, there is a significant difference among
the directions, e.g., the thermal conductivity in the longitudinal direction is two to three
times higher than in the direction perpendicular to the fibres. In addition, there is a relevant
difference between the radial and tangential directions [41,42]. Of course, the moisture
content of the wood also has a significant influence, as does the pore volume, which results
from the very different thermal properties of the wood substance, water and air.

Generally, wood has a low temperature acceptance and consequently conducts less
heat on touch, making the material feel warmer. On the other hand, this characteristic
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significantly affects accumulation. Wood accumulates heat up to 13 times less than, for
example, concrete [36].

This paper is primarily intended to result in a targeted expansion of the database
dealing with this issue and, thus, contribute to understanding the human perception of
temperature, colour and gloss of surfaces. The paper does not aim to address specific values
so much as the differences among the individual levels of modification and untreated wood.
In any case, this paper’s primary intention and its focus on the objective measurement
of the thermal properties of heat-treated wood should be kept in mind. The thermal
characteristics of the heat-treated wood have not yet been the subject of extensive research.
This article should thus contribute to closing the research gap.

2. Materials and Methods

The preparation of the test specimens was based on the ČSN 49 0101 [43]. The samples
were made of the wood of European white birch (Betula pendula Roth). The tree trunk
cutout of about 2 m in length was taken from the basal part of the tree, which was located
within the stand of the School Forest Enterprise of the Czech University of Life Sciences
in Kostelec nad Černými Lesy (Czech Republic). A tangential grain pattern board was
manipulated from this cutout, from which, after drying to an air-dry state (approximately
15% of moisture content), test samples measuring 40 × 199 × 330 mm were manipulated.
The reason for choosing the tangential board consists in more frequent occurrence in actual
practical usage. The principle of cutting the board down to the final test specimens is
illustrated in Figure 1, with no emphasis on the samples’ defect-free (clean) nature in
terms of ingrown knots. The prepared samples were conditioned using a ClimeEvent
C/2000/40/3 climate chamber (Weiss Umwelttechnik GmbH, Reiskirchen, Germany). In
the climate chamber, the air parameters were set so that the resulting absolute moisture of
the wood was about 12%. Therefore, conditioning of the test specimens was carried out
until the equilibrium moisture of the wood was stabilised in a controlled environment with
an air temperature of 20 ± 2 ◦C and relative humidity of 65% ± 5%.
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Figure 1. Scheme of preparation of test specimens from the tangential board.

Subsequently, all the experiments described below were carried out on these samples,
i.e., the properties of the wood in the unmodified reference state were determined. The
samples were then subjected to a heat-treatment process in an air atmosphere at tempera-
tures ranging from 160 ◦C to 200 ◦C, in 10 ◦C increments, with a peak treatment duration of
3 h for each level. The process was carried out in accordance with the well-known Finnish
patent for thermal modification of wood; to see EP-0759137 [44]. The process of thermal
modification took place in the laboratory high-temperature chamber A type KHT (Katres
Ltd., Jihlava, Czech Republic), with a filling capacity of 0.38 m3, maximum load capacity
of 150 kg, maximum working temperature of 250 ◦C, and energy consumption of 3 kWh.
During the treatment, a water screen, i.e., spraying, was used instead of the overheated
steam used in the Finnish technology. The detailed production process is described in
the reference, see Borůvka et al. 2019, and Dudík et al. 2020 [3,4]. The thermally treated
test specimens were then re-conditioned to stabilise equilibrium moisture content in an
environment with a relative humidity of 65 ± 5% and a temperature of 20 ± 2 ◦C; see
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the description above. The heat-treated samples had to be surface-aligned for further
experiments because of the deformations caused by uneven shrivelling in each anatomical
direction, in the same manner of alignment as for untreated wood. Subsequently, all the
experiments described below were again performed on these samples, i.e., the properties
for each level of heat-treated wood were determined. In addition, because of the necessary
alignment, the thermal characteristics were also determined on a special radial test sample
manipulated from a central radial board originating from the same cutout as the tangential
board. This sample was successively aligned in thickness, each time by 5 mm (Figure 2).
The reason for this was to determine the effect of sample thickness on thermal characteris-
tics, wherein the parameter values were monitored primarily at thicknesses of 30, 35 and
40 mm.
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At the same air temperature and relative humidity, the following thermal properties
were determined: specific thermal conductivity λ (W/m.K), i.e., conductivity, volume heat
capacity ρ.c (J/m3.K), and thermal conductivity a (m2/s), i.e., diffusivity. An ISOMET 2114
instrument (Applied Precision Ltd., Bratislava, Slovakia) applying a dynamic measurement
method that allows for shorter measurement times compared to steady-state measurement
methods was used to determine these properties. The measurement principle is based on
the analysis of the temperature response of the material under analysis to heat flow pulses,
whereby the heat flow is excited by the electrical heating of a resistive heater inserted into
a probe being in direct thermal contact with the sample under test. Thus, the instrument
allows simultaneous measurement of all three quantities using the non-stationary source
method. There is a relationship among these quantities [42]:

