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ABBREVATIONS 

Eab total colour change (CIELab colour system) 

F elongation at maximum strength in bending 

F flexural strength 

T tensile strength 

V volume change 

A impact strength 

a* parameter of red-green coordinate axes (CIELab colour system) 

b* parameter of yellow-blue coordinate axes (CIELab colour system) 

D true diffusion coefficient 

EF flexural modulus of elasticity 

Fs fine sized wood particles with the smallest dimension <0.2 mm 

L* parameter of white-black coordinate axes (CIELab colour system) 

L/D length/diameter ratio 

LSM laser scanning microscope 

MAPP maleated polypropylene 

MFI melt flow index 

MH microhardness (the Vickers method) 

ML mass loss 

Ns normal sized wood particles with the smallest dimension 0.2–0.4 mm 

Os oversized wood particles with the smallest dimension 0.4–1.0 mm 

PP polypropylene 

RH air relative humidity 

SD sawdust 

SEM scanning electron microscope 

SH shavings 

Thermo Thermowood (thermal modification process in an open reactor system) 

Thermo-D regime 212 °C / 3 h of the Thermowood process 

Thermo-S regime 190 °C / 3 h of the Thermowood process 

TM thermally modified 

UM unmodified 

UV ultraviolet radiation 

Vis visible light 

Wabs absolute moisture content 

WF wood flour obtained after milling 

WPC wood plastic composite 

WTT 160/1 regime 160 °C/1 h of the Wood Treatment Technology process 

WTT 170/1 regime 170 °C/1 h of the Wood Treatment Technology process 

WTT 170/3 regime 170 °C/3 h of the Wood Treatment Technology process 

WTT Wood Treatment Technology (producer of the closed reactor system process) 
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INTRODUCTION 

In recent years, great attention has been attributed to various composite materials, in the 

production of which different natural fibres (wood, hemp, flax, etc.) are used. Already in 2012, 

their total production in the European Union represented 15 % of all composite materials and 

their market share has only continued to increase [1]. The rapid development of biocomposites 

is facilitated by various requirements and objectives related to the protection of the environment 

and sustainable development, such as the European Green Deal, Directive 2000/53/EC of the 

European Parliament, environmental declarations, as well as the positive public attitude towards 

environmentally friendly products [2]. Thermoplastic polymers filled with wood particles or 

wood plastic composites (WPCs) are among the main of the group, which account for 38 % of 

all biocomposites [1]. Part of the resources used in the manufacture of WPCs are not only 

renewable, but they are also by-products of various woodworking processes. Another important 

factor that favours the development of WPCs is closely related to such environmental problem 

as plastic waste accumulation in the nature. Since recycled plastics can be used in the 

manufacture of WPCs, these materials contribute towards mitigation of this problem by 

increasing the demand for recycled plastics and thus positively influencing both the sorting of 

plastics and the development of the plastic recycling process itself. 

In recent years, the share of the WPCs in the market of building materials and automotive 

industry has increased significantly due to their relatively good characteristics: low cost, 

environmentally friendly raw materials, high stiffness, good moisture resistance, recyclability, 

good bio-resistance, etc. These composites are mostly used in the manufacture of terrace boards, 

window frames, fences, railings, car interior panels, and outdoor furniture. Although WPCs 

have relatively good performance characteristics, over time, a number of problems have been 

identified. Most often they are associated with the weak compatibility between the polymer 

matrix and the wood particles as well as the irreversible degradation caused by water 

absorption. Moreover, WPCs are not fully resistant to microorganisms, as initially thought. 

Partially, these deficiencies can be reduced by incorporation of different additives (coupling 

agents, compatibilizers, biocides, etc.) into the composite, as well as by chemical or heat 

treatment of wood particles. Considering that any additional treatment or additive significantly 

increase the cost of the final product, it can higly affect the competitiveness of these materials. 

Since the production of thermally modified (TM) wood has been rapidly increasing (comparing 

the year 2011 with 2020, the volume of products manufactured by the ThermoWood method 

has doubled), the amount of TM wood residues has enlarged as well, which could be used for 

production of high-value products [3]. The use of TM wood residues for WPC production could 

be a possible way to improve their characteristics, at the same time not significantly affecting 

the cost price. There is relatively little information in the scientific literature on this type of 

approach and the performance of these WPC materials. Consequently, the information obtained 

in the work will be useful for TM wood producers, for whom TM wood residues are formed. 

In addition, the information will be beneficial to WPC producers who, in cooperation with TM 

wood manufacturers, could offer a product with improved characteristics at a competitive price. 
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Aim of the Doctoral Thesis 

The aim of the Thesis is to characterise TM wood residues and obtain WPC with improved 

water resistance, as well as to clarify the advantages and disadvantages of these composites, in-

depth studying and explaining the causes of the changes in the properties. 

Tasks of the Doctoral Thesis 

The main tasks of the Thesis are covered in five points: 

1. To describe TM wood residues (particle size distribution, chemical composition, 

length/diameter ratio, etc.) depending on the wood species, thermal modification 

method and intensity.  

2. To study the impact of TM wood residues on the physical and mechanical properties 

of WPC (density, impact strength, bending properties, surface microhardness, water 

absorption, etc.).  

3. To study the impact of TM wood residues on the performance of WPC (resistance 

to weathering processes, biological resistance, water resistance, etc.).  

4. To analyse and try to explain the results obtained by conducting in-depth research 

by various methods appropriate for these purposes (SEM, LSM, UV-Vis, etc.). 

5. To investigate the possibility of improving the WPC properties by changing the 

composition. 

Scientific Significance and Novelty 

The properties of TM wood residues have been studied and their suitability for WPC 

production has been demonstrated. The influence of the main factors of TM wood particles 

(particle size, thermal modification intensity, type of residues, thermal modification method) 

on the properties of WPC has been established. The physical, mechanical and performance 

characteristics of WPC have been studied in detail, explaining the obtained results and verifying 

them by various instrumental methods (UV-Vis spectroscopy, scanning electron microscopy, 

laser scanning microscopy, etc.). The mechanism of colour change (fading) of the WPC under 

the influence of UV radiation is explained, as well as discolouration depending on the type of 

radiation (full spectrum of the solar radiation, UV part of the solar radiation, and visible light 

of the solar radiation) is determined. The possibilities of improving the properties of WPC with 

TM wood particles by changing their composition have been studied. The importance of TM 

wood particles for the production of water resistant WPC, providing high resistance against rot 

fungi, as well as against long-term soaking and soaking/drying cycle conditions, has been tested 

and proven. The drawbacks of the obtained WPC are also elucidated, giving a clear direction 

for further research. 
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Practical Significance 

In the work, the advantages of using TM wood residues for WPC production have been 

demonstrated, giving confidence in the competitiveness of the material in the market. The 

influence of different wood particles characteristics on the WPC properties has been presented, 

providing the necessary knowledge to control the most important parameters in the production 

process, as well as to obtain quality products with the desired characteristics. The methods of 

processing these materials into products, as well as advantages and disadvantages, have been 

clarified. The mechanism of the colour change of WPC under the influence of UV radiation has 

been explained, which makes it possible to purposefully adjust the additives for strengthening 

the protection of the polymer matrix. The optimal WPC composition has been obtained 

providing significantly improved water resistance, which cannot be achieved using unmodified 

wood particles. The superiority of the newly developed material has been also proven during 

different performance tests. The expediency of adding various additives to improve the 

properties has also been clarified. For WPC with TM wood particles, general characteristics 

conforming to material testing standards have been obtained and summarized, which, based on 

them, gives confidence in the fulfilment of the requirements of various existing applications, as 

well as gives the opportunity to find new applications for these materials.  

Main Theses to be Defended 

1. TM wood residues are suitable raw materials for the production of competitive WPC 

with good service properties. 

2. Residue type, modification method, modification intensity, particle size and wood 

species of TM wood can significantly influence WPC properties. 

3. Additives can ensure significant improvement of mechanical, physical and service 

properties of WPC with TM wood particles. 

4. Fading of WPC under the exposure to UV radiation is caused by the changes in the 

polymer matrix. 

Approbation of the Research Results 

The results published in scientific journals that are indexed in Scopus databases: 

1. Cirule, D., Sansonetti, E., Andersone, I., Kuka, E., Andersons, B. 2021. Enhancing 

Thermally Modified Wood Stability against Discoloration. Coatings, 11(1), 81. 

2. Kuka, E., Andersons, B., Cirule, D., Andersone, I., Kajaks, J., Militz, H., Bicke, S. 

2020. Weathering properties of wood-plastic composites based on heat-treated wood 

and polypropylene. Composites Part A: Applied Science and Manufacturing, 139, 

106102. 

3. Cirule, D., Verovkins, A., Andersone, I., Kuka, E., Andersons, B. 2020. Thermally 

modified birch wood interaction with liquids. Eur. J. Wood Wood Prod. 78, 849‒857. 
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4. Andersone, I., Dobele, G., Andersons, B., Kurnosova, N., Kuka, E., Volperts, A., 

Grinins, J. 2019. A study of thermo-hydro-treated (THT) birch wood by chemical 

analysis and Py-GC/MS. Holzforschung, 73(7), 653‒661. 

5. Kuka, E., Cirule, D., Kajaks, J., Andersone, I., Andersons, B. 2018. Wood particle size 

influence on water resistance and mechanical properties of thermally modified wood-

polypropylene composites. International Wood Products Journal, 9(2), 90‒95. 

6. Kuka, E., Cirule, D., Kajaks, J., Janberga, A., Andersone, I., Andersons, B. 2017. 

Fungal Degradation of Wood Plastic Composites Made with Thermally Modified Wood 

Residues. Key Engineering Materials, 721, 8‒12. 

7. Kuka, E., Cirule, D., Kajaks, J., Andersone, I., Andersons, B. 2016. Wood plastic 

composites made with thermally modified birch wood residues. International Wood 

Products Journal, 7(4), 210‒215. 

8. Cirule, D., Meija-Feldmane, A., Kuka, E., Andersons, B., Kurnosova, N., Antons, A., 

and Tuherm, H. 2016. Spectral sensitivity of thermally modified and unmodified wood. 

