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Black poplar (Populus nigra L.) was thermally modified in superheated 
steam at 160 °C, 190 °C, and 220 °C for 2 h. The research identified 
correlations between the chemical composition and selected mechanical 
properties of thermally modified wood. The higher treatment temperatures 
significantly lowered the modulus of rupture (MOR) and the Brinell 
hardness (BH). These correlations were particularly apparent at higher 
temperatures (190 °C and 220 °C) when thermally modified wood 
experienced stronger hemicelluloses degradation, which was indicated by 
an increase in the content of non-structural substances. The wood 
properties including compressive strength parallel to the grain (CS), 
modulus of elasticity during bending (MOE), and compressing (MCS) were 
affected less by the chemical changes caused by the thermal processing 
of wood. Moreover, the level of wood moisture content also affected these 
changes. 
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INTRODUCTION 
 

 Poplars and some willow species are some of the fastest growing trees in the 

temperate climate zone. The ubiquity of poplar wood results from its low environmental 

requirements and extremely fast growth. In Poland, there are three common poplar species: 

aspen (Populus tremula L.), silver poplar (Populus alba L.), and black poplar (Populus 

nigra L.) (Mirek et al. 2002). Black poplar plays an important role in the wood industry 

and the advantage of this species consists in its plantation potential resulting from a fast 

increase of biomass (Niemczyk et al. 2016). This has been confirmed by the inclusion of 

black poplar in the EN 13556 (2003) standard concerning wood terminology in the 

European trade, where it has the 4-letter code PONG. 

 Black poplar wood has low density, resulting in low resistance parameters and low 

natural durability. Moreover, black poplar is highly hygroscopic and undergoes important 

dimensional variations, which limits its applications (Galewski and Korzeniowski 1958; 

Wagenführ 2007). These characteristics are even less favorable in fast-growing plantation 

trees (Hernández et al. 1998; Goyal et al. 1999; Cisneros et al. 1996; Balatinecz et al. 2001; 

Klasnja et al. 2003). Juvenile wood and sapwood dominate in the trunks of those trees. 

 One way to improve wood properties is thermal modification. The temperature of 

the modification process plays a crucial role for the final effect and should be adjusted for 

the species of wood. Usually, thermal modification of wood is carried out between 160 and 
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230 °C (Majano-Majano et al. 2012; Oliver-Villanueva et al. 2013; Shchupakivskyy et al. 

2014; Zauer et al. 2014; Sandak et al. 2015; Candelier et al. 2017). 

 At the beginning, the increase of temperature during wood modification causes a 

reduction of its mass due to loss of water and release of volatile organic compounds. 

Further increases in wood modification temperature causes a loss of mass due to changes 

in the structure of the polymer components of cell walls, which are mostly carbohydrate 

ingredients and lignin. The degree of mass loss depends on the wood species, temperature, 

time of the modification process, sample dimensions, as well as the modification 

atmosphere applied, e.g., water vapor or nitrogen (Hill 2006; Gawron 2012). 

Deciduous species are more susceptible to high temperatures than coniferous 

species (Hill 2006). The thermal process and its final effects depend to a large extent on 

the chemical composition of a given wood species, including the type and content of non-

structural compounds, which govern the pH and other aspects. Poplar wood is slightly 

acidic up to neutral (pH from 5.8 to 6.7). It does not contain many non-structural 

substances. Compounds soluble in hot water amount to only 1.4% to 2.7% of poplar wood 

mass (Galewski and Korzeniowski 1958; Wagenführ 2007). 

Thermal modification lowers the hygroscopicity of wood structures, causing the 

wood to absorb less moisture (Akyildiz and Ateş 2008; Brito et al. 2018). The improvement 

of this property results from changes in the chemical composition of wood, mostly because 

of hemicelluloses degradation caused by high temperatures (Boonstra et al. 1998; Lovrić 

et al. 2014). The changes in the properties of thermally modified wood depend on the 

conditions of the modification process (Kocaefe et al. 2008; Candelier et al. 2013; Hannouz 

et al. 2015). When deciding the parameters of thermal modification, it is important to 

consider the initial values of individual properties of the wood. 

