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Abstract  

 
The research is presented as a composite thesis containing a theoretical explanatory 

review based on four scientific articles. The thesis covers the investigation of wood modification 
methods, which in the future could possibly be developed further to enhance the performance of 
wood products in an efficient and economical way. The target applications for the studied 
methods were non-structural wooden materials for outdoor exposure, such as cladding, facades 
and decking. Therefore, weather resistance, appearance and durability were the qualities to be 
studied. 

The methods were based on the combination of heat and impregnation with liquid 
preservatives. The following methods were included in the study: heat treatment in steam, heat 
treatment in oil with subsequent oil impregnation of heat treated wood and impregnation with 
artificial chemicals (copper, furfuryl alcohol and phenol formaldehyde) enhanced by preheating 
the wood. All the treatments were performed mainly on Scots pine, but also on Norwegian 
spruce and European varieties of ash, aspen, birch and beech. The first article covers the 
investigation of methods for oil heat treatment and oil impregnation of wood. The oil treatments 
were designed and performed at laboratory scale. The second and third articles cover studies 
concerning the behaviour of steam heat treated, oil heat treated and oil impregnated wood 
boards in terms of their resistance to cyclical climate conditions and brown rot fungi. The 
climate conditions were recreated in laboratory by letting the samples to soak in water, freeze in 
a freezer and absorb heat from an infrared lamp. The fourth article covers the study of 
impregnation of preheated wood with copper-based, furfuryl alcohol and phenol formaldehyde 
solutions; phenol formaldehyde treated wood was tested in the accelerated weathering test in 
order to find out if the treatment blocks wood resin coming out from the knots.  

The results showed that degradation processes within wood during oil heat treatment 
were similar to the degradation processes during heat treatment in steam, but with the difference 
of a small oil uptake when heat treating in oil. When heated wood is directly placed to cool 
down in oil at room temperature, then it absorbs significantly more oil than during the process of 
heat treatment in oil; similarly, impregnation with copper-based preservative after preheating 
was deeper compared to impregnation without preheating. However, oil seems to be rather 
unstable inside wood. After the samples were impregnated with oil in the experiments, the oil 
migrated throughout the wood and leached out when exposed to water and heat. By visual 
observation it was found that colour degraded to a certain extent in all untreated and treated 
species exposed to the cyclical weather conditions used in the study. It could also be noticed that 
the method used to create the cyclical weather conditions (mentioned above), in which the wood 
was exposed to periods of soaking, freezing and warming, showed to be an effective method to 
test the wood for outdoor applications. It was observed that both heat treatment and oil 
impregnation improved durability of wood against brown rot fungi. However, the oil 
impregnation method needs, probably, to be further developed to protect wood in the long term 
due to oil leakage from the wood. It was found that the phenol formaldehyde treatment using 
hot-and-cold bath process significantly reduced the migration of resin and extractives through 
knot in painted wood panels.   

 
 
Keywords: Wood weather resistance, heat treated wood, wood outdoor exposure, 

moisture sorption, climate effect on wood, wood durability, phenol formaldehyde treated wood
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1. Introduction 

Wood is an organic material that is susceptible to degrade. In order to prolong usage of 
wood it is necessary to maintain certain conditions: the proper temperature and moisture 
content, avoidance of microorganisms and insects attacking the wood, blocking of UV-light, 
protection against wind and other various mechanical damages, etc. However, wood has been 
successfully used outdoors to fulfil our needs through our history. Despite of that, we still study 
the question how can the wood used outdoors be protected in the most efficient and sustainable 
ways. In this thesis we present the studies of solid wood that can possibly be used for non-
structural applications outdoors. By non-structural we mean that the studied wood is intended to 
serve for purposes where the strength properties of wood are not essential, e.g. panelling, 
cladding, façades and decking. In order to improve the properties of such wood applications we 
decided to use the previous knowledge of wood modification for altering the properties of wood 
in order to enhance performance of wood. The emphasis of the study is on wood impregnation 
with liquid preservatives and wood treatment with heat to enhance wood appearance, resistance 
to weather conditions and durability. It is challenging to work on the improvement of wood 
properties, because wood has a complex structure which varies between species, trees of the 
same species and even within one single tree (Forest Products Laboratory, 2010).  

Wood properties differ in various directions, because the wood cells are arranged in 
fibres, and these fibres are directed in the direction along the axis of the tree. Besides such 
structure, wood has a complex chemical content, which affects its behaviour. Wood consists of 
various polysaccharides, lignin and extractives. The main polysaccharide components of wood 
are cellulose and hemicellulose, but wood contains also other polysaccharide compounds, such 
as starch, pectin and proteins (Kollmann and Côté 1984, Rowell 2013).  

1.1 Wood and its chemical structure 

Cellulose is the major component of the cell walls in wood and responsible for the 
structural strength of wood (Kollmann and Côté 1984, Brown and Poon 2005, Ek et al. 2009). 
Hemicelluloses also contribute to the mechanical properties of wood, though the function of 
hemicellulose is still not fully understood because of its complex structure (Ek et al. 2009). 
Though it has been known that polysaccharides serve as structural material and energy source in 
plants, certain polysaccharides, called oligosaccharins, may perform other important 
biochemical functions as well (Ek et al. 2009). They can influence on growth, development, 
differentiation of cells, gene expression and participate in defensive reactions against fungi and 
other micro-organisms (Creelman and Mullet 1997, Ek et al. 2009).  

However, the wood saccharides and polysaccharides are a source of food for 
microorganisms and therefore different fungi and bacteria are a threat for the life span of 
wooden materials. Nevertheless wood contains other components that prevent its early 
degradation. 

Lignin is a polymeric amorphous substance that plays a major role as a natural binder in 
the composite structure of wood (Fengel and Wegener 1989, Ek et al. 2009). It also plays as a 
barrier against biological degradation and lowers the moisture absorption of wood (Ek et al. 
2009). 

  The extractives in wood can be fats, fatty acids, fatty alcohols, phenols, terpenes, 
steroids, resin acids, rosin, waxes, and many other minor organic compounds (Kollmann and 
Côté 1984, Rowell 2013).  The major amount of extractives is found in heartwood. Some of the 
extractives act as toxic components that provide protection against wood degradation. 
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1.1.1 Cellulose 
Cellulose is the major structural component of wood, making up approximately one half 

of the cell-wall material of both softwoods and hardwoods (Fengel and Wegener 1989, Brown 
and Poon 2005). Moreover, cellulose is considered to be the main component of the cell walls of 
all true plants, for example, cotton is almost pure cellulose (Brown and Poon 2005, Ek et al. 
2009).  

Cellulose refers to carbohydrates, or more precisely, to polysaccharides (Ek et al. 2009). 
As it can be seen in Fig. 1 cellulose is a linear high-molecular-weight homopolymer that 
consists of β-D-glucopyranose units, which are linked together by (1 → 4)-glucosidic bonds 
(Fengel and Wegener 1989, Sjöström 1993, Brown and Poon 2005, Rowell 2013). 

 Cellulose molecules (Fig. 1) are arranged more or less parallel to each other and form 
long and well-organized microfibrils (Fig. 2) (Kollmann and Côté 1984, Brown and Poon 2005).  
OH groups form intermolecular hydrogen bonds (Fig. 2) which hold adjacent cellulose 
polymeric chains together (Fengel and Wegener 1989, Ek et al. 2009, Rowell 2013). Due to 
such regularity in structure and large number of hydrogen bonds, cellulose fibrils are water-
insoluble and obtain high mechanical strength (Kollmann and Côté 1984, Brown and Poon 
2005). 

Degree of polymerization (DP) of wood cellulose is at least 9000–10,000 and possibly as 
high as 15,000 (Rowell 2013). An average DP of 10,000 would mean a linear chain length of 
approximately 5 μm in wood (Rowell 2013). This would mean an approximate molecular 
weight for cellulose ranging from about 10,000 to 150,000 (Rowell 2013).  

 
Fig. 1: Structure of a cellulose molecular chain (the units are connected with glucosidic bonds)1 

                                                 
1 Rowell, R. M. (2013). Chapter  3: Cell wall chemistry (Roger M. Rowell, Roger Pettersen, and Mandla 

A. Tshabalala). In: Handbook of Wood Chemistry and Wood Composites, Second Edition. CRC Press. Taylor & 
Francis Group 
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Fig. 2: Cellulose chains connected by hydrogen bonds2  

The cellulose can have highly ordered crystalline structures and less ordered non-
crystalline structures (semi-crystalline and amorphous) (Fig. 3) (Ek et al. 2009, Rowell 2013); 
less-ordered cellulose is more chemically reactive (French and Johnson 2007). Depending on 
that cellulose can be accessible and nonaccessible (Rowell 2013). Noncrystalline areas alternate 
with crystalline ones in a cellulose fibril (Sjöström 1993, Ek et al. 2009, Rowell 2013). 

 
Fig. 3: A cellulose fibril consists of crystalline and noncrystalline (amorphous) areas. Left: Noncrystalline 

cellulose (                 ) on the surface of cellulose fibrils and crystalline cellulose (                  ) is located in the 
centre of the fibril. Right: Parts of noncrystalline cellulose occur within one fibril. (Ek et al. 2009) This is a 

schematic view of cellulose crystalline and noncrystalline fibrils. 

When the packing density of cellulose increases, crystalline cellulose regions in wood are 
formed (Fig. 3) (Rowell 2013). In general wood-derived cellulose is considered to be highly 
crystalline and may contain up to 65% crystalline regions (Rowell 2013). The remaining 
cellulose has a lower packing density and is referred to as noncrystalline or amorphous cellulose 
(Rowell 2013). 

                                                 
2 Online 15.04.2015 http://www.doitpoms.ac.uk/tlplib/wood/printall.php 
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Accessibility or nonaccessibility of celluloses means that the celluloses can be available 
or non-available to water, microorganisms, and so on (Rowell 2013). The crystalline cellulose is 
not accessible with the exception of surfaces of the crystalline cellulose (Rowell 2013). Most of 
the noncrystalline cellulose is accessible but part of the noncrystalline cellulose is so covered 
with both hemicelluloses and lignin that it becomes nonaccessible (Rowell 2013). Concepts of 
accessible and nonaccessible cellulose are very important not only in moisture sorption and 
interactions with microorganisms, but also in pulping, extractions and chemical modification 
(Rowell 2013). 

1.1.2 Hemicelluloses 
Hemicelluloses (or polyoses) are a collection of polysaccharide polymers with a lower 

degree of polymerization than cellulose (average degree of polymerization of 100–200) (Fengel 
and Wegener 1989, Rowell 2013). Hemicelluloses usually make up between 20 and 35% of dry 
wood mass and most probably regulate the cell wall porosity and contribute to the structural 
component of wood alongside with cellulose (Ek et al. 2009, Rowell 2013). Hemicelluloses are 
found in the structural matrix between cellulose fibres in the cell wall (Ek et al. 2009). It is 
possible that hemicelluloses serve as an interface between cellulose and lignin, perhaps 
enhancing encrustation of the cellulose fibrils (Ek et al. 2009). Furthermore, hemicelluloses 
influence the moisture equilibrium of the living tree due to their capacity to bind and store water 
(Ek et al. 2009).  

Hemicelluloses consist mainly of neutral sugars (Fig. 4): the hexoses glucose, mannose, 
galactose and the pentoses xylose and arabinose (Fengel and Wegener 1989, Rowell 2013). 
Some hemicelluloses contain additionally uronic acids (Fengel and Wegener 1989). The 
hemicelluloses differ between softwoods and hardwoods (Kollmann and Côté 1984, Fengel and 
Wegener 1989, Rowell 2013).  

Considering accessibility, or availability to water and microorganisms, hemicelluloses 
are probably completely accessible. The reason for this assumption is that they do not have any 
uniform structure like cellulose. Instead they have heterogeneous structure containing of various 
components with relatively short chains (Kollmann and Côté 1984, Ek et al. 2009). Thus often 
hemicellulose becomes the most degradable component compare to other components (Rowell 
2013). The hemicelluloses are not studied completely and more research has to be done in the 
fields of both their structure and functions (Ek et al. 2009). 



 5 

 
Fig. 4: Sugar monomer components of wood hemicellulose3 

1.1.3 Lignin 
As mentioned above, cellulose is the main component of all true plants, but what makes 

wood different from the other plants? For example, both cotton and wood have cellulose as the 
main functional component, but the properties of these two materials are very different; cotton is 
soft, flexible and absorbs water up to 10 times its weight, while wood is a stiff material with low 
water absorption (Ek et al. 2009). Wood contains large amount of lignin (18–25% for 
hardwoods and 15–35% for softwoods) and that makes wood different from cotton and other 
fibrous plant-materials (Ek et al. 2009, Rowell 2013). Lignin is an amorphous hydrophobic 

                                                 
3 Rowell, R. M. (2013). Chapter  3: Cell wall chemistry (Roger M. Rowell, Roger Pettersen, and Mandla 

A. Tshabalala). In: Handbook of Wood Chemistry and Wood Composites, Second Edition. CRC Press. Taylor & 
Francis Group 
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polymer with a highly complex structure (Fig. 5) consisting mainly of aromatic and aliphatic 
moieties (Kollmann and Côté 1984, Ek et al. 2009, Rowell 2013).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

 
Fig. 5: A suggested structure of a softwood lignin4  

Lignin acts as an encrusting substance in wood (Kollmann and Côté 1984, Rowell 2013), 
that fills up between the cellulose microfibrils and hemicellulose fixating them towards each 
other (Ek et al. 2009). That can be reason why wood can be considered as a natural composite, 
with cellulose as enforcing fibres and lignin playing the role of a phenolic plastic (Ek et al. 
2009). Lignin is also resistant natural glue keeping the different cells together (Ek et al. 2009). 
By acting as such a fixating and cementing polymer in wood, lignin gives stiffness to the cell 
walls and thus serves as a mechanical support to build up the stem and branches (Ek et al. 
2009).  

Lignin, besides providing a reinforcement function in wood, makes the cell wall more 
hydrophobic by restraining swelling of the cell wall in water (Ek et al. 2009).  

                                                 
4 Ek, M., Gellerstedt, G., and Henriksson G. (2009). Chapter 6: Lignin (Gunnar Henriksson) in: Pulp and 

paper chemistry and technology. Volume 1. Wood chemistry and wood biotechnology. Walter de Gruyter GmbH 
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Moreover, lignin serves as a barrier against microbial degradation of wood (Ek et al. 
2009). A lignified wood tissue is so compact that the polysaccharide degrading proteins excreted 
by brown and soft rot microorganisms cannot penetrate into the cell wall (Ek et al. 2009). 
Eventhough some specialized fungi or bacteria can degrade lignin efficiently (white rot), wood 
is degraded much slower than non-lignified plant materials and heavily lignified wood tends to 
be more resistant to biological degradation than lightly lignified  (Ek et al. 2009). 

