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Abstract: Flame treatment is an ancient technique for surface protection of wood. Further processing
of charred wood elements depends on aesthetic and protective requirements. This study presents
some general properties and weathering behaviour of the Norway spruce (Picea abies (L.) Karst.)
and the European larch (Larix decidua Mill.), protected by variations of sanding, charring, charring +
brushing, and coating treatments. Charring and charring + brushing reduced the original mass of the
samples by up to 8% and notably changed their colour (∆E* ≤ 75). A study of chemical properties
showed that charring dehydrated the wood and degraded lignin and hemicelluloses. The surface
roughness of the wood after charring and charring + brushing increased by as much as 560%, while
coating with waterborne acrylic high build stain had no effect on the roughness of these surfaces.
The type of surface treatment of the wood did not affect the uptake of the coating in the wood
samples, but the uncoated and coated spruce wood absorbed more water than larch wood. Higher
water absorption was observed in the samples treated by charring, and it decreased when the char
layer was removed by brushing. The film of a waterborne high build stain reduced water uptake
only for surfaces treated by sanding and charring + brushing. Larch wood exhibited higher surface
hardness (EHz ≤ 1.70 MPa) than spruce wood (EHz ≤ 0.89 MPa), with the brittle char layer reducing
the determined hardness of the tested surfaces. During two years of natural weathering, the char
layer was removed from the wood surface, even if the samples were additionally coated. The greatest
colour changes during weathering were observed on samples treated by sanding (∆E* ≤ 60) and
sanding + coating (∆E* ≤ 33), followed by samples treated with charring + brushing (∆E* ≤ 10) and
samples treated with charring (∆E* ≤ 9). In summary, treating wood by charring in combination
with brushing was the best wood protection technique.

Keywords: charring; coating; European larch; Norway spruce; surface; weathering; wood

1. Introduction

Nowadays, many techniques for surface protection of wood exist. The modern tech-
niques, which include the use of film-forming coatings, appeared together with the de-
velopment of synthetic polymers about 150 years ago [1]. The other, more traditional
techniques of wood preservation are known from the early beginning of humankind; they
are nowadays gaining the attention of architects and designers for different purposes,
especially for building façades [2]. The modification of wood surface with flame is one
such old techniques. This technique has been used all over the world since ancient times.
The method of charring is applied on wood in order to preserve wood and prolong its
lifespan, to promote a certain aesthetical appearance of wood texture, or both. In Japan,
the technique of wood charring is referred as “Shou Sugi Ban” or “Yakisugi” [3] and in-
cludes the unique technique of wood charring together with application of natural oils to
the charred layer. Traditionally, charring is performed by exposing the wood to a flame.
However, as reported in many scientific papers from recent years, charring of wood can
also be performed by heating the wood samples with so-called contact heaters [4].
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Exposure of wood to elevated temperatures or heating objects causes certain chemical
and physical changes on the surface of the wood [5]. The extent of these changes strongly
depends on the wood species [6], anatomical orientation of wood fibres [7], the level of
applied temperature, and the duration of wood exposure to heat [8,9]. Generally, the
volume and mass of wood start to decrease as a consequence of water evaporation from
wood (at approx. 100 ◦C) [10]. Further loss of mass is related to the thermal decomposition
of the three main polymeric components (hemicelluloses, cellulose, and lignin) and extrac-
tives [11]. Together, they form a mixture of volatile compounds in a temperature range
of (150–480) ◦C [12]. The non-volatile part of wood undergoes further condensation and
formation of intermediate products. Finally, the carbonaceous char layer, mainly consisting
of pure carbon of a typical dark colour [13] in a form of a distinct pattern of micro- and
macrocracks [14], is formed on the surface of wood [13,15,16]. The resulting carbonized
surfaces, with a decreased presence of hydroxyl (–OH) groups, increase cellulose crys-
tallinity and crosslinking of lignin, and contribute to the reduced equilibrium moisture
content of wood, up to values as high as 20% [4]. The changes also occur in the anatomical
structure of wood exposed to flame. Li et al. [17] and Kim et al. [18] found that during the
charring, the tracheid cell walls gradually homogenize. Cell wall thickness also decreases
by approximately 20%. Li et al. [17] also reported on oxygen dissipation, carbon enrichment,
and nitrogen content fluctuation in the charred wood.

