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Specimens of European beech wood (Fagus sylvatica L.) charred at 250 
°C (4 min), 300 °C (2 min), and 350 °C (1 min) in combination with linseed 
oil coating were studied. The influence of the surface charring process and 
artificial weathering on surface discoloration, water absorption, and decay 
resistance were analyzed. Discoloration analysis showed a decrease in all 
parameters L*, a*, and b* due to the charring process. Coating with linseed 
oil caused a decrease in the L* parameter. An influence on parameters a* 
and b* was also demonstrated. As a result of the artificial weathering, the 
L* parameter increased in almost all groups. The group charred at 350 °C 
showed a decrease in L*. The parameters a* and b* were also affected. 
The effect of oil coating on discoloration during artificial weathering was 
negligible. The average water absorption of uncoated charred specimens 
decreased more than 50%. Damage due to artificial weathering disrupted 
the effect of the charring process. The effect of oil coating decreased 
depending on the length of partial immersion. Surface charring and oil 
impregnation slightly reduced the loss of beech wood mass caused by T. 
versicolor and P. placenta but could not fully protect the wood. 
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INTRODUCTION 
 

Wood has been used by humans for thousands of years because of its significant 

benefits such as sustainability, availability, utility, and price. It is a suitable material for 

ecological constructions (Jones 2017), for which there is a developing trend. However, 

according to Dubois et al. (2020), there is a potential risk of a shortage of wood raw 

material for industrial purposes because of the crises of forest health and climate change. 

Therefore, there is pressure to develop new technologies that lead to more efficient use of 

resources, for example, by extending the service life of wood products such as wooden 

facades (Werner et al. 2006). During external use, wood is subject to degradation called 

weathering, which should not be confused with degradation caused by fungi or other 

microorganisms that can reduce structural strength (Teacă et al. 2013). Weathering mainly 

affects the appearance and properties of the surface layers (Evans et al. 2005). 

Photodegradation is one of the main causes of weathering, decreasing the lignin content 

sharply in the surface layers, which changes the wood’s color. Changes in the surrounding 
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environment – for example, in temperature, rain, relative humidity, etc. – result in cyclical 

shrinkage and swelling of the exposed wooden elements, which leads to deterioration of 

the appearance and mechanical resistance of the wood (Popescu et al. 2011; Teacă et al. 

2013). The discontinuous cracked surface and increased moisture content (20%) allow 

biological agents to attack the wood more easily. Surface coatings made of natural or 

synthetic chemicals are currently used to protect facade cladding from the adverse effects 

of the external environment. The main disadvantage of surface coatings is that they need 

to be renewed periodically as, due to the influence of the external environment, there is 

degradation, cracking, and peeling of the applied coatings (Grüll et al. 2013; Kymäläinen 

et al. 2022a). An alternative to surface coatings is thermal treatment. It is well known that 

exposure to high temperatures exceeding 160 °C causes decomposition of hemicelluloses, 

which reduces the free hydroxyl groups and the equilibrium moisture content (EMC) of 

the wood, and consequently increases its dimensional stability and biological durability. 

Temperatures exceeding 300 °C lead to significant weight loss, as a result of the extensive 

degradation of cell-wall compounds (Jämsä et al. 2000; Santos 2000; Kamdem et al. 2002; 

Repellin and Guyonnet 2005). Such treatment, using temperature exceeding 300 °C, is 

typically called wood charring. Traditional methods of charring the wood surface include 

the Japanese “Yakisugi” method, which employs an open flame. Modern methods include 

the use of a contact heating device or gas flame method.  The charring produced by the 

contact heating device is more homogeneous and less brittle than that from “Yakisugi” or 

gas flame, because the contact heating device allows the conditions during the charring 

process to be controlled to create a uniformly charred surface. Unstable conditions are 

created during the open-flame method and the resulting charred layer can be 

heterogeneous, as well as surface made by gas flame method. The thickness of the charred 

layer depends on the temperature reached during the process and its duration (Ebner et al. 

2021; Machová et al. 2021; Šeda et al. 2021; Kymäläinen et al. 2022b). 