1.1.4 Extractives 
Extractives are chemicals in the wood that can be extracted using different neutral 

solvents (Ek et al. 2009, Rowell 2013). The main extractives found in wood are (Ek et al. 2009):  
- fats and fatty acids, 
- steryl esters and sterols, 
- terpenoids including terpenes and polyisoprenes, 
- waxes, i.e. fatty alcohols and their esters with fatty acids. 

The functions of extractives can be different. Some extractives play a role in the 
metabolism of the living cells (the parenchyma cells) in the tree, while other extractives are 
produced to protect the tree against fungi and insects (Ek et al. 2009). The amount of extractive 
can be just few percent in wood, but it can be considerably higher in parts like bark and 
branches, and normally it increases in wounded wood (Ek et al. 2009). 

1.2 Wood degradation  

As any organic material wood has a tendency to degrade. Therefore wooden material 
needs to be stored and protected properly in order to serve longer. The degradation can take 
place due to high temperature, moisture, ultraviolet light, mechanical and biological interactions 
and various media that can destroy wood structure. As soon as the degradation starts different 
chemical reactions can occur in wood and will be presented in the following sections.  

1.2.1 Chemical degradation 
Chemical degradation is a broad term that involves degradation processes caused by 

reactions in wood by the influence of various conditions, for example, moisture, high 
temperature, ultraviolet radiation, biological attack and acidic, alkaline or salty medium 
(Kollmann and Côté 1984, Fengel and Wegener 1989, Rowell 2013).  The common chemical 
degradation reactions in wood are dehydration, hydrolysis, oxidation and reduction (Kollmann 
and Côté 1984, Rowell 2013). The dehydration is referred to the loss of water which can occur 
in wood (Kollmann and Côté 1984, Rowell 2013), typically during thermal treatments (Fengel 
and Wegener 1989). Hydrolysis is a reaction in which a substance is split or decomposed by 
addition of water (Baes and Mesmer 1986, Richens 1997). From chemical perspective oxidation 
means addition of O to, or removal of H from, a carbon atom (Brown and Poon 2005). 
Reduction is removal of O from, or addiction of H, to a carbon atom (Brown and Poon 2005). 
The chemical degradation reactions can be prevented or slowed down if the cell wall chemistry 
is altered (Rowell 2013). The chemical reactions in wood are not only the source of wood 
degradation, but also can be used in technology, such as pulp and paper production. 

1.2.2 Thermal degradation 
Thermal degradation is caused by heat. The high temperature changes properties 

gradually until wood is completely burned in presence of oxygen (Rowell 2013). Wood burns 
because the cell wall polymers undergo pyrolysis reactions with increasing temperature to give 
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off volatile, flammable gases (Rowell 2013). However temperature to the certain extends can 
not only cause degradation but also improve some properties such as water resistance and 
dimensional stability of wood. The properties improvement of wood by temperature is used in 
heat treatment (thermal modification) technology. When wood is heated, hemicelluloses degrade 
before other structural wood components (Shafizadeh and Chin 1977, Rowell 2013). The 
degradation temperatures of cellulose and lignin are considered to be higher, though the 
degradation behaviour of cellulose and lignin is harder to predict; and some studies show that 
these components can also start to degrade together with hemicelluloses (Sandermann and 
Augustin 1964, Fengel and Wegener 1989, Hill 2006).  

1.2.3 Moisture degradation 
Moisture degradation can be caused by various interactions of wood with water (rain, 

sea, ice, acid rain, dew, etc.) and is considered one of the main reasons for fungal growth and 
degradation in wood. Wood changes dimensions with changing moisture content because the 
cell wall polymers contain hydroxyl and other oxygen-containing groups that attract moisture 
through hydrogen bonding (Stamm 1964, Rowell and Banks 1985, Rowell 2013). The 
hemicelluloses are mainly responsible for moisture sorption, but the accessible cellulose, 
noncrystalline cellulose, lignin, and surface of crystalline cellulose also play major roles 
(Rowell 2013). On the microscopic level it is possible to observe how moisture swells the cell 
wall. The wood fibres expand until the cell wall is saturated with water or reaches fibre 
saturation point (FSP) (Rowell 2013). The FSP is defined as the moisture content of the cell wall 
when there is no free water in the voids and the cell walls are saturated with water (Rowell 
2013). Beyond this saturation point, moisture exists as free water in the void structure and does 
not contribute to further expansion (Rowell 2013). This process is reversible, and the fibre 
shrinks as it loses moisture below the FSP (Rowell 2013). 

1.2.4 Mechanical degradation 
Mechanical or strength degradation is caused by mechanical interactions of wood with 

environment. Mainly dust, wind, hail, snow and sand can cause cracks, fracture and abrasion 
(Rowell 2013). Strength is mainly dependent on crystalline cellulose, but noncrystalline 
cellulose, hemicelluloses and lignin contribute to the strength as well (Rowell 2013). The 
strength can be lost also when the cell wall polymers and matrix undergoes degradation through 
oxidation, hydrolysis, and dehydration reactions (Rowell 2013). 

1.2.5 Ultraviolet degradation 
Ultraviolet (UV) degradation is caused by sunlight. The colour of wood starts to fade and 

also wood starts to crack when wood is exposed outdoors (Rowell 2013). Wood exposed 
outdoors undergoes photochemical degradation caused by ultraviolet radiation (Rowell 2013). 
This degradation takes place primarily in the lignin component, which is responsible for the 
characteristic colour changes (Rowell 1984). Since the lignin acts as an adhesive in the cell 
walls, holding the cellulose fibres together, the surface becomes richer in cellulose content as 
the lignin degrades (Rowell 2013). In comparison to lignin, cellulose is much less susceptible to 
ultraviolet light degradation (Rowell 2013). After the lignin has been degraded, the poorly 
bonded carbohydrate-rich fibres erode easily from the surface, which exposes new lignin to 
further degradative reactions (Rowell 2013). In time, this process causes the surface of the 
composite to become rough and can account for a significant loss in surface fibres (Rowell 
2013). Hemicellulose, accessible cellulose and noncrystalline cellulose are subjected to 
degradation after the lignin prior to the degradation of crystalline cellulose (Rowell 2013). 
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1.2.6 Biological degradation 
Biological degradation is caused by living organisms which have ability to digest wood 

components. Wood can be degraded by microscopic organisms such as fungi and bacteria, but 
also by bigger ones such as insects and termites (Kollmann and Côté 1984, Fengel and Wegener 
1989, Randal 2000, Forest Products Laboratory 2010, Rowell 2013). Accessible carbohydrates 
such as sugars and hemicelluloses are the most attractive source of food for the most organisms 
and usually are the first to be attacked by the organisms (Rowell 2013). The structure destroying 
organisms (rot) have specific enzyme systems capable of hydrolysing these polymers into 
digestible units (Brown and Poon 2005, Rowell 2013).  In comparison humans and animals do 
not have such enzymes to digest cellulose or hemicellulose. 
Bacteria  

When wood is submerged in water for the long period of time, it will most probably be 
degraded by bacteria (Forest Products Laboratory 2010, Rowell 2013). These single-celled 
organisms are found in wood submerged in seawater and freshwater, aboveground exposure, 
and in-ground soil contact (Rowell 2013).  When held under water for a considerable length of 
time, logs may have a sour smell due to bacterial action (Forest Products Laboratory 2010, 
Rowell 2013). Bacteria do not normally effect significantly on the properties of wood, but for a 
long time period they might cause some degradation processes (Rowell 2013).  Sometimes, 
bacteria can make the wood more hydrophilic and therefore less resistance to decay (Rowell 
2013). Also, an effect of bacteria can be found after the wood is dried, when the bacteria 
degraded area has cross checks on the tangential face of the wooden board (Rowell 2013). The 
sapwood is less resistance to bacteria than the heartwood and the earlywood is less resistant than 
the latewood (Rowell 2013). 
Mould and Stain 

Mould and stain fungi damage the wood surface; the difference between them is on their 
depth of penetration and discoloration level (Rowell 2013). They develop mainly on sapwood 
and can obtain various colours (Rowell 2013). Moulds are often seen as a powdery growth on 
the wood surface and vary from different shades of green, to black or light colours; often can be 
removed by planing (Rowell 2013). The stain fungi are usually blue, black, or brown, but 
sometimes can be red; they penetrate deeply into the wood and cannot be removed simply by 
planning (Rowell 2013). The mould and stain fungi do not usually cause mechanical damage, 
but they increase absorptivity of water into the wood and therefore can cause the decay to 
develop. 
Decay fungi 

Decay fungi are micro-organisms that eat the wood with the help of special enzymes 
which attack the cells and cause serious mechanical damages to the wood structure (Rowell 
2013). Conditions necessary for decay fungi: food (nutrients), moisture, air, heat and suitable pH 
(Kollmann and Côté 1984, Tsoumis 1991, Rowell 2013). For some fungus, light is necessary as 
well (Tsoumis 1991).  

- Food (nutrients) is the organic composition of wood itself (hemicellulose, cellulose, and 
lignin), which is consumed by the fungus (Kollmann and Côté 1984, Tsoumis 1991, 
Rowell 2013). In presence of the other main factors (moisture, air, and heat), fungal 
spores appear on the surface and produce microscopic tube-like filaments called hyphae 
(Tsoumis 1991). The natural protection of wood is accomplished by its extractives which 
increase fungal resistance. Since sapwood has a lower extractive content than heartwood, 
sapwood is less resistant to fungal growth than heartwood (Tsoumis 1991).  

- Moisture and air conditions in favourable combination create suitable conditions for 
fungal growth. These two factors are considered together because the voids in wood 
which are not occupied by water are occupied by air (Tsoumis 1991). It is claimed 
(Tsoumis 1991, Rowell 2013) that wood must contain at least 20% moisture content for 
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the start of fungal development; and the wood moisture content of about 30% or higher 
is favourable condition for fungal attack (Tsoumis 1991, Randal 2000, Rowell 2013). 
Nevertheless, very high amount of water displaces air from wood, leaving no oxygen 
needed for vital functions of fungus (Tsoumis 1991). Thus wood can be protected by 
storage in water (Tsoumis 1991). 

- The fungal development in regards to heat depends on the air temperature. According to 
different sources, the most suitable temperature range can be between 20 and 30°C for 
the development of fungus (Tsoumis 1991, Randal 2000, Rowell 2013). The fungus 
disappears outside the range of about 0°C to 40°C (Tsoumis 1991, Randal 2000, Forest 
Products Laboratory 2010). 

- Suitable pH for wood-rotting fungi is usually on the acid side, between 4,5 and 5,5 
(Kollmann and Côté 1984). At the same time the fungi tend to render more acidic the 
wood in which they grow, as a result of their metabolism (Kollmann and Côté 1984). 

1.3 Wood modification of solid wood with liquid preservatives and 
heating 

Modification, in general, presupposes changes or the process of changing, while in a 
wood modification process the wood undergoes changes due to a treatment, which can be 
performed with specific liquids, gases or solids, heat and even plasma. What is the need in the 
wood modification? It is done in order to achieve desired properties of the wood and minimize 
its disadvantages of the wood when exposed to various stresses, such as crack formation, decay 
or strength losses (Hill 2006). Modification aims not only at enhancing properties of wood but 
also at ensuring that these enhanced properties remain during the lifetime of a product (Hill 
2006). Wood modification methods for producing stronger, more stable and durable wood 
materials have been investigated for several decades in Sweden and other parts of the world, and 
a number of different treatments are currently available at the industrial scale. 

In this thesis we focus on the studies of combined heating and impregnation with liquid 
preservatives.   

1.3.1 Wood impregnation with liquid preservatives 
Surface or full-volume impregnation 

Choice of treating the wood either only on its surface or making the chemical to penetrate 
in its full volume depends on the final application. If wood is required to be extremely durable 
and have consistent properties through the entire volume, it is important to make chemical 
penetrate as deep as possible. Often non-structural applications which can be retreated in 
service, e.g. cladding, can be treated only on the surface or with small penetration below the 
surface. 
Preservatives behaviour inside the wood 

In Fig. 6: Wooden cell (from left to right): 1. unmodified; 2. with modified cell wall; 3. 
with modified cell wall and some deposit of chemical on the internal face of lumen. 4. with 
modified lumen (Norimoto 2001). the model of chemical modification is illustrated on the 
example of a cross-section of a single cell (Norimoto 2001). Chemical modification can be 
performed in the following ways: 

- Modification of cell wall without any preservative deposit in lumen; 
- Modification of cell wall with an additional deposit of preservative on the internal face 

of lumen;  
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- Cell wall is almost unmodified, while the preservative fills the lumen either partially or 
totally (Fig. 6) (Norimoto 2001).  

 
Fig. 6: Wooden cell (from left to right): 1. unmodified; 2. with modified cell wall; 3. with modified cell wall 

and some deposit of chemical on the internal face of lumen. 4. with modified lumen (Norimoto 2001). 

Bulking 
Cell wall bulking means that the wood is filled with the chemical back to its green 

volume (Rowell 2012). Cell wall bulking has a positive effect on the dimensional stability of 
wood (Hill 2006, Kollmann et al. 1975). The cell wall can be bulked by chemicals that become 
chemically bonded to the cell or do not (Rowell 2012). Salt, sugar, polyethylene glycol, wax, 
vinyl resin treatments, acetylation and metalized wood are the examples of bulking treatments 
(Kollmann et al. 1975).  
Crosslinking 

Crosslinking means forming cross-links or connections between the molecular structural 
units of wood (Kollmann et al. 1975). Formaldehyde can be used as a crosslinking agent to 
modify wood (Kollmann et al. 1975, Rowell 2012).    
Polymerization 

Polymerization takes place when the monomers that do not swell the wood are 
impregnated into the wood and polymerize (Rowell 2013). Such wood after impregnation and 
polymerization can resist indentation and water (Rowell 2013). 
Pressure methods 

The most effective and efficient wood impregnation methods are the ones using pressure 
treatments and therefore they are usually preferred on the large commercial scale (Hunt and 
Garratt 1967; Kollman et al. 1975; Kollmann and Côté 1984; Ormrod and Van Dalfsen 1993; 
Richardson 2003; Forest Products Laboratory 2010). In a pressure process, wood is treated by 
soaking it in a liquid preservative in a high-pressure apparatus and then applying pressure to 
make the preservative penetrate into the wood (Forest Products Laboratory 2010). The wood 
material is placed on cars or trams and run into a long steel cylinder (Fig. 7), which is then 
closed and filled with preservative solution (Forest Products Laboratory 2010). Pressure 
contributes to forcing the preservative into the wood and is applied until the necessary amount 
of the preservative has been soaked (Forest Products Laboratory 2010). In many cases vacuum 
is applied before pressure treatment to remove the air from inside the wood with the purpose of 
increasing the load of preservative into the wood. The pressures usually vary from about 345 to 
1,723 kPa, and the pressure choice depends on the species and their penetration abilities; most 
commonly used pressures range is approximately from 862 to 1,207 kPa (Forest products 
Laboratory 2010). The steel cylinders used in the pressure process are designed to withstand 
high pressures (Kollmann and Côté 1984) and thus are quite expensive (Kollman et al. 1975), 
though the treating times are reduced due to the usage of the method (Kollman et al. 1975). 
However, it is argued that the main commercial limitation for wood modified by pressure 
treatment is its high cost with respect to untreated wood. For example, a recent report from SP 
Technical Research Institute of Sweden suggested that the approximate market prices for 
modified wood such as Accoya® (acetic anhydride modified wood), Kebony® (furfuryl alcohol 
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modified wood) and Organowood® (sodium-silicate modified wood) could be 3 to10 times 
higher than untreated pine (Sandberg et al. 2013). 

