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Abstract. This study analyses the process of thermal modification of wood, obtained by a controlled heating
process. The unique technological properties (durability, low hygroscopicity, and dimensional stability) of
thermally modified wood allow using it in various fields. Due to the effect of temperature, some chemical
changes occur in the structures of the cell wall components (lignin, cellulose, and hemicellulose) of wood. This
leads to an increase in density, hardness, hydrophobicity (water repulsion), thereby reducing the ability of
wood to absorb moisture and swell. Products absorb moisture gradually, are less prone to swelling and drying
out, but still need elastic coatings. It was proved that heat-treated wood eventually turns grey when exposed
to sunlight, and therefore added surface treatment with a coating is necessary. Added application of protective
substances on the surface of products made of thermally modified wood contributes to dimensional stability
and protects against rapid weathering of the surface in open air conditions. Clear coatings and oils do not
protect surfaces from discolouration during weathering. They are recommended for products made of thermally
modified wood, which are used away from direct sunlight and rain. The parameters of moisture penetration
into wood are mathematically modelled based on the quasi-stationary equation of moisture diffusion through
a polymer film on the surface of a flat sample. The dynamics of changes in the moisture content in thermally
modified wood were experimentally investigated under different regime parameters. Mathematical relations
obtained from experimental studies allow calculating the moisture diffusion coefficient in thermally modified
wood in the presence of a polymer shell. It was established that the application of a wax coating on the surface
of the product reduces the moisture diffusion by more than 10 times for surfaces already treated at 160°C for
one hour, which allows using it on objects with increased humidity
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Introduction

The unique technological properties (durability, low dimensions and resistance to the external environ-

hygroscopicity, and dimensional stability) of ther-
mally modified wood allow using it in various fields.

Designers often used this material for interi-
or decoration due to the colour it acquires under
high temperature. Due to the stability of geometric
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ment, thermally modified is used in the production
of furniture, window frames, doors, parquet boards.
Jirous-Rajkovi¢ & Mikleci¢ (2021) claim that this ma-
terial can be used as an external facade cladding, in
the form of decking and garden paths. The material
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is well suited for covering saunas and baths. Specif-
ic features of inhibiting the moisture advancement
in thermally modified wood are that water-resistant
components are formed, as well as capillary-porous
elements, due to which a waterproof layer forms on
the wood surface (Tsapko et al., 2021).

The resistance of thermally modified wood to
weather conditions (UV rays, wetting) is slightly better
compared to untreated wood, but added surface treat-
mentwith coatings is required. The market offers many
substances for external treatment of wood. For hori-
zontalsurfaces (decks,decking, garden paths), Miklec¢i¢
(2010) recommends penetrating treatment with oils.
There are many oils on the market that retain the
“natural” appearance of wood and resist weathering.

It is known that thermally modified wood turns
grey over time. As reported by Schaller & Rogez
(2007), clear coatings and oils do not protect surfac-
es from discolouration during weathering. Such sur-
face treatment is recommended for products made of
thermally modified wood, which are used away from
direct sunlight and rain. Recently, increasingly more
attention has been paid to the effect of sunlight on
the surface of thermally modified wood. A novel ap-
proach has been developed to stabilize the dark col-
our of thermally modified wood by combining visible
light screens with organic UV light absorbers (Slabe-
jova et al., 2019).

Processing of thermally modified wood is simi-
lar to processing of dried wood, but it is necessary to
consider the change in some of its properties. Aky-
ildiz & Kesik (2014) found that thermally modified
wood becomes more hydrophobic; absorbs moisture
gradually; is less prone to swelling and drying, but
still needs elastic coatings; has a darker colour that
can fade due to light exposure.

Vernois (2001) noted that cracking of thermally
modified wood occurs considerably less compared to
natural wood due to improved dimensional stability.
Cracking spruce and pine wood after thermal modifi-
cation when exposed to external conditions without
a protective coating was equivalent to cracking un-
treated wood with unpigmented coatings. Jéamséa et
al. (2000) found that oil application did not prevent
cracking of thermally modified wood after natural
exposure. However, Miklec¢i¢ (2010) managed to re-
duce cracking of samples of thermally modified wood
with oil treatment. The results of the study indicate
that during accelerated weathering, samples without
a protective surface coating had fewer surface cracks
than thermally modified samples without a coating.

Pavlic et al. (2021) investigated the compatibili-

ty of nine different coatings with thermally modified
Scots pine wood. Coatings applied to thermally mod-
ified wood showed better performance than coatings
on unmodified wood. The authors attributed this
phenomenon to altered characteristics of thermally
modified wood, such as lower equilibrium moisture
content, lower water permeability, increased dimen-
sional stability, better resistance to UV radiation, and
resistance to blue spot fungi compared to unmodified
wood. Better penetration of the coating into modified
wood and better wetting with protective substances
were also demonstrated. Furthermore, solvent-based
paint and varnish materials showed better results af-
ter one year of external weathering compared to wa-
ter-based coatings.