Charring shows potential as a protective treatment of wood against wood-destroying
fungi [19] and fire [8,20–22]. On the other hand, it has little effect on wood infestation by
subterranean termites [23]. The main advantages of the charring technique are especially
the simplicity of the process and its usability in protecting wood against weathering [3].
The latter is also the reason for an increased interest in studying the properties of charred
wood in recent years. The degree of protection of wood with the charred surface depends
on the thickness of the carbonized layer [24]. In general, the wettability of wood with
water is an important indicator in predicting how a particular wood surface is prone to
absorb water. When the charred wood is exposed to rain outdoors, the char layer acts as a
barrier to water penetration [25]. As reported by Morozovs et al. [13], the charred wood
has lower water vapour accumulation than normal wood. Moreover, the results of Čermák
et al. [4], Kymäläinen et al. [26], and Šeda et al. [27] show that surface charring notably
improves the hydrophobicity of the wood surface, which is determined by water contact
angle measurements, water floating test, and dynamic vapour sorption measurements.
However, in case of the formed cracks in the charred layer, these can weaken the barrier
function of char and do not prevent the water absorption in the underlying wood [26]. The
studies of Kymäläinen et al. [28,29], performed on different charred wood species exposed
to outdoor weathering, showed extensive cracking of samples, colour fading caused by the
sunlight, flaking of the surface layer, and washing-off of the char by rainfall.

When used for construction purposes (e.g., for façade claddings) [21], the choice of
further processing of elements mainly depends on aesthetic requirements. With respect to
wooden elements with charred surfaces, the charred layer can remain as such or can be
additionally removed by brushing. This technique promotes the visual difference between
earlywood areas, latewood areas, and decorative-looking wood surfaces in general. The
surface of the charred wooden elements can be furtherly coated with natural oils or film-
forming synthetic coatings, for both decorative and protective reasons [2,16,20,30,31].

Despite many scientific reports dealing with the wettability and weathering perfor-
mance of the surface charred wood, there is still a lack of reports addressing detailed water
uptake abilities of this type of wood. Knowledge about the general properties and weath-
ering performance of wood protected by a charring technique, in combination with the
coating process, is missing. By reporting the results found on the two wood species most
commonly used for construction purposes in Europe, the present study attempts to answer
these questions. Wood samples with surfaces treated with sanding, combined charring and
brushing, and sole charring were compared in terms of loss of mass due to the performed
treatments, chemical properties, and ability to absorb the liquid coating (waterborne high
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build stain). Together with the coated samples, the materials were microscopically analysed
and tested for water uptake and indentation hardness. With the aim to test the contribution
of the surface coverage with film-forming coating against natural weathering, all types of
the wood samples with the treated surfaces were exposed for two years in the outdoor test
field. Their performance was periodically evaluated in terms of colour changes and general
visual assessment.

2. Materials and Methods
2.1. Wood Materials

The strain-grained wood, which is free from knots and other defects of Norway
spruce (Sp, Picea abies (L.) Karst.), and European larch (La, Larix decidua Mill.) were used
as a substrate material. The wood was obtained from local forest in Slovenia. Prior to
further processing, it was stored in a room with a relative humidity (RH) of 40% and
temperature 23 ◦C for two years. During the time of storage, the Sp wood acclimatized
to an equilibrium moisture content of 8.5% and nominal density of 418.0 kg ×m−3 (both
determined gravimetrically), while the La wood reached an equilibrium moisture content
of 9.2% and nominal density of 670.2 kg ×m−3.

Wood was mechanically processed (sawed and surface planed) to the samples with
dimensions of (370 × 75 × 20) mm with quarter wood grain on the larger surface (longitu-
dinal × radial × tangential; L × R × T), as required by the standard EN 927-3 [32]. In total,
30 samples were prepared from each type of wood.

2.2. Wood Surface Treatments

Six different sets of samples were prepared from Sp and La wood, differing in type
of the surface treatment. The acronyms of sample series used in the study with described
surface treatment methods are listed in Table 1. After processing with surface planer,
the sanded (S) samples were prepared by sanding the surfaces with sanding paper of
grit P150 by using random orbital sander model BO5031 (Makita, Nagoya, Anjo, Japan).
The sanded + coated (S + Co) samples were, after sanding, coated with a transparent
commercial waterborne acrylic high build stain intended for protection of wood in the
exterior (Belinka Exterier, Helios TBLUS d.o.o., Količevo, Slovenia). The coating was
applied with amount of (53 ± 8) g × m−2 to the front and side faces of each sample by
high-volume low-pressure spraying in two layers with intermediate sanding (paper grit
P240). The charred + brushed (Ch + B) samples were firstly charred over the front and
side faces by using a butane-propane torch and manually brushed with a steel wire brush
afterwards. The preliminary experiments of monitoring with the infrared camera showed
that the maximum temperature during the charring of wood samples was between (530 and
680) ◦C. Charring with torch was terminated when the first cracking of the wood surface
was observed, while brushing was performed until the charred layer was removed (visually
estimated). The charred + brushed + coated (Ch + B + Co) samples were prepared in the
same way as Ch + B ones, but, after brushing, they were additionally coated in two layers.
The charred (Ch) samples remained as such after charring, while the charred + coated
(Ch + Co) samples were also coated in two layers after charring without prior brushing.