 
Fig. 7: Typical steps in pressure treating process: A, untreated wood is placed in cylinder; B, a vacuum is 

applied to pull air out of the wood; C, the wood is immersed in solution while still under vacuum; D, 
pressure is applied to force the preservative into the wood; E, preservative is pumped out, and a final 

vacuum is pulled to remove excess preservative; F, excess preservative is pumped away, and the wood is 
removed from the cylinder.5 

Non-pressure methods 
The non-pressure processes consist of a wide variety of different methods: brushing, 

spraying, dipping, soaking, diffusion processes, vacuum treatment and many others (Kollmann 
and Côté 1984, Forest products laboratory 2010). Impregnation without pressure equipment is 
probably less expensive to implement and operate, but the results are often less satisfactory; 
often non-pressure technologies are used for treating only the surfaces of wood materials as they 
usually do not cause preservative to penetrate deeply into the wood (Forest Products Laboratory 
2010). However, there is one non-pressure method that is considered rather effective: hot-and-
cold bath process or treatment (See section 3.2). This method consists of two steps or baths: hot 
and cold. The hot bath can be a bath with a hot preservative, oven or any other method to warm 
the wood. The cold bath is the bath with preservative of a room temperature, and here the 

                                                 
5 Forest Products Laboratory (2010). Chapter 15 : Wood preservation (Lebow S. T.). In: Wood 

handbook—Wood as an engineering material. General Technical Report FPL-GTR-190. Madison, WI: U.S. 
Department of Agriculture, Forest Service, Forest Products Laboratory 
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preservative is penetrated in the wood. The method works due to the temperature contrast allows 
the preservative penetrate deep into the wood (See section 3.2). Therefore the method is simple 
and rather effective combination of high temperature pre-treatment and subsequent and 
immediate impregnation with cold liquid preservatives.  This method served as a basis for the 
development of our wood modification experiments. We chose to study this method due to 
flexibility of the method. The method is flexible because it is possible to use various heating and 
cooling ways, temperatures and times; also a wide range of preservatives can be applied in this 
method. All these parameters or conditions can be investigated further in order to find the best 
combinations of those depending on applications. It is also rather attractive due to its simplicity 
and effectiveness at the same time. It is not necessary to invest in expensive mechanical 
equipment as the penetration is achieved due to the mild vacuum produced by the temperature 
difference (Kollmann and Côté 1984). 

1.3.2 Wood treatment with heating 
When wood is heated it undergoes changes: from losing the moisture and components 

degradation to burning into the coal. However, the heat has been used as a way to change and 
improve properties of solid wooden products through the history. Mainly, the heat is important 
when drying the wood. Since the fresh wood contains much water, it is necessary to dry the 
wood in order to avoid dimensional changes of the wood product in service (Forest Products 
Laboratory 2010). Dried wood has an improved strength; also drying enhances electrical and 
thermal insulating properties (Forest Products Laboratory 2010). Due to drying it is easier to cut, 
glue, paint and chemically modify or impregnate the wood (Forest products Laboratory 2010). 
In chemical modification reactions when preservative is supposed to bond to the wood structure, 
drying is usually the necessary preparation stage before the modification, because –OH group 
available in water is more reactive than –OH group available in the wood components (Rowell 
2013).  

Besides drying, the temperature is used to modify the properties of wood. If this is the 
case, the process is called heat treatment or heat modification, when the temperatures to modify 
the properties of wood are higher than drying temperatures, normally modification temperatures 
vary between 180 – 260°C (with no presence of oxygen) (Finnish Thermowood Association 
2003; Hill 2006).  Heat treatment is done in order to make the colour of wood darker, improve 
decay resistance, water resistance and dimensional stability of wood (Stamm et al. 1946, Finnish 
Thermowood Association 2003, Hill 2006). 

Another important and obvious factor is that wood becomes warm when heated, and it 
can be studied how the temperature of wood affects its ability to absorb preservatives. The 
preheating of wood before impregnation with preservatives have been studied before in the hot-
and-cold bath process, when the wood is first heated and after that the heated material is 
transferred into a cold solution containing preservative (Hunt and Garratt 1967; Kollmann and 
Côté 1984). In this process the heating makes it easier for the subsequent impregnation of wood.   

1.4 Objectives 

This thesis covers studies of modification methods for wood intended for outdoor 
exposure and non-structural applications such as cladding and façades. This research was 
performed with special emphasis on the weather resistance, visual appearance and durability of 
the material. 

The objectives of the study are: 
- To study how different methods of wood modification with heat affect wood resistance 

to weather and wood durability.  
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- To perform experiments in which the treatment of wood with heat and preservatives are 
combined and to find out how heating affect the subsequent impregnation with 
preservatives. 

- To study how different preservatives (both natural oils and artificial chemicals) penetrate 
into wood when impregnated after heating.  

- To study how the combination of high temperature treatments and impregnation with 
oils and artificially made liquid preservatives influence on the visual appearance, 
weather resistance and durability of non-structural solid wooden panels, e.g. used for 
cladding, panelling, facades, decking and flooring.  
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2. Materials 

Results from modification of some common Swedish wood species are presented in this 
thesis. The research of such materials can also be beneficial for the local industries and 
suppliers. This is because the processing of common Swedish species helps local industries to 
cut their costs on transportation of the raw materials from remote places and also increase 
income of local suppliers, thus resulting in the positive progress of the local economy. In 
addition, sustainable utilization of the local materials is important for preserving the global 
environment in a better state, mainly because supplying the materials from remote places can 
result in higher fuel and gas emissions into the environment.  

Swedish forests are rich in softwoods such as pine (Scots pine) and spruce (Norwegian 
spruce). The focus of the study was mainly on pine (Papers I – IV) because pine is the most 
commonly found wood species of the region; and also because it has better properties compared 
to spruce in terms of higher density and strength (Bodig et al. 1982; Ugolev 1986). Spruce is 
also harder to impregnate than pine (Saarman 1992), but it was still studied in Papers I – III. 

In order to make our research more comprehensive and to provide more comparisons 
with other types of woods, local hardwoods such as an European form of ash (Papers II, III), 
aspen (Papers I – III), birch (Papers II, III) and beech (Papers II, III) were also studied. 
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3. Methods 

In constant demand from society, there is a need to develop treatments for preserving 
wood for longer time periods and at the same time decreasing harm to the environment. In a 
sustainable society all the materials should be biodegradable with time; though we do not want 
these materials to degrade when they are still in service. It is important to develop such 
treatments which could protect materials for the intended service life after which they can 
degrade without harming the environment. For a society influenced by severe marketing of non-
renewable materials such as cement, it is hard to accept wood because it degrades faster (Hill, 
2006). A man, who is not immortal by himself, should accept the fact that any material should 
degrade within time limits which are short enough to preserve our planet clean.  

 In this study we focused on modification methods based on natural resources. We tried 
to make methods simple in order to have more chances to implement them in industry in future. 
Most of the treatments were performed mainly to improve the appearance, water resistance, 
fungi and general weather resistance of wood aimed for outdoor exposure.  

The following treatments were studied:  

a. heat treatment in steam and oil (Papers I-III);  
b. impregnation (based on the hot-and-cold bath process) with:  

- vegetable oils (Papers I-III), 
- copper, furfuryl alcohol and phenol formaldehyde solutions (Paper IV). 

3.1 Heat treatment  

Heat treatment (HT) or thermal treatment is generally considered to be a process of 
heating wood, but in this thesis, the heat treatment refers to thermal modification. It is described 
as a process of modification of wood properties by treatment at temperatures of about 180 – 
260°C with no presence of oxygen (Fig. 8) (Finnish Thermowood Association 2003; Hill 2006).  

 
Fig. 8: Wood changes its appearance during heat treatment 

According to Hill (2006), HT technologies can be divided in the following types:  
- Hydro- and Hygrothermal Treatments (commercial examples: ThermoWood, Plato Wood, 

Moldrup process, Perdure and WTT) 
- Heating in the Presence of Catalysts, such as nitrogen gas (commercial example: 

Retification) 
- Oil Heat-treatments (commercial examples: Menz Holz and Royal) 
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During HT, wood undergoes changes in its chemical and physical properties, resulting in 
partial removal of wood components and degradation products; and therefore mass losses occur 
during HT (Hill 2006).  

Among all wood macromolecular components, hemicellulose is considered to be the 
most degradable when heated already at 100°C (Shafizadeh and Chin 1977). The degradation 
temperatures of cellulose and lignin during HT are considered to be higher, but the degradation 
behaviour of cellulose and lignin is harder to predict; and some studies show that these 
components can also start to degrade at lower HT temperatures (Sandermann and Augustin 
1964; Fengel and Wegener 1989; Hill 2006). The extractives tend to migrate towards the surface 
of wood during HT (Nuopponen et al. 2003; Hill 2006); and some extractives volatilize during 
the HT processes (Manninen et al. 2002).  

The extent of mass losses after HT depends on the treatment method, temperature and 
time of exposure to heat (Seborg et al. 1953; Stamm 1956; Rusche 1973b; Fung et al. 1974). 
However, weight losses are usually higher for hardwood than for softwood species (MacLean 
1951; Zaman et al. 2000; Militz 2002). This can be explained by the findings that hemicellulose 
in hardwood degrades to a higher extent than the one in softwood (Fengel and Wegener 1989; 
Zaman et al. 2000). According to Stamm (1956) mass losses due to HT were significantly 
higher when heating was carried out in air. Rusche (1973a,b) found that the mass losses due to 
HT in air at 100-200°C were higher than mass losses of wood samples heated in vacuum or 
under nitrogen.  

The modification of wood structure during HT results in changes in wood appearance 
(Fig. 8), and some wood properties improve due to HT as well. Wood becomes darker and 
achieves consistent colour through the piece. The colour darkness depends on the HT 
temperature: the higher the temperature is, the darker the colour becomes. Thus, heat treated 
wood could be an alternative to expensive tropical species. Unfortunately, the colour will fade 
when heat treated wood is exposed outdoors (Syrjänen and Kangas 2000). Nevertheless, HT 
wood is used in exterior applications because of its improved decay and water resistance 
compared to untreated wood. The enhanced decay resistance of heat treated wood has been 
proved in numerous studies (Stamm et al. 1946; Dirol and Guyonnet 1993; Troya and Navarette 
1994; Viitanen et al. 1994; Tjeerdsma et al. 1998). Also, in order to have an improved 
appearance in the outdoor applications, heat treated wood can be surface treated (Finnish 
Thermowood Association 2003). HT removes resin from wood and makes the wood a good 
substrate for dressing treatments, so there is no reason for yellow spots coming through the 
surface coatings in later years. Also, it might be easier to design items from heat treated wood, 
than from untreated because of the improved dimensional stability of heat treated wood (Stamm 
et al. 1946). Reduced thermal conductivity of heat treated wood is also an advantage for sauna 
applications (Finnish Thermowood Association 2003).   

On the negative side, heat treated wood is not recommended for structural construction 
because of reduced bending- and splitting strength (Chang and Keith 1978; Seborg et al. 1953). 
The strength properties are inversely proportional to the increase of HT temperature. Heat 
treated wood is not recommended either for applications with direct ground contact according to 
conclusions from previous soil and field tests (Hill 2006). In general, heat treated wood can be 
used as material for facades, cladding (Fig. 9), decking (Fig. 10), garden accessories, saunas 
(Fig. 11), windows, frames, doors and furniture (Hill 2006). 
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Fig. 9: House cladding made of heat treated wood6 

 
Fig. 10: Decking made of heat treated wood7 

 

 

                                                 
6 Online. 12.08.2014. www.swm-wood.com 
7 Online. 12.08.2014. www.swm-wood.com 
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Fig. 11: Heat treated wood for sauna8 

3.1.1 HT in steam 
Aim for our study: to test the weather resistance and durability of wood 
treated in the method. 

HT performed in hot steam is a common method to produce thermally modified wood 
nowadays. In this study we investigated wood treated according to two commercialised 
processes: ThermoWood (class ThermoD) and WTT pressurized steam treatment (PST). 

ThermoWood is a Finish HT technology and a registered trademark name owned by the 
Finnish ThermoWood Association (Finnish Thermowood Association 2003; Hill 2006). This 
HT method was developed by VTT in Finland (Hill 2006). The process comprises three 
successive stages, namely, warm up, high temperature drying, and finally HT. The HT is 
performed in presence of superheated steam at temperatures of about 185-212°C depending on 
the species and application (Finnish Thermowood Association 2003). After the HT wood is 
moisture stabilized and cooled down.  

Class ThermoD means that the wood is intended for applications where durability is the 
key property (Finnish Thermowood Association 2003). The wood of this class is suitable for 
applications where resistance against decay is required; also, ThermoD can be used in cases 
where a darker colour is desired. For this class, wood is heat treated at 212 oC for softwoods and 
200 oC for hardwoods (Finnish Thermowood Association 2003). 

WTT is a Danish company performing HT in several ways. For this study we used 
pressurized steam treated wood from WTT. PST is carried out in a pressurized autoclave 
cylinder made of stainless steel without ventilators (Fig. 12) (Dagbro et al. 2010). Steam is 
generated by water fed into the tube and heated by a radiator inside the cylinder during the 
process (Dagbro et al. 2010). The pressure is specified to reach up to 20 bar and the air 
temperature normally up to 160-180ºC (Dagbro et al. 2010). It was found that during PST it was 
possible to achieve modification similar to ThermoWood process, but at considerably lower 

                                                 
8 Online. 12.08.2014. www.swm-wood.com 
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temperatures (Dagbro et al. 2010). Relatively high durability was achieved already at 180°C 
with PST (Paper III).  

 
Fig. 12: Vessel for the thermal treatment at WTT company in Denmark9 

3.1.2 HT in hot oil  
Aim for our study: to test the penetration of oil in wood, the weather 
resistance and durability of wood treated in the method. 

Treatment in hot oil has already been performed at the commercial scale: an example is 
the Royal process. The treatments using air or nitrogen demand accurate control of the high 
temperatures scheduled for the process time to enhance the wood properties (Wang 2007). Hot 
oil, on the contrary, provides fast and homogeneous heat transfer to the wood and creates 
uniform conditions throughout the whole vessel; also oil provides an effective separation of 
oxygen from the wood (Rapp and Sailer 2001). It was found that the hydrophobic properties and 
resistance against biological attack of oil heat treated wood are improved not only because of the 
HT, but also because of the water-repellent oil shell formed during the process (Wang 2007). 

