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Physical and mechanical properties were evaluated for all-sided charred 
Pinus taeda and Eucalyptus bosistoana wood by hot plate contact heating 
system followed by treatment with linseed oil. The water absorption, 
volumetric swelling, wettability, hardness, modulus of rupture, and 
modulus of elasticity in bending strength and compression strength 
parallel to grain were determined. The water absorption and volumetric 
swell were determined after immersion in water, as measured at various 
intervals of water immersion up to 120 h. The results suggested that the 
contact charring process with the addition of a linseed oil application 
improved water absorption and volumetric swell properties of charred 
specimens compared to un-charred controls. Hardness of the charred 
wood decreased by 38% and 43% in P. taeda and E. bosistoana 
specimens, respectively, compared with their respective controls. The 
highest reductions were seen in modulus of elasticity and compression 
strength values in charred P. taeda specimens, while modulus of rupture 
(MOR) values decreased more in charred E. bosistoana specimens than 
in charred P. taeda specimens. These results suggested that charring of 
P. taeda and E. bosistoana wood does improve the moisture-related 
characteristics; however, their mechanical behavior and hardness 
decreased.  
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INTRODUCTION 
 

Thermal treatments are well-known modification methods that change the structure 

of wood, increase durability against wood degrading organisms, decrease water absorption, 

and improve dimensional stability. In general, temperatures below 300 °C are employed in 

the thermal treatment process to prevent issues related to mechanical strength loss, which 

may limit use of thermally modified wood particularly in load-bearing applications 

(Boonstra and Tjeerdsma 2006; Yan and Morrell 2014; Candelier et al. 2016; Čermák et 
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al. 2016; Sandberg and Kutnar 2016; Kymäläinen et al. 2018; Morozovs et al. 2021). 

Candelier et al. (2016) found that mechanical resistance, particularly modulus of elasticity 

(MOE) and modulus of rupture (MOR) in bending of heat-treated wood, decreases based 

on the intensity of the treatment (Kim 1998; Jimenez Jr et al. 2011; Bal 2014). However, 

the adverse effects of heat treatments on the mechanical properties of wood is one of the 

most important disadvantages of thermal modifications (Chotikhun et al. 2020). 

Unlike conventional thermal modification methods, surface charring of wood has 

been used for centuries to increase wood durability. One-sided surface charring methods 

are an alternative to overcome reductions in mechanical strength properties of thermally 

modified wood (Morozovs et al. 2021). Surface charring methods modify only the exposed 

surface while maintaining the mechanical properties of underlying wood (Čermák et al. 

2019; Buksans et al. 2021). One-sided surface charred wood is suitable for use as wood 

cladding and wooden shingles in structures, while all-side charred wood is used in more 

severe conditions such as wet environments (Lunguleasa and Spirchez 2017; Kymäläinen 

et al. 2018). Charring decreases water sorption due to increased hydrophobicity, which is 

caused by the degradation of more reactive components, the hemicelluloses and amorphous 

cellulose (Kymäläinen et al. 2017). As a result of reduced hygroscopicity, both the 

mechanical and biological durability is expected to be higher. However, more detailed 

studies are needed to find suitable temperatures and times for the charring process because 

elevated temperatures and/or extended treatment times can result in surface cracks, which 

increase water sorption and reduce mechanical properties. 

Although many studies have examined moisture uptake and weathering properties 

of one-sided charred wood, research on all-side charred wood and its mechanical and 

water-sorption characteristics are lacking. Soytürk et al. (2023) examined the biological 

performance of all-sided charred wood with oil application and found correlations between 

total carbohydrate content and durability against decay and mold fungi, and subterranean 

termites in laboratory tests. To build on this work, the objective of this research was to 

evaluate the effect of an all-side wood surface charring method with protective linseed oil 

application on mechanical strength, hardness, and hydrophobic, and volumetric swell 

properties. Linseed (flax) oil was added, as it has already been incorporated as an ingredient 

in alkyd or polyurethane systems; in addition, it is the most used natural oil for surface 

treatments of wood in Europe (Kymäläinen et al. 2022a). 