 The changes in wood moisture content in the hygroscopic range and its 

temperatures have an important influence on the elastic properties of wood, including its 

compressive strength parallel to the grain and the type of structural damage (Kozakiewicz 

2010). During compression, cell walls undergo an abrupt deformation, which leads to 

destruction at lower load values than in the case of tensile tests (Kollmann 1951). Poulsen 

et al. (1997) mentions that wood destruction begins in areas of misaligned tracheids located 

directly next to pith rays, which corresponds to Tiemann's drawings (1944). In the final 

stage, cell walls bend and become separated, usually between the secondary wall tissue 

areas of S1 and S2 (Dinwoodie 1981). An important factor affecting the process of wood 

compression is the inclination of fibrils in cell walls and their position in the S2 tissue area 

of the secondary wall is decisive. Initiation of microscopic damages can happen already at 

loads equivalent to 25% of the failure load (Grossman and Wold 1971; Poulsen et al. 1997). 

 There are many publications on the influence of the intensity of the thermal process 

conditions on the chemical and physical properties of wood (Rowell et al. 2002; Yildiz and 

Gümüşkaya 2005). Nonetheless, the mechanical properties of wood species with plantation 

potential after the thermal process remain unclear. This research can elucidate the use of 

thermally processed wood for elevations or interior panelling and battens. The main 

purpose of the study was to determine the relations between conditions of the thermal 

process and the chemical composition and mechanical properties of black poplar (Populus 

nigra L.) wood. The mechanical properties of thermally modified black poplar wood were 

analyzed at different moisture content levels. 
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EXPERIMENTAL 
 

Materials 
 Black poplar (Populus nigra L.) sapwood was obtained from a plantation forest in 

Poland (the eastern part of the Mazovian province, State Forest District Sokołów Podlaski). 

The solid wood of 40-year-old poplars was used. The trees had a diameter at breast height 

(DBH) up to 0.5 m and a mean growth ring width greater than 5 mm. The round wood was 

sawn into boards in a sawmill located in this region. Wood was supplied in the form of 

selected air-dried timber that was 21 mm thick (radial), 140 mm wide (tangential), and 

2500 mm long (longitudinal). High quality timber was used without material defects such 

as knots, tangled fibers, cracks, insect trails, or rot. The timber was cut into several groups 

with the same number of samples, therefore creating twin sets of samples with similar 

average density. The dimensions of the samples used for thermal modification were as 

follows: 300 mm (longitudinal), 20 mm (tangential), and 20 mm (radial). The surface of 

the wood samples was finished by planing. One set of samples was treated as a control 

group and was not subjected to thermal modification. The control samples as well as 

samples after different variants of thermal modification were divided into smaller samples 

for the purpose of testing individual properties. 
 

Methods 
Thermal modification 

 Black poplar was modified in superheated steam under laboratory conditions. 

Modification temperatures were 160 °C, 190 °C, and 220 °C over a period of 2 h. The 

process of modification had several phases: drying, gradual increase of temperature, 

thermal heating, and cooling. The first phase of thermal modification involved the intense 

(fast) heating of wood to 110 °C and air drying for 12 h. The next phase involved the slow 

heating (10 °C every hour) of wood up to the temperature 130 °C and air drying for 2 h. 

The next phase involved the slow heating of wood up to the temperature of the thermal 

modification process itself (160 °C, 190 °C, or 220 °C) in the atmosphere of superheated 

steam. Next, the wood was carried out at a constant temperature of either 160 °C, 190 °C, 

or 220 °C in the atmosphere of superheated steam and lasted for 2 h. Lastly, the wood was 

cooled for 12 h by turning off the heating and unsealing the chamber. 

 

Air conditioning and determination of basic physical properties 

 Wood samples with the dimensions of 300 mm (longitudinal), 20 mm (tangential), 

and 20 mm (radial) were placed in containers in which the relative humidity was 76% ± 

2% at a temperature of 20 °C ± 2 °C. These are conditions in which non-modified wood 

reaches equilibrium moisture content (EMC) of ca. 12%, as required by the standards for 

the tests of mechanical properties. Wood conditioning under the test conditions was 

achieved using a saturated solution of sodium chloride. The chemical used was of 

proanalysis (p.a.) grade and was obtained from Chempur (Piekary Śląskie, Poland). The 

wood EMC was measured when the mass of the wood samples remained unchanged over 

three measurements of weight at 48 h intervals. The mass of the samples was determined 

with an accuracy of ± 0.001 g. The relative humidity was measured using an AZ 9871 

anemometer (AZ Instrument Corp., Taichung City, Taiwan). Twelve samples were used 

for testing sorption (adsorption) properties. The density of wood was determined in 

accordance to the ISO 13061-2 (2014) standard and moisture content according to ISO 

13061-1 (2014). 
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Chemical composition 

 Wood that had been ground in a laboratory mill was used for chemical analyses. 