It has been shown that surface – charred wood has better hydrophobic properties, 

lower equilibrium moisture content and, in the short term, lower water absorption. Čermák 

et al. (2019) studied the moisture properties of beech wood charred at 220 °C for 40 min 

and showed an 11 to 18% reduction in water absorption. The increased hydrophobicity of 

wood is one of the reasons for the increased resistance of charred wood to fungal attack. 

Another reason is the presence of extractive substances with fungicidal potential arising 

during the charring process and the significant degradation of hemicelluloses in the charred 

layer (Militz 2002; Weiland and Guyonnet 2003). Soytürk et al. (2023) admit that a 

reduction in water absorption and a significant decrease in carbohydrate content due to 

surface carbonization can lead to an improvement in the biological resistance of the 

surface. The possibility of fungal attack can also be reduced by treating the surface with 

water – repellent substances, such as drying oils and wax emulsions, which fill cell lumina 

and pore surfaces and thereby slow down the penetration of water into the wood substance. 

A reduction in the average moisture content is then sufficient to increase resistance to 

fungal attack (Hyvönen et al. 2005; Schultz et al. 2007; Lesar and Humar 2011; Thybring 

2013). 

As a result of climate change, the coniferous forests of Central Europe are being 

converted to mixed forests (Dubois et al. 2020), in which European beech (Fagus sylvatica 

L.) could be significant. Beech wood is preferred because of its material properties, 

especially because it is easily workable and impregnable. However, it suffers from low 

resistance to fungi and insects, and high dimensional instability under changing weather 

conditions; therefore, a new way to modify its properties would be of great value. Based 
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on the information presented in the literature review, it is assumed that the use of a charring 

process with appropriate process parameters (temperature and time) in combination with a 

natural oil coating would increase the hydrophobicity of the surface, which should also 

favorably affect biological resistance. Therefore, an interesting alternative to traditional 

wood treatments could be provided. This study was set up to investigate the effect of 

surface charring and/or linseed oil coating on selected material properties. 

 
 
EXPERIMENTAL 
 

European beech (Fagus sylvatica L.) from a Czech enterprise forest with an average 

density of 762 kg/m3 (standard deviation 24 kg/m3) was studied. Reference and one – sided 

surface charred specimens with and without linseed oil coating before and after artificial 

weathering were used to evaluate surface discoloration and water absorption. Reference 

and four – sided surface charred specimens with and without linseed oil coating were used 

to evaluate decay resistance. 

 

Specimen Preparation 
Surface charring 

The specimens with a deviation of the annual rings of 10 °– 25 ° from the exposed 

surface were used for the surface charring process. Prepared specimens were oven – dried 

to 0% moisture content, planed, and oven dried to 0% moisture content again to limit 

dimensional changes. The specimens were charred at temperatures of 250 °C for 4 min 

(250), 300 °C for 2 min (300), and 350 °C for 1 min (350), at atmospheric pressure, using 

a laboratory contact heating system with a hot plate (Ceran 500) and an electronic NiCrNi 

temperature sensor (regulation between 50 and 500 °C). 
 

Surface coating 

The uncharred parts of the specimens were sealed using Epolex S1300/Epolex 

S7300 epoxy sealant to prevent water absorption. Oil–coated specimens were brushed 

(three times; 24 h between brushing) with linseed oil on the charred sides. The specimens 

were kept at 65% RH and 20 °C to start the oil drying process, which was later accelerated 

by oven-drying at 103 °C. The oven-dry mass (m0) of all specimens was recorded and 

specimens were conditioned at 65% RH and 20 °C until an equilibrium state was reached. 

The average oil intake of specimens for surface discoloration and water absorption was 

168 g/m2. The average oil intake of specimens for decay resistance was 150 g/m2. 