In this study we decided to perform the treatment in the lab at LTU in order to study oil 
uptake during treatment (Paper I). In our experiments wood was treated in an open steel vessel 
containing hot rapeseed oil at treatment temperatures of 180, 210, and 240°C. The first attempts 
of oil HT were performed on small samples using an ordinary kitchen pot and stove (which were 
not safe methods at all). Later we used a restaurant fryer for the treatment at 180°C (Fig. 13).  

 
 

                                                 
9 Online. 12.08.2014. www.wtt.dk 
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Fig. 13: Restaurant fryer used for oil heat treatment of wood at the lab, LTU, Skellefteå Campus 

3.2 Simplified method for wood modification: hot-and-cold bath 
process 

Aim for our study: find the method which can be a tradeoff between 
surface modification and full-bulk (or full volume) modification. The new 
method should provide a relatively thick layer below the wood surface, 
but not allow chemicals (preservatives) penetrate too deep inside the 
wood. 

 
The hot-and-cold bath (HCB) process or treatment is an effective non-pressure method to 

impregnate wood with chemicals or preservatives (Hunt and Garratt 1967; Kollmann and Côté 
1984; Ormrod and Van Dalfsen 1993). The method is also known as the boiling-and-cooling 
method, the open-tank treatment and thermal process (Hunt and Garratt 1967). There are many 
variations of settings and conditions for the method, but in general the wood is first heated in 
preservative, water or in a drying kiln, and after that the heated material is transferred into a cold 
solution containing preservative (Hunt and Garratt 1967; Kollmann and Côté 1984). The heating 
makes the air in outer layers of wood to expand (Kollmann and Côté 1984). Directly after the 
heating the material is put into the cold preservative solution, and while cooling the warm air in 
wood cells contracts and creates a partial vacuum in the outer parts of the wood (Hunt and 
Garratt 1967; Kollmann and Côté 1984). The vacuum creates a pressure gradient with respect to 
the atmospheric pressure, and this helps to push the preservative into the wood (Hunt and 
Garratt 1967; Kollmann and Côté 1984). In Kollmann and Côté 1984 and Ormrod and Van 
Dalfsen 1993 it is claimed that the HCB process is the most effective non-pressure method. The 
flexibility of the HCB process makes it possible to use various heating and cooling ways, 
temperatures and times; also a wide range of preservatives can be applied in this method. It is 
also attractive due to its simplicity and effectiveness at the same time. Furthermore, it is not 
necessary to invest in expensive mechanical equipment as the penetration is achieved due to the 
mild vacuum produced by the temperature difference (Kollmann and Côté 1984). Therefore the 
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HCB process can probably be an economical alternative to more expensive pressure 
impregnation technologies. 

The method has been shown to be effective with water-soluble salts, coal-tar creosote 
and other preservative oils (Hunt and Garratt 1967; Kollmann and Côté 1984). At LTU we 
studied the HCB process by impregnating wood with oil (Paper I, III), copper based preservative 
(Paper IV), furfuryl alcohol (Paper IV) and phenol formaldehyde resin (Paper IV).  

In our study we apply HCB process to perform a modification which is a tradeoff 
between surface modification and full bulk (or full volume) modification. The aim is not to 
make the preservative penetrate through the whole material (such as in full-bulk impregnation), 
but only through a limited area under the wood surfaces. This can save costs on the 
preservatives and at the same time protection will be better than in the case of superficial surface 
treatment.  

3.2.1 Oil impregnation of wood and heat treated wood in HCB process  

Aim for our study: to test the oil penetration, the weather resistance and 
durability of wood treated in the method. 

Oil is a traditional method to protect the surface of wooden items (The New Best of Fine 
Woodworking 2004). It is a natural way to preserve wood and to enhance the appearance of 
wood. At LTU we combined the oil HT with a subsequent oil impregnation (Papers I, III). The 
oil impregnation was performed directly after the oil heat treatment (180-240°C), and the 
migration of oil into the wood was probably enhanced by the suction effect of cooling gases due 
to the accelerated temperature and pressure reduction inside the wood samples. Thus, in this 
case heat treatment played a role of a hot bath, and dipping in room temperature oil served as a 
cold bath. In theory, the thermal treatment enhances the stability and durability of solid wood 
while the oil impregnation increases the repellency to water of the wooden surfaces.  

Several oil types were used for this procedure: rapeseed, linseed, linseed with 
commercial preservatives and Tung oil.  

The penetration was studied regardless the direction of grain in wood, meaning that the 
wood was impregnated with oil from all the directions.  

3.2.2 Copper impregnation of wood in HCB process  

Aim for our study: to test the penetration of copper solution in the face 
surfaces of wooden panels in the method. 

Since impregnation with copper-based preservatives is one of the most common methods 
to protect wood against biological degradation (Lebow et al. 2004; Freeman and McIntyre 2008; 
Larsson Brelid 2013) we decided to test HCB process with copper solution (Paper IV). The 
wood samples were preheated in the oven (100-130°C) and while still hot they were immersed 
directly in the copper-based solution. Here, oven drying served as a hot bath and immersion into 
a room temperature copper solution served as a cold bath.  

The penetration was studied only in the direction perpendicular to the grain, because we 
wanted to see if there is penetration layer in the face sides of the boards, e.g. for the cladding, 
panelling or decking.      
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   3.2.3 Furfuryl alcohol impregnation of wood in HCB process  

Aim for our study: to test the penetration of furfuryl alcohol in the face 
surfaces of wooden panels in the method. 

We impregnated wood with furfuryl alcohol (FA) by using HCB process (Paper IV). 
Preheating in oven at 130°C served as a hot bath and immersion into a room temperature FA 
solution served as a cold bath. We chose FA for the studies because wood treated with FA was 
known to have a higher dimensional stability, as well as moisture and biological decay 
resistance compared to untreated wood (Stamm 1977; Epmeier et al. 2004; Lande et al. 2004). 

The penetration was studied only in the direction perpendicular to the grain, because we 
wanted to see if there is penetration layer in the face sides of the boards, e.g. for the cladding, 
panelling or decking.  

3.2.4 Phenol formaldehyde impregnation wood in HCB process  

Aim for our study: to test the penetration of phenol formaldehyde in the 
face surfaces of wooden panels in the method, to study if the treatment 
blocks the leaking of the wood resins from the knots through the paint. 

Wood panels were impregnated with phenol formaldehyde (PF) resin by using HCB 
process (Paper IV). In a hot bath wood was preheated at 130°C and 160°C, while in a cold bath 
the wood was immersed into PF solution. Since PF resin has a high viscosity, besides using pure 
PF resin for impregnation, we also used a PF resin dilution in methanol (1:1) to compare 
penetration. We studied PF resin because it was known to improve wood durability, water 
resistance and dimensional stability of wood (Stamm and Baechler 1960; Takahashi and 
Imamura 1990; Ryu et al. 1991; Deka and Saikia 2000; Hill 2006; Gabrielli and Kamke 2010). 
The PF treated panels were also painted in white colour to study if wood resins (from knots) 
leak through the paint. 

The penetration was studied only in the direction perpendicular to the grain, because we 
wanted to see if there is penetration layer in the face sides of the boards, e.g. for the cladding, 
panelling or decking.  

3.3 Tests and measurements 

Testing of thermally treated wood was performed mainly at LTU (Papers I, II, III); 
though resistance against fungus was tested at SLU in Uppsala (Paper III). Thermally steam and 
oil treated wood samples were then studied mainly for their potential outdoor performance in 
changeable Swedish climate conditions and their resistance to brown rot (Papers II-III). Oil 
treated wood was also studied to determine the oil uptake of different species (Paper I). Copper 
treated wood was scanned in micro CT-scanner at the Stellenbosch University, South Africa 
(Paper IV). Phenol formaldehyde treated wood was subjected to artificial weathering test at SP 
in Stockholm (Paper IV). 

3.3.1 The possible performance of heat treated wood outdoors.  
The Swedish climate is characterized by extreme changes in the temperature during the 

year: from severe frost in winter to hot and sunny weather in summer. The climate is rich in 
precipitation especially in spring and autumn periods. Due to global warming and milder winters 
the rains can go along with frost (Regeringskansliet 2009). Such temperature drops and changes 
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in the humidity have a negative impact on the lifetime of the materials exposed outdoors, for 
instance wooden cladding.  

 
The contrast Swedish climate: from warm summers to severe winters10 

At the LTU’s lab we designed a simple experiment in which we recreated the changeable 
weather conditions which can occur during several years (Paper II). The length of the 
experiment was only 5 weeks, but during the test the wood was exposed to the extreme changing 
conditions of temperatures and humidity.  

In this experiment the behaviour of oil heat treated and ThermoD treated wood samples 
was studied. The material was completely soaked in water; and absorption of water was 
calculated (Paper II). After soaking, the wood was frozen at almost -30°C (Fig. 14) and warmed 
until the surface of the wood reached +40°C using an IR-lamp (Fig. 15). This three-step 
procedure was repeated 5 times. Since the water absorption has an effect on cracking, the water 
uptake of the samples was studied. The samples were visually inspected to see how the 
appearance of the material would be under such conditions. 

 
Fig. 14: Freezing the samples 

                                                 
10 Online. 12.08.2014. www.tungelstadailyphoto.blogspot.se 
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Fig. 15: Warming the wood samples using IR lamp 

Resistance to decay was studied for wood treated in steam, pressurized steam and oil. 
The method was performed by infecting the samples with brown rot fungi (Paper III). Brown rot 
fungi are considered to be one of the most important causes of decay of softwoods used for 
outdoor construction (Randall, 2000). Due to importance of results for softwoods in our study, 
we chose this particular type of rot to test the samples. The test with brown rot fungus 
Coniophora puteana was performed on samples of untreated wood and thermally modified 
samples according to the European standard (EN 113). 

3.3.2 Up take and penetration of treatment solutions during oil HT and HCB 
process. 

The up take was mainly studied by visual inspection. The mass changes were assured as 
well, though we cannot conclude that the mass change and solution up take is the same thing. In 
the case of copper treated wood the penetration was analysed in a micro CT-scanner at the 
Central Analytical Facilities in Stellenbosch University, South Africa. According to the 
university promotional information (CT Scanner Facility), the micro CT-scanner can scan small 
samples at resolutions below 1 micron. Also on the example of copper treated samples, HCB 
process was compared to the simple dipping treatment (without pre-heating) and vacuum 
treatment. The vacuum treatment consisted of the following: 1) the samples were immersed in 
the copper solution and later exposed to vacuum to remove gases from inside the wood; 2) the 
vacuum was released. 

3.3.4 Resistance of PF treated and painted wood to artificial weathering  
The PF treated and colour pained wooden panels were subjected to artificial weathering 

test according to the European standard EN 927-6.  
The test was designed for applying the method to solve a very common problem with 

painted wood panel products. It is very popular in Sweden to cover interior house walls with 
wood panels painted with light colours, such as white. The problem, however, is that resin and 
extractives from inside the wood slowly migrate especially through the knots and eventually 
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resurface from under the paint. One possible solution suggested in our study is to block the flow 
of resin and extractives due to the pre-treatment with a special resin (in this case: PF resin 
treatment in a HCB process), and apply the layer of paint on the PF pre-treated samples. 
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4. Results and discussion 

4.1 Thermal Modification in Rapeseed Oil and oil impregnation  

Degradation processes within wood during oil HT are similar to the degradation 
processes during HT in gaseous atmosphere though there is a small oil uptake when heat treating 
in oil at lower temperatures (Paper I). A mass increase and a mass loss were evident for wood 
treated at 180°C and at 240°C, respectively (Paper I). Aspen and pine sapwood had higher oil 
absorption compared to spruce. Mass loss was higher for heartwood than for sapwood in pine, 
probably due to high extractive content of heartwood compared to sapwood. According to the 
previous studies (see section 2.2.1), extractives tend to migrate towards the wood surface and 
some of them evaporate during HT. Variations in colour are significant between samples of 
different species and samples treated at different temperatures (Fig. 16). The hardwood species 
(aspen) became much darker than the softwood species (pine and spruce) already at the lower 
HT temperatures. This is probably because hardwoods tend to degrade more during HT than 
softwoods (see section 2.2.1). 

 
Untreated Treated at 180° Treated at 210° Treated at 240° 

Spruce 

 

Pine 
heartwood 

Pine 
sapwood 

 
 

Aspen 

Fig. 16: Samples before and after oil heat treatment 

When heated wood is directly placed to cool down in oil at the room temperature, it 
absorbs significantly more oil than during the process of HT in oil (Paper I). Oil uptake depends 
on the differences between species (such as the differences on the anatomical level), variations 
in porosity and permeability, as well as heartwood content.  

In an additional experiment (not included in the papers), oil showed rather unstable 
behaviour inside wood. After letting oil penetrate into wood a closer examination of cross cut 
section of the sample showed that the oil created a visible thick line close to the surface of the 
sample. However, after leaving this sample in air for a couple of weeks, this line disappeared, 
probably because oil dispersed further inside the wood. 

Regarding the process itself, safer methods for oil HT should be used at the lab. Oil 
heated to temperatures higher than 180°C emits considerable amount of volatile compounds, 
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and since we performed the tests in the open vessels, then all these emissions spread inside the 
building. This might be a health hazard, and if there had been any leakage from the vessel and 
hot oil had been in contact with the stove, then there would have been a high probability of 
smoke and even fire. It is highly recommended that appropriate fire safety measures should be 
in place for such experiments. 

4.2 Changeable weather effect on the behaviour of heat treated 
wood  

After soaking in water, weight percent gain (calculated after the test; based on oven dry 
weight) of the heat treated wood was lower than the control. However, the values of weight 
percent gain should not be strictly interpreted as values of water uptake, because some leakage 
of extractives (for all the samples) and oil (for the oil heat treated samples) could occur during 
the soaking in water. By visual observation it was found that colour degraded for all the 
untreated and treated species exposed to the changeable conditions of water soaking, freezing 
and warming (Paper II). However, the colour degradation seemed to be more visible on the 
untreated wood after the first soaking. Pine showed the worst results in terms of high water 
absorption and low splitting resistance (Fig. 17). Cracking of the material indicated a weak 
resistance against changeable weather conditions.  

 
Fig. 17: Cracks formed on ThermoD pine after the cycling test 

It was found that oil treated samples had oil on their surfaces due to leakage during 
warming and soaking in water (Paper II). Fig. 18 shows an example of oil leakage in an oil heat 
treated (and oil impregnated) aspen sample after warming it with IR-lamp. High oil leakage was 
also observed for pine. 
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Fig. 18: Leakage of oil on the surface of oil heat treated and oil impregnated aspen after warming it with IR 

lamp 

The method of creating cyclic conditions of soaking, freezing and warming showed to be 
an effective method to test the wood for outdoor conditions (Paper II). In this method rather 
extreme conditions were created for the samples, although the method was not severe enough to 
degrade all the samples; it was possible to see different results among the species. The IR lamp 
is a rather good model of the radiant heat from the sun. For comparison, if we had used an oven 
for drying wood (instead of heating with the lamp) directly after freezing, probably more or 
even all the samples would have shown the cracking. 