a =
λ

ρ × c
(1)

A surface area probe calibrated for a thermal conductivity range from 0.04 to
0.30 W/m.K was connected to the instrument; wherein three measurements were taken on
each sample area being measured with a time delay of 100 sec and a temperature difference
of 10.0 K (Figure 3). An example of the instrument along with the probe and its location on
the sample is shown in Figure 4.
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In addition, the heat acceptance b (W.s/m.K), i.e., the effusivity, which characterises
the heat dissipation rate, was used for the evaluation. This parameter is mainly used in
the construction industry to assess flooring materials. It is considered the most suitable
parameter due to the highest sensitivity for comparison with human temperature percep-
tion. Therefore, this is an ideal parameter for an objective assessment of the perceived
temperature of surfaces. It is calculated according to the relation [10]:

b =
√

λ × ρ × c (2)

Standard colour measurements (CIEL*a*b*) were, as all experiments, carried out on
untreated and heat-treated samples using a Spectrophotometer CM-600d (Konica Minolta,
Osaka, Japan) in accordance with ČSN EN ISO 11664-4 and ČSN EN ISO 11664-6 [45,46].
The total colour difference of the wood relative to the white colour before and after heat
modification was determined by the colourimetric parameter ∆E*, which is calculated as
the square root of the sum of the squares of the partial differences (∆L* is the difference
on the brightness axis, ∆a* is the difference on the green–red axis and ∆b* is the difference
on the blue–yellow axis), see Formula (3). Therefore, it expresses the shortest distance
between the coordinates of a standard, the white colour in this case, and the sample in the
colour space.

∆E∗ =
√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (3)

The gloss was measured using an MG268-F2 gloss meter (KSJ, Quanzhou, China) in
accordance with the ČSN EN ISO 2813 [47], the results at an angle of 60◦ being considered
the most determinative.

In addition, the density of the conditioned test specimens was determined according
to the procedure described in the ČSN 49 0108 [48]. The individual test specimens were
weighed using a Kern PCB 2500-2 laboratory scales (KERN & SOHN GmbH, Balingen,
Germany) with an accuracy of 0.01 g. The dimensions of the test specimens were measured
using a Kinex 6040-27-150 calliper (KINEX Measuring s.r.o., Prague, Czech Republic) with
an accuracy of 0.01 mm. The general formula was used to calculate the density ρw (kg/m3):

ρw =
mw

Vw
, (4)

where mw (kg) is the weight of wet wood at absolute moisture content w (%), and Vw (m3)
is the volume of wet wood at absolute moisture content w (%), which is calculated by
following formula based on the ČSN 49 0103 [49]:

w =
mw − m0

m0
· 100 , (5)
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where mw (kg) is the mass of wet wood and m0 (kg) is the mass of absolutely dry wood.
The samples were oven-dried in a Binder FD 115 dryer (Binder Inc., Tuttlingen, Germany)
at a standard temperature of 103 ± 2 ◦C.

To accurately detect and localise defects within the test samples and their behaviour
due to treatment, the samples were scanned before and after treatment on a Siemens
Somatom Scope Power CT Scanner (Siemens Healthcare GmbH, Erlangen, Germany). This
is a multidetector CT (16 rows of detectors) allowing the creation of output images in
three planes, the so-called multiplanar reconstruction (MPR) and 3D reconstructed images
through the volume rendering technique (VRT) (Figure 5).