BioResources, 11(1), 324‒335. 

The results published in the scientific conference proceedings: 

1. Kuka, E., Cirule, D., Kajaks, J., Andersone, I., Andersons, B. The potential of wood 

ash as an additive for heat-treated wood plastic composites. Proceedings of the 16th 

annual meeting of the Northern European Network for Wood Science and Engineering 

(WSE2020), December 1‒2, 2020, Helsinki, Finland, 23‒25. 

2. Kuka, E., Cirule, D., Kajaks, J., Andersone, I., Bikovens, O., Andersons, B. 

Comparison of thermally modified wood residues for production of wood plastic 

composites. Proceedings of the 15th annual meeting of the Northern European Network 

for Wood Science and Engineering (WSE2019), October 9‒10, 2019, Lund, Sweden, 

107‒109. 

3. Kuka, E., Cirule, D., Kajaks, J., Andersons, B. The effect of coupling agent on the 

properties of heat treated wood plastic composites. Proceedings of the 14th Annual 

Meeting of the Northern European Network for Wood Science and Engineering 

(WSE2018), October 2‒3, 2018, Tallinn, Estonia, 103‒105. 

4. Kuka, E., Cirule, D., Kajaks, J., Andersone, I., Andersons, B. Wood particle size 

influence on water resistance and mechanical properties of thermally modified wood-

polypropylene composites. Proceedings of the 13th Annual Meeting of the Northern 

European Network for Wood Science and Engineering (WSE2017), September 28‒29, 

2017, Copenhagen, Denmark, 133‒138. 

5. Kuka, E., Cirule, D., Kajaks, J., Andersone, I., Andersons, B. Surface changes of 

artificially weathered polypropylene-thermally modified wood flour composites. 

Proceedings of the 12th Annual Meeting of the Northern European Network for Wood 

Science and Engineering (WSE2016), September 12‒13, 2016, Riga, Latvia, 233‒239. 

6. Kuka, E., Cirule, D., Kajaks, J., Andersone, I., Andersons, B. Wood Plastic Composites 

Made with Thermally Modified Birch Wood Residues. Proceedings of the International 

Panel Products Symposium 2015, October 7‒8, 2015, Llandudno, UK, 241‒251. 

The results published in the scientific conference books of abstracts: 
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1. Kuka, E., Cirule, D., Kajaks, J., Andersone, I., Andersons, B. Changes in mechanical 

properties for re-dried WPC with thermally modified wood particles after water 

absorption test. Proceedings of the International Panel Products Symposium 2017, 

October 4‒5, 2017, Llandudno, UK, 167. 

2. Kuka, E., Cirule, D., Kajaks, J., Andersone, I., Andersons, B. Artificial weathering 

(QUV) of wood plastic composites made with thermally modified wood residues. Book 

of Abstracts of the 2nd Workshop on Application of NIR Spectroscopy for Wood 

Science and Technology Research, April 19‒21, 2016, San Michele all’ Adige, Italy, 

46‒47. 

3. Kuka, E., Cirule, D., Kajaks, J., Andersons, B. Thermally modified wood by-products 

as a filler for production of wood plastic composites. Book of Abstracts of the 3rd 

Biopolymers International Conference, December 14‒16, 2015, Nantes, France, 71.  

1. SUMMARY OF THE LITERATURE REVIEW 

Forests and their products are of particular importance in the world and in Latvia, therefore 

the rational use and research in this direction is vital for further development. The preservation 

and sustainable use of wood resources is important also for achieving the environmental 

objectives set by the European Union [4], [5]. In this context, wood residues should be used for 

the production of various products and not for energy production resulting in CO2 emissions 

[6]. Wood residues are formed in very large quantities during any woodworking process. In 

Latvia, the most common tree species are pine, birch, and spruce, which, in this context, require 

special attention, since they form the largest amount of wood residues. Wood has unique 

properties that allow it to be widely used for the manufacture of the most diverse products with 

high added value and low environmental impact. However, most often, wood residues are used 

to generate energy or even simply disposed in landfills [7]. Wood is a natural composite 

material with a porous structure in which the cell walls consist mainly of cellulose, 

hemicelluloses, and lignin. Hemicelluloses and amorphous cellulose are responsible for the 

hygroscopicity of wood. Besides, depending on the moisture content, the properties of wood 

change significantly. Wood is an anisotropic material that has a specific micro- and macro-

structure, which varies depending on different factors, but mostly it is influenced by the 

peculiarities of each individual tree species. In terms of wood residues, both chemical and 

structural properties largely remain also at the particles’ size level, which therefore are 

important and must be considered during composite manufacturing. Although wood is a 

material with a number of excellent characteristics, it has also several disadvantages that limit 

its application, for example, dimensional changes under the influence of moisture, weak 

resistance to the action of microorganisms, combustibility, and hydrophilicity [8]. 

Wood modification has been developing rapidly in recent years. Of all the methods, thermal 

modification of wood is convincingly the most common one. Using it, more than 1 million m3 

of TM wood is produced annually in the world [9]. As a result of thermal modification, the 

hydrophilicity of wood decreases, which is explained mainly by the decrease in the 

hemicelluloses amount. Changes occur also for the other components of wood: the proportion 
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of crystalline cellulose (phase) increases, cross-linked lignin structures are formed, and new 

extractives are created. As a result, wood acquires improved dimensional stability and moisture 

resistance, as well as increased resistance to the effects of microorganisms; however, the 

mechanical properties are slightly deteriorated [10]. TM wood is produced also in Latvia, and 

the largest producers are Stora Enso Latvija and Ošukalns Ltd. Therefore, the rational use of 

TM wood residues is also topical in Latvia. Since the most common TM wood products are 

boards, TM wood residues are formed during processing (sawing, milling, etc.) after 

modification. In such woodworking processes, the proportion of residues can be up to 65 %, 

depending on the type of the final product, but in the case of boards, it is be lower [11]. During 

the thermal modification process, defective products (twisted, cracked, and visually impaired 

boards) are often created. By grinding them, a suitable raw material for use in composites can 

be obtained. Considering this, the total amount of TM wood residues could be up to 50 % of 

the volume of the modified wood. 

Recycling has a significant role in achieving the environmental goals, which allows the 

material to be re-used after the end of its service life. This is especially important regarding 

plastic waste, which has been acknowledged as one of the major problems in the world. When 

plastic products get into the environment, microorganisms are not able to decompose these 

materials so easily for several reasons: the hydrophobicity of polymers, high molecular weight, 

semi-crystalline structure, and the presence of additives that can be harmful to microorganisms. 

Consequently, the decomposition of plastics in nature takes place over several hundred years, 

which is forcing us to collect plastic waste with a goal of disposal or, at best, recycling by 

partially reducing the need to produce primary polymers [12]. In this context, WPCs can 

contribute in solving the global waste problems as well as are in the line with the European 

Commission's bio-economic strategy, since wood residues and recycled plastics are the main 

constituents, and the WPC themselves are also recyclable, thus ensuring a closed-loop 

economy. This, in turn, ensures a longer storage of carbon, reduction of waste, and, by 

increasing the demand for recycled plastics, contributes to the development of waste sorting 

and recycling processes [13]. 

WPCs are thermoplastic polymers filled with wood particles. In recent years, WPCs have 

taken a significant place in the market of building materials, automotive and furniture 

industries. The success partly is based on the ability of WPCs to compete with monolithic 

tropical hardwoods due to their excellent durability and minimal periodic maintenance. WPCs 

are considered environmentally friendly eco-materials, since the products can be recycled 

several times, and their losses in the process are minimal [14]‒[16]. The properties of WPCs 

are influenced by various factors, such as the type of the thermoplastic polymer matrix, the 

characteristics of the wood filler (quantity, wood species, size, shape, chemical composition, 

treatment, etc.) and the presence of different additives. Extensive literature research was 

conducted to characterise the general properties of WPCs in order to clarify the main 

drawbacks, as well as to identify the currently used methods for improvement of the WPC 

properties. From the literature review, it can be concluded that insufficient water resistance is 

one of the main disadvantages of WPCs. The absorption and desorption of water results in 

irreversible and significant reduction of the mechanical properties, causes dimensional 
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fluctuations, and provides favourable conditions for the development of microorganisms, 

against which WPCs are not protected [16]‒[18]. In addition, the discoloration of WPCs under 

the influence of UV radiation has also been identified as a significant drawback, for the 

prevention of which fundamental research in this direction is vital [17]. To eliminate some of 

the drawbacks, in-depth studies have been carried out concerning modification of the WPC 

composition, including both the use of various additives and the treatment of the wood filler. 

With such methods, some improvements can be achieved; however, often they are not 

sufficient, as they involve the use of expensive additives, have a negative effect on the other 

characteristics, or are not feasible on an industrial scale. A great improvement in the properties 

of WPCs can be obtained by the use of coupling agents, and among them the most common 

and effective are maleinized polyolefins. The optimal amount in WPCs is usually around 3 wt% 

or higher. Although the coupling agent can significantly improve several WPC properties, it 

still fails to provide excellent water and biological resistance that could potentially be provided 

by using TM wood residues [18], [19]. 

2. MATERIALS AND METHODS 

The schematic representation of the experimental plan of the Thesis is shown in Fig. 2.1. 