 

 

EXPERIMENTAL 
 
Wood Specimens 

Three 50-year-old Eucalyptus bosistoana F. Muell. trees belonging to a shelter-belt 

multispecies located in Bernardo Rosengurtt Experimental Station of the Faculty of 

Agronomy of Universidad de la República (32º21'26''S, 54º26'34''W, Cerro Largo, 

Uruguay), and two 22-year-old Pinus taeda L. trees from the same plantation were used in 

this study. Sapwood only portions of the selected trees were cut into 2-meter-long boards 

and air dried for four months. The sapwood boards were then cut in a sawmill into 

specimens of suitable dimensions based on the individual tests. For each, half the 

specimens were charred while the other half was used as controls. For modulus of rupture 

(MOR) and modulus of elasticity (MOE) tests, the specimens (4.5 x 4.5 x 71 mm) were 

prepared from charred wood blocks (12 x 20 x 71 mm), whilst compression tests and 

density evaluations were done by using charred and uncharred specimens (25 x 15 x 25 

mm). Then water absorption, thickness swelling, hardness, and wettability tests were 
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carried out by using charred and uncharred specimens (25 x 15 x 50 mm). 

 

Charring Process 
Wood specimens were oven dried at 80 °C for 48 h and then charred on a metallic 

hot surface at an initial temperature of 120 °C. The metallic surface was heated with an 

electric resistance controlling the temperature every 15 min with an HI 99550-00 infrared 

thermometer (Hanna Inst. Mexico City, Mexico) (range -10 / 300 °C). To prevent cracking, 

temperature was always kept below 150 °C. For each test, wood samples were comprised 

of ten specimens of equal dimensions. Specimens were set on the hot plate and then 

weighed down by a 5 kg weight to ensure even contact throughout the entire surface and 

to avoid deformations. The conditions chosen were based on preliminary testing that 

focused on minimizing surface cracking while maintaining a high enough temperature to 

form a thick and uniform charred layer beneath the wood surface. 

Contact time with the hot surface was determined by controlling the char size, 

which was measured using a caliper, with the goal of obtaining homogeneous specimens 

with a coal layer. Each surface of a given specimen was exposed to heat for 10 minutes 

and all surfaces of each specimen were exposed to the same charring conditions. For full 

surface charring, specimens were rotated to expose the other five faces to the same 

treatment conditions. Average thickness of the char layer in the charred specimens was 

measured as 2.25 mm (0.1 mm) (N: 30). Once charring was completed, the specimens 

were immediately dipped in linseed oil for five seconds to homogenize the charred layer 

and prevent further cracking. Excess oil and loose charred particles were removed with a 

brush, and specimens were air dried for four days at room temperature.  

 

Mechanical Tests 
P. taeda and E. bosistoana test specimens with 4.5 x 4.5 x 71 mm evaluated in a 

three-point bending test setup based on the ISO 13061-3 (2014) and ISO 13061-4 (2014) 

standard test methods with a 63 mm span length. Test specimens were prepared from four 

corners of previously charred wood blocks (12 x 20 x 71 mm) of which char thickness is 

approximately 2.25 mm (Fig. 1). 

 

 
Fig. 1. Cutting pattern of specimens (T1, T2, T3 and T4) (4.5 x 4.5 x 71 mm) for MOR and MOE 
tests from previously charred wood (10 x 20 x 71 mm) (cross section) 

 

 Modulus of elasticity (MOE) and modulus of rupture (MOR) were determined by 

the below equations. Compression strength tests were performed on test specimens with 
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25 x 15 x 25 mm parallel to grain (σc) based on the ISO 13061-17 standard (2017), 

calculated according to the equations below, 
 

𝑀𝑂𝐸 =  
(𝐹2−𝐹1)·𝑙3

4·𝑏·ℎ3·(𝑤2−𝑤1)
        (1) 

 