Table 1. The acronyms of sample series used in the study with described surface treatment methods.

Wood Type
Surface Treatment Method and Given Acronym

Sanded Sanded + Coated Charred + Brushed Charred +
Brushed + Coated Charred Charred + Coated

Spruce Sp-S Sp-S + Co Sp-Ch + B Sp-Ch + B+Co Sp-Ch Sp-Ch + Co
Larch La-S La-S + Co La-Ch + B La-Ch + B+Co La-Ch La-Ch + Co
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Four samples with a certain surface treatment were used in the natural weathering
test (described in Section 2.7) and one was used for all the other studies, including short-
term uptake analyses (Section 2.5) and for determination of surface indentation hardness
(Section 2.6).

Recording of Samples Mass Loos

Mass loss (mL) based methods may be utilized to detect the progress of charring [33].
Moreover, with the aim of precise monitoring of the samples mL during each type of surface
treatment process, the samples masses were measured after each preparation step. The mL
of the samples acclimatized at room conditions due to different preparation of the surfaces
was calculated as (Equation (1)):

mL =

(
m0 −mS, Ch+B or Ch

m0

)
× 100 [%], (1)

where mS, Ch + B, or Ch [g] represent the mass of the samples after being S, Ch + B, or Ch and
m0 [g] represents the initial mass of these samples.

2.3. Chemical Analysis of Surfaces

The chemical properties of S, Ch + B, and Ch wood surfaces were investigated with
attenuated total reflection Fourier transform infrared (ATR-FTIR) spectrometer Spectrum
Two (PerkinElmer Inc., Waltham, MA, USA). The information about the chemical properties
were gained from each type of treated wood surface at 3 locations in the middle of the
samples, including the early- and latewood structure. FTIR spectra recorded (16 scans)
in a wavelength region from (600 to 4000) cm−1 at a resolution of 0.5 cm−1. The relevant
absorption bands were elucidated with Spectrum V.10.5.3 software (PerkinElmer Inc.,
Waltham, MA, USA).

2.4. Microscopic Investigations of Surfaces
2.4.1. Analysis of Microscopic Structure

The microscopic structures of surfaces and cross-sections of the samples were analysed
with digital light microscope DSX 1000 (Olympus, Tokyo, Japan) at 10× magnification.
The cross-sections were smoothed on a sledge microtome SM2010R (Leica Microsystems
GmbH, Wetzlar, Germany) before observations.

2.4.2. Surface Roughness Measurements

The influences of the different treatment methods on the surface morphology of the
samples were investigated with a LEXT OLS5000 confocal laser scanning microscope
(CLSM, Olympus, Tokyo, Japan). The roughness of three spots of (11.8 × 11.8) mm was
measured at 5× magnification with a laser (light wavelength 405 nm). The changes in
surface morphology due to sanding, charring, charring and brushing, and coating processes
were measured on the same locations of the studied sample before each treatment and after
it. OLS50-S-AA software (Olympus) was used to provide an arithmetic mean height of
the surface.

2.5. Short-term Water and Coating Uptake Analysis

Short-term uptake analysis was performed on a Krüss Processor Tensiometer K100
(Krüss, Hamburg, Germany) at room temperature and RH of 40%. Twenty samples with
dimensions (20 × 15 × 15) mm (L × R × T) were cut out of one larger sample of each
type. Except the treated surface, all the other five surfaces of each sample were sealed
by immersion in a transparent nitrocellulose lacquer (Helios TBLUS d.o.o.). The surface
tension of water and the liquid coating were determined according to the Du Noüy ring
method [34] and used as input before the measurements. By immersing the samples into
the deionized water and waterborne coating with the treated surface facing the liquid,
the sample mass increase and the sorption curves were determined with Krüss LabDesk
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software. Each sample was first immersed in the liquid to a depth of 3 mm at a rate of
6 mm ×min−1. Then, the measurement of mass increase began (detection force sensitivity
was 0.001 N). Liquid uptake into the immersed samples was monitored for 200 s.