Subsequently, the ground wood was sieved in order to obtain the flour fraction between 

0.43 and 1.02 mm. Three samples were used for each of the tests. Approximately 5 g of 

wood meal flour was extracted for 10 h using a Soxhlet extractor, with a chloroform-

ethanol solvent mixture (ratio of 93 to 7 volume per volume) (Antczak et al. 2006). The 

lignin, cellulose, and holocellulose contents were determined for the solvent-extracted 

wood meal. The cellulose content was determined using the well-known Kürschner-Hoffer 

method (1929). The holocellulose content was determined by a means of acid chlorite 

delignification of the extracted wood meal using sodium chlorite in an acid medium as 

described by Wise et al. (1946). The content of hemicelluloses in poplar wood was 

calculated based on the difference in the content of holocellulose and cellulose. The amount 

of acid-insoluble lignin was determined in accordance to TAPPI T 222 om-15 (2015), and 

the amount of acid-soluble lignin was determined in accordance with the NREL/TP-510-

42618 lab procedure (Sluiter et al. 2011) using a UV/Vis wavelength of 205 nm. The 

content of lignin was the amount of insoluble and soluble lignin (Table 2). 

 The tests were conducted using analytical grades of sulfuric acid solution 95% pure 

p.a, nitric acid 65% pure, and chloroform that was obtained from Chempur (Piekary 

Śląskie, Poland). The sodium chlorite that was used was of reagent grade and was 

purchased from Sigma-Aldrich (Poznań, Poland). The ethanol that was used was of 

technical grade, which was procured from Linegal Chemicals (Warsaw, Poland). 

 

Determination of the mechanical properties of black poplar 

 The modulus of rupture (MOR) and modulus of elasticity (MOE) tests of black 

poplar were carried out in accordance with the methodology specified in the ISO 13061-3 

(2014) and ISO 13061-4 (2014) standards. The MOR and MOE analysis was carried out 

using a computer program coupled with the Instron® testing machine, model 3369 

(Norwood, MA, USA).  

 The tests of compressive strength parallel to the grain (CS) of black poplar were 

carried out in accordance with ISO 13061-17 (2017), and the samples used for these tests 

had a cuboid shape with cross section dimensions of 20 by 20 mm and a length of 60 mm. 

The tests of compressive strength parallel to the grain were carried out using a computer 

program coupled with the Instron® testing machine, model 3382. By using the LVDT 

displacement sensor, it was possible to automatically calculate the compressive modulus. 

The appearance of samples after this test was analyzed according to the ASTM D 143-94 

(2000) standard. 

 The wood hardness was examined using the Brinell method in accordance with the 

requirements of EN 1534 (2010). The Brinell hardness was determined on the tangential 

surface of the sample. Hardness measurements were conducted using the universal testing 

machine CV-3000LDB manufactured by C.V. Instruments Ltd. (Sheffield, UK). The 

machine was equipped with a 10 mm diameter indenter, and the dwell time was equal to 

15 seconds. The maximum load was 1 kN.  

 All the mechanical properties were determined for 12 samples of each variant of 

thermal modification of black poplar and two variants of moisture content: 0% and EMC 

(in the air relative humidity of 76% ± 2% and air temperature of 20 °C ± 2 °C). 
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Statistical analysis 

 Statistical analyses were performed using STATISTICA version-12 software from 

StatSoft, Inc. (Tulsa, OK, USA). The statistical analysis of the results was carried out using 

a significance level (p) of 0.050. The significance of differences between the control group 

(non-modified black poplar) and individual variants of thermally modified black poplar 

based on a t-test, was determined (s-statistically significant differences p < 0.050, ns-

statistically insignificant differences p > 0.050). 