𝑀𝑂𝑅 =
3·𝐹𝑚𝑎𝑥·𝑎

𝑏·ℎ2         (2) 
 

𝜎𝑐 =
𝐹𝑚𝑎𝑥

𝑏∗ℎ
         (3) 

 

where MOE is the modulus of elasticity (MPa), MOR is the modulus of rupture (MPa), l 

is the span distance (mm), a is the distance between a loading position and the nearest 

support in a bending test (mm), F2 - F1 is the load difference at 40% and 10% of maximum 

load (N), Fmax is the maximum load for bending and compression test respectively (N), w2 

- w1 is the deflection difference at 40% and 10% of maximum load (mm), b is the with 

(mm) and h is the height of specimens (mm). 

Wood specimens (25 x 15 x 25 mm) prepared for density (ϱ) measurement were 

weighed, and their dimensions were measured with an accuracy of 0.01 g and 0.01 mm, 

respectively, according to the ISO 13061-2 standard (2014). In addition, moisture content 

(MC) values were obtained from these specimens after mechanical testing from a piece of 

the test specimens following the procedure defined in the ISO 13061-1 standard (2014). 

The experimental values for the MOR, MOE, σc and the density (ϱ) of specimens were 

adjusted to 12% according to the following equations, 
 

𝑀𝑂𝑅12 = 𝑀𝑂𝑅𝑚 · [1 +  𝛼 · (𝑀 − 12) ]     (4) 
 

𝑀𝑂𝐸12 =
𝑀𝑂𝐸𝑚

1−𝛼·(𝑀−12)
        (5) 

 

𝜎12 = 𝜎𝑚 · [1 +  𝛼 · (𝑀 − 12) ]      (6) 
 

ϱ12 = 𝐷𝑚 · (1 −
(1−𝐾)·(𝑚−12)

100
)      (7) 

 

where M is the moisture content of the specimen determined according to the ISO 13061-

1 standard (2014) (%), α is the correction factor for the moisture content; equal to 0.04 for 

MOR, 0.02 for MOE and 0.05 for σc and K is the coefficient of volumetric shrinkage for a 

change in moisture content of 1%.  

 The numerical value of K can be taken as equal to (0.85 · 10−3 · 𝜚𝑚) when the 

density (ϱ) is expressed in kg/m3. Differences among groups averages were evaluated for 

statistical significance using an independent-specimen t-test at a 95% confidence level 

(p≤0.05) (IBM SPSS 21.0 software).  

 

Hardness Tests 

Hardness of test specimens (15 x 25 x 50 mm) was determined following the ISO 

1522-2022 standard method (ISO 2022), which utilizes a pendulum (The König pendulum 

apparatus) damping method to evaluate coating hardness. Differences among groups 

averages were evaluated for statistical significance using a Mann-Whitney U Test at a 95% 

confidence level (p≤0.05). 

 
Water Absorption and Volumetric Swell Tests 

From each treatment group, 10 test specimens (15 x 25 x 50 mm) were oven-dried 

at 103 °C for 3 days and weighed. They were then placed in water and re-weighed after 
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120 h. Any excess water on the specimen surface was blotted with paper tissue before 

weighing. 

Water absorption (WA) was evaluated as follows,  
 

𝑊𝐴 (%) =
(𝑊2−𝑊1)

𝑊1
𝑥 100       (8) 

 

where W2 is the weight of wood specimen after immersion in water for 120 h (g), and W1 

is the oven-dried weight of wood specimen before immersion in water (g).  

 Volumetric swelling (VS) was determined by measuring the oven-dried and wet 

dimensions of the specimens as follows, 
 

𝑉𝑆 (%) =
(𝑉1−𝑉0)

𝑉0
𝑥 100       (9) 

 

where V1 is the wet volume of wood specimen after immersion in water for 120 h (mm3), 

and V0 is the oven- dried volume of wood specimen (mm3).  