 

Artificial weathering 

Prepared specimens were conditioned at 65% relative humidity (RH) and a 

temperature of 20 °C until a constant mass was achieved and exposed to a weathering 

process in a xenon test chamber Q – Sun Xe –1 (Q – Lab Corp.). A 2 h repeat cycle was 

set according to modified standard ASTM G155 (2013). Rain was simulated for 18 min in 

the first step of the cycle, and solar radiation of intensity 70 W/m2 (TUV) was simulated 

for the next 102 min. The process of artificial weathering was paused for surface 

discoloration and gloss measurement. 
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Properties Evaluation 
Surface discoloration 

Surface discoloration was measured on 24 specimens of dimensions 65 × 20 × 80 

mm3 (RT × RT × L) divided into two sets – with and without linseed oil coating. Each set 

included 3 reference specimens and 3 specimens for each temperature of the surface 

charring process. The surface discoloration was measured before and during artificial 

weathering process after 50, 200, 500, and 1000 h using a Konica Minolta CM-2500 

(measurement area 8 mm, 10° standard observer, D65 illuminant) using the CIELab color 

system. CIELab resolves colour into 3 coordinates: L* – lightness, with a range from 0 

(black) to 100 (white); a* – position between red and green, where negative values mean 

green and positive values mean red; and b* – position between yellow and blue, where 

negative values mean blue and positive values mean yellow. Each specimen was measured 

at four points; the final values are the average of these measured values for all specimens 

in the group. 

The gloss parameters were measured using a KSJ Glossmeter MG268 – F2 at an 

angle of incidence of 85° and measuring aperture 12 × 60 mm2 with a deviation of +/- 1.5% 

GU at three points. 

 

Water absorption 

Measurement of water absorption was performed on 2 groups of specimens – fresh 

specimens and artificial weathered specimens. Each group contained two sets of 12 

specimens of dimensions 65 × 20 × 80 mm3 (RT × RT × L).  Each set includes 3 reference 

specimens and 3 specimens for each temperature of the surface charring process. One set 

from each group was surface coated with linseed oil. Water absorption during water 

floating was measured according to the EN – 927 – 5 (2006) standard as weight increase 

(g/m2) and was recorded after 1, 2, 4, 8, 24, 48, and 72 h. 

 

Decay resistance 

Reference and four-sided charred test specimens of dimensions 25 × 15 × 50 mm3 

(RT × RT × L) were exposed to white – rot fungus Trametes versicolor L. Lloyd (BAM 

116) and brown – rot fungus Coniophora puteana (Schumach.) P. Karst. (BAM 112). The 

testing groups included different charring temperatures (reference, 250, 300, and 350 °C) 

– with and without linseed oil coating; each group contained 6 test specimens. Sterile malt 

agar medium in Kolle flasks was inoculated with fungal mycelium and incubated at 22 °C 

and 70% RH until the mycelia completely covered the agar medium. All specimens were 

sterilized using steam (Tuttnauer 3150E) at 120 °C for 20 min, inserted into the flasks and 

stored at 22 °C and 70% RH. After 16 weeks, the mycelium on the specimen surface was 

carefully removed, the specimens were oven – dried (103 °C; m1) and weighed in order to 

calculate the mass loss according to the following equation,  

ML (%) = m0 – m1/m0 × 100         (1) 

where ML is mass loss (%); m0 is the dry mass before decay (g); m1 is the dry mass after 

decay (g).  

 

Data processing and statistical analysis 

The data of surface discoloration and decay resistance were processed, evaluated 

using one – factor analysis of variance (ANOVA), completed with Tukey’s honest 

significant difference (HSD) test, and graphed using OriginPro (OriginLab Corporation, 
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version 9.0, Northampton, MA, USA). The data for water absorption were processed, 

evaluated using the Kruskal – Wallis test and completed with Dunn’s multiple comparison 

test. Statistically significant differences were considered at p ≤ 0.05. 

 

RESULTS AND DISCUSSION 
 
Surface Discoloration 

The measured values of color coordinates L*, a*, and b* for beech specimens 

charred at different temperatures and for different times were compared. The specimens 

were divided into groups with oil coating and without oil coating. The surface appearance 

of the examined specimens is presented in Fig. 1. 

 

 
 

Fig. 1. Surface discoloration of artificial weathered specimens after 1000 h of exposure; REF – 
Reference; 250, 300, 350 – charred at different temperature; O – coated with linseed oil; W – 
artificial weathered 
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According to visual analysis, the carbonized surface darkened due to the surface 

carbonization process. This statement is confirmed by the values shown in Table 1. 