Six different components were used in the formulations of WPC: wood particles, thermoplastic 

polymer, antioxidant, inorganic filler, pigment and coupling agent. In order to assess the 

potential of using TM wood residues in the production of WPCs, as well as to identify possible 

issues, which may be introduced due to the wood filler, significant focus was attributed to 

investigate different types of TM wood residues and their characteristics. TM wood residues 

vary depending on various factors that were considered in the development of this work. The 

main influencing factors are related to the process of wood modification (methods and 

intensity), the selected wood species, and the type of wood mechanical processing that is carried 

out on the wood after modification. Since the objective of the work is to use TM wood residues, 

in all cases the thermal modification was carried out for boards, using the most commonly used 

methods of modification, intensities, and tree species. The TM wood residues used in the Thesis 

and their types, depending on the above factors, are summarised in Fig. 2.1. As for the methods 

of thermal modification, two fundamentally different processes were used – closed (Wood 

Treatment Technology (WTT)) and open (Thermowood  (Thermo)) type systems. In the case 

of WTT, the modification process occurs in water vapour medium in elevated pressure during 

which the wood does not dry out and hydrolysis reactions predominate. In the case of Thermo, 

the wood is modified at atmospheric pressure in water vapour medium. During this modification 

process, wood is dried and therefore pyrolysis reactions predominate. For all TM wood particles 

used in the work such important properties as particle size distribution, length/diameter ratio, 

chemical properties, and equilibrium moisture content were characterised. Unmodified wood 

particles were also tested to establish the differences. Polypropylene (PP) was used as a 

thermoplastic polymer matrix (Mosten MA-712 PP). It has good physico-mechanical properties, 

high polymer melt viscosity and it is one of the dominant type of plastics found in waste 

streams. In some WPC formulations, also additives were used – antioxidant (Hostanox O3 P), 
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TiO2 (Hombitec RM 400), Fe2O3 (Xfast Rot 2817), and maleinised polypropylene (MAPP) 

(Licocene PP MA-7452), which were supplied by the corresponding manufacturers of these 

additives. Carbon black and wood ash, which were also used to improve the properties of the 

WPC, were derived from other by-product streams related to wood products: carbon black from 

the brushing process of the charred wood surface and the wood ash from the process of 

generating thermal energy by burning wood chips. 

 

 

Fig. 2.1. Schematic representation of the experimental plan of the Thesis. 

 

To assess the impact of different types of wood particles (wood species, modification 

method, residue type, particle sizes), WPCs were made of 50 wt% wood particles and 50 wt% 

PP, including in its composition also the previously mentioned antioxidant. In all the cases, the 

antioxidant amount was 1.5 wt% of PP. WPCs were made by two-roll mills. Bar and dog-bone 

shaped specimens were produced by injection moulding, and film shaped specimens by 

pressing. The most important characteristics for WPCs were tested: melt flow index (ISO 1133-

1:2011), flexural properties (ISO 178:2019), tensile properties (ISO 527-1:2019), impact 

resistance (ISO 179-1:2010), microhardness (Vickers), density (ISO 1183-1:2019), water 
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absorption and dimensional stability (ISO 62:2008). WPCs’ resistance to rot fungi (CEN/TS 

15083-1:2005), weathering (natural and artificial weathering tests), prolonged soaking, cyclic 

soaking/drying and cyclic freezing (ISO 321:2002) were also evaluated. In-depth research was 

carried out using various instrumental methods. Changes in colour and light transmittance were 

studied with a spectrophotometer and an UV-Vis spectrometer. Surface characterisation after 

weathering processes was analysed with a laser scanning microscope (LSM) and an optical 

microscope. Fracture sites after mechanical tests were studied with a scanning electron 

microscope (SEM). All the data obtained were mathematically processed by calculating the 

standard deviation, as well as by performing a single-factor variance analysis to find out 

whether the differences between the specimen series were statistically significant. For optimal 

systems, in-depth studies to improve WPC properties by adjusting the composition were carried 

out. More specifically, the effect of wood content (40‒60 wt%) and addition of different 

additives were analysed. The content of pigments, MAPP and wood ash in the WPC 

formulations were 5 wt%, 1‒3 wt%, and 2‒10 wt%, respectively. 

3. MAIN RESULTS OF THE WORK 

3.1. Characterisation of Thermally Modified Wood Residues 

WPCs are significantly influenced by the type and properties of wood particles; therefore, 

their characterization is very important. It is also necessary in order to clarify general trends 

that would allow the use and adaptation of an appropriate wood filler for a particular WPC 

application. One of the influencing factors is the thermal modification method. In this context, 

the work dealt with open (Thermo) and closed (WTT) type systems. In order to ascertain the 

effect of modification method, regimes were initially identified, which would be comparable 

for both methods in terms of intensity. This was found by analysing the mass loss (ML) of wood 

during the modification process, as well as the TM wood’s chemical changes and equilibrium 

moisture content. Both ML (see Fig. 3.1) and other results showed that, among the two methods, 

the most similar are regimes Thermo-D and WTT 160/1.  

 

Fig. 3.1. Pine mass loss (ML) + extractives in Thermo and WTT thermal modification 

processes at different processing intensities. 

 

In the course of the further work, these regimes of similar intensity were compared. Of the 
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many as in Thermo-D. Slight differences were also observed in the content of -cellulose where 

the amount was lower in the case of WTT 160/1 wood particles, which could indicate a more 

significant degradation of amorphous cellulose [20]. This means that the wood particles 

obtained by using the WTT method could be mechanically weaker, which is also in line with 

general trends, comparing the wood characteristics between the two methods [21]. The particle 

size distribution of the wood particles obtained under the same conditions did not significantly 

differ between the methods. No significant difference was observed also regarding the L/D 

ratio. Overall, the results suggest that wood residues from different modification methods could 

have a relatively similar effect on WPC. Some influence could only be caused by the differences 

in the content of extractives, since it is known that, in the case of unmodified (UM) wood 

particles, the presence of extractives can improve moisture resistance, however, impairing 

mechanical properties of WPC [22]. 

In order to find out how the modification intensity and the wood species affect the properties 

of the TM wood particles, boards of three wood species (birch, pine, and spruce) were modified 

with both modification methods by using various regimes. TM wood particles from the 

modified boards were obtained by grinding. The chemical composition is very important for 

obtaining good interaction between the components in WPC. Given that the nonpolar polymers 

that are used in WPCs do not have functional groups with which covalent bonds can be formed, 

it is very important to reduce the polarity of wood particles as much as possible, which would 

ensure better compatibility of the two components and the formation of larger amount of 

dispersive bonds. The results of the chemical analysis of wood particles, depending on the 

modification intensity, method, as well as the species of wood, are presented in Table 3.1. 

 

Table 3.1 

Chemical composition of unmodified (UM) and thermally modified (WTT and Thermo 

method) birch, pine, and spruce wood at different modification intensities 

Wood 

species 

Modification 

regime 

Wood chemical composition, % 

Extractives Lignin -cellulose Hemicelluloses 

Birch 

UM 1.3 ± 0.1 28.0 ± 0.5 44.0 ± 0.0 26.7 ± 0.4 

WTT 160/1 15.4 ± 0.2 24.6 ± 0.1 47.2 ± 0.1 12.8 ± 0.0 

WTT 170/1 14.6 ± 0.3 24.6 ± 0.1 49.5 ± 0.3 11.3 ± 0.2 

WTT 170/3 12.7 ± 0.3 28.9 ± 0.3 49.9 ± 0.0 8.5 ± 0.3 

Pine 

UM 2.6 ± 0.0 30.8 ± 0.4 44.9 ± 0.3 21.7 ± 0.4 

WTT 160/1 7.1 ± 0.0 36.8 ± 0.0 41.2 ± 0.1 14.9 ± 0.1 

WTT 170/1 6.4 ± 0.2 36.9 ± 0.3 48.7 ± 0.6 8.0 ± 0.7 

WTT 170/3 8.3 ± 0.1 37.2 ± 0.0 48.4 ± 0.8 6.1 ± 1.0 

Thermo-D 3.4 ± 0.1 37.1 ± 0.4 46.4 ± 0.1 13.1 ± 0.1 

Spruce 

UM 1.5 ± 0.1 34.3 ± 2.3 40.4 ± 0.1 23.8 ± 2.3  

Thermo-S 1.5 ± 0.1 37.9 ± 0.7 41.1 ± 0.4 19.5 ± 0.4 

Thermo-D 2.5 ± 0.2 38.0 ± 0.2 43.5 ± 0.1 15.9 ± 0.3 
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It can be seen that WTT wood have a significantly higher extractives content compared to 

the UM wood. In the case of birch, the extractives are as much as 10–12 times higher, depending 

on the modification regime. In the case of pine, the differences are smaller, but still significant 

(2.5–3.2 times higher, depending on the modification regime). By comparing the extractives of 

the Thermo wood with the UM wood, it can be observed that the differences are not so 

significant. In the case of the most intensive regime Thermo-D, the extractives content is only 

1.5–2.0 times higher, depending on the tree species, but in the case of Thermo-S spruce, the 

content is similar. Nevertheless, it should be considered that, despite the similar content, the 

chemical composition of extractives is significantly different [20], [23], [24]. The relative 

content of -cellulose in TM wood is larger. This is an important aspect also in the context of 

WPC, since cellulose is one of the main reinforcing components that determine the mechanical 

properties of wood particles [17]. However, it should be considered that cellulose is also 

partially altered in the thermal modification process. It has been established that the degree of 

crystallinity of cellulose increases and the average degree of polymerization decreases [20], 

[25]. When comparing the amount of -cellulose between different wood species, it is evident 

that the least amount of -cellulose is in spruce. However, even in this case, the relative content 

of -cellulose is larger for the TM wood particles mainly due to the degradation of other wood 

components. Comparing the content of the most hydrophilic component of wood, namely, 

hemicellulose, it can be seen that its content in TM wood particles is significantly lower. In the 

case of birch for the most intensive regime WTT 170/3, the content of hemicelluloses is around 

3.1 times lower than for the UM wood. In the case of pine for the regime WTT 170/3, the 

reduction is even more significant (3.6 times lower). In the case of the other modification 

method, namely Thermo, the reduction in the case of pine and spruce is similar for the most 

intensive regime Thermo-D (212 °C/3 h), but not even close to regime WTT 170/3. Thermo-D 

pine and spruce, respectively, have 1.7 and 1.5 times less hemicelluloses than in the case of UM 

wood. For Thermo-S spruce, the reduction is even lower, which indicates that, in the case of 

these TM wood particles, a significant improvement in the WPC moisture resistance cannot be 

expected. The content of lignin in birch particles at milder wood thermal modification regimes 

(WTT 160/1 and WTT 170/1) has decreased, but at stronger ones (WTT 170/3) increased, 

which could be explained by the initial degradation of lignin forming low molecular phenol-

type compounds, followed by cross-linking reactions of lignin, predominantly occurring with 

hemicellulose degradation products as well as with the previously formed phenol-type 

compounds [21]. This could also explain the decrease in the extractives content at the strongest 

WTT regimes. Certainly, the reduction of hemicelluloses also has a great influence, at the 

expense of which the content of other wood components increases [21], [26]. In the case of pine 

and spruce, with increasing modification intensity, the lignin content increases evenly. In 

addition, the extractives content also increases evenly. A similar tendency is observed for both 

thermal modification methods. It is known that the lignin of coniferous trees is more thermally 

stable than the lignin of deciduous trees, which can also explain such a steady increase. Thermal 

stability is connected with more thermally stable guaiacyl groups in coniferous lignin [27]. 