2.6. Determination of Indentation Hardness

When using wooden elements for constructional building purposes, the hardness
of wood surface has an important role for elements to withstand the damage caused by
the extreme weather inconveniences, for example, the fall of hail. The hardness of the
treated wood surfaces was determined with one-cycle indentation test applied on one
(20× 75× 20) mm (L× R× T) sample of each type. The tests were performed on the Micro
Combi Tester (MCT3, Anton Paar GmbH, Graz, Austria) by using a certified spherical steel
indenter (6 mm in diameter). The indenter was pressed in the samples at 6 different spots
in a line, with a distance between two adjacent spots of 10 mm. The load of indentation
linearly increased from 2 mN to 10,000 mN, with a loading rate of 5000 mN × min−1.
The maximal load was maintained for 1 s and then released with an unloading rate of
5000 mN × min−1. The penetration depth Pd [µm] of the indenter in the sample with
respect to the applied normal load Fn [mN] was monitored with acquisition rate of 10 Hz.
The response of the tested samples to indentation was quantified by fitting the load curve
between 10% and 98%. The elastic modulus EHz [MPa] was quantified by the Indentation
software provided with the MCT3 (version 10.0.9, Anton Paar GmbH), calculated on the
basis of Hertz analysis method [35], following relation (Equation (2)):

Fn =
4
3
× EHz

1− ν2 ×
√

R× Pd
3
2 , (2)

where ν is the Poisson’s ratio of the sample (set to 0.3) [36] and R is the indenter radius (3 mm).

2.7. Natural Weathering Test

The natural weathering was performed in accordance with EN 927-3 (2019) [32] in
the field test site of the Department of Wood Science and Technology, Ljubljana, Slovenia
(N 46◦02′55.4′′, E 14◦28′44.6′′, altitude 293 m). The exposure period lasted 24 months in
total: from the 15 January 2021 to the 15 January 2023. The climatic data were collected
by the weather station Vantage Pro (Davis Instruments Corporation, Hayward, USA).
Three samples of each type of wood and each type of surface treatment were placed on the
inclined (45◦) exposure racks facing towards the equator, and the fourth sample (unexposed
reference) was kept in the dark at room conditions, as prescribed by the standard SIST EN
ISO 2810 [37]. Besides the colour changes (described in Section 2.8), the exposed samples
were visually assessed according to SIST EN 927-3 [32] and other specific standards in
each inspection period: cracking (SIST ISO 4628-4 [38]), flaking (SIST ISO 4628-5 [39]), and
disfigurements caused by fungal or algal growth (SIST EN 16492 [40]).

2.8. Monitoring of Colour Changes

The colour of the samples was measured before and after surface treatment of the
wood samples and after the following periods of natural weathering: 1, 3, 6, 9, 12, 15, 18,
21, and 24 months. The SP62 spectrophotometer (X-Rite, Grand Rapids, MI, USA) with the
D65 light type was used to measure the colour of the inspected surfaces at 5 random spots,
following the CIELAB colour space coordinate system [41]. The values of changes in colour
of the sample surfaces (∆E*) were calculated according to Equation (3):

∆E∗ =
√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2, (3)

where ∆L*, ∆a*, and ∆b* represent the changes in the values of luminance (L*, ranging
from 0—totally black to 100—total white) and chromatic coordinates a* (+a*—reddishness,
−a*—greenishness) and b* (+b*—yellowing, −b*—blueness). In addition, the samples were
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scanned with optical scanner S2400 plus (Mustek Europe B.V., Oosterhout, The Netherlands)
with 600 DPI resolution.

3. Results and Discussion
3.1. Mass Loss Due to Surface Treatments

Each type of surface treatment caused a mass decrease of wood samples. The results
are presented in Figure 1. The removal of a thin surface layer with sanding resulted in a mL
of (0.3 ± 0.0)% for Sp wood samples and of (0.2 ± 0.1)% for La wood samples. A higher mL
for Sp wood than for La wood is due to the coincidence of Sp wood having a lower wood
density [42]. The charring of wood surfaces caused a notable mL for both types of wood. In
the present case, the combustion of surface layer for Sp-Ch wood and La-Ch wood resulted
in mL of (7.3 ± 2.7)% and (5.6 ± 0.6)%, respectively. The removal of the charred layer by
brushing caused a similar mL on both types of wood and sole charring, and accounted to
(6.9 ± 1.0)% for Sp-Ch + B wood and to (5.4 ± 1.0)% for La-Ch + B wood. This similarity
in mL indicates that the carbonized charred layer, with its high porous structure and low
density, contributed little to the total mass of the samples. The results are also in the range
of wood diversity between the samples.
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3.2. Colour Changes Caused with Surface Treatments