According to the indicated values, the process of surface carbonization had a significant 

effect on all measured coordinates. The surface L* of the carbonized specimens was 

significantly darker than the reference, almost identically for all measured groups. Lovrić 

et al. (2014), Mitani and Barboutis (2013), and Unsal et al. (2003) state that the decrease 

in the values of all color parameters, especially the lightness of wood L*, during the 

carbonization process depends mainly on the length of the process and the temperature. 

However, the observed values do not correspond to this trend. This discrepancy may be 

caused by the setting of the temperature – time regime of the surface carbonization process. 

A relatively short duration was set for this process, which simultaneously decreased with 

increasing temperature. The decrease in L* is caused by the degradation of hemicelluloses 

with the formation of colored degradation products and extracts in the pyrolysis process 

(Sundqvist and Morén 2002; González-Peña and Hale 2009). The pyrolysis process is 

influenced by atmospheric pressure, temperature, time, and the chemical composition of 

the wood. This process leads to the formation of a charred layer, the composition of which 

depends mainly on temperature and time (Ermolenko et al. 1990; Byrne and Nagle 1997). 

As the length of pyrolysis increases, especially at temperatures above 300 °C, there is a 

significant change in the structure and composition of the charred layer. There is 

accelerated decomposition of cellulose and hemicellulose and the content of fixed carbon 

increases, which subsequently contributes to a decrease in lightness (Yoo et al. 2018). 
 

Table 1. Color Coordinates for Reference (REF) and Charred Specimens with Oil 
and Without Oil Coating  After 0 and 1,000 h of Artificial Weathering 

 0 h 1,000 h 

 L* a* b* L* a* b* ΔE 

REF 70.3 (1.4) 6.7 (0.6) 15.8 (1.4) 88.2 (0.8) 1.6 (0.2) 8.5 (1.2) 20.0 (2.1) 

O REF 61.7 (2.3) 10.8 (0.5) 22.5 (2.4) 86.3 (1.4) 1.9 (0.4) 9.6 (1.3) 29.4 (2.1) 

250 29.5 (1.2) 3.4 (1.0) 4.7 (1.5) 64.3 (5.7) 3.3 (0.7) 10.8 (2.0) 35.4 (5.1) 

O 250 26.8 (0.9) 2.3 (0.9) 2.9 (1.2) 67.8 (7.0) 2.3 (0.6) 9.8 (1.1) 41.6 (6.1) 

300 29.2 (0.9) 2.7 (0.8) 3.6 (1.2) 52.5 (8.9) 4.2 (0.9) 10.3 (1.3) 24.7 (8.2) 

O 300  26.0 (0.6) 1.5 (0.4) 1.8 (0.5) 58.2 (9.3) 3.6 (1.0) 9.9 (1.6) 33.5 (8.9) 

350 29.3 (0.5) 0.9 (0.4) 1.1 (0.4) 20.6 (2.2) 2.6 (1.3) 3.1 (2.1) 9.6 (1.4) 

O 350  28.4 (0.8) 0.3 (0.1) 0.7 (0.3) 19.8 (1.0) 0.7 (0.2) 0.5 (0.3) 8.6 (1.0) 

* Standard deviation in parentheses  

 
As a result of the surface carbonization process, the values of parameters a* and b* 

decreased. A sharp decrease in value was recorded for both parameters with increasing 

treatment temperature during the process. This greatest decrease was noted for the 350 

group. According to these values, the decrease in parameter b* was more pronounced than 

the decrease in parameter a* in all groups of examined specimens compared to the 

reference. The same result was presented by Machová et al. (2021). They charred radial 

and tangential specimens of beech using a heating plate in the range 200 to 400 °C and 

recorded a significant decrease in the L* parameter of all investigated groups. They also 

noted the same downward trend for parameters a* and b*. As a result of carbonization, the 

monitored parameters approached zero, which means a neutral gray color. The specimens 

therefore tended towards gray in all parameters. The value of a* is influenced by the 

content of thermal wood degradation products and due to the condensation and 

repolymerization of lignin (Chen et al. 2012). The combination of high temperature and 
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wood moisture content leads to hydrolytic reactions and the formation of yellow phenolic 

substances. This leads to an increase in the value of parameter b*. For 0% moisture content, 

these reactions are infrequent, and the spectrum shift trend is opposite (Wikberg and 

Maunu 2004; Chen et al. 2012; Machová et al. 2021). 