 

Wettability   
Contact angle measurements were taken with a Teta Lite optical tensiometer (Biolin 

Scientific) to determine the effect of charring on the wetting of wood. The test specimens 

(charred and uncharred) (15 x 25 x 50 mm) were conditioned at 65 ± 5% relative humidity 

(RH), 20 ± 2 °C for two weeks. The MC of the specimens was 10 to 12% (P. taeda) and 

12 to 14% (E. bosistoana). Three test droplets were measured from a total of three 

specimens per treatment. The contact angle was measured by placing a droplet of 5 μL of 

water onto the earlywood surface regions of the specimens, with a camera pointed parallel 

to grain. The reported values are averages of measurements from at least 3 different 

positions on each specimen. 

 

 

RESULTS AND DISCUSSION 
 

Moisture content and density (ϱ) values of test specimens are shown in Table 1. As 

expected, charred wood specimens had lower moisture content due to less water absorption 

and linseed oil application. Despite the charring process, the density of charred specimens 

was higher than un-charred specimens, which was likely as a result of the linseed oil 

applications. Leitch (2009) found the amount of cell wall material to be a common metric 

for wood density, calculated by specimen weight and volume. It is apparent that linseed oil 

penetrated wood pores and lumens, increasing the weight of the specimens without any 

increasing wood volume, thus causing increases in density values of charred specimens. 

Kymäläinen et al. (2022a) states that linseed oil application in charred wood results in 

increases in hydrophobicity due to its penetration into wood pores. Wang and Cooper 

(2005) also state that wax and wax-based products can remain in cell lumens and impede 

moisture uptake.  

A number of studies on thermal and charring treatments of wood showed decreases 

in wood densities due to chemical modifications in the wood (Metsä-Kortelainen et al. 

2006; Boonstra et al. 2007; Gündüz et al. 2008; Korkut et al. 2008; Akyildiz et al. 2009; 

Gunduz et al. 2009; Won et al. 2012; Percin et al. 2016; Antons et al. 2018; Kapidani et 

al. 2019; Chotikhun et al. 2020; Wang et al. 2020; Esteves et al. 2021; Gennari et al. 2021; 

Ninane et al. 2021; Šeda et al. 2021; Taraborelli et al. 2022).  
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Hill et al. (2021) showed that thermal treatments for heat-modified wood generally 

resulted in increased mass loss and decreased wood density due to chemical degradation 

and that weight loss after heat treatment was generally linked to a reduction in density 

associated with treatment conditions and wood species (Pfriem et al. 2009). Leitch (2009) 

states that higher density woods typically demonstrate greater mechanical properties. 

However, there was a negative correlation between density and mechanical strength values 

since the changes in the density were the result of linseed oil accumulation in the lumen. 

 
Table 1. Density and Mechanical Strength Values of the Test Specimens 
Adjusted to 12% MC Level 

Specimens MC (%) ϱ 12 (g/cm3) MOE12 (MPa) MOR12 (MPa) σc12 (MPa) 

P-Ct 10.1 (0.23) 0.503a (0.03) 9582a (2245) 89.1a (20.9) 35.1a (3.4) 

P-Ch 6.1 (1.63) 0.724b (0.08) 6832b (1764) 39.8b (14.9) 26.3b (3.5) 

E-Ct 9.1 (0.43) 0.516a (0.02) 11131a (1030) 85.9a (12.6) 38.6a (2.1) 

E-Ch 6.8 (0.97) 0.590b (0.05) 9077b (1512) 34.6b (12.3) 34.0b (7.0) 

P-Ct: P. taeda control; P-Ch: P. taeda charred; E-Ct: E. bosistoana control; E-Ch: E. bosistoana 

charred. MC: Moisture content; ϱ12: Density at MC of 12%; MOE12: Modulus of elasticity at MC of 
12%; MOR12: Bending strength at MC of 12%; σc12: Compression strength parallel to grain at MC 
of 12%. Values in parenthesis show standard deviation. Columns with the same letters indicate no 
statistical difference between the specimens according to the independent-specimen t-test (p ≤ 
0.05). N for MC and D12: 20 and 30 for control and charred specimens, respectively. N for MOE12 
and MOR12: 33 for both control and charred specimens. N for σc12: 20 and 28 for control and 
charred specimens, respectively. 