Similar to mL, each type of surface treatment also caused the changes in colour of Sp
and La wood (Figure 2). The sanding alone perceptibly (∆E* ≥ 2) [43] changed the colour
of both wood species: ∆E* = 2.0 for Sp-S and ∆E* = 2.7 for La-S. In terms of the change in
lightness, only sanding made the surfaces of wood lighter (∆L*Sp-S = 1.0; ∆L*La-S = 1.74).
The presence of the coating film on the surface additionally promoted the change of colour
of samples after sanding: ∆E* = 10.1 for Sp-S + Co and ∆E* = 8.5 for La-S + Co. The surface
treatments, including charring, darkened the surfaces of wood (e.g., ∆L*Sp-Ch+B = –69.2;
∆L*La-Ch+B = –55.3). Moreover, charring and charring + brushing comparably changed
the colour of Sp wood (∆E*Sp-Ch = 73.5; ∆E*Sp-Ch+B = 72.2) and La wood (∆E*La-Ch = 56.0;
∆E*La-Ch+B = 61.1).
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Figure 2. Colour and lightness changes on Sp and La wood samples caused by different surface
treatments. The slashed columns present the samples with applied coating.

3.3. FTIR Spectra

The surfaces of Sp-S and La-S wood exhibited comparable FTIR spectra that are typical
for softwoods (Figure 3). By charring and brushing of wood, several chemical properties
of the surfaces were changed. The increased peak in the range of (1030–1060) cm−1, rep-
resenting C–O, aliphatic C–O–C, and hydroxyl (–OH) functional groups, signalised the
promotion of oxygenation of cellulose and lignin [44–46]. The peak at 1100 cm−1, repre-
senting aliphatic ether (C–O–) and alcohol (C–O) stretching in cellulose and hemicelluloses,
intensified due to higher stability of carbohydrates (particularly cellulose) compared to
lignin [24,25]. In general, the guaiacyl and syringyl structural units in lignin are more
susceptible to temperature and can be eliminated during pyrolysis [47]. The intensified
peak at 1200 cm−1 signalised deformation of –OH functional groups [48]. The intensified
peak at 1580 cm−1 signalised the promoted presence of aromatic skeletal vibration typical
of syringyl units in lignin [45,49]. In contrast, the peak at 1640 cm−1 (conjugated C–O
bonds coupled with C=O stretching in various groups) decreased, which can be interpreted
as lignin degradation combined with the formation of new carbonyl (C=O) functional
units [50]. The intensity of the peak at 1740 cm−1 presents stretching in non-conjugated
C=O groups and was slightly reduced. This reflects changes in various functional groups
in lignin and hemicelluloses (carbonyls, esters, ketones, aldehydes, and carboxylic acids).
Traoré et al. [45] assigned this to the complex cleavage of bonds in lignin, leading to genera-
tion of water-soluble products, and finally, to chromophoric groups like carboxylic acids
(–COOH), quinines, or hydroperoxides. The diminished intensity of the peaks at (2850
and 2920) cm−1 signalised reduced C–H and –OH stretching and could be attributed to
crystallinity altering of the cellulose [47].
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The FTIR spectra acquired on the Ch wood surfaces were very similar to those re-
ported by Constantine et al. [51], recorded for charcoal. The disappearance of the peak
at 670 cm−1 signalised the general degradation of the cellulose and lignin [47]. A newly
formed peak at 750 cm−1 indicated a higher presence of aromatic C–H bonds on the
benzene ring in the charred layer [48,52]. An intensified peak at 850 cm−1 indicated defor-
mation of C–H bonds of glucose ring in cellulose [53]. The intensity of the peaks between
(1325 and 1375) cm−1, associated to C–H vibration in polysaccharides, hemicelluloses, and
lignin components, diminished due to the degradation of the wood components with
charring [47]. A high, intense peak at around 1580 cm−1 was notably enlarged. This was
attributed to the degradation of C=C bonds in aromatic rings in lignin and the formation of
–COOH, ketones (C=O), and other aromatic compounds, originating from the elimination
of hydrogen and oxygen of aliphatic compounds during pyrolysis [47]. As for S wood, the
peaks at (2850 and 2920) cm−1 were associated with methoxyl (–CH3) groups stretching
and aliphatic C–H stretching of the lignin [47,54]. A newly formed peak at 2980 cm−1

indicated C–H stretching vibrations derived from methyl (CH3), methylene (−CH2−), and
methine (=CH−) groups [51]. Finally, the decreased intensity of the broad peak between
(3320 and 3400) cm−1 is attributed to the dehydration (loss of –OH groups) of wood [44,55].