One of the most important characteristics of wood particles is size, which mainly affects the 

mechanical properties of WPC, but can also have a significant impact on other properties [28]‒
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[30]. By analysing the distribution of the wood particle size after grinding under the same 

conditions through a 1-mm sieve (see Fig. 3.2), it can be seen that due to thermal modification, 

the size of the wood particles is significantly affected. In the case of both birch and pine, a 

similar tendency has been observed that, by increasing the intensity of the thermal modification 

of wood, the average size of wood particles decreases. This is explained by the fact that in the 

thermal modification process, a partial thermal degradation of wood occurs, which causes both 

changes in microstructure and chemical composition in the wood, with a decrease in the degree 

of polymerization of cellulose and an increase in the proportion of lignin, which in general leads 

to a deterioration in the mechanical properties and fragility of wood [20]. Similar trends were 

observed for spruce and pine in the case of the Thermo method. 

 

 

Fig. 3.2. Particle size distribution (%) of unmodified (UM) and WTT (at 3 different 

modification intensities) birch and pine wood particles. 

 

Another important parameter is the L/D ratio, which characterizes the reinforcing ability of 

the particles. According to Klyosov (2007), in the case of WPC, wood particles are divided 

into: ‘oversized’ (0.4–1.0 mm), ‘normal sized’ (0.2–0.4 mm) and ‘fine sized’ (<0.2 mm) 

particles [17]. In the course of the further work, when preparing particles for experiments that 

determined the L/D ratio and the effect of wood particle size on the WPC properties, this 

classification was used. Correspondingly, sieves of the appropriate size (0.4 mm and 0.2 mm) 

were used for the fractionation process. The L/D ratio was determined for each particle size 

fraction (<0.2 mm, 0.2–0.4 mm, 0.4–1.0 mm) for four particle types (UM birch, UM pine, WTT 

170/1 birch, WTT 170/3 pine). The summary of these results is reflected in Fig. 3.3.  

 

 

Fig. 3.3. L/D ratio for different particle fractions depending on the wood species and 

modification regime; fine sized (Fs): <0.2 mm; normal sized (Ns): 0.2–0.4 mm; oversized 

(Os): 0.4–1.0 mm; values with the same letter are not significantly different (p > 0.05). 
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The results show that the L/D ratio depends on the particles’ size fraction, wood species and 

wood modification. The largest L/D ratio in all cases is for the smallest wood particles size 

fraction, and as the particle size increases, the L/D ratio decreases. Since the smallest wood 

particles both have smaller size and larger L/D ratio (the particles are more elongated), they 

also have a larger specific surface. Both the L/D ratio and the specific surface have a significant 

effect on the properties of the WPC, and the higher these values, the better is the interaction 

between the matrix and the wood particles, which facilitates the transfer of stresses from the 

matrix to the reinforcing component [31]. From the results obtained, it can be also seen that the 

L/D ratio is higher in the case of WTT wood particles compared to the corresponding fraction 

of UM wood particles, suggesting that in the case of TM wood particles a better reinforcing 

function will be ensured. This could result in enhanced flexural strength and modulus of 

elacticity for WPC with TM wood particles compared to UM wood particles, since these 

properties are known to improve as the L/D ratio increases [32]. 

In the work, the effect of different types of wood residues on the WPC properties was 

analysed, thus initial characterisation of these residues was important. The TM wood residues, 

which were sawdust and shavings from the wood processing activities of pine wood modified 

according to the Thermo-D regime, were obtained from the by-product streams of Stora Enso 

Latvija. The chemical composition of these residues is the same as described above (see 

Table 3.1), but the most significant differences could only be related to the particle sizes and 

the L/D ratio, which were studied in more detail. The particle size distribution for sawdust and 

shavings was determined without any additional treatment. The results show that the wood 

residues formed at the TM wood production site are predominantly <1.0 mm in size. In addition, 

about 60 % of the particles have a size of <0.4 mm. This means that such residues could already 

be fully compliant with the further WPC production without additional pre-processing. These 

values may vary slightly depending on the equipment used, technological parameters, as well 

as on the characteristics of the wood (moisture content, density, etc.) [33], but the general 

situation is clear that during these processes TM wood residues of sufficiently small size are 

formed.  

 

 

Fig. 3.4. L/D ratio for 0.2–0.4 mm and 0.4–1.0 mm particle size fractions of Thermo-D pine 

depending on the wood residue type (WF – wood flour obtained after grinding Thermo-D 

pine wood scraps; SD – sawdust; and SH – shavings); values with the same letter are not 

significantly different (p > 0.05). 
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By comparing shavings and sawdust, the particle size distribution is very similar, but the 

L/D ratio differs (see Fig. 3.4). Shavings, regardless of the particle size fraction, have the 

smallest L/D ratio in comparison with the other types of wood residues. These results indicate 

that, in the case of shavings, the WPC will have inferior mechanical properties comparing to 

the other WPC. For the particle fraction with a size of 0.4–1.0 mm, no statistically significant 

difference between the sawdust and particles obtained by grinding wood scraps is observed. 

However, for the particle fraction with a size of 0.2–0.4 mm, the L/D ratio for sawdust is higher 

by 16 %. The average L/D ratio of the latter is around 4.6, which is significantly higher than for 

typical UM wood sawdust according to the literature data (3–4) [17]. 

3.2. Effect of Thermally Modified Wood Particles on the 

Properties of Wood Plastic Composites 

In the previous subsection, wood particles were described; now, it is necessary to find out 

how these particles affect the properties of WPC. It should be noted that in a number of 

parameters TM wood particles were more appropriate for the production of WPC comparing to 

UM wood particles. Initially the general impact of TM wood particles on the WPC properties 

was examined and compared with the reference, which in this case is WPC with UM wood 

particles. One of the most important technological parameters is the melt flow index (MFI), 

which characterizes the rheological properties of WPC. The MFI allows to understand what 

methods of industrial processing are applicable for the manufacture of products in the case of a 

particular material. If MFI is more than 2.3 g / 10 min, then this material can be used in the 

manufacture of moulded products using injection moulding equipment. If MFI is more than 

0.1 g / 10 min, then extruders can be used in the manufacture of various profiles, pipes, boards, 

and other similar products. In turn, if MFI is less than 0.1 g / 10 min, then the only method of 

processing such a material is pressing [34]. MFI results for WPC are reflected in Fig. 3.5. 

 

 

Fig. 3.5. Melt flow index (MFI) for WPC with UM and WTT unfractionated wood particles. 

 

For WPC with UM wood particles, MFI is relatively small. In the case of birch and pine, it 

is around 0.3 g / 10 min and 0.2 g / 10 min, respectively, indicating that the processing 

possibilities for these composites are limited without the addition of lubricants. The MFI of 

WPC with WTT wood particles is significantly (more than 10 times) higher, therefore, the 

processing possibilities are broader, which allows to significantly increase the range of 

products. The obtained results can be explained by the fact that WTT wood particles have a 
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better compatibility with the PP matrix leading to an improved wood particles dispersion in the 

polymer melt, which reduces wood particle agglomeration. Larger content of wood extractives 

in the TM wood particles (see Table 3.1) could also play a very important role. The presence 

of low molecular components on the boundary surface between the particles and the polymer 

matrix can increase WPC melt flowability [35]. Judging by the literature data, by increasing the 

content of particles in WPC by 10 wt%, MFI is rapidly declining (by about 25 %), but since 

WPC with TM wood particles have a sufficiently high MFI, it is likely that a higher content of 

wood particles can be used without sacrificing the recyclability of the material [36]. 

In the work, the density of WPC was also determined, but no significant differences were 

found between UM and TM wood residues, except for regime WTT 170/3 in the case of birch, 

where slight decrease in the density was observed. Nevertheless, the density of all WPCs 

obtained was within 1.06–1.07 g/cm3, regardless of the method and intensity of the thermal 

modification, and also wood species despite the significant differences in the wood densities 

for birch (0.65 g/cm3), pine (0.50 g/cm3), and spruce (0.45 g/cm3). Since the density of the PP 

itself is only 0.89 g/cm3, this means that during the production of WPCs, the PP melt penetrates 

the cavities of the wood cells, thereby significantly increasing the density of the material 

approaching the density of the wood substance (1.54 g/cm3). The penetration of PP into the 

wood structure has already been observed earlier in the case of UM wood [37], but in this work, 

it was also found in the case of TM wood (see Fig. 3.6).  

 

 

Fig. 3.6. WPC structure in a scanning electron microscope: (a) taken at 1000 and (b) 2000 

magnification, and in a reflected light microscope; (c) taken at 50 magnification. 
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The mechanical properties of WPCs were also determined; the results are summarized in 

Table 3.2. The results show that WPCs with WTT wood particles have greater flexural strength 

(F), flexural modulus of elasticity (EF), and microhardness than the corresponding WPCs with 

UM wood particles. This is explained by the fact that there is an improved compatibility 

between the WTT wood particles and the PP matrix, resulting in better contact and, 

consequently, more physical bonds, which makes it more difficult for the particles to be pulled 

out from the PP matrix (more energy is required). Improved dispersibility of the wood particles 

is also likely to have its effect, which results in more even particle dispersion and, as a result, a 

more efficient stress transfer. Some effect could also be due to the physical properties of the 

particles (particle size and L/D ratio). A more detailed study regarding these aspects was carried 

out in the continuation of the work. Impact strength is the only property that is reduced for the 

WPC with WTT wood particles, but this is a reasonable outcome, which can be justified by the 

reduced deformation ability of the material causing it to become more rigid. 