As a result of the oil coating, the L* parameter decreased in all investigated groups. 

The largest decrease was recorded in the reference specimens. The smallest decrease was 

recorded in the O 350 group. In the reference specimens, the values of parameter a* and 

b* increased. For the carbonized specimens, there was a decrease in the values of 

parameters a* and b*. The most significant decrease in the a* parameter was recorded in 

the O 350 group, while the most significant decrease in the b* parameter was recorded in 

the O 300 group. 

According to visual analysis, it can be concluded that due to artificial weathering 

(W) there was an increase in the lightness of the surface of the reference specimens and the 

carbonized specimens of groups 250 and 300. In contrast, in groups 350 and O 350 the 

carbonized surface darkened only slightly. Visible cracks were noted on the surface of the 

carbonized specimens. The results of visual analysis are confirmed by the values shown in 

Table 1. The greatest increase in parameter L* was recorded in group 250 W after 1,000 h 

of artificial weathering. In the groups 350 and O 350, there was a decrease in the parameter 

values after 1,000 h of artificial weathering. 

According to Fig. 2, the values of ΔL* followed a stable trend of growth (REF, 250 

and 300) or decrease (350) during the process of artificial weathering compared to the 

values of Δa* and Δb*, for which the trend during artificial weathering was changing. In 

the reference and groups 250 and 300, there was an increase in the values of Δa and Δb in 

the initial stages of artificial weathering and then a subsequent decrease. The least 

significant change in trend was noted in the reference specimens (REF), where these 

changes were extreme. In the groups 250 and 300, the increase and decrease in values 

during the artificial weathering process were gradual. For the group 350, a slight increase 

in Δa and Δb values was recorded. The change in surface color during artificial weathering 

is determined by a set of chemical processes. Due to the carbonization of the surface, there 

was an increase in the proportion of lignin in the surface layers compared to hemicelluloses, 

because hemicelluloses are sensitive to heat treatment, but during artificial weathering they 

are more stable than lignin (Huang et al. 2012). According to Cogulet et al. (2016), lignin 

is highly susceptible to degradation by light radiation. 

 The initial increase in the values of Δa and Δb presented in Fig. 2 is probably caused 

by significant degradation of lignin and the formation of chromatic products in the initial 

stages of during artificial weathering. The subsequent decrease in values is caused by the 

leaching of chromatic products by water, which, in combination with leaching of extractive 

substances by water, also causes a lightening of the surface (Huang et al. 2012). The 

decrease in surface lightness in the group 350 is probably connected with the leaching of 

degradation products and the limitation of the chemical composition of the surface layers 

only on fixed carbon (Yoo et al. 2018). 

According to the evaluation of the data presented in Table 1 in terms of 

discoloration during artificial weathering, the effect of surface coating with linseed oil was 

negligible. According to the values shown in Fig. 2, the values of changes in color 

parameters during artificial weathering reached a similar course for almost all groups of 

examined specimens. A different course of values was recorded for the Δa and Δb 

parameters of the group O 350. Compared to group 350, the increase in Δa values was 

more moderate, and there was even an opposite trend for Δb values. The small importance 
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of oil coating is explained by the properties of the oil used. Linseed oil is hydrophobic but 

has little resistance to photo-degradation. According to Mallégol et al. (2000), when linseed 

oil is exposed to light, it rapidly degrades due to photo-oxidation processes. 

 

 
 

Fig. 2. Individual color parameter changes of charred specimens without oil coating (left) and with 
oil coating (right) during weathering; REF – Reference; 250, 300, 350 – charred at different 
temperature 

 

According to the ΔE values in Table 1, all exposed specimens underwent significant 

changes due to the artificial weathering process. The smallest changes were noted for 

groups 350 and 350 O, which was probably due to the presence of a carbon structure in the 

surface layers, which is very resistant to photodegradation (Kymäläinen et al. 2022b). 