 4.3 Durability against Brown Rot Fungi  

The durability test (according to EN 113) showed that both HT and oil impregnated 
samples had a better durability of wood against brown rot fungi (Paper III). In Table 1 the 
results are presented for untreated, steam heat treated and oil impregnated (heat treated in 
rapeseed oil prior to oil impregnation) wood samples. The oils used for the impregnation were 
rapeseed oil, Tung oil, linseed oil, and linseed oil with preservative. The oil impregnated wood 
had a remarkably low mass loss after exposure to the fungi (Table 1). According to the results of 
the experiments, linseed oil with preservatives is relatively effective in protecting wood from 
rot. However, the oil up take was so high for these samples that it might result in that fungi did 
not have any space to exist inside the wood. Thus, it is hard to conclude that the oil impregnated 
samples had an improve durability. Also oil tends to leach out of wood, meaning that there 
might be a loss in properties while oil is leaving the wood. This means that the studied oil 
impregnation method needs to be improved for real applications.  
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Table 1.  Mass loss after exposure of untreated, heat treated and oil impregnated wood to 
Coniophora puteana fungi (in brackets: standard deviation) 
______________________________________________________________________ 

Modification treatment                        Mass Percentage Loss  
                       Aspen                   Birch                 Pine                   Spruce 
______________________________________________________________________________________ 
Untreated  44.3 (3.9) 52.3 (2.7) 35.6 (5.3)  37,9 (8.4) 

Saturated steam 160 oC       -     - 13.1(9.2) 35.6 (5.3) 

Saturated steam 180 oC       -      - 1.4 (0.2) 1.1 (0.4) 

Rapeseed oil  14.4 (4.7) 6.9 (1.2) 3.8 (1.2) 23.8 (2.4) 

Tung oil  7.3 (0.4) 1.3 (0.3) 0.7 (0.6) 22.0 (4.1) 

Linseed oil  9.6 (4.9) 0.6 (0,2) 3.0 (0.7) 10.4 (2.6) 

Linseed oil and  2.3 (0.1) 2.0 (0.1) 3.5 (0.4) 1.7 (0.3) 
Preservative 
_________________________________________________________________________________ 

 

4.4 Penetration of chemicals by using HCB process  

The hot-and-cold bath treatment resulted in an intermediate impregnation depth between 
dipping the samples at room temperature and vacuum treatment (See section 3.3.2 and Paper 
IV). We suggest this on the basis of the information from the micro CT-scanner images (Fig. 
19). Also, the images suggest that the treatment facilitated the penetration of cooper through the 
resin canals.  This is based on the fact that the micro CT-scanner images of pre-heated samples 
seem to show a high deposition of copper within spots close to the late wood that are not 
observed in the treatments without preheating. Some of these spots are marked with red circles 
in Fig. 19.  

For the FA treatment it was found that FA solution penetrated well in the samples. Even 
though it was weight increase, the main conclusion can be done from the visual inspection of the 
cross cut sections of the FA treated samples (Fig. 20). It was also observed that the FA treated 
samples had a rather nice colour and appearance after sanding (Fig. 21). 

The PF samples had lower penetration according to our visual inspection, but diluted PF 
resin penetrated better than non-diluted due to lower viscosity (Fig. 22). Also the weight 
increase of the samples was not considerably affected by the pre-treatment temperature, but 
rather by the dilution of the resin with methanol.  
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Dipping sample at room temperature Dipping pre-heated sample at 100°C 

  

Dipping pre-heated sample at 130°C 1 atm pressure treatment (vacuum) 

Fig. 19: Micro CT-scanner image analysis of four different impregnation treatments with copper-based 
solution 

 
Fig. 20: Cross cut of wood samples treated with furfuryl alcohol 
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Fig. 21: Sample treated with furfuryl alcohol, cut in two pieces and sanded  

  

Sample after treating at 130°C with pure resin 

 

Sample after treating at 130°C with diluted resin 

Fig. 22: Comparison between the impregnation obtained with pure and diluted resin 
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4.5 Blocking resin from knots to leach through the paint in cladding  

The PF treatment has effectively reduced the resurfacing of knots on wooden panels to 
approximately 70% with respect to untreated samples. Increasing the preheating temperature or 
the hot bath temperature (See section 3.2.4) in the HCB process has apparently some positive 
effect in reducing colour change after accelerated aging. Fig. 23 shows a comparison between 
knots after accelerated aging. This finding can probably offer an  

  
Left: PF treated (Hot bath T 130°C), Right: untreated Left: PF treated (Hot bath T 160°C), Right: untreated 

Fig. 23: Pictures of PF treated and untreated samples after accelerated aging 
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5. Conclusions  

Among the studied species pine showed to be less resistant to degradation in changeable 
weather conditions probably due to relatively high water absorption ability. However, it does not 
mean that we should neglect this specie, since it is an accessible wood resource in the Nordic 
countries and broadly used in local wood industry. Thus, improved modification methods should 
be developed to enhance performance of pine in outdoor applications.  

Oil impregnated samples were more resistant to decay, but it can be argued that the fungi 
did not have enough space to colonise inside the wood due to large amount of oil inside the 
wood. Therefore, it is questionable if oil itself can provide antifungal effect on wood or not. The 
use of oil for wood impregnation, such as in the studied methods, can be difficult because oil 
does not seem to bond to wood structure or stay inside the wood. Oil seems to migrate inside the 
material according to our observations. Moreover, we observed that oil leached out of the oil 
impregnated samples when they were exposed to the cyclic climate conditions created in 
laboratory. Probably, a new method can be developed to make oil bond to wood structure and 
also to make possibility for controlling of amounts of oil penetrating into wood and leaching out 
from wood.  

 Copper-based, furfuryl alcohol and phenol formaldehyde solutions had an improved 
penetration inside the wood due to the usage of the hot-and-cold bath process. It was found that 
the phenol formaldehyde treatment using hot-and-cold bath process significantly reduced the 
migration of resin and extractives through knot in painted wood panels. This is beneficial 
finding and probably with the help of the studied method, it would be possible to improve the 
appearance of painted wooden panelling.   

Heat treatment, even though it improves durability of wood, does not protect the wood 
from discolouration and surface cracks due to moisture outdoors. However, the method of 
cooling heated wood in the impregnation solution at room temperature (based on hot-and-cold 
bath process) can be used as an effective way to impregnate wood. In this thesis the method 
showed its effectiveness with vegetable oils and some chemical solutions, such as furfuryl 
alcohol, copper and phenol formaldehyde. Penetration depended mainly on species and viscosity 
of the penetrating preservative.  

The combination of heat and impregnation with liquid preservatives on the base of the 
hot-and-cold bath process is realistic, but the technical and economic viability still needs to be 
proven before moving into the products development phase. It is important to investigate 
whether the proposed method can be performed fast enough to be implemented in industry, and 
whether the resulting layer of modified wood is uniform and thick enough to guarantee adequate 
protection to the wood panels. However, this method has a potential to be investigated further 
with various chemicals and heating methods. The HCB process can probably find its successful 
use not only in combination with wood drying, but also heat treatment in order to use the 
benefits of heat treatment and chemical impregnation.   
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OIL HEAT TREATMENT OF WOOD

Sidorova, K.1

ABSTRACT 

The investigation of thermal treatment of wood has led to the improvement of heat 
treatment with vegetable oils. The aim of this work has been to study the oil absorption of 
wood during the process of oil heat treatment. This work has included the heat treatment of 
spruce, pine (heartwood and sapwood) and aspen in rape seed oil. The heat treatment was 
performed in the deep fryer at 180, 210 and 240°C during 30, 60 and 120 minutes. Two sets 
of samples were run, the first one was heat treated and left to cool in the air, the second one 
was heat treated and directly cooled in the oil bath for 1 hour. At 180°C there was a trend of 
increasing oil absorption during the heat treatment with the increasing the treatment time for 
all species. At 210°C the percentage of mass growth was reducing with increasing the time 
of the process. At 240°C all species lost the weight and the percentage of weight loss was 
increasing proportionally with increasing heat treatment time. During the heat treatment 
aspen had the highest mass increase and pine heartwood had the lowest. Results showed 
that wood absorbed significantly more oil in the stage of cooling in oil than during heat 
treatment. All species had a tendency to have approximately the same oil pick up during 
storing in the oil bath after the heat treatment at one temperature, so the heat treatment time 
did not have an effect on the oil absorption in the stage of cooling. The oil pick up during 
the stage of cooling had the lowest values for all species treated at 240°, because all the 
species lost the mass during the heat treatment at 240°. The colour changed during heat 
treatment and depended mainly on the heat treatment temperature. The darkness was 
increasing proportionally with increasing the thermal treatment temperature. The colour 
varied among the species. 

Key words: oil heat treatment, pine, spruce, aspen, oil absorption 

INTRODUCTION 

The thermal modification of wood has been known as a process enhancing wood properties 
by reducing moisture absorption, improving dimensional stability and biological durability 
[12,11,3,5]. In recent years the heat treatment industrial processes have been developed 
successfully in Europe. These processes use air steam, nitrogen or oil as the heat transfer 
and include the Finnish ThermoWood [13] and Dutch PlatoWood [2] using steam, French 
Retification using nitrogen [4], German OHT-Process using oil [8]. 
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The treatments using air or nitrogen demand accurate control of high temperatures for the 
planned process time to enhance wood properties [14]. Hot oil provides fast and equal heat 
transfer to the wood and the same conditions all over the whole vessel; also oil serves as a 
perfect separation of oxygen from wood [8]. It was found that the hydrophobic properties 
and resistance against biological attack of oil-heat treated wood not only benefit from the 
heat treatment, but also from the shell formed by water-repellent oil during the process [14]. 
At the same time oil heat treatment reduces nail holding resistance significantly as well as 
the heat treatment in gaseous atmosphere. The colour resistance to weathering is not 
improved in the case of oil-heat treatment. So, special surface treatments and coating 
systems should be developed for oil heat treated wood for the outdoor exposure. Also oil 
thermally modified wood is not recommended in the structural uses where the strength 
properties are critical [14]. 

The purpose of this paper is to investigate the oil absorption of three wood species, pine, 
spruce and aspen, heat treated at different temperatures, 180, 210 and 240°C, and different 
time intervals, 30, 60 and 120 min, during the process of oil heat treatment. The importance 
of the knowledge about the oil penetration into wood during the process is evident, because 
the next step for this work is to enhance the properties of oil heat treated wood by adding 
chemical compounds into the oil.

MATERIALS AND METHODS

Materials

Rape seed oil was used for the wood treatment. For each time interval and heat treatment 
temperature five samples of spruce, pine heartwood, pine sapwood and aspen were 
prepared. The test samples of the sizes 150x20x20 mm were predried before heat treatment. 

Treatment process

Deep-fryer Frifri Basic 411 (Switzerland) was used for the oil heat treatment. The wood 
was treated at 180, 210 and 240°C during 30, 60 and 120 minutes. Two sets of samples 
were run, the first one was heat treated and left to cool in the air, the second one was heat 
treated and directly cooled in the oil bath for 1 hour. The mass increase during heat 
treatment and during heat treatment with cooling in the oil bath was calculated (Eq. 1). 
M = (m2 – m1)/m1 x 100% (1) 
m1 – mass before the heat treatment, 
m2 – mass after the process. 

RESULTS AND DISCUSSION

The results for the mass changes during heat treatment are displayed in the Table 1. At 180° 
there was a trend of increasing oil absorption with the increasing the heat treatment time for 
all species (see also Fig. 2:1). At 210°C the percentage of mass growth was reducing with 
increasing the time of the process (see also Fig. 2:2); pine heartwood lost its weight already 
at 210°C because heartwood contains a lot of extractives which are evaporated during heat 
treatment process. The decrease in mass growth for the samples treated at 210°C can be 
explained by the fact that the wood having reached 200°C changes its properties rapidly 
because of the degradation of its components; after 200°C lignin starts to decrease [1,7]. At 
240° all species lost the weight and the percentage of weight loss was increasing 



proportionally with increasing heat treatment time (see also Fig. 2:3). After 240°C the 
cellulose can start to degrade as well, because the decomposition temperature for cellulose 
is about 240–350°C [7]. 

Table 1: Mass increase during heat treatment (M – mass increase, St D – standard 
deviation)

According to the results from Table 1 the species have different changes in mass after 
treatment. It can be explained by the difference in the anatomical structure. Aspen had the 
highest mass increase. Aspen is hardwood which is known to have much wider cells (vessel 
elements) than softwood [9]. Thus it makes the aspen easier to penetrate. 

Pine sapwood has higher mass increase than spruce, because of the difference in the 
connections between longitudinal tracheids and horizontal parenchyma cells in rays [10]. 
Looking at the radial view it can be seen that pine has a large pit (fenestriform pit) and thin 
membrane between adjacent cells. Spruce has a number of small piceoid or cupressoid pits 
in the membrane (Fig. 1) [10].

Fig. 1: Interconnecting pits between ray parenchyma and vertical tracheids in pine 
and spruce, earlywood and latewood [10]

Tem-
pera-
ture, 
°C

Heat
treat-
ment
time,
min

Spruce Pine 
(heartwood)

Pine (sapwood) Aspen

M, % St D, % M, % St D, % M, % St D, % M, % St D, %

180
30 3,19 1,12 1,39 0,87 3,61 0,23 10,84 3,1
60 3,47 0,25 1,98 0,99 5,72 1,28 12,8 5,33
120 6,18 0,65 2,99 0,48 6,99 1,28 19,79 11,22

210
30 3,52 0,87 -4,03 1,31 3,76 1,21 10,27 3,49
60 1,66 0,66 -4,45 1,74 2,58 0,93 7,07 0,81
120 0,09 1,13 -4,6 2,28 2,34 0,41 6,83 0,4

240
30 -1,52 0,35 -8,72 2,94 -0,76 0,33 -3,92 0,93
60 -3,88 0,39 -15,04 4,99 -2,89 0,74 -5,5 1,79
120 -5,42 0,39 -16,17 2,17 -3,43 0,76 -6,23 7,51



The results for the mass increase during heat treatment and direct cooling in the oil are 
displayed in the Table 2. Oil pick up occurred for all species, because the wood absorbed 
tremendously more oil in the stage of cooling (Fig. 2) and started to sink after laying in the 
cool oil bath. The reason for the higher oil absorption in the stage of cooling is that there is 
an internal pressure in the wood during heating and low pressure during soaking [6] since 
the pressure and volume of the gases which are present in the wood cells are directly 
proportional to the temperature. All species had a tendency to have approximately the same 
oil pick up during the heat treatment at one temperature and storing in the oil bath, so the 
heat treatment time did not have an effect on the oil absorption in the stage of cooling (see 
also Fig. 2). Pine heartwood had the lowest oil pick up (Fig. 2) because it had the lowest 
values for mass increase in the stage of heating. Pine sapwood had the highest oil pick up in 
comparison with other species (Fig. 2). The oil pick up during the stage of cooling had the 
lowest values for all species treated at 240°, because all the species lost the mass during the 
heat treatment at 240°C (Table 1, Fig. 2:3). 