 

Table 3.2 

Flexural strength (F), flexural modulus of elasticity (EF), impact strength (A), microhardness 

(MH) for PP and WPC with UM and WTT wood particles; (wood particles: PP);  

(+ increase / ‒ decrease against WPC with UM wood chips) 

* no statistically significant difference (p > 0.05) compared to UM 
 

Modification 

regime 
F, MPa EF, GPa A, kJ/m2 MH, MPa 

PP 

(0:100) 
- 45  1 1.5  0.1 Did not break 110  9 

Birch 

WPC 

(50:50) 

UM 37  1 3.5  0.1 5.5  0.4 108  16 

WTT 160/1 38  1 (+3 %) 3.9  0.1 (+11 %) 4.9  0.7 (–11 %) 130  9 (+20 %) 

WTT 170/1 40  2 (+9 %) 4.3  0.2 (+24 %) 4.6  0.4 (–16 %) 129  12 (+19 %) 

WTT 170/3 39  2 (+5 %*) 4.2  0.2 (+21 %) 3.8  0.6 (–30 %) 130  12 (+20 %) 

Pine 

WPC 

(50:50) 

UM 36  1 3.3  0.1 4.6  0.5 109  11 

WTT 160/1 37  1 (+5 %) 3.7  0.1 (+11 %) 4.2  0.4 (–7 %*) 117  14 (+8 %*) 

WTT 170/1 39  1 (+9 %) 4.1  0.2 (+22 %) 4.2  0.5 (–9 %*) 130  13 (+20 %) 

WTT 170/3 43  2 (+22 %) 4.6  0.2 (+38 %) 3.5  0.3 (–23 %) 139  14 (+28 %) 

 

By using SEM, images were taken for the impact strength specimens at their fracture sites 

with the aim of elucidating the WPC rupture mechanism. All the locations presented with the 

arrows in Fig. 3.7, in the case of both UM and TM wood particles, indicate a damaged interface 

between the particle and PP matrix. In general, from the results it can be concluded that the 

WPC rupture mechanism is connected with the weak adhesion between the wood particles and 

the PP matrix, as a result of which the particles are pulled out of the polymer matrix, which 

causes the material to break. It should be noted that breakage of wood particles was not 

observed. 
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Fig. 3.7. SEM images of the fracture sites of impact strength specimens: 

a) WPC with UM pine wood particles (taken at 200× magnification), 

b) WPC with WTT 170/3 pine wood particles (taken at 300× magnification).  

 

Water absorption results (see Fig. 3.8) indicate a significantly improved water resistance of 

WPCs with TM wood particles, which increases with increasing the modification intensity. 

After 280 days in water, the WPCs with WTT wood particles, depending on the wood species 

and the modification intensity, have about 2–3 times lower Wabs than the WPC with UM wood 

particles. Similar improvements were found also for the results concerning dimensional 

stability. The significant improvement can be explained by the lower water absorption capacity 

of WTT particles (due to the reduction in the proportion of hemicelluloses), as well as by the 

improved interaction between the particles and the PP matrix, which contributes to a more 

efficient dispersion and encapsulation of wood particles in the polymer matrix. 

 

 

Fig. 3.8. Water absorption dynamics for PP and WPC with UM and WTT unfractionated 

wood particles. 
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3.3. Effect of the Wood Particle Size, Thermal Modification 

Method, and Residue Type on the Properties of Wood 

Plastic Composites 

In the work, significant focus was attributed to evaluation of the effect of wood particle 

size (fine sized: <0.2 mm; normal sized: 0.2–0.4 mm; oversized: 0.4–1.0 mm) on the 

characteristics of WPC. The results showed that there are significant differences between UM 

and TM wood particles. In the case of TM wood particles, the size fraction, has no or only 

minor effect on the WPC properties. For the following properties differences were statistically 

insignificant (p > 0.05): density, dimensional stability, dynamics of water absorption (see Fig. 

3.9), the maximum water uptake, as well as the changes in bending properties, caused by 

prolonged soaking. The most significant effect of different wood particle size fractions had only 

on the mechanical properties, where in the case of fine sized fraction, the impact strength was 

lower by 13–15 %, and the flexural strength and flexural modulus higher by 3 % and 9 %, 

respectively, than in the case of normal sized or oversized fraction. Besides, the differences 

regarding the bending properties were statistically significant only in the case of pine for  

regime WTT 170/3. By summarising the obtained results, it can be concluded that wood particle 

size in the case of TM wood particles has a relatively minor effect on the overall WPC 

properties, and the only detectable influence is on the mechanical properties. The results of the 

experiments suggest that both birch and pine TM wood particles with dimensions up to 1.0 mm 

do not need to be sieved, dividing them into several fractions, since this activity will not be 

beneficial for achieving a significant improvement in WPC properties. On the contrary, wood 

particles size has a high importance in the case of UM wood particles showing significant 

influence in all of the tested WPC properties. 

 

 

Fig. 3.9. True diffusion coefficient (D) for WPC with UM and WTT wood particles 

depending on the wood particle size. 

 

The influence of the thermal modification method on the WPC properties was also 

studied. The results presented previously regarding the wood particle comparison between the 

modification methods suggested that a potential effect on the mechanical properties and water 

resistance is possible due to significantly different content of wood extractives. The results 

concerning WPC properties show that similar intensity regimes (WTT 160/1 and Thermo-D) 

have no significant effect on the dimensional stability, but there are differences regarding water 

absorption and mechanical properties. WPC with Thermo-D wood particles have higher water 
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absorption (Wabs higher by 9 %), which could be due to lower content of extractives resulting 

in more accessible OH groups for the water molecules. In addition, the lower content of 

extractives in Thermo-D particles can explain the higher flexural modulus of elasticity and 

flexural strength, as well as lower impact strength, compared to the WPC with WTT 160/1 

particles (see Fig. 3.10). Overall, the results indicate that TM wood residues from any 

modification process can be used to produce WPC, but it must be taken into account that the 

obtained WPC may have slight differences in mechanical properties and water absorption. 

 

 

 

Fig. 3.10. Effect of the pine modification method on WPC a) impact strength (A), b) flexural 

strength (F), and c) flexural modulus of elasticity (EF). 

 

The effect of different types of TM wood residues on the WPC properties was studied. As 

previously determined, the largest difference between different types of wood residues was in 

the L/D ratio, suggesting some influence on the mechanical properties. The results of the 

mechanical tests showed that the use of shavings instead of sawdust does not significantly affect 

the impact strength, however, it does reduce the flexural strength and modulus of elasticity by 

12 % and 15 %, respectively. As the deterioration in mechanical properties is relatively small, 

TM wood shavings have also a potential to be used in production of WPCs. Concerning water 

absorption and dimensional stability (see Fig. 3.11), the impact on these properties was 

relatively small. This can be explained by the negligible influence of the L/D ratio on the water 

resistance of WPCs, which is found in the case of UM wood particles [38]. In general, the 

results obtained indicate that the wood residue type has a relatively small impact on the WPC 

properties. The only exception is 10–15 % smaller bending properties in the case of shavings. 

 

 

Fig. 3.11. Effect of Thermo-D pine residues (WF – wood flour obtained after grinding 

Thermo-D pine wood scraps, SD – sawdust, and SH – shavings) on the WPC a) water 

absorption and b) dimensional stability. 

0

2

4

6

8

N
M

T
h

er
m

o
-D

W
T

T
 1

60
/1

W
T

T
 1

70
/1

W
T

T
 1

70
/3

A
, 
k
J/

m
2 +18 %

a)

0

20

40

60

NM Thermo-D WTT 160/1 WTT 170/1 WTT 170/3


F
, 

M
P

a

b)
-7 %

0

1

2

3

4

5

NM Thermo-D WTT 160/1 WTT 170/1 WTT 170/3

E
F
, 
G

P
a

c) -11 %

010 UM Thermo-D WTT 160/1 WTT 170/1 WTT 170/3

0

5

10

15

20

0 2000 4000 6000

W
ab

s,
 %

Time, h
WF SD SH

a)

0

3

6

9

12

0 2000 4000 6000


V

, 
%

Time, h
WF SD SH

b)



25 

3.4. Performance Characteristics of Wood Plastic Composites 

Made with Thermally Modified Wood Particles 

In addition to the already discussed characteristics, there are other very important ones, 

which are specific and related to the definite application of the WPC. Since WPCs are used 

mostly outdoors, they must be able to withstand sufficiently adverse conditions, which include 

the interaction with water, temperature fluctuations, biological attacks, as well as UV radiation. 

A significant deterioration in the WPC properties is caused by the interaction with water. 

During the use phase, WPCs are subjected to periodic water exposure, which can lead to a 

gradual degradation of the material. Cyclic soaking/drying tests on WPCs with UM and WTT 

170/3 wood particles were performed to determine how significantly such condition can affect 

the WPC properties. 

 

 

Fig. 3.12. Mass changes during the cyclic soaking/drying test for WPC with UM and WTT 

170/3 pine particles of different sizes (fine sized (Fs): <0.2 mm; normal sized (Ns): 0.2–0.4 

mm; oversized (Os): 0.4–1.0 mm).  