The measured gloss values for all groups of examined specimens are shown in 

Table 2. It can be seen from the given values that the heat modification process did not 

have a significant effect on the gloss change, as did the oil surface coating. This result does 

not correspond with the result presented by Bekhta et al. (2014), who measured specimens 
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carbonized at 200 °C while pressing with a force of 12 MPa. The increase in gloss was 

probably due to a reduction in surface roughness during pressing. Surface gloss is therefore 

inversely proportional to surface roughness. The values shown in Table 4 present a sharp 

drop in gloss due to the artificial weathering process. The decrease in gloss could be due 

to the increase in surface roughness due to during artificial weathering. 

 

Table 2. Gloss Values (expressed in gloss units) for Uncharred (REF) and 
Charred Specimens with Oil and Without Oil Coating After 0 and 1,000 h of 
Artificial Weathering 

 0 h 1000 h 

REF 7.7 (1.5) 2.4 (0.7) 

REF O 6.1 (1.1) 1.3 (0.5) 

250 7.1 (2.1) 1.5 (0.3) 

250 O 6.5 (0.8) 0.5 (0.2) 

300 8.7 (1.7) 1.4 (0.4) 

300 O 8.0 (1.0) 0.6 (0.2) 

350 6.3 (2.5) 1.1 (0.5) 

350 O 9.4 (1.9) 0.3 (0.1) 

* Standard deviation in parentheses 

 

Water Absorption 
The measured values of water absorption by the beech specimens after partial 

immersion are presented in Fig. 3. Even though the specimens were soaked during various 

time intervals, for better clarity Fig. 3 shows the data after 2 and 72 h only. Presented data 

represent a trend continuing throughout the measurement period. However, the measured 

data were affected by the limited number of specimens and, at later times of partial 

immersion, by severe damage due to dimensional changes and cracks. Therefore, the data 

were burdened with a high variability and were evaluated as statistically inconclusive. 

  

 
 

Fig. 3. Average water absorption of partially immersed groups of specimens after 2 and 72 h; 
REF – Reference; 250, 300, 350 – charred at different temperature; O – coated with linseed oil; 
W – artificially weathered 
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The average water absorption of charred specimens without oil coating after 2 h of 

partial immersion decreased more than 50% compared to the references. Kymäläinen et al. 

(2017) charred specimens of Norway spruce (Picea abies L.) and Scots pine (Pinus 

sylvestris L.) at temperatures of 250 and 400 °C. The charred spruce showed a 24 to 51% 

reduction in water absorption compared to references. The presented results are supported 

by other studies describing the chemical changes of the basic components of wood in the 

surface layers during the application of high temperatures to the surface of charred 

specimens. A hydrophobic layer forms on the surface as a result of the reduction of 

hydroxyl groups, crystallization reactions of cellulose, and cross linking of lignin (Mitsui 

et al. 2008; Čermák et al. 2019). 

As a result of the artificial weathering process, the water absorption of the reference 

specimens without oil coating was 41% compared to the reference specimens that did not 

undergo the artificial weathering process. The average water absorption of the charred 

weathered specimens was significantly higher than the water absorption of the charred non-

weathered specimens. The obtained data indicate the disruption of the charring process 

effect due to significant damage during artificial weathering.  

The damage to the charred layer is related to cyclical changes in moisture content 

during artificial weathering and the structure of unmodified beech wood. According to 

Šeda et al. (2021), the thickness of thermally affected layer of beech specimens charred at 

temperatures of 250 to 300 °C in short time regimes is over 2 mm. The charred layer is 

porous and brittle. As the distance from the heating plate increases, the effect of high 

temperature on the properties of wood decreases (Fortino et al. 2013). With increasing 

distance from the charred surface, the charred layer gradually goes into native wood. Beech 

is a species whose wood is subject to significant dimensional changes. The cyclic 

penetration of moisture through the charred layer leads to cracking of the unmodified 

wood, thereby disrupting the charred layer. The cracked surface leads to increased water 

absorption and makes the material unsuitable for outdoor use. Drying oils or wax emulsions 

can be used to slow down the penetration of water through the charred layer and to stabilize 

the surface (Thybring 2013). 

The most significant decrease in water absorption due to surface coating with 

linseed oil was recorded for the reference specimens. The average water absorption after 2 

h of partial immersion of reference specimens with linseed oil was 75% lower than the 

reference specimens without oil coating. For surface charred specimens, the decrease in 

water absorption due to the oil coating was not so significant and the water absorption 

values almost equalled the values of the oiled reference specimens. A more significant 

decrease (70%) was noted only in the group 300 O.  