 

 

RESULTS AND DISCUSSION 

 
 The density of black poplar wood at the moisture content of 12% amounts on 

average to 450 kg/m3 and changes in the typical range of 410 kg/m3 to 560 kg/m3 

(Galewski and Korzeniowski 1958; Wagenführ 2007). The average density of non-

modified black poplar wood (exposed to 76% ± 2% relative humidity at the temperature of 

20 °C ± 2 °C amounted to 384 ± 21 kg/m3 (Table 1). This density is clearly lower than the 

value in the reference tables. This can be explained by the young age of the analyzed wood, 

which is dominated by juvenile wood in the studied material. The logging of young trees 

is typical for plantations of fast-growing species (Niemczyk et al. 2016), and the data for 

this type of wood has not been included in the atlas reference tables so far (Galewski and 

Korzeniowski 1958; Wagenführ 2007). However, they can be found in publications. For 

example, the average density in the absolute dry state of the poplar hybrids grown in North 

America falls within the range between 300 kg/m3 to 390 kg/m3 (Balatinecz et al. 2001). 

This corresponds to documented values of poplar wood density published by other 

researchers (Goyal et al. 1999; Klasnja et al. 2003). 
 The process of thermal modification causes an important reduction in poplar wood 

density, which is more significant in higher temperatures. The observed reduction of 

average density results partially from a mass loss of thermally modified samples and 

partially from changes in hygroscopic properties. The reduction could be due to the lower 

equilibrium moisture content for the given constant climate parameters (Table 1). 
 
Table 1. Density and Equilibrium Moisture Content (EMC) of Thermally Modified 
Black Poplar Sapwood Exposed to 76% ± 2% Relative Humidity at 20 °C ± 2 °C 

Modification Temperature (°C) Density (kg/m3) EMC (%) 

non-modified 384 (21) 10.63 (0.32) 

160 388 (20) 10.54 (0.21) 

190 372 (15) 8.57 (0.22) 

220 336 (10) 6.24 (0.06) 

  
 The process of thermal modification causes changes in the percentual content of 

structural and non-structural compounds in black poplar wood (Table 2). Native poplar 

wood is characterized by a low content of non-structural compounds soluble in 1% NaOH, 

which is indirectly in line with information from wood atlases concerning the content of 

non-structural compounds soluble in hot water (Galewski and Korzeniowski 1958; 

Wagenführ 2007). However, a high carbohydrate content was observed. Native black 

poplar wood contains about 80% of holocellulose, and 52% of cellulose. Hemicelluloses 

content, calculated from the difference between the content of holocellulose and cellulose, 

amounts to ca. 30%. Lignin content in native wood is approximately 25%. The composition 
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of black poplar wood described above is in line with the reference literature data (Prosiński 

1984). During thermal modification, hemicelluloses undergoes the most significant 

changes in their percentual share in wood composition (Sivonen et al. 2002). Poplar wood 

contains homogeneous hemicelluloses (mostly xylan) and mixed hemicelluloses. The 

carboxyl and acetyl groups in the mixed hemicelluloses have a significant impact on the 

thermal stability of hemicelluloses. The formic and acetic acids created mostly from O-

acetyl-galactoglucomannan as a result of the modification temperature accelerate and 

additionally catalyze the hydrolysis and decomposition of hemicelluloses (Kollmann and 

Fengel 1965; Gawron 2012). 

 

Table 2. Chemical Composition of Thermally Modified Black Poplar (Standard 
Deviation in Parentheses) 

Modification 
Temperature 

(°C) 
Cellulose (%) 

Holocellulose 
(%) 

Hemicelluloses 
(%) 

Lignin (%) 
Extractives 

(%) 

non-modified 52.15 (0.49) 82.11 (0.34) 29.96 (0.83) 24.12 (0.48) 1.80 (0.03) 

160 53.20 (0.35)s 81.72 (0.33)ns 28.52 (0.68)s 23.45 (0.83)ns 2.40 (0.05)s 

190 54.42 (0.44)s 75.07 (0.20)s 20.65 (0.63)s 22.41 (1.08)ns 3.90 (0.17)s 

220 60.12 (0.45)s 63.70 (0.25)s 3.58 (0.71)s 30.76 0.21)s 6.40 (0.06)s 

 