Analyzing the oil pick in the stage of cooling (Table 2), it is possible to see the trend for 
every species: the oil pick up is higher during the treatment at 210°C than at 180°C; and at 
240°C the oil pick up is lower than at 210°C.

Table 2: Mass increase during heat treatment and cooling in the oil bath
Tem-
pera-
ture, 
°C

Heat 
treat-
ment 
time, 
min

Spruce Pine 
(heartwood)

Pine (sapwood) Aspen

M, % St D, % M, % St D, % M, % St D, % M, % St D, %

180
30 14,99 1 10,87 6,72 75,15 22,8 78,53 7,61
60 13,98 4,8 9,65 3,25 77,95 8,67 69,21 7,71

120 13,8 1,14 7,89 1,72 77,99 13,61 74,98 7,34

210
30 20,61 4,64 17,43 12,95 98,54 10,09 84,58 8,49
60 15,27 3,65 11,55 5,45 84,33 7,57 88,55 3,89

120 17,24 2,35 14,18 7,49 91,93 17,3 75,25 25,66

240
30 10,14 3,87 5,67 5,12 94,19 13,31 48,64 29,71
60 7,81 0,8 3,82 5,15 77,1 8,37 58,09 19,06

120 11,69 0,88 3,99 3,37 77,29 21,53 52,63 25,09



1                                                                                    2

3

Fig. 2: Mass increase during heat treatment and direct cooling in the oil bath (1 - Heat 
treatment at 180°C, 2 - 210°C, 3 - 240°C. Spruce A, Pine A, Aspen A – samples cooled 
in the air after heat treatment; Spruce B, Pine B, Aspen B – samples cooled in the oil 
bath after heat treatment).

The colour changed during heat treatment and depended mainly on the heat treatment 
temperature. The darkness was increasing proportionally with increasing the thermal 
treatment temperature (Fig. 3). The colour varied among the species. After heat treatment 
pine (especially heartwood) was darker than spruce, aspen was the darkest and gained a 
sombre brown colour during treatment at 240°C.

Fig. 3: Samples before and after heat treatment

Untreated      Treated at 180°   Treated at 210° Treated at 240°

Spruce

Pine
heart-
wood

Pine 
sap-

wood

Aspen



CONCLUSIONS 

According to the results obtained during oil heat treatment process the following 
conclusions were made: 

The degradation processes within the wood during oil heat treatment are similar to the heat 
treatment in the gaseous atmosphere. The variations in colour are significant between 
samples of different species and samples treated at different temperatures. 

The percentage of oil pick up during heat treatment is not major. The wood absorbs the 
highest percentage of oil during the stage of cooling. The heat treatment time did not have 
an effect on the oil absorption in the stage of cooling. 

The species have different oil pick up for the reason of the differences on the anatomical 
level, variations in porosity and permeability, heartwood content 
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ABSTRACT

The heat treated (HT) ThermoD and untreated species were tested for the extreme climate changes. The 
experimental contained five cycles of soaking in water, freezing and warming. After experimental all samples degraded 
in colour more or less and some started to crack. ThermoD beech showed the best results. The colour did not change 
significantly and the material did not crack.

INTRODUCTION

The Swedish climate is characterized by changes in 
the temperature during the year: from freezing in winter 
to warm weather in summer. The climate is rich in 
precipitation especially in spring and autumn periods. 
The winters are becoming milder due to the global 
warming. Thus rainy weather can occur after freezing 
during winter and autumn (Regeringskansliet 2009). The 
temperature drops have a negative impact on the lifetime 
of the materials exposed outside, for instance wooden 
cladding. Many efforts are done in order to improve the 
life span of the wooden cladding. It is important to 
choose the better specie and technology to produce the 
durable material. It is evident that the cladding should 
preserve the better appearance and structure for many 
years. To investigate the long-term properties of the 
cladding, the short 5 weeks experiment was performed. 
During the experimental the extreme climate changing 
conditions were created. The aim of the study is to 
investigate the climate change resistance of ThermoD 
beech and compare it with other species. 

MATERIAL AND METHOD

Untreated samples of larch, oak, pine, spruce and 
aspen and heat treated (HT) ThermoD samples of beech, 
ash, pine, spruce and aspen with the dimensions 
10x120x300 mm were tested. 16 samples of each species 
were tested for the extreme climate changes. 

The material was tested for 5 cycles. Each cycle 
contained: soaking in water for 24 hours, direct freezing 
for 6 days and direct warming for 30 minutes. 

Soaking in water was performed in a big vessel for 
24 hours at the room temperature. The samples were 
under water and pressed by the weight. In the first cycle 
the water absorption (W) of samples was measured and 
calculated in percentage (Eq. 1)

W = (Mw – Md)/Md x 100%          (1)
Md – mass before soaking,
Mw – mass after soaking.

Freezing was performed in the Freezer Cylinda 
(Denmark) for 6 days at -28ºC.

Warming was performed with the help of the patio 
infrared lamp Ningbo Nationstar Electrical Appliance 
Co., Ltd (China). The warming was performed until the 
sample surface reached +40°C; it took 30 minutes for 
every sample.

RESULTS AND DISCUSSION

Soaking and water absorption

Results of the water absorption during soaking in 
the first cycle are displayed in the table 1. Water 
absorption of untreated samples had higher values than 
water absorption of treated samples, because heat 



treatment reduces absorption of water (Finnish 
Thermowood Association 2003). 

Table 1: Water absorption of samples
(W – water absorption,

St D – standard deviation)

HT Beech had the lowest water absorption among 
all tested species. The high density of the material can be 
one of the reasons of lower water absorption. Beech, oak 
and ash have the density 600-750 kg m-3, and that is 
higher than the density of the other species used in 
experimental (Dinwoodie 1989; Rijsdijk and Laming 
1994). Beech is diffuse porous hardwood and has rather 
narrow vessels. That could also result in the lower water 
absorption of beech. Heat treated ash and aspen had 
approximately the same water absorption. Aspen is 
diffuse-porous hardwood with small vessels which 
cannot allow the high water absorption (Mackes and 
Lynch 2001; Rowell 1984). Ash is ring porous hardwood 
with rather wide vessels, but the higher density of ash 
could prevent the high water absorption (the density of 
ash is 200-300 kg m-3 higher than the density of aspen 
which has the density 400 kg m-3) (Dunwoody 1989; 
Rowell 1984; Rijsdijk and Laming 1994). Because of the 
high standard deviations, it is possible to conclude that 
HT spruce had approximately the same water absorption 
as HT ash and HT aspen. HT spruce had approximately 
the same water absorption as untreated oak. HT pine had 
the highest water absorption among other HT species. 
Even though pine and spruce belong to softwoods, they 
have essential distinctions on the anatomical level. 
There is the difference in the connections between 
longitudinal tracheids and horizontal parenchyma cells 
in rays of pine and spruce. Looking at the radial view it 
can be seen that pine has a large pit (fenestriform pit) and 
thin membrane between adjacent cells. Spruce has a 
number of small piceoid or cupressoid pits in the 
membrane (fig. 1) (Sehlstedt-Persson, Johansson and 
Morén 2006).

Figure 1: Interconnecting pits between ray 
parenchyma and vertical tracheids in pine and spruce, 
earlywood and latewood (Sehlstedt-Persson, Johansson 
and Morén 2006).

Untreated spruce and pine had higher water 
absorption than hardwoods. It can be explained by the 
fact that pine and spruce have lower density than all 
other studied species. Larch had the lowest water 
absorption among softwoods and it had lower water 
absorption than aspen because of its higher density and 
extractive content (Dinwoodie 1989; Rowell 1984). Oak 
had the lowest water absorption among the untreated 
wood species. Oak is ring-porous, but it has very low 
vessel density in the areas of latewood which could 
result in the lower water absorption (Merela, Serša and 
Oven 2006). 

Results after 5 cycles of testing

ThermoD beech and ash showed the best results 
after cycling. The colour became a bit darker but the 
change was not significant and the material did not 
crack. 

ThermoD pine practically did not change colour 
after cycling. Cracks appeared on the pine samples. This 
can be explained by high water absorption during 
soaking.

ThermoD spruce became darker and greyish, but 
there was no cracking on the samples. 

ThermoD aspen became a bit greyish but the colour 
change was not significant. No cracks were observed on 
ThermoD aspen samples.

Untreated pine, spruce and aspen degraded in colour. 
The colour degradation was more visible on untreated 
samples than on ThermoD.

Pine and spruce got big bluish spots on the surface. 
Pine also got cracks. Aspen became darker, but no spots 
were visible.

Untreated oak and larch degraded in colour. The 
material became darker and dark bluish spots were 
visible on the surfaces of both species. Larch got some 
cracks, but they were smaller than the cracks of 
ThermoD and untreated pine samples. 

Specie W, % St D, %

HT Beech 10,3 0,7
HT Ash 18,4 2,0
HT Spruce 16,3 3,1
HT Pine 28,2 7,7
HT Aspen 18,1 2,8
Larch 24,1 3,1
Oak 15,9 1,1
Spruce 30,8 3,1
Pine 36,8 1,7
Aspen 27,7 4,1
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INFLUENCE OF HEAT TRANSFERRING MEDIA ON DURABILITY 
OF THERMALLY MODIFIED WOOD

Olov Karlsson,a,* Ekaterina Sidorova,b and Tom Morén a

Studies on the durability and dimensional stability of a series of 
hardwoods and softwoods after thermal modification in vegetable oils 
and in steam atmospheres have been performed. Mass loss after 
exposure to Coniophora puteana (BAM Ebw.15) for 16 weeks was very 
low for European birch, European aspen, Norway spruce, and Scots pine 
thermally modified in a linseed oil product with preservative (for 1 hour at 
200 oC). Fairly low mass losses were obtained for wood thermally 
modified in linseed-, tung- and rapeseed oil, and losses were related to 
the wood species. Low mass loss during rot test was also found for 
Norway spruce and Scots pine modified in saturated steam at 180 oC.
Water absorption of pine and aspen was reduced by the thermal 
treatments and the extent of reduction was dependent on wood species
and thermal modification method. Thermally modified aspen was stable 
during cycling climate tests, whereas pine showed considerable cracking 
when modified under superheated steam conditions (Thermo D). At 
lower modification temperature (180 oC) an increase in mass after 
modification in rapeseed oil of spruce, aspen and sapwood as well as 
heartwood of pine was observed, whereas at high temperature (240 oC) 
a mass loss could be found. Oil absorption in room tempered oil after 
thermal modification in oil was high for the more permeable aspen and 
pine (sapwood). 

Keywords:  Oil; Thermal modification; Softwood; Hardwood; Durability; Stability; Cycling test

Contact information:  a:  Division of Wood Physics, Campus Skellefteå, Luleå University of Technology, S-
931 87 Skellefteå, Sweden; b: SP Technical Research Institute of Sweden, Drottning Kristinas väg 67, S-
114 86 Stockholm, Sweden; *Corresponding author:olov.karlsson@ltu.se.

INTRODUCTION

In a world of increasing environmental and health awareness the development of 
sustainable processes that could substitute for the traditional ones and use less 
environmentally unfriendly wood preservatives is of high interest. Thermal modification 
of wood is known as a process that enhances wood properties by reducing moisture 
absorption, improving dimensional stability, and increasing biological durability 
(Tiemann 1915; Stamm 1964; Burmester 1973; Giebeler 1983). In recent years the heat 
treatment industrial processes have been developed successfully in Europe. The Finnish 
Thermowood process (Syrjänen and Kangas 2000; Mayes and Oksanen 2002) developed 
by VTT (Technical Research Centre of Finland) in cooperation with some Finnish 
universities and industrial partners has been the dominating one and uses superheated 
steam as a heat transferring and oxygen precluding medium. A fairly new process
provided by the Danish company WTT that uses saturated steam is under development 
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(Ohnesorge et al. 2009; Dagbro et al. 2010). Other processes, such as the Dutch 
PlatoWood (Boonstra et al. 1998) uses steam, the French Retification process uses 
nitrogen (Dirol and Guyonnet 1993), and the German OHT-Process uses oil (Rapp and 
Sailer 2001). Hot oil provides fast and equal heat transfer to the wood and the same 
conditions all over the whole vessel; oil also serves as a good medium for preventing 
oxygen to come in contact with wood (Rapp and Sailer 2001). It was found that the 
hydrophobic properties and resistance against biological attack of wood thermally 
modified in oil not only benefit from the heat treatment, but also from the outer shell 
formed by penetration of water-repellent oil into the wood during the process (Wang 
2007). Higher weathering resistance during accelerated tests has been observed for oil 
heat treated Pinus radiata (Dubey 2010). However, the colour resistance to weathering 
has been reported not to be improved for wood thermally modified in oil (Rapp and 
Sailer 2001), and special surface treatments and coating systems may be used or 
developed for such material to be used in outdoor conditions. At the same time nail 
holding resistance after thermal modification in oil as well as the thermal treatment in 
gaseous atmosphere is reduced (Mayes and Oksanen 2002; Wang 2007). Finally, thermal 
modification of wood in oil as well as in steam is not recommended in the structural uses 
where the strength properties are critical (Mayes and Oksanen 2002; Wang 2007).

In this paper results from studies on the influence of heat transferring media on a 
series of properties on modified wood will be presented. It has been of particular interest 
to study how thermally modified wood would cope with conditions similar to those 
prevailing in out-door conditions in northern Scandinavia, especially at exposed sites 
such as shingles and shakes on roof and bargeboard. In this context, Mayes and Oksanen 
(2002) have listed a number of recommended out-door products of Thermowood-D like 
cladding, garden furniture, and so on. The study has been focused into Scots pine,
Norway spruce, and European aspen. Scots pine is the dominant wood species used for
thermally modified wood products, and thermal modification in vegetable oils could 
enhance its dimensional stability during weathering. Norway spruce is seldom used in 
products where durability is a critical factor due to low permeability in pressurized 
impregnation processes; however, such property might be an advantage when 
dimensional stability of thermally modified is concerned under strong weathering 
conditions. European aspen has a low market share but can find application as shingles or 
shakes at roofs of churches in Nordic countries and durability may be largely improved 
by thermal modification.