Drying oils provide the best protection for wood
products, but their use is limited to long-term po-
lymerization. Arminger et al. (2020) investigated the
drying behaviour of linseed oil, tung oil, and their 1:1
mixture. Repeated measurements of the water con-
tact angle of coatings applied to beech and oak wood
showed clear differences in wetting. Tung oil provid-
ed hydrophobicity to all wood samples shortly after
application, even when used without a dryer. Linseed
oil required a longer drying time and was more sus-
ceptible to the effects of the substrate, but eventually
reached the highest contact angles after forced drying.

Thus, the literature sources indicated that ther-
mal modification of wood improves the resistance
to temperature and humidity factors. Added surface
treatment with protective substances contributes to
the stability of the product dimensions and protects
against rapid weathering of the surface in open air
conditions. New products are constantly appearing
on the market, which are designed to protect the col-
our of wood in the interior and to prevent the prod-
uct from dimensional changes in natural conditions.
This indicates the relevance of this study to establish
the effectiveness of protection of wood products with
paint and varnish materials, which will contribute to
the extension of the period of use of building struc-
tures in environmental conditions.

The purpose of this study was to estimate the ef-
fectiveness of surface treatment with oil-wax based
on the determined diffusion coefficient on the resist-
ance of products made of thermally modified wood
to the temperature and humidity conditions of the
environment.

Materials and Methods

To establish moisture absorption, the authors of this
study used randomly selected 90 samples of horn-
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beam wood of radial cross-section, previously dried.
The samples had dimensions of 20x10x10 mm. Next,
the samples underwent thermal modification at
160°C, 190°C, and 220°C, exposure in the chamber
for 1, 10, 20 hours. According to the regime parame-
ters of thermal modification, all samples were divid-
ed into nine groups and a group of control samples
(unmodified wood) (Fig. 1).

control
. . o
. - o
. - o
1h 10h 20 h

Figure 1. Prototypes of untreated (control)
and thermally modified wood

Then the samples were treated with oil-wax by
immersion with repeated treatment after the first
layer dried in 24 hours. After drying, the samples
were placed in a desiccator for 1 day. Subsequently,
the dimensions and weight of each sample were re-
corded. The procedure was repeated on Days 2, 3, 6,
9,13, 20, and 30.

Results and Discussion

The parameters of moisture diffusion into wood were
modelled. The quasi-stationary equation of moisture
diffusion through a polymer film on the surface of a
flat wood sample is as follows:

d?Cy,

=0, 1)

where C is the moisture concentration at a distance
x from the middle of the wood sample (by thickness).

The double integral of Equation (1) is calculated
according to the following formula:

C =Ax+B, (2)
where A and B are constants found from the bound-
ary conditions:
for x=H

CW=CO, 3)
for z=H+o
C,=C, @

where H is half the thickness of the sample, ¢ is the
thickness of the polymer shell, C,, C, is the moisture
concentration inside the sample and in the external
environment, respectively.

Through mathematical transformations, the
solution (2) can be presented as follows:
C=0"(C, (H+6)-C, H-(C,-C, )x). (5)

Since the diffusion flow of moisture through the
wood surface covered with a shell is:

. dCy
j=-5- Dd_x' (6)

where S is the sample surface area, then, after sub-
stituting (5) into (6) and integrating, one obtains the
expression for the diffusion flow of moisture:

j — S'D(C;Sa_cl)_ (7)

Then the equation of the mass transfer process
through the shell will have the following form:

$D(Co—C1) _ y, dCq
S5 R T

)

where 7 is the time; V| is the volume of the external
environment.

Using the material balance equation, one finds
the unknown values of equation (8) C,and C:

VO C‘0-}_‘/1 C1=m, (9)
where V is the volume of wood, m is the mass of

moisture in the sample before the experiment.
From equation (9), one finds the value:

C,=C;1 C, (10)

where Cj = o is the initial moisture concentration
o

. v; .
in the sample; ¥ = V—; — the ratio of the volume of the
external environment and the sample.
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Substituting (10) into (8), one gets the equation
for determining C,:

acq
dt

=22(C5— (1+1) ). (11)
1
The integral of equation (11) under condition

C,lt=0=0 gives the following expression:

In (65—(1+y)cl) _ _ Db+ (12)

cs &2y

It follows from equation (12) that the moisture
concentration in the sample changes, considering
vy>>1 as a function of:

* D
C, = o (1 - 8_5_2T).