3.4. Surface Microscopic Structure

The investigation of wood samples with digital light microscope revealed the micro-
scopic structural features of the treated wood surfaces, as observed from the top view and
cross-sections (Table 2). At the same time, monitoring of the surfaces with CLSM showed
the relations between the type of wood, the type of surface treatment, and the values of
arithmetic mean height (Figure 4).



Forests 2023, 14, 440 9 of 18

Table 2. Microscopical images of Sp and La wood samples with differently treated surfaces from the
top view (left images) and cross-section (right images). The length of the scale bars is 2 mm.

Surface Treatment
Type of Wood

Spruce Larch

S
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with differently treated surfaces.

The sanding of wood samples made the surfaces smoother, since the surface roughens
of both Sp and La wood decreased by −31% in comparison to the surface roughness of
untreated wood. The film thickness of the coating system was most easily measured on S +
Co wood surfaces due to their flatness. The coating film thickness on Sp-S + Co wood was
(55.6 ± 4.3) µm. On La-S + Co wood, it was (62.2 ± 11.2) µm. Meanwhile, the roughness
of S samples increased with coating application (Sp-S + Co for 86% and La-S + Co for
52%) due to rise of wood fibres, which is a typical phenomenon when using waterborne
coatings on wood [56]. Brushing of wood after charring mostly removed the earlywood
structure. Accompanied formation of about (0.5–0.7) mm deep grooves considerably (for
14–15×) raised the roughness of the wood surfaces. Application of coating on Ch + B wood
surfaces did not influence their surface roughness. The charring of wood generally resulted
in complete in-depth (about 1 mm) carbonization of the surface layer. In this case, the
simultaneous thermal expansion and softening of wood material during charring put the
surface under extreme tension. Immediately after exposure to heat, the shrinkage of the
wood exceeded its strength in the L direction, which resulted in the formation of cracks
perpendicular to the wood grain [8,14]. These cracks contributed to increased surface
roughness of Ch wood of 558% (Sp) or 354% (La) compared to untreated wood, respectively.
Under the char layer, the thermally modified transition layer [57] or pyrolysis zone [58]
with a thickness of about 1 mm could be observed beneath the intact wood. The coating
of Ch wood surfaces did not influence their surface roughness, and the cracks remained
partially unfilled with the coating.

3.5. Uptake of Liquids
3.5.1. Uptake of Coating in Wood

The curves of wood samples mass increase, detected during 200 s of coating uptake
measurements in Sp and La wood with differently treated surfaces, are shown in Figure 5.
A relatively comparable amount of the coating was taken up by Sp and La wood samples:
both ranged from (0.066 ± 0.007) g ×m−2 to (0.077 ± 0.010) g ×m−2. The differences in
coating uptake were too small to detect any influence of type of wood surface treatment.
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3.5.2. Uptake of Water in Treated Wood

The detected uptake of water in wood in the present study was about five times smaller
than in other studies [59] (Figure 6). Here, surfaces with R orientation of the wood fibres
were immersed. The capillary forces in these are smaller than through the cross-sections of
wood. Moreover, lower mass increases were detected in case of immersions of samples in
water than in coating due to the higher density of coating (1.10 g × cm−3) than of water
(1.00 g × cm−3).
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In general, the Sp wood samples absorbed more water than the La wood samples,
which is related to the differences in density, anatomical structure, and chemical properties
between these two wood species. The highest amount of water was absorbed by the Ch
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samples (Sp-Ch [0.040 ± 0.008] g × cm−2, La-Ch [0.027 ± 0.003] g × cm−2). This could be
related to the presence of cracks on the surface, which acted as larger capillaries for water
uptake. In addition, the layer of coating did not noticeably prevent water uptake (Sp-Ch +
Co [0.037 ± 0.009] g × cm−2, La-Ch + Co [0.023 ± 0.004] g × cm−2) because the coating did
not fill these cracks, as shown in the microscopic images in Section 3.4. The water uptake in
the other sample types was comparable. The S wood surfaces showed slightly different
mass gain dynamics at the beginning of the measurements. At the end of measurements,
the values reached (0.035 ± 0.002) g × cm−2 (Sp-S) and (0.026 ± 0.001) g × cm−2 (La-S).
The lowest water uptake was measured on S + Co surfaces, namely (0.023± 0.04) g× cm−2

on Sp-S + Co and (0.019 ± 0.04) g × cm−2 on La-S + Co. Charring and brushing of the
wood surfaces contributed to decreased water uptake (Sp-Ch + B [0.025 ± 0.004] g × cm−2,
La-Ch + B [0.019 ± 0.003] g × cm−2) in comparison to S wood. It seems that, despite the
increased surface roughness and consequently increased specific surface area where water
molecules could attach and penetrate further into the wood, the thermally modified layer
under the char layer decreased the affinity of wood to absorb water. The coating on Ch + B
wood surfaces did not appear to additionally reduce the mass increase of the samples due
to water uptake (Sp-Ch + B + Co [0.025 ± 0.004] g × cm−2, La-Ch + B + Co [0.021 ± 0.004]
g × cm−2). Once again, it was shown that char layer does not act as wood protector and
has little effect on diminishing underlying wood moisture [13].