Thus, studies on durability of a series of hardwoods and softwoods after thermal 
modification in vegetable oils have been performed, comparing with results from thermal 
modifications in steam atmospheres. Durability here is related to degradation of wood by 
brown rot fungi but also to crack formation and colour changes during cycling conditions. 
In this respect the influence of modification conditions and wood species on absorption 
of vegetable oils during thermal modification and subsequent soaking at room 
temperature has been investigated. In addition, properties of thermally modified wood
may also be influenced by the choice of oil as well as by dissolving additives with 
various properties (UV-protection, preservatives) into the oil. 
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EXPERIMENTAL

Materials 
The following commercially available oils were used in thermal modification 

experiments: rapeseed oil (8% saturated fatty acids, monounsaturated fatty acids 62% and 
other unsaturated fatty acids 30% and 6 mg cholesterol), boiled linseed oil, modified 
linseed oil with wood preservatives (0.6% propiconazole, 0.3 % IPBC), and tung
(Chinese) oil (100%).

Wood species used were from European ash (Fraxinus excelsior L.), European 
aspen (Populus tremula L.), European beech (Fagus sylvatica L.), European birch
(Betula pubescens Ehrh.), European larch (Larix decidua Mill.), European oak (Quercus 
robur L.), Scots pine (Pinus sylvestris L.), and Norway spruce (Picea abies (L.) Karst). In 
the case of pine, wood from boards containing both sapwood and heartwood as well as 
from boards of pine heartwood and boards of pine sapwood tissues were studied (see 
Table 1).

Thermal Modification (TM)
Totally five thermal modification procedures were performed. Two were per-

formed in the presence of steam and three in the presence of vegetable oils.

Thermal modification in superheated steam
Thermal modification in superheated steam was performed on wood samples from 

aspen, ash, beech, pine (including sapwood and heartwood), and spruce (Table 1). The 
samples were thermally modified according to Thermo-D quality. Letter D denotes 
durability and means that wood treated into this class meets the requirements set in use 
class 3 (EN 335-1).

The procedure for Thermo-D could be described as follows: A period of heat up 
and high temperature kiln drying is followed by an increase in temperature to 212 oC for 
softwoods and 200 oC for hardwoods, where more intensive thermal modification takes 
place for 2-3 hours. The cycle is finished after cooling, moisture stabilisation, and final 
cooling.

Thermal modification in saturated steam
Beams of pine and spruce (5000x100x50mm) were thermally modified at 160 oC

and 180 oC in saturated steam (Table 1.). The thermal modification process started with a 
pre-vacuum, followed by heating and drying period to reach temperatures of 160 oC and
180 oC, where the primary modification of wood occurs over the course of a few hours.
Further process details can be found in (Ohnesorge et al. 2009; Dagbro et al. 2010). 

For durability test, samples (150x20x20mm) from the two wood species and the 
treatment conditions (160 oC and 180 oC) were sawn out from the beams (Table 1).

Thermal modification in rapeseed oil for study of oil pick up
Samples of the sizes 150x20x20mm were dried in oven at 103 oC before thermal 

modification. Wood samples (spruce, aspen, pine sapwood, and pine heartwood) were
treated by submerging them into an open steel vessel (450x200x140mm with isolated 
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walls) containing hot rapeseed oil at treatment temperatures of 180, 210, and 240°C. For 
each treatment temperature three treatment periods were performed (30, 60, and 120 
minutes). The wooden samples were put in a basket made of steel-net (submerged in the 
hot oil) to ensure that the wood samples do not come in contact with surrounding air 
during the experiment. For each time interval and heat treatment temperature five 
samples of the given wood species; spruce, pine heartwood, pine sapwood, and aspen,
were used (table 1).

Two sets of samples were run. In one set thermally modified board was left to 
cool in the air after the excess of oil had been wiped away with a cloth. In another set the 
still hot, oily, and thermally modified board was transferred manually directly into a
rapeseed oil bath at room temperature for one hour and then excess of oil was wiped 
away with a cloth.

Thermal modification in rapeseed oil for cycling tests and crack tests
In the second series of experiments dried aspen, ash, beech, spruce, and pine

(300x120x10mm) were heated in the vessel containing rapeseed oil for 1 hour at 180 oC.
The still hot oily board was allowed to cool in an oil bath for 1 hour, and then the excess 
of oil was wiped away with a cloth. The samples were then exposed to cycling climate 
conditions (see Table 1).

Thermal modification in vegetable oils for durability test
In the third series of experiments dried aspen, birch, pine, and spruce with 

dimensions of 150x20x20mm were thermally modified in rapeseed oil, linseed oil, 
linseed oil with preservatives, and tung oil for 1 hour at 200 oC. After thermal treatment
the hot oily board were submerged into room tempered oil for 1 hour, and excess of oil 
was wiped away with a cloth. The room tempered oil used in the experiments was similar 
to the one used in the preceding thermal treatment.

Properties of Thermally Modified Wood
Table 1 shows the experimental set-up for the studies on properties of thermally 

treated wood species.

Oil up take
The relative mass increase (M) after thermal modification was calculated (Eq. 1), 

M = (m2 – m1)/ m1 x 100 (%) 
(1)

where m1 is the mass before the heat treatment and m2 is the mass after the process. A
similar type of calculations was used for studies on oil take up during immersing of 
boards modified in rapeseed oil into the oil at room temperature. In Eq. (1) m1 is the mass 
before the heat treatment and m2 is the mass after the oil immersion process. In Table 1 
the wood species and tissues used are further described.
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Table 1. Scheme for Test of Properties of Thermally Modified (TM) Wood

Wood property Treatment Wood species Dimension Number of
test (mm)              samples
________________________________________________________________________

Oil pick-up TM in rapeseed oil Aspen, spruce 150x20x20 180
and pinea

TM in rapeseed oil Aspen, spruce 150x20x20 180
+ soaking in oil and pinea

________________________________________________________________________

Water Untreated. Aspen, pine 300x120x10 12
absorption and spruce

TM in superheated Ash, aspen, beech, 300x120x10 40
steam. pine and spruce

TM in rapeseed oil Aspen, pine 300x120x10 24
+ soaking in oil. and spruce

________________________________________________________________________

Crack forma- Untreated Aspen, larch, oak, 300x120x10 80
tion and colour pine and spruce
change

TM in superheated Ash, aspen, beech, 300x120x10 80
steam pine and spruce

TM in rapeseed oil Aspen, pine 300x120x10 48
+ soaking in oil. and spruce

________________________________________________________________________

EN 113 Untreated Aspen, birch, pine, 150x20x20 16
and spruce

TM in saturated Pine and spruce 150x20x20 16
steam.

TM in linseed oil, Aspen, birch, pine, 150x20x20 64
linseed oil with and spruce
preservative, rape-
seed oil, tung oil
+ soaking in oil.

________________________________________________________________________
a. Individual samples of sapwood and heartwood of pine were used. 

Water absorption
Samples from each wood species and treatment (see Table 1) were tested under 

cycling climate changes. Samples were soaked by submerging room tempered and dried
samples in water for 24 hours, then freezing at -28 oC for six days. Samples were directly 
heated by an IR lamp (2000W) at a distance of about 1 m for 30 minutes, resulting in an 
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increase of the surface temperature to 40 oC. In the first cycle the water absorption (W) of 
the samples was measured and calculated in percentage (Eq. 2),

W= (mw-md)/ md x 100 (%) (2)

where md is the mass before water soaking and mw is the mass after water soaking.

Visual inspection of cracks and colour
After climate testing, visual inspection of the extent of crack formation of boards 

was made and was recorded with a digital camera. Treatments and wood species used are 
described in Table 1. Colour changes of boards before after cycling treatments were
recorded with a digital camera and compared by visual inspection with the naked eye 
(Table 1).

Durability against brown rot fungi
The decay test with the brown rot fungus Coniophora puteana (BAM Ebw.15) 

was performed on samples of untreated wood and thermally modified samples (Table 1).
For the durability test four samples from each wood species and treatment condition were 
used. The samples were treated essentially according to the standardized EN 113 decay 
test; however samples were dried at 50 oC (instead of 103 oC) before treatment with 
brown rot to reduce exudation of oil (linseed and rapeseed oils). The mass loss of the 
samples after an incubation time of 16 weeks, expressed as a percentage of the original
mass before the decay test was used to estimate the extent of degradation of the materials.

RESULTS AND DISCUSSION

Thermal Modification in Rapeseed Oil
Thermal modification in rapeseed oil was performed by immersing small wood 

boards into a hot oil bath open to air. The boards were dried in an oven before the thermal 
treatment to facilitate the heat transferring capacity of oil, the uptake of oil into the 
material, and to promote easier calculation of oil uptake. Data from studies on mass 
changes (see experimental section) after thermal modification in rapeseed oil are
presented in Fig. 1 and Table 2 (although oil uptake was not directly measured, the
increase in mass can give a rough estimation on the uptake, especially at the milder 
modifications). 

At 180°, increasing oil absorption with increasing thermal treatment time for all 
species was observed in our experiments (Fig. 1). According to the data in Fig. 1 and 
Table 2 the mass increase after modification was related to the type of wood. Rather 
limited oil uptake (20 to 60 kg/m3) has been observed by modification of spruce or pine 
in hot linseed oil (Rapp and Sailer 2001). Increase in mass during thermal modification in 
rapeseed oil was similar to or somewhat higher in pine sapwood than in spruce (Table 2).
On the other hand, take-up of oil was higher for aspen than the softwood samples in most 
cases (Fig. 1 and Table 2). The similar oil absorption of pine sapwood and spruce is 
somewhat surprising. Pine sapwood is more permeable than spruce due to the presence of 
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only small pores in spruce, compared to larger “window” pores in pine that allow a more 
easy liquid penetration into the pine sapwood (Sehlstedt-Persson et al. 2006). However, 
a lower density of spruce than pine sapwood may compensate for these anatomical 
differences when oil absorption is the issue.
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Fig. 1. Mass increase during thermal modification in Rapeseed oil. Effect of modification 
temperature and period. 

Table 2. Mass Increase during Heat Treatment (St. D. = standard deviation).
______________________________________________________________________
Treatment Condition Percentage Mass Increase (St. D.)

Temp. Time Spruce      Pine Pine                      Aspen
(oC) (min.)             heartwood         sapwood
180 30 3.19 (1.12) 1.39 (0,87) 3.61(0.23) 10.84 (3.10)
180 60 3.47 (0.25) 1,98 (0.99) 5.72 (1.29) 12.80 (5.33)
180 120 6.18 (0.65) 2,99 (0.48) 6.99 (1.28) 19.79 (11.22)

210 30 3.52 (0.87) -4,03 (1.31) 3.76 (1.21) 10.27 (3.49)
210 60 1.66 (0.66) -4,45 (1.74) 2.58 (0.93) 7.07 (0.81)
210 120 0,09 (1.13) -4,60 (2.28) 2.34 (0.41) 6.83 (0.40)

240 30 -1.52 (0.35) -8,72 (2.94) -0.76 (0.33) -3.92 (0.93)
240 60 -3.88 (0.39) -15,04 (4.99) -2.89 (0.74) -5.50 (1.79)
240 120 -5.42 (0.39) -16,17 (2.17) -3.43 (0.76) -6.23 (7.51)



PEER-REVIEWED ARTICLE bioresources.com

Karlsson et al. (2011). “Durability of thermal wood,” BioResources 6(1), 356-372. 363

The well known brown colour of thermally modified wood started to form during 
hot oil modification and was not surprisingly stronger for aspen than for the softwood 
species. The formation of brown coloured wood is related to changes in the chemical 
composition of wood components such as lignin and hemicelluloses. Formation of 
volatile gases and acids as well as decrease in hemicellulose content takes place during 
thermal modification, leading to a decrease in mass of modified wood (Alén et al. 2002; 
Sivonen et al. 2002; Tjeerdsma and Militz 2005, Dubey 2010). In fact, a reduction in the 
mass of pine heartwood was observed at 210°C probably due to a higher content of native 
extractives than in sapwood that could be removed or evaporated during a thermal 
modification process and also due to the low permeability of pine heartwood. The higher 
permeability for the other modified wood samples is reflected by the initial increase of
mass of the samples after 30 minutes of treatment (Fig 1. and Table 2). But as the 
materials were degraded by further treatment, they also started to decrease in mass (Fig. 
1). At 240° reduction in mass of all species, including the permeable aspen, was 
observed, and also the mass loss increased with increasing thermal modification period 
(Fig. 1). 

It is thus questionable whether permeability to hot oil is increased at higher 
modification temperatures. We also know that wood volume shrinks due to degradation 
and removal of wood components during thermal modification of wood. Micropores have 
been reported to form during heat modification (Hietala et al. 2002), and as a 
consequence this could mean that the size of larger pores (lumen) decreases, thereby 
possibly decreasing the ability of oil to penetrate the wood. Several studies indicate that 
condensed and dehydrated structures start to be formed at higher modification 
temperatures (Tjeerdsma et al. 1998; Wikberg and Maunu 2004; Windeisen et al. 2007),
and they may influence a deeper penetration into the wood structure.

Absorption of Oil of Thermally Modified Wood at Room Temperature
Thermal modification in oil may also be used to facilitate a subsequent 

impregnation in oil with various properties at room temperature and atmospheric 
pressure. Results from mass increase during thermal treatment and direct cooling in the 
oil are presented in Fig. 2 and Table 3. Large penetration of oil occurred for all species 
when the hot modified boards were put in a vessel filled with oil at room temperature,
and specimens started to sink after resting in the oil bath. The high absorption is 
attributed to the formation of reduced pressure inside the wood when the hot oily air is 
cooled, forcing cool oil to penetrate into the pores of wood (Grenier et al. 2003). 
Nevertheless, wood species or wood tissue, as well as modification temperature, but not 
heat modification period had an effect on the oil absorption in the stage of cooling (Fig. 2
and Table 3). Pine sapwood, followed by aspen, had the highest oil pick-up, whereas pine 
heartwood and spruce had the lowest oil pick-up (Fig. 2 and Table 3). From comparison 
of Table 2 and 3 we suggest that pick-up of the relatively cool oil was reduced for aspen
samples that were thermally modified at 240°C (see discussion in latter section above).

Obviously, penetration of oil is a complicated process and dependent on many 
variables. It could be noted that a lower uptake of oil at lower moisture content in spruce 
wood has been found when performing oil impregnation using linseed oil without 
modification by heat (Ulvcrona et al. 2006).
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The results indicate that the extent of oil penetration could be controlled by the 
choice of wood species and tissue type, as well as conditions during heat modification, 
followed (or not followed) by soaking in room tempered oil. In this way it should also be 
possible to use oils with other properties and additives such as UV-protecting chemicals 
and dyes to further modify properties of the heat modified wood.

Table 3. Mass Increase after Immersing Thermal Modified Wood in Rapeseed 
Oil at Toom Temperature (St. D. = standard deviation)
______________________________________________________________________
Treatment Condition            Mass Increase (St. D.)