Forests 2021, 12, x FOR PEER REVIEW 6 of 22 
 

 

Germany) with an accuracy of 0.01 g. The dimensions of the test specimens were 
measured using a Kinex 6040-27-150 calliper (KINEX Measuring s.r.o., Prague, Czech 
Republic) with an accuracy of 0.01 mm. The general formula was used to calculate the 
density ρw (kg/m3): 

ρw = 
mw

Vw
 , (4)

where mw (kg) is the weight of wet wood at absolute moisture content w (%), and Vw (m3) 
is the volume of wet wood at absolute moisture content w (%), which is calculated by 
following formula based on the ČSN 49 0103 [49]: 

w = 
mw -  m0

m0
  · 100 , (5)

where mw (kg) is the mass of wet wood and m0 (kg) is the mass of absolutely dry wood. 
The samples were oven-dried in a Binder FD 115 dryer (Binder Inc., Tuttlingen, Germany) 
at a standard temperature of 103 ± 2 °C. 

To accurately detect and localise defects within the test samples and their behaviour 
due to treatment, the samples were scanned before and after treatment on a Siemens 
Somatom Scope Power CT Scanner (Siemens Healthcare GmbH, Erlangen, Germany). 
This is a multidetector CT (16 rows of detectors) allowing the creation of output images 
in three planes, the so-called multiplanar reconstruction (MPR) and 3D reconstructed 
images through the volume rendering technique (VRT) (Figure 5). 

  
(a) (b) 

Forests 2021, 12, x FOR PEER REVIEW 7 of 22 
 

 

  
(c) (d) 

Figure 5. Practical demonstration of graphic output of multiplanar reconstruction (MPR) and volume rendering technique 
(VRT) of test specimens from scanning on CT Siemens Somatom Scope Power; (a) MPR of cross section of the sample 
before modification, (b) MPR of cross section of the sample after modification, (c) VRT of the sample before modification, 
and (d) VRT of the sample after modification. 

The data and results of the studied properties were processed in graphical and 
tabular form using STATISTICA Version 13.4.0.14 (TIBCO Software Inc., Palo Alto, CA, 
USA), and some graphs were plotted in Excel 2016. Basic descriptive statistics and two-
factor analysis of variance (ANOVA) were used in STATISTICA to demonstrate trends of 
the properties and characteristics under study. Furthermore, Duncan’s test was used for 
multiple comparisons of changes in the evaluated properties and characteristics 
depending on the heat treatment level. A linear regression analysis was used to express 
the correlation dependencies of the individual properties and characteristics being 
examined among themselves. A uniform significance level of α = 0.05 was used for all 
statistical analyses. 

3. Results and Discussion 
The basic descriptive statistics of all monitored quantities for each level of wood heat 

treatment are shown in Tables 1 and 2. The changes in the quantity values of the variables 
are listed in the Annex (Tables A1 and A2 in Appendix A). In these tables, the changes are 
presented as a percentage. The monitored change in the values of the individual observed 
quantities due to the treatment was related to the values after the treatment, i.e., this is an 
absolute expression. The statistical significance of the mean value differences depending 
on the wood heat treatment level is specified for each quantity in the Annex (Tables A3–
A13) through Duncan’s tests. The mean value of the investigated wood properties, i.e., 
wood density and wood moisture content, for each heat treatment level are shown in 
Table 3, and the percentage changes relative to the untreated wood are shown in Figure 
13. Detailed explanation for each quantity as well as graphical visualisation of ANOVA 
outcomes or correlation dependencies between quantities follow (Figures 12 and 15). A 
statistically significant effect of the heat treatment factor was found for all quantities being 
examined (Figures 6 and 13); however, this was obviously not always found mutually 
between all levels (Tables A3–A13, Figures 7 and 14). The effect of the sample thickness 
factor on the thermal characteristics is graphically depicted in Figure 11. 

Figure 5. Practical demonstration of graphic output of multiplanar reconstruction (MPR) and volume rendering technique
(VRT) of test specimens from scanning on CT Siemens Somatom Scope Power; (a) MPR of cross section of the sample before
modification, (b) MPR of cross section of the sample after modification, (c) VRT of the sample before modification, and
(d) VRT of the sample after modification.



Forests 2021, 12, 1081 7 of 20

The data and results of the studied properties were processed in graphical and tabular
form using STATISTICA Version 13.4.0.14 (TIBCO Software Inc., Palo Alto, CA, USA),
and some graphs were plotted in Excel 2016. Basic descriptive statistics and two-factor
analysis of variance (ANOVA) were used in STATISTICA to demonstrate trends of the
properties and characteristics under study. Furthermore, Duncan’s test was used for
multiple comparisons of changes in the evaluated properties and characteristics depending
on the heat treatment level. A linear regression analysis was used to express the correlation
dependencies of the individual properties and characteristics being examined among
themselves. A uniform significance level of α = 0.05 was used for all statistical analyses.