 

The results of the mass change during the cyclic soaking/drying test (see Fig. 3.12) indicate 

that the situation in the case of TM wood particles is significantly better than in the case of UM 

wood particles. In each subsequent cycle, which involves drying of WPC specimens to an 

absolutely dry state and subsequent soaking for 5 days, the absorbed amount of water in the 

case of WPC with TM wood particles is constant in contrast to the WPC with UM wood 

particles, for which the amount of the absorbed water increases with each cycle. This tendency 

continues throughout the soaking/drying test, which includes a total of 7 cycles. The results 

suggests that the cyclic soaking and drying conditions for WPC with UM wood particles causes 

cracks or other defects in the material, which facilitates deeper penetration of water into the 

WPC after each subsequent soaking cycle. In order to determine whether it can cause some 

effect on the mechanical properties, a bending test was performed for WPC after exposure to 7 

soaking/drying cycles. For comparison purposes, the results are also given on the possible 

maximum deterioration caused by exposure to water, which could be represented by a set of 

specimens exposed to a long-term soaking until equilibrium (200 days). The bending test was 

performed for re-dried specimens, and the results are presented in Fig. 3.13. 
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Fig. 3.13. Changes in a) flexural strength (F) and b) flexural modulus of elasticity (EF) after 

long-term (200 day) soaking and 7 soaking/drying cycles for dry WPC with UM and WTT 

170/3 pine particles of different size fractions (fine sized (Fs): <0.2 mm; normal sized (Ns): 

0.2–0.4 mm; oversized (Os): 0.4–1.0 mm)). 

 

Also, the results of the bending properties, both after cyclic soaking/drying and after long-

term soaking, indicate that WPCs with TM wood particles are much more resistant to water 

than WPC with UM wood particles. After soaking/drying tests, the flexural strength and the 

flexural modulus of elasticity in the case of UM wood particles deteriorated by 11–14 % and 

26–35 %, respectively, depending on the particle size. In turn, for WPC with TM wood 

particles, the deterioration in flexural strength was not statistically significant, but the flexural 

modulus of elasticity decreased by 5–9 %. In the case of long-term soaking, the deterioration 

for both WPCs is significantly greater, but still, it is about two times less in the case of TM 

wood particles. The deterioration of the mechanical properties can be explained by the 

weakening of the interaction and the formation of cracks between the wood particles and PP 

matrix, which are caused by the swelling and shrinkage of the wood due to moisture 

fluctuations. This causes deformation in the PP matrix, which is unable to return to its original 

state due to irreversible creep deformation. The formation of cracks between the components 

after long-term soaking is demonstrated in the SEM images (see Fig. 3.14). The improvement 

in the case of TM wood particles is explained both by better encapsulation of the wood particles 

in the polymer matrix, which significantly impairs the water absorption process, and by greater 

dimensional stability of the TM wood particles themselves, which reduces the damage in the 

interface between the wood particles and PP matrix due to smaller swelling and shrinkage [21]. 

Although the improvement for the WPC with TM wood particles in comparison to WPC with 

UM particles is significant, it is still necessary to take into consideration the fact that the 

properties will deteriorate at prolonged soaking conditions, which may restrict the application 

of these WPCs in particularly wet areas that are exposed to regular and prolonged water contact. 
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Fig. 3.14. SEM images of fracture sites of dried bending test WPC samples after long-term 

soaking (200 days): a) WPC with UM pine particles; b) WPC with WTT 170/3 pine particles. 

 

The biological durability of WPC is highly dependent on the absorbed water content. Since 

these materials absorb relatively little water, it was initially assumed that WPCs are resistant 

against microorganisms, however, during long-term use it was revealed that it is not completely 

true [39]. In this work, the biological durability was evaluated by exposing the WPCs to brown 

rot fungi (Coniophora puteana). Since the presence of moisture is vital for microorganisms, 

before the test two water pre-treatment methods were used: short-term (2 weeks) and long-term 

(52 weeks). After the long-term water pre-treatment, the absorbed water amount depending on 

the wood particles type was 2.4–3.9 times larger than after the short-term pre-treatment. The 

results of the mass loss (ML) after the exposure to the brown rot fungus (see Fig. 3.15) show 

that the long-term pre-treatment, as expected, provided a more favourable medium for the 

development of fungi indicated by the increase in ML. The situation was similar for all the 

WPCs. Nevertheless, the results show that, in the case of WPC with WTT wood particles, the 

bio-durability is significantly higher than that of the WPC with UM wood particles. The 

improvement is especially significant in the case of films (see Fig. 3.15 b)), in which the ML 

for the WPC with WTT wood particles is at least 4 times smaller than that for the WPC with 

UM wood particles. In addition, by comparing the ML in the case of bar shaped specimens and 

films, the results suggest that the biodegradation occurs predominantly in the surface layers. 

The changes in mechanical properties after the fungi test were also analysed by preforming 

bending tests for the bar shaped specimens. The results indicated of a significant deterioration 

in the bending properties, however the decrease was very similar to the decrease reported above 

concerning the damage caused by the water exposure of the same duration (see Fig. 3.13). This 

allowed to verify the statement made in the literature that the action of fungi has a relatively 

negligible effect on the deterioration of WPC mechanical properties, and the main damage is 

caused by the action of water. The results also show that the WTT regime has a significant 

effect on the bio-durability, showing higher resistance in the case of the most intensive regimes. 

The improvement in the case of TM wood particles can be explained by the enhanced bio-

durability of the particles themselves, as well as by the improved interaction between the 

particles and the polymer matrix, which contributes to their encapsulation. 
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Fig. 3.15. WPC mass loss (ML) after the fungi test with Coniophora puteana: a) for bar 

shaped specimens with short-term (2 weeks) and long-term (52 weeks) water pre-treatment; 

b) for films with short-term (2 weeks) water pre-treatment. 

 

Decorative properties are among the main ones that attract the customer and create the value 

for the WPC product. In the work, both artificial and natural weathering tests were carried out 

in order to investigate the stability of these properties during weathering tests and exposure 

to various types of radiation. Although it is known that mainly UV radiation is responsible 

for the discolouration of WPC, there are still contradictions in the literature regarding the 

mechanism of the colour change. By exposing WPCs with UM wood particles to UV radiation 

for 500 h, their colour significantly changed (see Fig. 3.16), reaching 9.5 E units, which, 

considering the exposure dose, is similar to the result reported by others [40]‒[42]. The situation 

of WPC with TM wood particles (Thermo-D, WTT 160/1 and WTT 170/3) is significantly 

different, since already after 120 h UV irradiation the total colour change exceeded 9.5 E units 

and continued to increase reaching 25–32 E units after 500 h. By analysing the changes for 

each individual colour parameters, it was found that the greatest impact on the total colour 

change in the case of WPCs with TM wood particles is due to the increase in the L* parameter 

(lightness). In the case of WPCs with UM wood particles, the L* parameter has a significantly 

smaller effect on the total colour change. In this case the largest contribution is from the b* 

parameter. Concerning the colour change of the polymer matrix, generally in the literature it 

has been concluded that the colour of the polymer matrix does not change under the influence 

of UV irradiation and therefore cannot be responsible for the WPC colour change [42]‒[46]. 

However, as can be seen from the presented results, the colour change of the PP film is quite 

significant, which is comparable to the colour changes of WPCs with TM wood particles. The 

contradictions between the presented results and the literature data are because the experiment 

was conducted in such a way that alongside the colour change also the changes in light 

transmittance for the PP film were measured. This was achieved by placing a black plate under 

the translucent PP film at the time of spectrophotometrical measurment. 
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Fig. 3.16. Colour change dynamics of WPC and PP films under the influence of UV radiation. 

 

As can be seen in Fig. 3.16, the colour did not significantly change during the first 50 h for 

the WPC with TM wood particles, which was followed by a very rapid discolouration right 

after the period. Moreover, the rapid colour change occurred simultaneously for all three WPCs, 

regardless of the thermal modification method or regime. If we look at the colour changes or, 

in this case, the change in the light transmittance of the PP film, it can be seen that the changes 

occur at the same moment and with similar rate as the colour change of the WPC with TM 

wood particles. These results suggest that the decrease in the light transmittance of PP could be 

closely connected with the discolouration of the WPC. In addition, it should be noted that the 

colour of TM wood is relatively stable against UV irradiation, hence, the unexpected and rapid 

increase in colour changes after 50 h for WPC with TM wood particles significantly exceeding 

the colour changes of WPC with UM wood particles are not typical for TM and UM wood [47]‒

[49]. Although UV irradiation causes TM wood to become lighter, the extent is not as 

significant, not to mention that UM pine wood during UV irradiation darkens [50], [51].  

 

 

Fig. 3.17. Effect of UV radiation on: a) changes in light transmittance at 400 nm, 500 nm, 

600 nm, and 700 nm for a 0.85 mm thick PP film depending on the UV exposure; b) 

correlation between the changes in light transmittance of the PP film (at 550 nm) and WPC 

discoloration.  
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In order to directly test how the PP matrix changes its light transmittance under the influence 

of UV radiation, the PP films were UV irradiated and analysed using an UV-Vis spectrometer. 

The obtained results (see Fig. 3.17 a)), reflecting the changes in the light transmittance of the 

PP film under the effect of UV irradiation, show that a significant decrease in the light 

transmittance throughout the visible light spectrum occurs. The most rapid changes begin after 

50 h of UV irradiation, which agrees well with the previously presented colour changes of the 

WPC. By analysing the relationship between the changes in PP light transmittance and the WPC 

colour changes throughout the experiment (see Fig. 3.17 b)), a very close negative correlation 

was found. The set of these experiments already provides sufficiently convincing evidence to 

argue that the WPC colour change after longer UV irradiation periods is associated with a 

decrease in the light transmittance of the PP matrix, which leads to the effect of whitening. 

Hence, in order to prevent the characteristic discoloration of WPCs during outdoor use, it is 

necessary to protect the polymer matrix. 

 

 

Fig. 3.18. Laser scanning microscope surface images taken at 50 magnification of WPC with 

UM wood particles, WPC with Thermo-D wood particles and PP after 120 h UV irradiation: 

a) laser + optical images; b) surface topography images. 
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In the PP matrix, the decrease in light transmittance can be caused by various factors, the 

most likely of which are associated with the formation of free radicals. These radicals are further 

involved in chemical reactions forming cross-links that reduce the mobility of polymer 

macromolecules, which in turn leads to the formation of microcracks [52], [53]. In order to 

investigate this aspect in more detail, an in-depth study of the UV irradiated surfaces with a 

LSM was performed on both PP and WPC specimens shortly after the onset of the rapid changes 

in light transmittance, i.e., after 120 h. In the LSM images (see Fig. 3.18), it can be observed 

that microcracks are present on the surface of all the specimens after 120 h of UV exposure. 