 

The values for MOE, MOR, and compression strength parallel to grain are shown 

in Fig. 2. These results indicate that charring has a negative effect on all strength properties 

evaluated in both wood species. Of the properties tested, the greatest decrease was in 

bending strength for both wood species, with reductions in MOR values reaching 55% and 

60% in charred P. taeda and E. bosistoana specimens, respectively. The reductions in MOE 

(29%) and compression strength (25%) were higher in charred P. taeda specimens in 

comparison with E. bosistoana specimens (19% for MOE and 12% for compression 

strength).  

Load-deformation curves from the bending and compression strength tests and 

load-deflection data obtained from a 3-point bending test are shown in Fig. 3. The load-

deflection graph suggests that the semi-plastic regions of the charred P. taeda and E. 

bosistoana specimens were shortened compared to un-charred specimens. As a result, the 

maximum amount of deflection was reduced by 59% and 55% for P. taeda and E. 

bosistoana specimens, respectively. In addition, weakening of the tensile zone due to 

carbonization in the charred specimens resulted in a decrease in maximum load values of 

54% for P. taeda and 42% for E. bosistoana. Compression strength measurements parallel 

to grain showed significant difference in charred or control specimens for either species. 

The differences between the compression strength of charred and control specimens were 

minor before the actual moisture content of the specimens was adjusted to 12% MC; after 

they were adjusted, the difference in compression strength differed significantly, 

decreasing by about 25% for P. taeda and 12% for E. bosistoana charred specimens. 
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Fig. 2. Mechanical properties of charred and control specimens (Box-and-whiskers plots encode 
five characteristics of a distribution by position and length. The box ranges from the first (Q1) to the 
third quartile (Q3) of the distribution and represents the interquartile range (IQR). A line across the 
box indicates the median. The whiskers are lines extending from Q1 and Q3 to end points that are 
typically defined as the most extreme data points within Q1 – 1.5 × IQR and Q3 + 1.5 × IQR, 
respectively. Each outlier outside the whiskers is represented by an individual mark. Alternatively, 
the minimum and maximum values in the data set are used as end points for the whiskers. P-Ct: 
P. taeda control; P-Ch: P. taeda charred; E-Ct: E. bosistoana control; E-Ch: E. bosistoana charred; 
the same letters in the bars indicate that there was no statistical difference between the specimens 
according to the independent-specimen t-test (p ≤ 0.05); N for MOE12 and MOR12: 33 for both 
control and charred specimens. N for σc12: 20 and 28 for control and charred specimens, 
respectively). The box plot was used to plot the distribution of the data set. Independent-specimen 
t-test and IBM SPSS 21.0 software for statistical analyzes were used to verify differences of all 
among groups averages with 95% confidence level (p≤0.05). 
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Fig. 3. Mean load-deformation curves for 3-point bending test (A); and compression strength 
parallel to grain (B) (red bold line: E. bosistoana charred; red dash line: E. bosistoana control; 
black round dot line: P. taeda control; black dash dot line: P. taeda charred) 

 

Yilgor et al. (2001) showed that modifications in wood cell components play an 

important role in the strength of wood exposed to elevated temperatures. Other studies also 

found decreases in strength values in wood to be related to the removal of the 

hemicelluloses in modified wood (LeVan et al. 1990; Sweet 1995; Winandy 1995; Sweet 

and Winandy 1999). In a previous work by Soytürk et al. (2023), it was found that 

carbohydrate contents of charred P. taeda and E. bosistoana wood decreased by 31% and 