The 33% increase in the content of extractives and the 5% decrease of 

hemicelluloses in the black poplar wood after thermal modification at 160 °C were 

observed (statistically significant differences, based on t-test, p < 0.050). At 190 °C, 

perceptible increases of cellulose content in wood and most non-structural compounds 

were due to the acetyl and carboxyl groups which form carbon acids and hydrolysis wood 

material (Nishimura et al. 1983; Fengel and Wegener 2003; Gosselink et al. 2004). The 

increase was also due to the hemicelluloses degradation into volatile and liquid products 

of decomposition as products of hemicelluloses decomposition (Boonstra et al. 2007; 

Gérardin et al. 2007). Lignin content slightly decreased as a result of changes in the lignin 

structure in its guaiacyl and syringyl forms. In these temperatures, the aryl-ether linkages 

between lignin's phenylpropane units tend to break (Erçin and Yürüm 2003; Pandey and 

Pitman 2003; Wikberg and Maunu 2004). 

At the modification temperature of 220 °C, changes in the chemical composition of 

thermally modified wood were the most significant. Hemicelluloses were almost entirely 

decomposed into volatile and liquid products of decomposition. At the same time, there 

was an apparent increase in the cellulose and lignin content in the modified wood and the 

highest content of substances that are not bound structurally within wood structure. In 

modification temperatures of 200 °C, the structure of lignin molecules becomes more 

condensed (Funaoka et al. 1990). 

The changes in carbohydrate content observed at high modification temperatures 

are due to the degradation of hemicelluloses and cellulose chains with a low degree of 

polymerization, which is mostly amorphic cellulose (Wikberg and Maunu 2004). For 

example, when Scots pine is thermally modified in superheated steam at the temperature 

of 200 °C, important changes were already observed in the molar mass of cellulose as well 

as its depolymerization (Zawadzki et al. 2016). The probable decomposition of a part of 

the amorphous cellulose leads to the creation of cyclic furan compounds among others, 
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hydroxymethylfurfural. Due to a high thermal resistance of cellulose, these changes happen 

only to a limited extent. Moreover, an increase in cellulose crystallinity can be observed 

(Fengel and Wegener 2003; Yildiz and Gümüşkaya 2005; Zawadzki 2009; Gawron 2012).  

The non-modified black poplar wood tested in an absolute dry state (control 

samples) had a compressive strength parallel to the grain (CS) of 48.2 MPa ± 3.6 MPa and 

at EMC 29.1 MPa ± 2.8 MPa (Fig. 1a). The achieved CS values were proportional to the 

low density of wood under research. At the same time, these values were lower than the 

characteristic value for mature black poplar wood. The typical range of CS given in 

reference literature for black poplar wood with 12% moisture content is between 48 MPa 

and 70 MPa (Galewski and Korzeniowski 1958; Wagenführ 2007). According to 

Hernández et al. (1998), the CS of juvenile poplar wood is much lower than the strength 

parameter obtained for mature wood. This has been confirmed by Cisneros et al. (1996), 

who concluded that juvenile poplar wood has a significantly lower strength in comparison 

with mature wood, due to a bigger angle of cellulose microfibrils inclination and shorter 

fibers.  

 

a) b) 

  

 
Fig. 1. Strength of thermally modified black poplar wood: (a) compressive strength parallel to the 
grain - CS and (b) bending strength (modulus of rupture) - MOR (error bars - standard deviation) 

 

The CS of black poplar wood modified at the temperature of 220 °C in the absolute 

dry state amounted to 41.2 MPa ± 4.6 MPa and at an EMC of 27.1 MPa ± 3.4 MPa (Fig. 

1a). In comparison with the CS of non-modified black poplar wood, these values were 

lower by 15% and 7%, respectively (statistically significant differences, t-test, p < 0.050). 

On the other hand, the CS of wet black poplar wood, independently from the temperatures 

of thermal modification, amounted to 60% of the CS determined for the absolute dry poplar 

wood.  