The cracking is more pronounced on the surface of the WPC with Thermo-D wood particles; 

however, the cracks are significantly narrower and shallower, which can be seen in the 

topography images (see Fig. 3.18 b)). In order to characterize the cracks by numerical values, 

the average depth was determined by line profile measurements. For the WPC with Thermo-D 

wood particles, 2.6 m deep cracks were found on the surface, which is approximately twice 

as shallow as for the WPC with UM wood particles (average depth of cracks 6.1 m). The 

results obtained suggest that UV radiation will have less influence on the mechanical properties 

of the WPC with Thermo-D wood particles, since it is known that the combination of the depth 

and length of the cracks are the main factors directly contributing to the rupture of the material 

[54]. The reduced crack propagation in deeper layer of the WPC with Thermo-D wood particles 

could be explained by a more pronounced radiation shielding, which was shown by the results 

of the light transmittance spectra. In the work, also the mechanical properties were analysed. 

The tensile test was performed for 2 mm thick WPC and PP films before and after of UV 

irradiation (120 h and 500 h). The results indicated that UV radiation affects only the surface, 

since no changes in tensile strength were observed for WPC. In turn, the strength of PP 

decreased by more than half (by 53 %) after 500 h of UV irradiation. 

 

 

Fig. 3.19. The effect of UV irradiation and UV irradiation + water spray on colour changes 

and surface properties of WPC. 

 

UV radiation, together with rainwater, are the main contributors to surface erosion for a 

majority of materials [54]. To find out how these factors affect WPC, weathering tests were 

conducted that included exposure to UV radiation with and without water spraying. The results 
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showed (see Fig. 3.19) that for WPC with UM wood particles the colour change caused by UV 

irradiation increased more than three times in the presence of water spray, which well 

corresponds to the data published in the literature [55]. A similar increase was observed also 

for the WPC with TM wood particles. The only difference between both WPCs was in the 

absolute values, where for the WPC with TM wood particles, the colour change after UV 

irradiation in the presence of water was twice as large as for the WPC with UM wood particles, 

reaching 41.2 units. The discoloration similar as in the case of UV irradiation without water 

spraying is associated with the formation of microcracks in the polymer matrix, which can be 

seen in the optical microscopy images (see Fig. 3.19). The images also show signs of surface 

erosion evident by the uncovered wood particles. The extent of the uncovered particles differs 

between the WPCs, where for WPC with TM wood particles it is lower than for the WPC with 

UM wood particles, indicating of less pronounced surface erosion. By conducting additional 

experiments in this direction, the process of surface erosion was also observed by determining 

the changes in mass. In the experiment, UV degraded WPC films (exposed for 500 h) were 

exposed for additional 150 h involving UV radiation and water spray cycles. The mass loss 

after the test was 6.3 g/cm2 for the WPC with UM wood particles and 3.4 g/cm2 for the WPC 

with TM wood particles. Overall, it can be concluded that the WPCs with TM wood particles 

are more weather resistant than the WPCs with UM wood particles despite the significant 

discolouration. The enhanced properties could be explained by the improved interaction 

between the PP matrix and TM wood particles as well as by increased UV radiation shielding. 

Nevertheless, the significant colour change is a major drawback, which should be eliminated. 

Natural weathering was carried out in the direct solar radiation, the solar radiation behind 

the window glass and the solar radiation behind the windshield of a car. In each case, the 

spectral composition significantly differs with a decrease in the proportion of UV radiation in 

the above sequence. The results showed (see Fig. 3.20 a)) that the solar radiation was capable 

of significantly changing the colour of the WPC, but it did not cause changes in the light 

transmittance of the PP film. WPCs with UM wood particles became lighter after a very short 

exposure period (5 h) and then gradually darkened, achieving visually noticeable 

discolouration, corresponding to 6 E units. Such discolouration tendency is characteristic of 

UM wood [56], [57]. On the other hand, WPCs with TM wood particles under the influence of 

the solar radiation became lighter, which, actually is characteristic for TM wood [58]. 

Considering that the use of WPCs is expanding indoors, the colour stability was evaluated also 

in the relevant conditions, which has not been previously done in the context of WPCs. The 

results showed that the colour change in the case of solar radiation behind the window glass 

was similar to the discolouration caused by the direct solar radiation. The situation differed in 

the case of windshield of a car. The windshield is capable of shielding the entire UV portion of 

the solar radiation, thus the radiation that passes through contains only visible light. 

Nevertheless, also in this case still a significant colour change was observed for all WPCs (see 

Fig. 3.20 b)). For the WPCs with UM wood particles, the the colour initally became lighter and 

comparing to the case of the other types of radiation it was more distingushed, which suggests 

that longer wavelength has a significant contribution in this process. It has been previously 
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reported that longer wavelengths induce lightening and shorter wavelengths darkening for UM 

wood [56]. The situation in the case of WPC with TM wood is similar as it is for solar radiation. 

 

 

Fig. 3.20. Colour change dynamics for WPCs and PP films under the influence of a) solar 

radiation and b) solar radiation behind windshield. 

 

Overall, the results indicate that the WPCs with TM wood particles have relatively poor 

colour stability under the influence of both UV and visible light. Consequently, if a good colour 

stability has to be ensured, the use of suitable additives is mandatory both indoors and outdoors. 

UV stabilisers should be used to protect WPCs against the effect of UV irradiation, which 

reduces the risk of photodegradation of the polymer matrix, while pigments or dyes capable of 

protecting against visible light should be used to reduce the dicolouration of wood particles. 

3.5. Effect of the Material Composition on the Properties of 

Wood Plastic Composites 

In order to explore the possibilities of improving and adapting the WPC properties to a 

specific purpose, the influence of WPC composition was analysed by investigating the effect 

of different additives and formulations. One of the factors that can be changed is the content 

of wood, which in the case of TM wood particles has had a minor attention. The obtained results 

showed that by increasing the content of wood from 40 wt% to 60 wt%, density and flexural 

modulus of elasticity increased by 38 % and 11 %, respectively, while impact strength and 

flexural strength, decreased by 39 % and 6 %, respectively. The water resistance, which is 

recognised as one of the major problems in the long-term use of these materials, significantly 

decreased with the increase of the wood content. The water absorption results also showed that 

at different wood contents WPCs with TM wood particles had significantly lower water 

absorption comparing to the case of WPCs with UM wood particles. Moreover, the differences 

were so significant that the WPCs with 60 wt% TM wood particles had lower water absorption 

by 40 % comparing to the WPCs with 50 wt% UM wood particles. Similar tendencies were 

also observed in relation to dimensional stability.  
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The role of the coupling agent is to improve the adhesion between the nonpolar polymer 

matrix and the polar wood particles, creating stronger bonds and promoting better particle 

dispersion. In the work, the effect of maleated polypropylene (MAPP) on the WPC properties 

was examined by changing its content as well by testing its efficiency depending on the content 

of wood in the composite. 

 

 

 

Fig. 3.21. Effect of MAPP on WPC with UM and WTT 170/3 wood particles: a) impact 

strength (A); b) flexural strength (F); and c) tensile strength (T). 

 

The results showed (Fig 3.21) that by adding only 1 wt% MAPP, the impact strength 

increased by 74 % for WPC with WTT 170/3 wood particles, which is significantly higher than 

in the case of UM wood particles (46 %). Such an improvement ensures equivalent impact 

strength in terms of the absolute value for both WPCs, eliminating one of the largest 

disadvantages of WPC with TM wood particles. Similar improvements were observed in 

flexural and tensile strength. The flexural modulus of elasticity also increased with the addition 

of MAPP, but the improvement did not exceed 16 %. SEM images of the fracture sites revealed 

(Fig. 3.22) that by addition of MAPP the adhesion between the wood particles and the PP matrix 

has significantly improved. This is evident by the fact that the particles are torn, and not pulled 

out from the polymer matrix, which can be seen in the locations indicated by Arrows 1 and 2. 

However, by analysing the whole surface of the WPCs fracture site, individual cases in which 

particles have been pulled out were also observed. Therefore, it can be concluded that both 

WPCs with MAPP have a mixed rupture mechanism, which ensure high mechanical properties. 

 

 

Fig. 3.22. SEM images of fracture sites of impact strength specimens: a) WPC with UM pine 

particles; b) WPC with WTT 170/3 pine particles. 
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In the work, the effect of MAPP on the microhardness, density, and water resistance were 

explored. The results showed that MAPP did not affect microhardness of the WPCs and had a 

relatively small effect on the density (not exceeding 2 %). The results concerning water 

resistance showed (see Fig. 3.23) that, by increasing MAPP content, the rate of the water 

absorption, and the maximum water uptake decreased. This can be explained by the ability of 

MAPP to form covalent bonds with the OH groups present in the wood. Furthermore, MAPP 

also positively affects wood particle encapsulation in the polymer matrix [59]. For the WPC 

with WTT 170/3 wood particles, by adding 1 wt% and 3 wt% of MAPP, the amount of the 

absorbed water after 200-day immersion decreased by 39 % and 51 %, respectively. In terms 

of absolute values, the moisture content in the WPCs under these conditions reached only 6 % 

(with 1 wt% MAPP) and 5 % (with 3 wt% MAPP), while for the WPC with UM particles with 

an equivalent composition, the moisture content was more than twice as high, namely, 16 % 

and 14 %, respectively. Similar improvements were observed also for the dimensional stability 

(see Fig. 3.23 b)). The results indicate that, by using TM wood particles in combination with 

MAPP, it is possible to obtain WPC with high water resistance, which, accordingly, can also 

reduce other water-related problems. 

 

 

Fig. 3.23. Effect of MAPP on WPC: a) water absorption dynamics; b) volume change (V) 

after 200-day immersion in water. 