3. Results and Discussion

The basic descriptive statistics of all monitored quantities for each level of wood heat
treatment are shown in Tables 1 and 2. The changes in the quantity values of the variables
are listed in the Annex (Tables A1 and A2 in Appendix A). In these tables, the changes are
presented as a percentage. The monitored change in the values of the individual observed
quantities due to the treatment was related to the values after the treatment, i.e., this is an
absolute expression. The statistical significance of the mean value differences depending on
the wood heat treatment level is specified for each quantity in the Annex (Tables A3–A13)
through Duncan’s tests. The mean value of the investigated wood properties, i.e., wood
density and wood moisture content, for each heat treatment level are shown in Table 3, and
the percentage changes relative to the untreated wood are shown in Figure 13. Detailed
explanation for each quantity as well as graphical visualisation of ANOVA outcomes or
correlation dependencies between quantities follow (Figures 12 and 15). A statistically
significant effect of the heat treatment factor was found for all quantities being examined
(Figures 6 and 13); however, this was obviously not always found mutually between all
levels (Tables A3–A13, Figures 7 and 14). The effect of the sample thickness factor on the
thermal characteristics is graphically depicted in Figure 11.

Table 1. Descriptive statistics (Mean value and Standard deviation) of thermal characteristics for unmodified birch wood
and individual stages of heat-treated birch wood; including defects.

REF * 160 170 180 190 200

Thermal conductivity 0.135 0.125 0.129 0.112 0.114 0.104
(W/m.K) 0.013 0.013 0.014 0.005 0.007 0.006

Thermal diffusivity 0.179 0.171 0.173 0.165 0.167 0.166
.106 (m2/s) 0.018 0.010 0.017 0.006 0.005 0.005

Volume heat capacity 0.754 0.733 0.747 0.682 0.683 0.631
.10−6 (J/m3.K) 0.062 0.072 0.072 0.040 0.045 0.041

Thermal effusivity 318.2 302.6 309.9 276.9 278.9 256.5
(W.s/m.K) 24.3 28.8 27.5 13.0 17.5 15.2

Valid N = 90 for all properties. * From all samples before heat treatment. REF = reference, with no treatment. Modification: 160 = heat
treatment at 160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat treatment at 180 ◦C; 190 = heat treatment at 190 ◦C; 200 = heat treatment at
200 ◦C.

As shown in Figure 6, there is a decrease in thermal characteristics due to the heat
treatment. At the lowest treatment temperature of 160 ◦C, there is a decrease in conductivity
by 8.2%, a decrease in diffusivity by 5.7%, a decrease in volume heat capacity by 1.4%,
and a decrease in effusivity by 5.0%. At the highest treatment temperature of 200 ◦C,
there is a decrease in conductivity by 20.2%, a decrease in diffusivity by 6.0%, a decrease
in volume heat capacity by 15.0%, and a decrease in effusivity by 17.7%. This decrease
becomes progressively more noticeable with increasing treatment temperature, which is
visually apparent from the greater slope of the line segments. This is even more evident
when looking at the changes in the values of the individual observed quantities due to the
treatment relative to the values after the treatment (Figure 7). At all treatment levels, the
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decrease in diffusivity is almost constant or the differences are statistically insignificant
(Table A4).

Table 2. Descriptive statistics (Mean value and Standard deviation) of colour and gloss parameters for unmodified birch
wood and individual stages of heat-treated birch wood; including defects.

REF * 160 170 180 190 200

Brightness 72.08 66.53 61.41 58.12 45.20 40.44
2.80 3.00 5.60 2.22 3.11 4.52

Colour parameter a 8.93 7.98 8.75 9.79 11.78 10.28
1.08 0.61 0.79 0.51 0.49 0.40

Colour parameter b 25.96 21.39 23.44 23.50 25.06 23.02
1.74 1.30 1.03 1.25 1.11 1.89

Total colour difference
77.17 70.36 66.37 63.48 53.04 47.68
2.44 2.87 5.06 1.99 2.87 4.68

Degree of gloss at 20◦ 1.0 0.8 0.7 0.7 0.5 0.5
(GU) 0.2 0.2 0.2 0.1 0.1 0.1

Degree of gloss at 60◦ 4.5 4.2 3.7 3.8 3.1 3.5
(GU) 0.9 0.7 1.2 0.6 0.5 0.5

Degree of gloss at 85◦ 2.3 3.1 3.2 3.5 4.2 4.6
(GU) 0.8 1.2 1.2 0.6 1.1 1.4

Valid N = 30 for all properties. * From all samples before heat treatment. REF = reference, with no treatment. Modification: 160 = heat
treatment at 160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat treatment at 180 ◦C; 190 = heat treatment at 190 ◦C; 200 = heat treatment at
200 ◦C.