30%, respectively, compared to un-charred specimens. This supports the idea that strength 

loss and carbohydrate content in charred wood material are connected. A one-sided 

charring procedure using the Yakisugi Method has been suggested as a possible alternative 

to thermal modification as a means for maintaining mechanical strength values of charred 

wood, (Kymäläinen et al. 2018; Morozovs et al. 2021). 
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Average water absorption and volumetric swell curves of charred and un-charred 

specimens during 120 h of water immersion are given in Fig. 4. The water absorption of 

charred wood specimens was considerably reduced compared to un-charred wood 

specimens for both wood species. In the first five immersion durations (6, 24, 48, 72 and 

96 h), both water absorption and volumetric swell rates for charred E. bosistoana 

specimens were much lower than those for charred P. taeda specimens; however, at the 

end of tests the values were almost equal in both wood species. Water absorption values in 

charred specimens showed a 58% and 53% decrease for P. taeda and E. bosistoana, 

respectively compared to un-charred specimens at the end of the test. The reductions in 

volumetric swell were lower in comparison to water absorption with volumetric swell 

decreased by 38% and 27% in charred P. taeda and E. bosistoana specimens, respectively. 

 

 
 

 

 
 

Fig. 4. Water absorption and volumetric swell of charred and control specimens (n: 10) 
 

Wettability test results (Fig. 5) were consistent with water absorption tests, showing 

much higher contact angle values in charred specimens. This indicated lower water 

absorption capability and improved hydrophobicity after charring and linseed oil 
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application. In a previous study by Soytürk et al. (2023), char formation followed by 

linseed oil application also appeared to contribute to decreased water absorption and 

wettability. This type of linseed oil application following wood charring method was used 

by Kymäläinen et al. (2022a) specifically as a means to increase hydrophobicity of the 

modified surfaces as well as to help prevent the carbon layer from cracking. Their results 

indicated that the decrease in water uptake was comparable to addition of oil on spruce 

reference specimens, measuring a reduction of up to 79%. A reduction in OH- groups on 

charred wood surfaces was found to be correlated with decreased absorption capacity of 

charred wood in a study by (Kymäläinen et al. 2018). Crosslinking in the carbohydrate-

lignin matrix during thermal degradation was suggested by Tjeerdsma et al. (1998) and 

Wannapeera et al. (2011), whereas the migration and enrichment of extractives on the 

wood surface was considered another factor contributing to decreased wettability (Rautkari 

2012). On the other hand, softening of lignin polymer in thermally modified wood might 

be effective in forming hydrophobic surfaces (Nuopponen et al. 2003; Kymäläinen et al. 

2018). Results from a previous study by Soytürk et al. (2023) showed that total 

carbohydrates in charred P. taeda and E. bosistoana wood specimens decreased by 

approximately 30%. In addition, use of oil in our studies during charring processes might 

have also contributed to decreased wettability and better water absorption and volumetric 

swell properties along with chemical modifications and decreases in OH- content by 

thermal degradation in the hemicelluloses. The effect of charring processes on wood 

carbohydrates was also examined by Kymäläinen et al. (2022b); with results showing 

increased water resistance in charred spruce sapwood after one-sided charring. However, 

crack formation increased porosity in charred wood specimens at elevated temperatures of 

400 °C which resulted in increased wettability (Kymäläinen et al. 2017).  

 

 
Fig. 5. Contact angle values of test specimens (P-Ct: P. taeda control; P-Ch: P. taeda charred; E-
Ct: E. bosistoana control; E-Ch: E. bosistoana charred; the same letters in the bars indicate that 
there was no statistical difference between specimens according to Duncan’s multiple range test 
(p ≤ 0.05); N: 3). 

 

Čermák et al. (2019) found that considerable increases in soluble wood 

carbohydrates and phenolic compounds in one-side surface charred wood resulted in 

reduced water absorption due to decreased hydroxyl groups and cross-linking of lignin. 