It can be concluded that the thermal process and the resulting changes in black 

poplar wood chemical composition did not affect CS as much as the moisture content (MC) 

of the material did. This was confirmed by statistical analysis (Table 3). The temperature 

of treatment had a significant impact on the CS of black poplar wood only at the level of 

3%, while moisture content significantly affected the CS of black poplar with an impact of 

85% (based on the sum of squares). 
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Table 3. Statistical Evaluation of the Factors Influencing the Properties of 
Thermally Modified Black Poplar 

Property Factor Sum 
of  

Squares 

Fisher's  
F-test 

Significance 
Level 

Factor 
Influence 

(%) 

  SS F p  

CS Intercept 65794.91 5913.171 0.000000 - 

 Temp. (1) 140.75 4.216 0.011076 3 

 MC (2) 3547.67 318.839 0.000000 85 

 1 × 2 42.88 1.284 0.292838 1 

 Error 445.07 - - 11 

MOR Intercept 57624.00 1752.821 0.000000 - 

 1 3411.67 34.592 0.000000 61 

 2 1380.17 41.982 0.000008 25 

 1 × 2 232.17 2.354 0.110532 5 

 Error 526.00 - - 9 

MCS Intercept 1306.514 2582.248 0.000000 - 

 1 2.507 1.652 0.192751 5 

 2 25.202 49.811 0.000000 51 

 1 × 2 1.901 1.252 0.303751 4 

 Error 20.238 - - 40 

MOE Intercept 667393067 1609.142 0.000000 - 

 1 1097241 0.882 0.471347 11 

 2 2330020 5.618 0.030683 23 

 1 × 2 3130 0.003 0.999818 0 

 Error 6636016 - - 66 

BH Intercept 1947.831 3580.431 0.000000 - 

 1 13.065 24.016 0.000160 29 

 2 19.614 12.018 0.000227 43 

 1 × 2 4.033 2.471 0.099148 9 

 Error 8.704 - - 19 

 

 The modulus of rupture (MOR) of non-modified black poplar in the absolute dry 

state amounted to 70.0 MPa ± 4.0 MPa, and the EMC amounted to 48.0 MPa ± 3.0 MPa. 

The values of bending strength of black poplar samples without any defects fell in the wide 

range of values given in the reference literature, which is from 40 to 94 MPa (Galewski 

and Korzeniowski 1958; Wagenführ 2007). In the case of MOR, the negative impact of 

thermal modification temperature was particularly visible (Fig. 1b), especially for the 

absolute dry wood. The higher the temperature of the modification process, the lower was 

the MOR value of black poplar wood tested in the absolute dry state. However, the MOR 

of black poplar in a state of hygroscopic balance (exposed to 76% ± 2% relative humidity 

at the temperature of 20 °C ± 2 °C) changed significantly after modification in 220 °C (a 

reduction by 48%). In the case of wet wood, the reduction of MOR was partially “masked” 

by the material becoming more hydrophobic and assuming lower equilibrium moisture 

values for thermally modified wood (the higher the temperature of the modification 

process, the lower the equilibrium moisture), which has been presented in Table 1. The 

statistical analysis (ANOVA, Fischer's F-test) showed that MOR was dependent (i.e. factor 

influence determined on the sum of squares) to a 61% degree on the modification 

temperature and to a 25% degree on the wood moisture content (Table 3). 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Kozakiewicz et al. (2020). “Modified black poplar,” BioResources 15(2), 3915-3929.  3923 

a) b) 

  

 
Fig. 2. (a) Compressive modulus - MCS and (b) modulus of elasticity - MOE of thermally modified 
black poplar wood (error bars - standard deviation) 

 

 Figure 2 presents the results of the modulus of elasticity with compression parallel 

to the grain (MCS) and with static bending strength (MOE). The values of both moduli 

were similar, just like the character of their changes. It was shown that the modification 

temperature did not significantly influence the differences in MCS and MOE values. The 

value of the moduli depended on the wood moisture content (Table 3). The values of these 

moduli determined for black poplar wood in the absolute dry state fell in the range from of 

ca. 5200 MPa to 6700 MPa and in wet wood from ca. 4400 MPa to 5000 MPa. These are 

typical values for juvenile wood, which are significantly lower than the moduli of elasticity 

of mature wood (Galewski and Korzeniowski 1958; Wagenführ 2007). The higher the 

temperature of modification, the lower the EMC values of black poplar wood, as shown in 

the Table 1. As a result, this determines the phenomenon of a small variation in the value 

of moduli depending on the temperature of the modification process with simultaneous 

changes in the chemical composition of wood. Regardless of the modification temperature, 

the MCS values for black poplar wood in wet state (EMC) constituted approx. 80% of the 

MCS values in the dry state. In the case of MOE, this ratio was about 90%. 