; (13)

Having performed mathematical transforma-
tions, equation (12) can be presented as follows:

[of D
In ( 0 ) ==1.
Cé—yCl 82

The thickness of the polymer shell corresponded
to a value of about 10 pm, the humidity in the desic-
cator was 100%, and the volume ratio of the external
environment to the sample was 5. Table 1 presents
the weight gain of samples when exposed to a humid
environment.

(14)

Table 1. Results of experimental determination of sample mass gain

mg‘(llli(leil::?ilon Change in the mass of samples during exposure in a humid environment, g
mode
Exposure time in desiccators, days
T, °C 7, h 0 1 2 3 6 9 10 20 30
control 1.82 1.86 1.88 1.91 1.94 1.99 2.00 2.03 2.03
1 1.87 1.89 1.91 1.94 1.98 2.02 2.03 2.07 2.08
160 10 1.87 1.88 1.90 1.92 1.97 2.00 2.01 2.03 2.05
20 1.85 1.86 1.87 1.90 1.95 1.97 1.98 2.00 2.02
1 1.95 1.95 1.97 2.00 2.05 2.09 2.08 2.12 2.13
190 10 1.86 1.86 1.87 1.90 1.93 1.95 1.96 1.99 2.00
20 1.82 1.82 1.83 1.84 1.86 1.88 1.89 1.91 1.92
1 1.84 1.84 1.85 1.88 1.91 1.93 1.94 1.97 1.99
220 10 1.77 1.77 1.77 1.78 1.79 1.81 1.80 1.83 1.84
20 1.84 1.84 1.84 1.85 1.86 1.88 1.88 1.91 1.92
Figure 2 shows the dependence (14) on time
t for the control sample, Figure 3 — for processing (tga) = 532. (15)

mode 160/1, Figure 4 - for processing mode 190/1,
Figure 5 — for processing mode 220/1. The tangent
of the angle of inclination (tga) of this straight line
gives the coefficient for 1, i.e.:

The moisture diffusion coefficients were calcu-
lated based on dependence (15), presented in Table 2.
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Figure 2. The dynamics of changes Figure 3. The dynamics of changes in the moisture
in the percentage of moisture in wood content in wood thermally modified at 160°C for:
for the control sample 1 -1 hour, 2 - 10 hours, 3 - 20 hours
0.7 0.6
*

0.6 1 * 0.5 -

0.5 S
< . L] < 4
2 04 / - 2 g’
& © .
> o3 . / > 0.3 . N 3

u AN

0.2 * u

0.2 n 5 / /i/
2
0.1 / 0.1 .
— /
0 =" 0 —im
0 100 150 200 300 0 100 150 200 300
Time, 7104, s Time, 7104, s

Figure 4. The dynamics of changes in the moisture Figure 5. The dynamics of changes in the moisture
content in wood thermally modified at 190°C for: content in wood thermally modified at 220°C for:

1 -1 hour, 2 - 10 hours, 3 — 20 hours

1 -1 hour, 2 - 10 hours, 3 - 20 hours

Table 2. Diffusion coefficient value for moisture absorption of thermally modified wood, 10, 20 hours

% Modification mode parameters
g Processing temperature, °C
Indicator E 160 190 220
g Processing time, h
[=
S 1 10 20 1 10 20 1 10 20
~ ~ — 0 n = R =
Moisture diffusion i3 5 S S S g = = S =
H 108 m2 . o o o o o o [}
coefficient, -10® m?/s S = P P P P P g g g
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Conclusions
Mathematical relations obtained from experimental
studies allow calculating the moisture diffusion co-
efficient in thermally modified wood in the presence
of a polymer shell. It was established that the appli-
cation of a wax coating on the surface of the prod-
uct reduces the moisture diffusion by more than 10
times for surfaces already treated at 160°C for one

hour. This coating considerably increases the ser-
vice life of wood and allows it to be used on objects
with increased humidity.

The research results will also help purposeful-
ly solve further tasks related to the creation of new
means and methods of wood protection according to
the conditions of wood operation at various facilities.
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BcTaHOB/IeHHS 3aKOHOMipHOCTel Audys3ii Bosiorn
yepes MmojiiMepHy 000JIOHKY TepMidHO MoaM(piKoBaHOI JepeByHMI

I0piit Borogumuposuu Ilanko, Onekcauapa IOpiiBua l'op6auoBa

HarmioHanpHMit yHiBepcuTeT 6iopecypciB i mpMpomoKopucTyBaHHS YKpaiHu
03041, Byn. T'epoiB O6oponu, 15, m. Kuis, Ykpaina