The average water absorption 2 h of partial immersion of the reference weathered 

specimens with oil coating was 46% lower than the weathered specimens without oil 

coating. For the charred specimens, the decrease in water absorption of weathered 

specimens with oil coating was from 52% to 81% compared to charred weathered 

specimens without oil coating. However, the effect of the oil coating decreased depending 

on the duration of the partial immersion due to the leaching out of the oil (Thybring 2013). 

According to the measured values, the combination of surface charring and oil coating is a 

suitable option for preparing beech wood for external use. However, the measured values 

were not statistically clear. Therefore, further measurements are needed to confirm the 

applicability of this modification. 
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Decay Resistance 
 The mass loss due to white-rot and brown-rot fungi of surface charred beech wood 

at different temperatures is shown in Figs. 4A (T. versicolor) and 4B (P. placenta). It is 

clear from the figures that surface charring and oil impregnation slightly decrease the beech 

wood mass loss caused by T. versicolor, but are not able to protect it fully. The effect of 

different charring temperatures became evident only when 350 °C was used. It is 

noteworthy that the mass loss was significantly higher than at lower temperatures. 

Generally, the subsequent oil impregnation did not significantly influence the resistance of 

charred wood; only at the highest temperature did the surface oiling cause a decrease in 

mass loss compared to an unoiled charred surface. Similar results were obtained with 

brown-rot fungus P. placenta. Only oiled charred specimens showed significantly lower 

mass losses than other groups, but this time no differences between temperatures were 

observed. The result of the charring effect on wood resistance is in line with other studies 

(Hasburgh et al. 2021; Machová et al. 2021), which, however, examined only one-sided 

charred specimens, where the substantial protective effect was also not demonstrated. 

 

 
 
Fig. 4. Mass loss of test specimens after 16 weeks of exposure to fungal degradation; A – 
Trametes versicolor, B – Poria placenta (Ref – reference uncharred; 250, 300, 350 – charred at 
different temperature; O – coated by linseed oil) 

 
It is supposed that a charred wood layer is able to protect the untreated wood below 

it. It was suggested by Ascough et al. (2010) that charcoal produced at 300 to 400 °C is a 

low – quality growth substrate for fungi Pleurotus pulmonarius and T. versicolor. Although 

neither species decomposed charred wood, they were able to colonize the surface, and to a 

lesser extent also the interior, in less than three months. Additionally, Singh et al. (2013) 

observed that torrefied chips (at 300 °C) were biologically inert, based on mass loss, when 

they were exposed to Oligoporus placenta and T. versicolor. Although the charred wood 

was not a suitable substrate with a readily available source of nutrients, hyphae were able 

to penetrate it through pre – existing cracks and fissures that extended from the surface to 

varying depths. However, fungal colonization was characterized by a sparse, exploratory 

growth form (Ascough et al. 2010), which was also observed in the current study. In both 

sets – oiled and non – oiled, the surface layer (0.5 to 1 mm in depth) was without visible 

fungal degradation, rather individual hyphae were present in vessel lumina (Fig. 5b, d; 6b, 

d). Below this layer typical degradation patterns for white rot (Fig. 5a, c) and brown rot 
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(Fig. 6a, c) with abundant mycelia were observed. Clearly, the charred layer can act as a 

physical barrier, which delayed the colonization and decomposition of untreated wood.  

As Kymäläinen et al. (2017) stated, proper tuning of the temperature and time of 

charring is needed; too high a temperature or too long a time makes the surface crack, 

creating points of entry to the interior of the specimen, which should be the reason for faster 

wetting and also the fungal colonization of the inner part of test specimens charred at 350 

°C (Figs. 5, 6 and 7). A similar effect was an increase in specimen moisture content during 

fungus exposure. The swelling of inner untreated beech wood led to the creation of distinct 

cracks in the charred surface layer due to the hygroscopicity difference and also to its 

brittleness. These cracks were tightly filled by mycelium at the end of the exposure. 

Generally, more dimensionally stable and naturally durable softwoods are more suitable 

for surface charring, because they are easier to burn, and intensive water absorption 

resulting in excessive swelling is limited. 