Table 3. Mean values of density and equilibrium moisture content of thermally modified birch wood after air conditioning
(RH = 65 ± 5%, t = 20 ± 2 ◦C).

REF 160 170 180 190 200

Density (kg/m3)
before modification - 629 640 609 623 613
after modification - 617 625 592 601 567

Moisture content (%) - 13.4 10.0 9.5 8.1 7.4 6.3

REF = reference, with no treatment; 160 = heat treatment at 160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat treatment at 180 ◦C;
190 = heat treatment at 190 ◦C; 200 = heat treatment at 200 ◦C.
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The influence of defects, or knots, is evident and shown in the graphical representation
in Figure 7. This is particularly evident for diffusivity and volume heat capacity when
treated at 160 ◦C and 170 ◦C, and these samples were found to have the highest incidence
of mostly hidden defects via VRT (Figure 8). The micro(cracks) occasional occurrence was
observed after treatment at higher treatment levels (Figure 9).
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differences in the determinations caused by this factor. On the other hand, wood is indeed 
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Figure 9. Demonstration of identification of internal cracks in the tested sample and their exact
position (range) by volume rendering technique.

As for the thermal characteristic values themselves, they are pretty logical. The
proportion of mass in volume, both wood substance and water, decreases with increasing
treatment temperature. The reduction in volume is not as noticeable as the loss in mass.
Therefore, the wood density decreases (Table 3, Figure 10), resulting in a decrease in
conductivity, specific heat capacity and effusivity values. The diffusivity values result
from the dependence among the thermal characteristics, (Formula 1). Logically, the fact
mentioned relates to the values of these parameters for water and air [33,35,36]. Compared
to air, water has about 830 times higher density, 4 times higher specific heat capacity,
23 times higher conductivity, and about 140 times lower diffusivity at a temperature of
20 ◦C.
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Figure 10. Graphic visualization of the effect of heat treatment temperature to percentage changes
of wood density and moisture content. REF = reference, with no treatment; 160 = heat treatment at
160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat treatment at 180 ◦C; 190 = heat treatment at 190 ◦C;
200 = heat treatment at 200 ◦C.

The effect of the sample thickness factor on the thermal characteristics was not demon-
strated in the range from 30 to 40 mm being studied (Figure 11), which is important in
view of the fact that samples aligned in thickness after heat treatment should not show
differences in the determinations caused by this factor. On the other hand, wood is indeed
a heterogeneous material, so this factor cannot be eliminated entirely.
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Figure 11. Graphic visualization of the effect of board (test sample) thickness on (a) thermal conductivity, (b) thermal
diffusivity, (c) volume heat capacity, and (d) thermal effusivity. The monitored area is in the red oval.

From the correlation dependencies between the observed quantities, regardless of the
level of heat treatment, it can be seen that they are all statistically significant (Figure 12).
Highly heavy dependencies were shown between effusivity and volume heat capacity
(r = 0.9285), conductivity and volume heat capacity (r = 0.7482), and effusivity and conduc-
tivity (r = 0.8849), which logically follows from Formulas 1 and 2. No dependence between
diffusivity and volume heat capacity was demonstrated (r = –0.1068).

The thermal characteristics of the heat-treated wood have not yet been the subject of
extensive research, although this is research based on non-destructive methods [50]. In
the Thermowood Handbook [7], a decrease in conductivity by 13.4% and 21.5% for spruce
wood and pine wood is reported for the coniferous wood treated at 230 ◦C and the peak
treatment phase of 3 h. In our experiments on birch wood, a decrease by 20.2% occurred
already at a treatment temperature of 200 ◦C. However, deciduous trees are indeed more
susceptible to higher treatment temperatures, and this has also been proven in this study.