3.6. Indentation Hardness

The curves of Pd in relation to Fn applied on the surfaces of Sp and La wood are
shown in Figure 7. The maximal Pd and the calculated values of EHz are listed in Table 3.
In general, due to higher density of La wood, the indentation body penetrated deeper
in Sp samples than in La samples. Consequently, the EHz of La wood was higher also
than that of Sp wood. For both wood species, the EHz on S, S + Co, Ch + B, and Ch +
B + Co surfaces were comparable: for Sp, they were [(0.52, 0.89, 0.52, 0.43) MPa]; for La,
they were [(1.70, 1.41, 1.65, 1.69) MPa]. This indicates that the hardness of wood surface is
mainly dependent on the presence and share of the latewood. The earlywood on Ch + B
surfaces was removed, but the remaining latewood still contributed to hardness comparable
to those on S wood. In contrary, the wood with Ch surfaces exhibited notably higher Pd
(488.83 µm on Sp-Ch + Co; 155.48 µm on La-Ch + Co) or lower EHz (0.06 MPa on Sp-Ch + Co;
0.63 MPa on La-Ch + Co), respectively. The reason for this is the significantly lower density
and brittle structure of the char layer [33].
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Table 3. The maximal Pd and the calculated values of EHz on Sp and La wood with differently
treated surfaces.

Wood Type Surface
Treatment

Pd [µm] EHz [MPa]

Avg. St. dev. Avg. St. dev.

Sp

S 124.38 26.34 0.52 0.20
S + Co 86.21 27.54 0.89 0.39
Ch + B 147.90 37.88 0.52 0.19

Ch + B + Co 155.62 19.47 0.43 0.10
Ch 384.36 62.20 0.13 0.03

Ch + Co 488.83 32.88 0.06 0.02

La

S 77.59 41.13 1.70 1.39
S + Co 69.50 19.81 1.41 0.55
Ch + B 65.31 23.20 1.65 0.71

Ch + B + Co 106.93 49.99 1.69 1.17
Ch 122.48 4.41 0.69 0.15

Ch + Co 155.48 33.37 0.63 0.18

3.7. Changes Caused with Natural Weathering

The data of the precipitation, air temperature, and RH collected by the weather station
during the period of natural weathering are shown in Figure 8. The average temperature
was 11.1 ◦C, the total precipitation was 1886 mm, and the RH was 80%.
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The evolution of colour changes ∆E* on Sp and La wood with differently treated
surfaces during exposure to natural weathering, together with the images showing the
samples appearance before the exposure and in each monitoring period, are presented in
Figure 9. The most severe changes in colour were observed on S samples (Figure 9a). The
appearance of these samples turned to dark grey during weathering, reaching ∆E* values of
(56.6 ± 3.2) for Sp-S wood and (52.2 ± 1.6) for La-S wood after 24 months of exposure. On
coated samples (Sp-S + Co and La-S + Co), the first changes (∆E*≈ 6) were already observed
after the first month of weathering. The coating film started to crack after 6 months of
exposure (Figure 9b). After 9 months, the first flaking and consequent biological attack
were detected here. In general, the ∆E* on Sp-Ch + B samples was around 10. It was
around 4 on La-Ch + B samples during the entire time of weathering (Figure 9c). The
coating film on Sp-Ch + B + Co and La-Ch + B + Co samples started to crack and flake after
6 or 9 months of weathering, respectively. This raised the colour change up to 25, which
decreased to a final value of about 16 when a large part of the coating was removed from
the surface (Figure 9d). No biological attachment was detected on Ch + B + Co samples,
which was attributed to the partially carbonized substrate. The smallest colour changes
were observed on Ch and Ch + Co samples, where, after 24 months of weathering, ∆E*
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accounted to 3 and 9, respectively (Figure 9e,f). The rainfalls mostly wash off the char layer
from Ch samples, which is reflected in the change of surface colour. Such non-stability of
the char layer presented a weak underlaying substrate for the coating film, which both
peeled and flaked together during natural weathering. However, as before, no biological
attachments were detected on both Ch and Ch + Co samples.
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Figure 9. The evolution of colour changes ∆E* on Sp and La wood with differently treated surfaces
during exposure to natural weathering: (a) Sp-S and La-S, (b) Sp-S + Co and La-S + Co, (c) Sp-Ch + B
and La-Ch + B, (d) Sp-Ch + B + Co and La-Ch + B + Co, (e) Sp-Ch and La-Ch, and (f) Sp-Ch + Co and
La-Ch + Co. The images show the changes of appearance of the samples before the exposure and in
each monitoring period. The length of the scale bar is 50 mm.