 

a) b) 

  
c) d) 

  
 

Fig. 3. The typical appearance of the samples after the compressive test depending on the 
modification temperature: a) non-modified, b) 160 °C, c) 190 °C d) 220 °C 
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The changes in the elastic properties of thermally modified black poplar wood in 

comparison with control samples can be confirmed by the appearance of typical damage 

caused to the samples by the compressive test parallel to the grain (Fig. 3). Control samples 

in the absolute dry state were damaged as a result of brooming or end-rolling of fibers on 

the front surface of the samples. This is the typical damage appearance for low density 

wood with a homogeneous structure and a straight fiber layout (Kozakiewicz 2010). Higher 

temperatures of the modification process caused the material to become more brittle 

(plasticity reduction). The dominating type of damage after a thermal process in 160 °C 

was crushing and shearing. After modification at the temperature of 190 °C, apart from the 

above-mentioned types of damage, wedge splits also appeared as well as a few cases of 

splitting. The wood of black poplar thermally modified in 220 °C and later subjected to the 

compressive test suffered mostly from the splitting type of damage, compression, and 

sparing parallel to the grain, as well as shearing. The changes in black poplar wood elastic 

properties were related to the increasing degradation of hemicelluloses, which became 

more intense at higher temperatures of the modification process. 

 

 

 
Fig. 4. Brinell hardness of thermally modified black poplar wood (error bars - standard deviation)  
 

Brinell hardness (BH) on the tangential section of non-modified black poplar wood 

in the absolute dry state amounted to 11.4 N per mm2 ± 0.6 N per mm2 and in the wet state 

(at the equilibrium moisture reached by wood exposed to 76% ± 2% relative humidity at 

the temperature of 20 °C ± 2 °C) 9.5 N per mm2 ± 0.5 N per mm2. These values were 

significantly lower than those given in the tree atlases for mature wood (Galewski and 

Korzeniowski 1958; Wagenführ 2007). The low density of the wood under research played 

a crucial role in this case. 

 Hardness tests make use of an indentation device that applies a load to the surface 

of wood. Chemical changes are the most intense on the surface of thermally modified 

wood, due to which can be observed as a very clear impact of this process on hardness 

results. The crucial factor in the case of hardness tests of wood in the absolute dry state is 

the fact that it underwent a thermal modification process as such (the temperature of the 

modification does not matter). In the case of wet wood, the influence of the temperature of 

the modification is visible (Fig. 4). In general, the BH of black poplar wood in the absolute 

dry state was at a similar level of 9.0 N per mm2, independently from the temperature of 

modification (reduction by 20% in comparison with the BH of non-modified black poplar 
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wood). On the other hand, in the case of wet wood, the reduction of BH was more 

significant in the case of higher temperatures of the thermal modification process. The BH 

of poplar wood modified in 220 °C dropped by approximately 29%. 

 

 

CONCLUSIONS 
 

1. Thermal modification in superheated steam caused an important reduction of black 

poplar wood density, which was more severe at higher temperatures of thermal 

modification.  

2. The temperature of the thermal modification process was the decisive factor 

determining the chemical composition of black poplar wood. The thermal process 

mostly caused hemicelluloses degradation, which resulted in an apparent increase of the 

share of cellulose and non-structural wood components. 

3. The higher the temperature of the modification process, the more significant the 

reduction of static bending strength (modulus of rupture, MOR) and Brinell hardness 

(BH) in the tangential section. Such wood properties as compressive strength parallel to 

the grain (CS) and moduli of elasticity (MCS, MOE) were not significantly different in 

various temperatures of the modification process, which means that they do not depend 

that much on the changes in wood's chemical composition. 

4. The level of moisture content of the wood being tested was an important factor in 

determining the dynamics and character of changes in wood's mechanical properties 

observed as a result of the thermal process. The changes were much more pronounced 

in the case of wood in the absolute dry state, while for EMC wood they were usually 

“masked” by changes caused by reaching different levels of equilibrium moisture. 
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