 

 
 

Fig. 5. SEM images of specimens (350) decayed by T. versicolor (transverse sections) showing 
different depth position: (a, c) inner part in depth >1 mm; (b, d) surface layer; sporadic hyphae in 
vessel lumina (arrows) 

 

Charring of wood is primarily used in exterior applications above ground – e.g., 

cladding and decking – where it is exposed to weathering and slowly erodes. It is crucial 

that a minimum charred layer of 2 to 3 mm is created; its weathering resistance is further 

improved by surface impregnation with drying oils (Sandberg et al. 2021). Unfortunately, 

in our study the real charred layer merely few tenths of millimetre thick was created on the 

specimen’s surface due to selected treatment time and temperature (Fig. 7). The layers 

deeper under surface (up to 2.5 mm) were rather thermally treated than charred. 
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Fig. 6. SEM images of specimens (a, b, c – 350; d – O350) decayed by P. placenta (transverse 
sections) showing different depth position: (a, c) inner part in depth >1 mm; (b, d) surface layer; 
sporadic hyphae in vessel lumina (arrows), fiber lumina filled by linseed oil (arrowheads) 
 

It was shown in the water absorption test (Fig. 3), that wood torrefaction changed 

its properties from hydrophilic to hydrophobic, which is caused by dehydration reactions 

where the destruction of many hydroxyl groups and the formation of unsaturated, non – 

polar structures take place (Adeleke et al. 2021). Linseed oil impregnation increased 

surface hydrophobicity even further (Fig. 3), whereas microscopic observation showed that 

the fiber lumina were primarily filled with oil and vessel lumina remained empty, allowing 

hyphal growth (Fig. 6d). However, there was no significant difference between the mass 

loss by decay in specimens charred at 250 and 300 °C that were or were not impregnated 

with linseed oil. However, the limited wetting of the test specimen surface can also be a 

reason for slower colonization by fungi in real exterior applications.  

In contrast, too much charring leads to surface cracking and increased porosity, 

which enables increased capillary absorption of water and easier wetting of the inner 

untreated part (Kymäläinen et al. 2015a). Torrefied wood or charcoal used in exterior is 

intensively wetted and subsequently colonized by Ascomycetes or even Basidiomycetes, 

which both degrade wood to a low degree (Kymäläinen et al. 2015b). Additionally, Wengel 

et al. (2006) found that the fungus Schizophyllum commune decomposes charcoal at a low 

rate, so a too thin layer of charred surface does not have to necessarily work as protective 

barrier against fungi. 
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Fig. 7. The decay specimen surface (below) and charring depth (on top) after individual 
treatments; specimen cross section dimensions 15 × 25 mm2 

 

 

CONCLUSIONS 
 

Surface-charred beech wood (Fagus sylvatica L.) with oil and without oil coating 

was studied. 

1. Analysis of the color change showed that because of the charring process there was a 

significant decrease in all parameters L*, a*, and b*.  

2. As a result of the oil coating, the lightness (L*) decreased in all groups as well as O 

REF, O 250, O 300 and O 350. There were different trends between groups for 

parameters a* and b*. There was an increase in these parameters in the group of 

reference (O REF) and a decrease in the groups of charred specimens (O 250, O 300 

and O 350). 

3. As a result of artificial weathering, the lightness (L*) of the surface increased in all 

groups, except the ones charred at 350 °C, in which it was slightly decreased. The 

values of ΔL* followed a stable trend of growth or decrease during the entire process 

of artificial weathering compared to the values of Δa* and Δb*, for which the trend 

during artificial weathering was irregular. 

4.  All exposed specimens underwent significant color change ΔE* due to the artificial 

weathering process. The smallest changes were noted for groups 350 and 350 O. 

5. The average water absorption of charred specimens without oil coating after 2 h of 

partial immersion decreased more than 50% compared to the references. The damage 

caused by artificial weathering cancelled the beneficial effect of the charring process. 

The oil coating benefits were decreased depending on the length of partial immersion. 

6. Surface charring and oil impregnation slightly reduced the mass loss of beech wood 

caused by T. versicolor and P. placenta but could not protect the wood fully. 
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