As shown in Figure 13, the heat treatment results in a decrease in parameters of colour
(with the logical exception of both a and b parameters) and gloss. At the lowest treatment
temperature of 160 ◦C, there is a decrease in brightness by 7.4%, a decrease in total colour
difference by 8.4%, and an insignificant increase in gloss (at an angle of 60◦) by 1.3%. At
the highest treatment temperature of 200 ◦C, there is a decrease in brightness by 44.0%, a
decrease in total colour difference by 38.4%, and a decrease in gloss (at an angle of 60◦)
by 18.2%. This decrease becomes progressively more noticeable with increasing treatment
temperature, which is visually apparent from the greater slope of the line segments, as



Forests 2021, 12, 1081 12 of 20

with the thermal characteristics. This is even more evident when looking at the changes in
the values of the individual observed quantities due to the treatment, relative to the values
after the treatment (Figure 14). The exception to the decrease is the gloss at 200 ◦C, where
there is a statistically significant increase compared to the values for wood treated at 190 ◦C,
which is interesting. On the other hand, gloss is indeed a specific quantity for which the
inclination angle plays an important role. Covering such a wide range of material type
at one inclination angle before and after the treatment is quite misleading; see the gloss
results at three different inclination angles (see Tables 2 and A2).
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The correlations between the individual observed quantities, regardless of the level of
heat treatment, are statistically significant (Figure 15). Logically, highly heavy dependencies
were demonstrated between total colour difference and brightness (r = 0.9968), gloss and
brightness (r = 0.8110).

The colour of heat-treated wood has been the subject of much research, including our
previous papers [3,4]. For example, the Thermowood Handbook [7] states generally that
the brightness of pine wood decreases by about 54% at a temperature of 200 ◦C and a peak
treatment phase of 3 h. In our experiments on birch wood, the same level of treatment
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resulted in a decrease by 40.4%. Colour and gloss are extremely specific and have variable
properties with a distinct atypicality for a particular wood species.
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In any case, it is important to realise that wood defects or anomalies significantly
affect the thermal characteristics of wood. As this research has shown, this issue will need
to be given considerable attention in the case of heat-treated wood. In general, it will be
necessary to pay attention to birch accordingly in Europe in terms of climate change and
also in a social-economic context [51].

4. Conclusions

The most important findings of this research, which focused primarily on the thermal
characteristics, as well as the colour and gloss of heat-treated wood, are as follows:

1. As the treatment temperature increases, the thermal characteristics gradually decrease.
At the highest treatment temperature of 200 ◦C, there is a decrease in conductivity by
20.2%, a decrease in diffusivity by 6.0%, a decrease in volume heat capacity by 15.0%,
and a decrease in effusivity by 17.7%. The decrease in diffusivity is almost constant at
all treatment levels, or the differences are statistically insignificant.

2. As the treatment temperature increases, the selected colour and gloss parameters
gradually decrease. At the highest treatment temperature of 200 ◦C, there is a decrease
in brightness by 44.0%, a decrease in total colour difference by 38.4%, and a decrease
in gloss (at an angle of 60◦) by 18.2%.

3. From the correlation dependencies between the observed quantities, it can be seen
that they are statistically significant, regardless of the level of heat treatment. Highly
heavy dependencies have been shown between effusivity and volume heat capacity,
conductivity and volume heat capacity, effusivity and conductivity, total colour differ-
ence and brightness, and gloss and brightness. No dependence between diffusivity
and volume heat capacity has been demonstrated.

4. Wood defects or anomalies, which are usually a reality in practical wood usage,
significantly affect the thermal characteristics of wood, and this issue will need to be
given considerable attention in the case of heat-treated wood.

This paper is primarily intended to result in a targeted expansion of the database
dealing with this issue and, thus, contribute to understanding the human perception of
temperature, colour and gloss of wood surface. The conclusions mentioned above are
positive in terms of the tactile perception of heat-treated wood, which can have a positive
effect, for example, in furniture with surface application of heat-treated veneers, which
are perceived positively by the majority of the human population visually as well, or, for
example, in the use of thermally modified wood as a cladding material in saunas. The
shift in the view of birch from a weed to an alternative economic tree species is certainly
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possible in the Czech Republic and Central Europe in general, as is applying the thermal
modification process of birch wood to increase its added value.
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Appendix A

Table A1. Changes in thermal characteristics of heat-treated birch wood in comparison to the
reference (untreated) birch wood in %.