Awnoranig. TIpoBeeHO aHasIi3 MpoIeCy TepMiuHOTO MOAMQIKYBaHHSI MEePEBUHM, SIKYy OYJIO OTPUMAaHO
IUISIXOM KOHTPOJbOBAHOTO MPOLieCy HarpiBaHHS. YHiKaJabHiI TeXHOJOTiIUHI BJIACTMBOCTI (DOBrOBiUHICTb,
HM3bKa TirpOCKOMIYHICTh i po3MipHa cTabisbHicTh) TepMoMOAM(iKoBaHOI JepeBUHM POOJISTh MOKIUBUM
ii sacrocyBaHHST y pisHMX cdepax. YHACTIZOK BIUIMBY TeMIIepaTypy BUHUKAIOTh OesKi XiMiuHi 3MiHU y
CTPYKTYypax KOMITOHEHTIB KJIITMHHOI CTiHKM (JIiTHiH, 11eJ1t07103a Ta TeMilie/io/103a) AepeBuHu. Lle npusBoanThb
IO 36iTbIIIeHHS IIiIIBHOCTI, TBEPAOCTI, MiABUIILYEThCS TigApodOOHiCTh (BiIIITOBXYBAaHHS BOAM), TUM CAMUM
3MEHIIYEThCST 3MATHICTh AePeBUHM BOMPATU BOJIOTY i HABpsikaTh. BUpo6u MOTIMHAIOTH BOJIOTY TIOCTYIIOBO,
MEeHIII CXWJIbHi 10 HaOpsSIKaHHS Ta BCMXaHHS, ajle BCce-TaKy MOTPe6YIOTh eTaCTUYHMX ITOKPUTTIB. JIoBeIeHO,
0 TepMOo0OpobIeHa IepeBMHA 3 YaCOM HabyBa€e Ciporo KoabOpy IiJl BIVIMBOM COHSIYHUX IMPOMEHiIB, a TOMY
HeoOximHe momaTkoBe OOPOOJIEHHST MOBEPXHi MOKPUTTIM. [JoaTKOBe HAHECEHHS 3aXMCHUX PEYOBMH Ha
TOBEPXHi BUPOOiB i3 TepMoOMOanpiKOBaHOI e peBUHM CIIPUSIE CTabiIbHOCTI PO3MIipiB i 3aXMINa€ Bif IIBUIKOTO
BUBITPIOBaHHS IMOBEPXHi 32 YMOB BiIKPUTOro MOBITPs. [Ipo30pi MOKPUTTS Ta Macja He 3aXUINAI0Th TOBEepXHi
Bil 3HeGapBIeHHS IIif, 4ac BUBITPIOBAHHS. IX PeKOMEHAYIOTh /il BUPOOIB i3 TepmiuHO MomudikoBaHOI
IepeBMHM, SIKi EKCIUTYyaTyIOTbCSI TOali Bif TIpSIMMX COHSUHMX TIPOMEHIiB Ta momly. MaTeMaTUuHO
3MOJIe/TbOBAaHO TapaMeTpy MMPOHMKHEHHS BOJIOTM y JIE€PEBMHY HAa OCHOBi KBa3iCTalliOHAPHOTO PiBHSHHS
oudysii Bosoru yepes rosiMepHy IUTiBKY Ha MOBEPXHi TJIOCKOTO 3paska. EKcriepuMeHTaNbHO JOCTiIKeHO
IMHAMIKy 3MiHM YaCTKM BOJIOTM B TEPMiuHO MOAM(iKOBaHili JepeBUHi 3a Pi3HUX PEXKMMHUX apaMeTpiB.
OTpuMaHi MaTeMaTUYHi CITiBBiAHOIIIEHHS HA OCHOBI pe3y/lbTaTiB eKCliepMMeHTaTbHUX JOCTiIKeHb 1al0Th
MOXKIMBICTD 37i/iICHIOBATM PO3paxyHKM KoedimieHTa audysii Bosorn y repmiuHo MmoaudikoBaHiit mepeBuHi 3a
HasIBHOCTI MoTIiMepHOi 0607I0HKY. BCTaHOBIIEHO, 10 3aCTOCYBaHHSI BOCKOBOTO MTOKPUTTS Ha ITOBEPXHi BUPOOY
3MeHIye nporiec audysii Bosoru y noHax 10 pasiB ajia moBepxoHb, 06po6ieHNUX yske 3a TemiepaTtypu 160 °C
YIIPOLOBXK OJHi€l rOAMHM, 1[0 Ja€ 3MOTY BUKOPUCTOBYBATH ii HAa 06’€KTax i3 MiABUIIEHOIO BOJIOTOI0

KirouoBi c1oBa: mepeBuHa, eeKTUBHICTh TepMiuHOi Momudikallii, BogoromnormHaHHs, oudysis Bomu,
PO3KJIa, CTifiKiCTh AepeBUHM
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