The images of the entire samples before the exposure to natural weathering and the
images of samples taken in each monitoring period are shown in Table S1 in Supplemental
Materials. The results of visual assessment of cracking, flaking, and disfigurements, detected
in each inspection period, are also presented in Tables S2–S4 in Supplemental Materials.

A few detailed observations of damage on samples after two years of exposure to
natural weathering are shown in the images in Figure 10. The hail in the period between
May and July 2021 caused the cracks in surface systems. For example, this is seen on
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Sp S + Co samples (Figure 10a). These cracks presented the entry point for mould and
blue-stain fungi to infect the wood under the coating film. The hail, heavy rain, snow, wind,
temperature changes, sunlight irradiation, and the accompanied dimensional changes
of the surface structure caused the removal of the charred layer of Ch wood samples
(Figure 10b). This could not be prevented by the additional coating layer as observed on
Ch + Co (Figure 10c) and Ch + B + Co (Figure 10d) wood samples. A good indicator of the
harsh conditions during the two-year exposure to natural weathering was the presence
of cracks and flaking of the coating film, accompanied with the biological attack on S +
Co samples (Figure 10e). Although the resistance of the studied materials here refers to
resistance against development of mould and blue-stain fungi, the positive effect of wood
charring on resistance against decay fungi has also been reported by Machová et al. [8].
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Figure 10. Detailed images of damage on samples after two years of exposure to natural weathering:
(a) cracks in coating film on Sp-S + Co sample caused by hail, (b) partially removed charred layer
on Sp-Ch sample, (c) partially removed charred layer on Sp-Ch + Co sample, (d) partially removed
coating film on La-Ch + B + Co sample and (e) presence of cracks, biological attack, and flaked coating
film on La-S + Co samples.

4. Conclusions

The study revealed some general properties and weathering behaviour of samples of
two softwood species with uncoated and coated surfaces previously treated by sanding,
charring, or combined charring and brushing. With sole charring and charring combined
with brushing, the samples lost up to 8% of their original mass and experienced significant
colour changes (∆E* ≤ 75). Charring resulted in dehydration of the wood and degradation
of lignin and hemicelluloses. Both charring and charring combined with brushing increased
the surface roughness of the wood by 560% (Sp) and 350% (La), respectively, compared
to untreated wood, while the presence of a coating on these surfaces had no effect on
their roughness. Differences in the uptake of coatings in wood samples depending on
the type of surface treatment were not found. On the other hand, the Sp wood generally
absorbed more water than the La wood. Higher water absorption was observed in the
samples treated with charring, while removal of the char layer by brushing contributed to
lower water uptake. The film of a waterborne high build stain only reduced water uptake
for surfaces treated by sanding and charring in combination with brushing. With values
of EHz ≤ 1.70 MPa, La wood generally exhibited greater surface hardness than Sp wood
(EHz ≤ 0.89 MPa). The lower density and brittle structure of the char layer reduced the
detected hardness of the tested wood surfaces. As was also evident during the natural
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weathering of the samples, the char layer could not resist weather influences from being
removed from the surface of the wood samples, even when the samples were additionally
coated. As far as the colour changes during natural weathering are concerned, these were
greatest for the samples treated by sanding (∆E* up to 60) and sanding in combination with
coating (∆E* up to 33). Considering the colour changes, samples treated with charring and
brushing (∆E* less than 10) and samples treated with charring (∆E* up to 9) better withstand
the weathering. The coating film on such samples was disappearing together with the
flaking of the underlying charred wood structure. Interestingly, partially or completely
carbonized wood surface showed no biological attack during natural weathering. In
summary, the results and observations after natural weathering showed that the samples
treated with charring in combination with brushing are the most resistant among the surface
treatment combinations tested. The samples with applied coating require renovation after
two years of weathering to maintain their original appearance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14030440/s1, Table S1: The images of the samples before
the exposure to natural weathering and the images of samples taken in each monitoring period;
Table S2: The results of visual assessment of cracking by month of inspection; Table S3: The results of
visual assessment of flaking by month of inspection; Table S4: The results of visual assessment of
disfigurements caused by fungal or algal growth by month of inspection.
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