With Defects
160/REF 170/REF 180/REF 190/REF 200/REF

Without Defects

Thermal conductivity –8.2 –9.7 –11.9 –15.5 –20.2
–8.5 –9.5 –12.1 –15.7 –19.9

Thermal diffusivity –5.7 –3.9 –5.9 –5.8 –6.0
–3.3 –1.8 –5.7 –5.0 –5.5

Volume heat capacity –1.4 –4.3 –6.3 –9.8 –15.0
–5.3 –7.6 –6.7 –10.6 –15.1

Thermal effusivity –5.0 –7.2 –9.2 –12.8 –17.7
–6.9 –8.6 –9.5 –13.3 –17.6

REF = reference, with no treatment; 160 = heat treatment at 160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat
treatment at 180 ◦C; 190 = heat treatment at 190 ◦C; 200 = heat treatment at 200 ◦C.

Table A2. Changes in colour and gloss parameters of heat-treated birch wood in comparison to the
reference (untreated) birch wood in %; including defects.

160/REF 170/REF 180/REF 190/REF 200/REF

Brightness –7.4 –14.1 –19.3 –37.8 –44.0
Colour parameter a –11.2 –2.7 11.2 36.8 17.5
Colour parameter b –14.8 –11.7 –7.9 –2.3 –13.1

Total colour difference –8.4 –13.7 –17.6 –31.6 –38.4
Degree of gloss at 20◦ –10.0 –19.6 –36.1 –57.1 –52.2
Degree of gloss at 60◦ 1.3 –5.1 –21.4 –35.7 –18.2
Degree of gloss at 85◦ 68.0 118.7 66.7 75.5 140.9

REF = reference, with no treatment; 160 = heat treatment at 160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat
treatment at 180 ◦C; 190 = heat treatment at 190 ◦C; 200 = heat treatment at 200 ◦C.
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Table A3. Duncan’s multiple range test for changes in thermal conductivity.

MS = 7.7787
DF = 445 160/REF 170/REF 180/REF 190/REF 200/REF

160/REF
170/REF 0.000 *
180/REF 0.000 * 0.000 *
190/REF 0.000 * 0.000 * 0.000 *
200/REF 0.000 * 0.000 * 0.000 * 0.000 *

* Values are significant at p < 0.05. Error: between MS = mean squares, DF = degrees of freedom. REF = reference,
with no treatment. Modification: 160 = heat treatment at 160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat
treatment at 180 ◦C; 190 = heat treatment at 190 ◦C; 200 = heat treatment at 200 ◦C.

Table A4. Duncan´s multiple range test for changes in thermal diffusivity.

MS = 49.928
DF = 445 160/REF 170/REF 180/REF 190/REF 200/REF

160/REF
170/REF 0.103
180/REF 0.847 0.094
190/REF 0.894 0.095 0.942
200/REF 0.758 0.078 0.889 0.843

* Values are significant at p < 0.05. Error: between MS = mean squares, DF = degrees of freedom. REF = reference,
with no treatment. Modification: 160 = heat treatment at 160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat
treatment at 180 ◦C; 190 = heat treatment at 190 ◦C; 200 = heat treatment at 200 ◦C.

Table A5. Duncan´s multiple range test for changes in volume heat capacity.

MS = 118.98
DF = 445 160/REF 170/REF 180/REF 190/REF 200/REF

160/REF
170/REF 0.072
180/REF 0.004 * 0.225
190/REF 0.000 * 0.001 * 0.031 *
200/REF 0.000 * 0.000 * 0.000 * 0.001 *

* Values are significant at p < 0.05. Error: between MS = mean squares, DF = degrees of freedom. REF = reference,
with no treatment. Modification: 160 = heat treatment at 160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat
treatment at 180 ◦C; 190 = heat treatment at 190 ◦C; 200 = heat treatment at 200 ◦C.

Table A6. Duncan´s multiple range test for changes in thermal effusivity.

MS = 33.456
DF = 445 160/REF 170/REF 180/REF 190/REF 200/REF

160/REF
170/REF 0.011 *
180/REF 0.000 * 0.026 *
190/REF 0.000 * 0.000 * 0.000 *
200/REF 0.000 * 0.000 * 0.000 * 0.000 *

* Values are significant at p < 0.05. Error: between MS = mean squares, DF = degrees of freedom. REF = reference,
with no treatment. Modification: 160 = heat treatment at 160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat
treatment at 180 ◦C; 190 = heat treatment at 190 ◦C; 200 = heat treatment at 200 ◦C.
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Table A7. Duncan´s multiple range test for changes in brightness.