Machová et al. (2021) also noted substantial changes in total carbohydrates after one-sided 

0

20

40

60

80

100

P-Ct P-Ch E-Ct E-Ch

C
o

n
ta

c
t 

a
n

g
le

 (
º)

Wettability

Crossection Radial Tangential

b
b

b

b c
c

d
de

e

f

C
o

n
ta

c
t 

A
n

g
le

 (
°)

 

Wettability 



PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Ibanez et al. (2023). “Wood surface charring,” BioResources 18(4), 8614-8630.  8624 

 

charring of wood. Water absorption characteristics of charred wood is discussed by 

Kymäläinen et al. (2022a,b) and several mechanisms were proposed including, removal 

and conversion of carbohydrates (Gosselink et al. 2004), increased hydrophobicity, and 

alterations in the functional groups of wood surface (Gomez-Serrano et al. 1996; Labbe et 

al. 2006; MacBeath et al. 2011; Kymäläinen et al. 2015). Extractives condensing on wood 

surfaces due to evaporation during the charring process was also mentioned as contributing 

to the hydrophobicity of charred wood. Šeda et al. (2021) also found decreased water 

absorption tied to decreases in OH- groups in the celluloses and hemicelluloses and 

increases in cellulose crystallinity and cross-linking in lignin in one-sided charred beech 

wood. 

Hardness tests results are given in Fig. 6. Charring resulted in decreased hardness 

in both wood species with reductions of nearly 38% and 43% for charred P. taeda and E. 

bosistoana specimens, respectively, compared to un-charred controls. Recent studies by 

Kymäläinen et al. (2022a,b) found that charring by contact or flame methods generally had 

adverse effects on surface properties because of degradation of the wood cell wall. On the 

other hand, the effects of heat-treatments rather than surface charring have been found to 

positively affect hardness of modified wood in various studies (Kocaefe et al. 2008; Korkut 

and Guller 2008; Dilik and Hiziroglu 2012; Won et al. 2012; Bakar et al. 2013; Salca and 

Hiziroglu 2014; Chotikhun et al. 2020). Other studies have shown no or slight changes in 

hardness of thermally-treated wood when compared to untreated controls (Boonstra et al. 

2007; Leitch 2009). Akyildiz (2009) showed that increased temperatures and durations 

(230 °C, 2 and 8 h) decreased hardness values of wood when compared to the treatments 

of 130 and 180 °C for 2 h and 8 h. Hardness values have also been found to differ based 

on wood species. In one study, heat-treated cumaru wood had increased hardness, while 

hardness decreased in heat-treated peroba wood and bracatinga wood was less affected by 

heat treatments (de Oliveira Araújo et al. 2016). The decreased hardness values in heat-

treated wood have been correlated with deterioration of the cell wall structure (Salca and 

Hiziroglu 2014). Won et al. (2012) and Chotikhun et al. (2020) discussed that in addition 

to mechanical properties of heat-treated wood, hardness is also adversely affected by the 

degradation of hemicelluloses. Chotikhun et al. (2020) additionally state that changes in 

lignin structure may impact hardness of modified wood by heat (Kocaefe et al. 2010; Bakar 

et al. 2013). 

 

 
 

Fig. 6. Hardness values of charred and control specimens (For explanation for box-and-whiskers 
plots, refer Fig. 1. P-Ct: P. taeda control; P-Ch: P. taeda charred; E-Ct: E. bosistoana control; E-
Ch: E. bosistoana charred; the same letters in the bars indicate that there was no statistical 
difference between the specimens according to the Mann-Whitney U Test (p ≤ 0.05; N: 6).  
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CONCLUSIONS 
 

1. The linseed oil application resulted in significant improvements in wood in terms of 

decreased water absorption and volumetric swelling properties compared to un-charred 

specimens. 

2. The results showed significant differences based on wood species with higher decreases 

in charred P. taeda compared to charred E. bosistoana. In terms of strength properties, 

greater reductions were observed in MOR and compression strength in charred P. taeda 

specimens when compared to charred E. bosistoana specimens. 

3. Decreases in hardness of charred specimens were smaller in P. taeda specimens. 

4. Further studies are in progress to more comprehensively evaluate chemical and 

anatomical properties of charred wood after the charring process followed by linseed 

oil application as well as accelerated and natural weathering characteristics of charred 

wood material. 
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