 

A 7-cycle soaking/drying test was performed to determine the effect of MAPP on WPC's 

resistance to periodic wetting and subsequent drying. The mass of the WPCs during the test 

was regularly weighed. The results showed that MAPP significantly improved the resistance to 

cyclic soaking/drying conditions of WPC with UM wood particles. Therefore, a significant 

increase in the absorbed amount after each cycle, which was observed for the WPC without 

MAPP, is not the case here, but the progressive degradation is not completely eliminated, since 

the mass still slightly increased with each cycle. For the WPC with WTT 170/3 wood particles 

the situation differed. In this case the amount of the absorbed water remained constant after 

each cycle, and the moisture content did not even exceed 1 %. These results suggest that a 

periodic wetting is not a significant threat to WPCs with WTT 170/3 wood particles, which is 

highly beneficial for ensuring long-term durability. To evaluate the impact of soaking/drying 

cycles on the mechanical properties, all of the WPC specimens after the water resistance test 

were analysed by carrying out bending tests. Changes in the flexural strength and flexural 
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modulus of elasticity after a 200-day immersion and after 7 soaking/drying cycles are 

summarized in Fig. 3.24. The results of the bending test showed that the WPCs with MAPP 

were more durable against water exposure than WPCs without MAPP. Unexpected were the 

results that showed an increase in some of the bending properties. For the WPC with UM wood 

particles, an improvement was observed in the flexural strength after the cyclic soaking/drying 

test, while for the WPC with WTT 170/3 wood particles, an improvement was observed not 

only in the flexural strength, but also in the flexural modulus of elasticity. Moreover, the 

increase was also observed after the 200-day immersion. These results additionally substantiate 

that the WPCs with TM wood particles are water resistant, and during prolonged exposure to 

water they do not lose their original properties. To elucidate the unexpected improvement in 

mechanical properties, additional experiment was performed. Consequently, it was found that 

the increase was caused by drying at elevated temperatures (103 °C), which most likely 

contributed to the formation of ester bonds by replacing the weaker hydrogen bonds between 

the carboxyl groups of coupling agent and the OH groups of wood.  

The mechanical strength of WPC with 1 wt% MAPP at water saturated conditions was also 

tested, where it was found that, in the case of TM wood particles, the flexural strength decreased 

by 19 % and the flexural modulus of elasticity by 24 %. In the case of UM wood particles, the 

deterioration was 36 % and 45 %, respectively. The WPC resistance to soaking/freezing/drying 

cycles was also analysed, where it was found that, after 3 cycles, in the case of TM wood 

particles, the flexural strength deteriorated by 3 % and the flexural modulus of elasticity by 

4 %. The reduction in the case of UM wood particles was 8 % and 10 %, respectively. 

 

 

 

Fig. 3.24. Effect of MAPP on the changes in a) flexural strength (F) and b) flexural modulus 

of elasticity (EF) for dry WPC with UM and WTT 170/3 pine wood particles after a 200-day 

immersion and after 7 soaking/drying cycles. 

 

The main drawback of the WPCs with TM wood particles identified in the work is the low 

colour stability. As previously it was concluded, photodegradation of the polymer matrix, which 

leads to the formation of microcracks, is the main factor causing significant colour change 

during UV irradiation. In the literature, it is established that one of the most effective 

compounds for ensuring colour stability are pigments that are usually used in WPC production 

[60]‒[64]. However, given that pigments are not able to protect the top layers of the polymer 

matrix, they cannot ensure colour stability of WPC. To investigate this in more detail, the colour 

changes of WPC with Thermo-D wood particles were studied by using 3 types of pigments: 
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carbon black, TiO2, and Fe2O3. The obtained results are summarized in Fig. 3.25. The colour 

changes in the WPC under the influence of UV radiation showed that pigments ensured 

significant improvement in the colour stability. However, it was still not sufficient considering 

that WPC colour faded causing clearly visible discolouration. By comparing the results with 

the previous ones (see Fig. 3.16), a similar situation can be observed ‒ the rate of colour change 

is the most rapid after 50 h (point 3 in Fig. 3.25), which coincides with the decrease in the light 

transmittance of the PP matrix (see Fig. 3.17 a)). This also explains why the pigments did not 

ensure suitable colour stability. These tests once again allowed to verify that the colour changes 

under the influence of UV are cause by the degradation of polymer matrix. Therefore, in future 

studies, greater emphasis should be placed on UV stabilisers, as well as organic dyes, which 

could be capable of protecting the polymer matrix. 

 

 

Fig. 3.25. Effect of pigments on the colour changes of WPC with Thermo-D wood particles 

under the influence of UV radiation (1–0 h; 2–2 h; 3–50 h; 4–100 h; 5–200 h; 6–500 h). 

 

Inorganic additives are mainly incorporated to reduce the cost of the WPC, but they are 

also able to improve the mechanical properties, reduce the thermal expansion, and improve the 

dimensional stability [65]‒[67]. One of the most widely available and relatively little used 

inorganic additives is wood ash, the amount of which increases significantly both in Latvia and 

in Europe [68]. The obtained results showed that wood ash increased the density of the WPC 

with TM wood particles and had relatively little effect on the mechanical properties. The density 

increased by 0.5 % for each 1 wt% of wood ash added. In terms of mechanical properties, the 

addition of wood ash up to 10 wt% (2 wt%, 6 wt%, and 10 wt%) had no statistically significant 

effect (p > 0.05) on the WPC flexural modulus of elasticity as well as impact strength, with the 

exception of wood ash content 2 wt% showing a statistically significant 10 % reduction of 

impact strength. Regarding the flexural strength, slight decrease was observed, but it did not 

even exceed 4 %. In general, the addition of wood ash does not exert too much influence on the 

impact strength and bending properties. Therefore, wood ash has a potential to be used in WPC 

production to reduce the cost, while at the same time, not significantly impairing the mechanical 

properties. 
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Fig. 3.26. Effect of wood ash on WPC with Thermo-D wood particles a) isotropic diffusion 

coefficient and b) water absorption presented as a schematic explanation of the increase. 

 

The effect of wood ash on the WPC water resistance was studied. The results showed that 

by increasing the wood ash content, the rate of water absorption as well as the maximum water 

uptake increased. It is important to point out that by adding only 1 wt% of wood ash, the 

isotropic diffusion coefficient increased by an average of 30 % (see Fig. 3.26 a)). As a result, 

the dimensional stability of the WPC decreased as well. The obtained results indicate that wood 

ash can significantly facilitate the penetration of water into the WPC. This could be due to the 

increased contact between the hydrophilic components (wood particles and wood ash). The 

probability of hydrophilic agglomerate formation in the WPC is relatively high, which can 

create connected pathways that facilitate the water transport. A schematic representation of the 

potential mechanism, which causes changes in the WPC water absorption due to wood ash, is 

demonstrated in Fig. 3.26 b). The increase in the maximum water uptake, which was also caused 

by the addition of wood ash, could be explained by the hydrophilicity of the wood ash itself as 

well as by the development of new pathways that allow access to wood particles, which 

otherwise would be fully encapsulated. The results also suggest that, most likely, the wood ash 

is not the only hydrophilic particles that can significantly impair the moisture resistance of 

WPC. A similar situation could also be in the case of pigments, flame retardants, and other 

inorganic additives. In the future studies this aspect should be analysed in more detail, so that, 

if necessary, the composition of the additives could be optimised, which would not lead to the 

deterioration of the water resistance. In general, adding wood ash to WPCs with TM wood 

particles is not recommended, since their water resistance, which is the biggest advantage of 

these composites, is significantly impaired. 
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CONCLUSIONS 

The most important characteristics of wood particles were studied for thermally modified 

(TM) wood residues depending on the thermal modification method, modification intensity, 

wood species, and residue type. The obtained properties of TM wood particles were compared 

with unmodified (UM) wood particles to evaluate the suitability for production of wood plastic 

composite (WPC). In the next step, WPCs were produced and physical, mechanical, and service 

properties were analysed depending on the abovementioned factors, as well as on the wood 

particle size, thus determining general trends and the most suitable wood particles for moisture 

resistant WPC production. To further improve WPC properties and to eliminate the identified 

shortcomings, investigations were carried out by changing the WPC composition. To identify 

and explain the different mechanisms behind the experimental outcomes, in-depth studies were 

performed. The following conclusions are drawn from the results of the performed experiments: 

1. The use of TM wood particles instead of UM wood particles improves WPC melt flow 

index (more than 10 times), flexural modulus (up to 38 %) and strength (up to 22 %), 

microhardness (up to 28 %), dimensional stability (up to 3 times), water resitance (up 

to 3 times), biodurability (more than 4 times), and resistance to surface erosion (up to 2 

times), but impact strength (up to 30 %) and colour stability (up to 3 times) decreases. 

2. The WPC properties are significantly influenced by the thermal modification intensity 

and wood species of TM wood, however the method of thermal modification, particle 

size and residue type have little importance (effect on individual properties <15 %). 

3. The addition of coupling agent up to 3 wt.% improves impact strength (up to 81 %), 

flexural strength (up to 68 %), flexural modulus (up to 14 %), tensile strength (up to 

59 %), decreases water absorption (up to 2 times) and volume change (up to 2 times), 

allowing to obtain a WPC with significantly enhanced resistance to prolonged exposure 

to water, periodic soaking/drying cycles and periodic soaking/freezing/drying cycles, 

which is superior to the WPC of similar composition made with UM wood particles. 

The addition of pigments slightly improves the color stability of WPC (visible colour 

change Eab > 3 units), however the addition of wood ash did not justify the 

expectations. 

4. The colour fading of WPC under the influence of UV irradiation can be explained by 

the decrease in visible light transmittance of the PP matrix because of the formation of 

microcracks, and not by the photodegradation of wood, as explained in the literature. 

 

According to the obtained results, the theses to defend were confirmed with some exceptions:  

• Not all factors influencing WPC in relation to the variations in TM wood residues were 

important because the thermal modification method, wood particle size, and residue 

type had little effect. 

• Not all properties were enhanced for WPC with TM wood particles because impact 

strength as well as colour stability decreased. 
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• Not all additives improved the WPC properties because the expected improvements of 

wood ash were not observed. Moreover, their presence significantly reduced the water 

resistance of WPC.   
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