MS = 24.650
DF = 145 160/REF 170/REF 180/REF 190/REF 200/REF

160/REF
170/REF 0.000 *
180/REF 0.000 * 0.000 *
190/REF 0.000 * 0.000 * 0.000 *
200/REF 0.000 * 0.000 * 0.000 * 0.000 *

* Values are significant at p < 0.05. Error: between MS = mean squares, DF = degrees of freedom. REF = reference,
with no treatment. Modification: 160 = heat treatment at 160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat
treatment at 180 ◦C; 190 = heat treatment at 190 ◦C; 200 = heat treatment at 200 ◦C.

Table A8. Duncan´s multiple range test for changes in colour parameter a.

MS = 160.94
DF = 145 160/REF 170/REF 180/REF 190/REF 200/REF

160/REF
170/REF 0.000 *
180/REF 0.000 * 0.000 *
190/REF 0.000 * 0.000 * 0.000 *
200/REF 0.000 * 0.000 * 0.055 0.000 *

* Values are significant at p < 0.05. Error: between MS = mean squares, DF = degrees of freedom. REF = reference,
with no treatment. Modification: 160 = heat treatment at 160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat
treatment at 180 ◦C; 190 = heat treatment at 190 ◦C; 200 = heat treatment at 200 ◦C.

Table A9. Duncan´s multiple range test for changes in colour parameter b.

MS = 58.741
DF = 145 160/REF 170/REF 180/REF 190/REF 200/REF

160/REF
170/REF 0.140
180/REF 0.001 * 0.059
190/REF 0.000 * 0.000 * 0.004 *
200/REF 0.401 0.467 0.012 * 0.000 *

* Values are significant at p < 0.05. Error: between MS = mean squares, DF = degrees of freedom. REF = reference,
with no treatment. Modification: 160 = heat treatment at 160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat
treatment at 180 ◦C; 190 = heat treatment at 190 ◦C; 200 = heat treatment at 200 ◦C.

Table A10. Duncan´s multiple range test for changes in total colour difference.

MS = 19.419
DF = 145 160/REF 170/REF 180/REF 190/REF 200/REF

160/REF
170/REF 0.000 *
180/REF 0.000 * 0.001 *
190/REF 0.000 * 0.000 * 0.000 *
200/REF 0.000 * 0.000 * 0.000 * 0.000 *

* Values are significant at p < 0.05. Error: between MS = mean squares, DF = degrees of freedom. REF = reference,
with no treatment. Modification: 160 = heat treatment at 160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat
treatment at 180 ◦C; 190 = heat treatment at 190 ◦C; 200 = heat treatment at 200 ◦C.
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Table A11. Duncan´s multiple range test for changes in degree of gloss at 20◦.

MS = 204.76
DF = 145 160/REF 170/REF 180/REF 190/REF 200/REF

160/REF
170/REF 0.010 *
180/REF 0.000 * 0.000 *
190/REF 0.000 * 0.000 * 0.000 *
200/REF 0.000 * 0.000 * 0.000 * 0.187

* Values are significant at p < 0.05. Error: between MS = mean squares, DF = degrees of freedom. REF = reference,
with no treatment. Modification: 160 = heat treatment at 160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat
treatment at 180 ◦C; 190 = heat treatment at 190 ◦C; 200 = heat treatment at 200 ◦C.

Table A12. Duncan´s multiple range test for changes in degree of gloss at 60◦.

MS = 685.97
DF = 145 160/REF 170/REF 180/REF 190/REF 200/REF

160/REF
170/REF 0.343
180/REF 0.001 * 0.021 *
190/REF 0.000 * 0.000 * 0.034 *
200/REF 0.005 * 0.052 0.639 0.013 *

* Values are significant at p < 0.05. Error: between MS = mean squares, DF = degrees of freedom. REF = reference,
with no treatment. Modification: 160 = heat treatment at 160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat
treatment at 180 ◦C; 190 = heat treatment at 190 ◦C; 200 = heat treatment at 200 ◦C.

Table A13. Duncan´s multiple range test for changes in degree of gloss at 85◦.

MS = 30963
DF = 145 160/REF 170/REF 180/REF 190/REF 200/REF

160/REF
170/REF 0.296
180/REF 0.979 0.304
190/REF 0.868 0.342 0.857
200/REF 0.145 0.624 0.149 0.176

* Values are significant at p < 0.05. Error: between MS = mean squares, DF = degrees of freedom. REF = reference,
with no treatment. Modification: 160 = heat treatment at 160 ◦C; 170 = heat treatment at 170 ◦C; 180 = heat
treatment at 180 ◦C; 190 = heat treatment at 190 ◦C; 200 = heat treatment at 200 ◦C.
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