Temp. Time Spruce Pine Pine Aspen
(oC) (min.) heartwood         sapwood
180 30 14.99 (1.00) 10.87 (6.72) 75.15 (22.8) 78.53 (7.61)
180 60 13.98 (4.80) 9.65 (3.25) 77.95 (8.67) 69.21 (7.71)
180 120 13.80 (1.14) 7.89 (1.72) 77.99 (13.61) 74.98 (7.34)

210 30 20.61 (4.64) 17.43 (12.95) 98.54 (10.09) 84.58 (8.49)
210 60 15.27 (3.65) 11.55 (5.45) 84.33 (7.57) 88.55 (3.89)
210 120 17.24 (2.35) 14.18 (7.49) 91.93 (17.3) 75.25 (25.66)

240 30 10.14 (3.87) 5.67 (5.12) 94.19 (13.31) 48.64 (29.71)
240 60 7.81 (0.80) 3.82 (5.15) 77.10 (8.37) 58.09 (19.06)
240 120 11.69 (0.88) 3.99 (3.37)      77.29 (21.53) 52.63 (25.09)
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Fig. 2. Mass increase after immersing thermal modified wood in rapeseed oil at room 
temperature. Effect of modification temperature and period. 
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Water Absorption and Dimensional Stability under Cyclic Conditions
A durable material can be defined as one in which important properties are 

conserved in the face of various outer stresses such as from a cycling temperature, 
freezing, raining, biological deterioration, and so on. Cycling climatic changes can create 
large stresses on the wood structure with possible formation of cracks that could 
influence other aspects of durability such as biological and chemical deterioration. 

We have performed cycling tests where wood was soaked in water, then frozen,
and subsequently heated with an IR-lamp (mimicking conditions during the late-winter-
early-spring in northern Scandinavia). Dimensional stability of wood thermally modified 
in superheated steam and also from treatment in hot oil was studied. Results from water 
absorption from the first cycle are presented in Table 4 and Fig. 3.

Table 4. Water Absorption of Wood and Wood Thermally Modified (TM) in Oil or 
Superheated Steam (M –percentage mass increase, St. D. –standard deviation).
______________________________________________________________________
Type of Treatments             Mass Percentage Increase (St. D.)

Aspen Pine             Spruce

Untreated 27.7 (4.1) 36.8 (1.7) 30.8 (3.1)

TM superheated steam 18.1 (2.8) 28.2 (7.7) 16.3 (3.1)

TM rapeseed oil 19.7 (3.2) 12.0 (2.4) 28.7 (5.9)
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(Thermo D).
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As a comparison, untreated samples from softwood and hardwood species were 
used in the study (Table 4, Fig. 3). Untreated spruce absorbed less water than pine (Table 
4). It could be mentioned that spruce was found to absorb less capillary water than birch 
and pine (Sehlstedt-Persson et al. 2006). Also aspen absorbed less water than pine (Table 
4). This is quite different compared to what was observed during soaking of hot thermally 
modified wood in room tempered oil (see Table 2). Contrary to oil, the uptake of water is,
however, complicated by absorption of moisture into the cell wall and simultaneous 
swelling of the material. 

Water absorption of spruce and aspen samples thermally modified in superheated 
steam conditions was lower than for the corresponding untreated wood samples (Table 
4). This is in line with the reported reduction in hygroscopicity and reduced absorption of 
water by the wood cell wall after thermal modification under superheated steam 
conditions (Syrjänen and Kangas 2000; Mayes and Oksanen 2002). A moderate decrease 
in absorption of water was observed upon thermal modification of pine in superheated 
steam. In addition, absorption of capillary water by birch and spruce has been reported to 
decrease during thermal modification but increased when pine was modified at 170 oC
(Sehlstedt-Persson et al. 2006). Furthermore, water absorption tests of a few other 
hardwoods thermally modified with superheated steam were performed. Thermally 
modified beech had the lowest water absorption among all examined wood species (ca 
10%), which may be explained by its comparatively high density and rather narrow 
vessels. Similar but higher water absorption (ca. 18%) was obtained for ash. Ash is ring-
porous with rather wide vessels, and aspen is diffuse-porous with rather narrow vessels 
but has lower density than the other hardwoods. 

From what has been discussed above, it is reasonable that thermal modification of 
spruce and pine in superheated steam results in a decrease of absorption of water during 
soaking (Table 4). The importance of resistance to water absorption by penetrated oil in 
the wood after thermal modification has been reported (Wang and Cooper 2005). A
further reduction of water absorbance was observed for pine but surprisingly not for 
aspen when rapeseed oil was used as heat transferring medium instead of superheated 
steam. For pine the decreased water absorption seems to be mostly due to high oil pick up 
during thermal modification in oil followed by soaking in oil (see Table 2 and Fig. 1),
since the modifying conditions was milder (180 oC) than during treatment in superheated 
steam (212 oC). Interestingly, for spruce even higher water absorption was observed 
when thermal modification was performed in rapeseed oil instead of superheated steam 
(Table 4). In this case the oil absorption was low as well as modification extent.

The extent of oil absorption as well as the extent of modification of the wood
could only partly explain the results on water absorption we obtained after thermal 
modification in oil. For example it is difficult to find conclusive reasons as to why 
thermal modification of spruce in oil led to a material with, on average, only slightly 
lower water absorption than before thermal modification (Table 4). As mentioned above,
penetration of wood by liquids depends on many factors. It has, for example, been found 
that absorption of capillary water by sapwood of pine was higher at a modification 
temperature at 170 oC than when dried under mild conditions or thermally modified at 
200 oC (Sehlstedt-Persson et al. 2006).
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Almost no cracking of the thermally modified samples could be observed by
visual inspection of the boards (a small tendency to formation cracks in pine was 
observed). After cycling experiments cracking was observed in the case of pine thermally 
modified in superheated steam (Fig 4). As can be seen in Fig. 4, cracks propagated
starting at the button. Only small tendencies or no crack formation was observed for other 
wood species (spruce, beech, ash, and aspen). Some exudation of oil was observed with 
pine but not with spruce after the cycling treatment. Colour was fairly stable after soaking 
but darkened somewhat even though coloured compounds were extracted from the 
thermally modified board during the water soaking. The reason for this behaviour is not 
known but may be related to removal of soluble acids from the material, leading to an 
increase of the pH of the board. This will be further studied.

Fig. 4. Crack formation in thermally modified pine (superheated steam) after cycling

A peculiar effect on colour appearance of the boards was observed after the 
cycling test of oak (Fig. 5). Bands with other colours could be observed after cycling,
probably related to so-called sticker marks from initial drying of the boards. Marks from 
stickers were also found on samples from spruce and larch. 

Fig. 5. Formation of areas with other colour during cycling test of oak
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Such marks have been reported to become visible after thermal treatment (Guner 
2009). The reason for this may be related to enrichment of water-soluble extractives such 
as sugars near the surface during so-called capillary phase of the drying of green wood 
(Theander et al. 1993; Sehlstedt-Persson 1995). 

Durability against Brown Rot Fungi
Biological deterioration of wood can take place by rot fungi such as brown rot, 

white rot, and soft rot. Although their activity varies, for example in different soil types, 
brown rot is the dominant degrading type of fungi and was used in accelerated tests of 
thermally modified wood essentially according to EN 113. 

Mass loss from thermal modification in steam and in various vegetable oils was
studied (for used wood species and treatments see Table 1). It should be mentioned that 
thermal modification temperature under steam conditions is lower than in superheated 
steam.

Durability of pine against Coniophora puteana (BAM Ebw.15) increased when 
samples were thermally modified in saturated steam; especially at 180 oC a dramatic 
increase could be seen for both pine and spruce (Fig. 6). From studies on colour 
formation, thermal modification in saturated steam around 170-180 oC gave similar 
colour as treatment in superheated steam at 212 oC (Thermo-D) (Dagbro et al. 2010). The 
lower deviation in data indicates that the modification became more uniform at the higher 
temperature. Higher but similar mass losses obtained after treatment with Poria Placenta
and Gloeophyllum Trabeum has been observed (Ohnesorge et al. 2009). 

When wood was thermally modified in vegetable oils for 1 hour at 200 oC also an 
improvement in mass loss after the rot test was observed. By inspection of data in Table 5
and Fig. 6 it can be concluded that mass loss after the rot test is related to wood specie 
and type of vegetable oil without preservatives used during the thermal modification. 
Pine and birch were found to be more durable than spruce. Furthermore, mass loss of 
aspen by thermal modification in tung oil was lower than for spruce. This could also be 
true during thermal modification in rapeseed, but evaluation of durability was obscured 
by exudation of oil that took place from board samples of aspen but not with spruce (Fig. 
6). 

Such behaviour is not surprising, since penetration by rapeseed oil during thermal 
modification of aspen was larger than in spruce (see Fig. 1). A product consisting of a
linseed oil with preservatives improved mass losses for spruce and aspen, and only small 
mass losses were found for the wood species after exposure to brown rot fungus (Table 
1). This means that the linseed product is still active after thermal treatment at 200 oC,
and subsequent soaking in oil even though preservatives like propiconazole and IPBC are
not considered to be thermally stable.

Based on the performed experiments good durability against brown rot fungi 
Coniophora puteana (BAM Ebw.15) of wood thermally modified in both vegetable oils 
and saturated steam was obtained. Fairly good durability was also obtained for aspen,
whereas mass loss after the rot test for spruce was rather significant. In order to increase 
its stability, modification at higher temperatures is probably necessary, but another 
possibility could be to perform soaking in oil with preservatives right after heat 
modification in oil (Table 6 and Fig. 5). 
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Table 5.  Mass Loss After Exposure of Wood and Thermally Modified (TM) Wood 
to Coniophora puteana (*exudation of oil was observed in test); S160, S180 (TM 
in Saturated Steam at 160 oC and 180 oC, respectively), LO (TM in linseed oil
and soaking in oil), LO add (TM in linseed oil including preservative and soaking 
in oil), TO (TM in Tung oil and soaking in oil), and RO (TM in rapeseed oil and
soaking in oil). (St. D. = standard deviation)
______________________________________________________________________
Modification treatment              Mass Percentage Loss (St. D.)

Aspen Birch Pine Spruce
______________________________________________________________________
Untreated 44.3 (3.9) 52.3 (2.7) 35.6 (5.3) 37,9 (8.4)

Saturated steam 160 oC - - 13.1(9.2) 35.6 (5.3)

Saturated steam 180 oC - - 1.4 (0.2) 1.1 (0.4)

Rapeseed oil 14.4 (4.7)* 6.9 (1.2)* 3.8 (1.2) 23.8 (2.4)*

Tung oil 7.3 (0.4) 1.3 (0.3) 0.7 (0.6) 22.0 (4.1)

Linseed oil 9.6 (4.9)* 0.6 (0,2)* 3.0 (0.7) 10.4 (2.6)

Linseed oil and 2.3 (0.1) 2.0 (0.1) 3.5 (0.4) 1.7 (0.3)
Preservative
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Fig. 6. Mass loss after exposure of wood and thermally modified (TM) wood to brown rot 
(Coniophora puteana) according to EN 113 (*exudation of oil was observed in test); S160, S180 
(TM in saturated steam at 160 oC and 180 oC, respectively), LO (TM in linseed oil and soaking), 
LO add (TM in linseed oil including preservative and soaking), TO (TM in Tung oil and soaking),
and RO (TM in rapeseed oil and soaking).
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CONCLUSIONS

1. Results reported in this paper show that it is possible to influence material properties 
such as durability against brown rot fungi and cycling climate by choice of type and 
extent of thermal modification of wood as well as the wood species and tissue type.

2. Thermally modified aspen was found to be a suitable wood species that did not show 
any formation of cracks when used in climate conditions resembling those occurring 
in Northern Scandinavia and was quite resistant to brown rot fungi.
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Simplified Method for Modification of Solid Wood: 
Enhanced Penetration of Liquid Preservatives into the 
Wood without Using Pressure Equipment

Ekaterina Sidorova, Diego Elustondo*, Olov Karlsson, and Ola Dagbro

This paper shows the results of treatment of timber in a variation of the 
hot-and-cold bath process. The studied method was performed in the 
following way: heating the end sealed samples from timber in an oven 
followed by an immediate soaking of the timber samples in a cold liquid 
solution containing a preservative in order to allow the preservative 
penetrate into the wood without using any pressure generating 
equipment. Copper, furfuryl alcohol and phenol formaldehyde based 
solutions were used to impregnate the wood samples using this method. 
The modification was done out by impregnating a layer below the wood 
surfaces, which is an intermediate solution between full-bulk 
impregnation and simple surface coating of wooden boards. This method
might be an efficient and economical solution for the industrial 
manufacturing of boards used as cladding, decking and flooring. 
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INTRODUCTION

Modification, in general, presupposes changes or the process of changing, while 
in a wood modification process the wood undergoes changes due to a treatment, which 
can be performed with specific liquids, gases or solids, heat and even plasma. What is the 
need in the wood modification? It is done in order to achieve desired properties of the 
wood and minimize its disadvantages of the wood when exposed to various stresses, such 
as crack formation, decay or strength losses (Hill 2006). Modification aims not only at 
enhancing properties of wood but also at ensuring that these enhanced properties remain 
during the lifetime of a product (Hill 2006). Wood modification methods for producing 
stronger, more stable and durable wood materials have been investigated for several 
decades in Sweden and other parts of the world, and a number of different treatments are 
currently available at the industrial scale. 

For example, one of the most common methods to protect wood against biological 
degradation is treatment with copper-based preservatives (Lebow et al. 2004; Freeman 
and McIntyre 2008; Larsson Brelid 2013). Wood treated with furfuryl alcohol has a 
higher dimensional stability, as well as moisture and biological decay resistance 
compared to untreated wood (Stamm 1977; Epmeier et al. 2004; Lande et al. 2004). It is 
well known that phenol formaldehyde resins improve wood durability, water resistance 
and dimensional stability of wood (Stamm and Baechler 1960; Takahashi and Imamura
1990; Ryu et al. 1991; Deka and Saikia 2000; Hill 2006; Gabrielli and Kamke 2010). 
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In order to achieve high extent of protection of the wood (e.g. protection against 
decay), deep penetration and good distribution of the preservatives in wood are desired
(Kollman et al. 1975; Kollmann and Côté 1984; Forest Products Laboratory 2010). 
Therefore the following conditions are favorable: species that are easy to be penetrated, 
preservatives with ability to penetrate into the wood and suitable methods which enable
deep and even penetration of the preservatives in wood (Forest Products Laboratory
2010).

The most effective and efficient wood impregnation methods are the ones using 
pressure treatments and therefore they are usually preferred on the large commercial scale 
(Hunt and Garratt 1967; Kollman et al. 1975; Kollmann and Côté 1984; Ormrod and Van 
Dalfsen 1993; Richardson 2003; Forest Products Laboratory 2010). In a pressure process, 
wood is treated by soaking it in a liquid preservative in a high-pressure apparatus and 
then applying pressure to make the preservative penetrate into the wood (Forest Products 
Laboratory 2010). The wood material is placed on cars or trams and run into a long steel 
cylinder, which is then closed and filled with preservative solution (Forest Products 
Laboratory 2010). Pressure contributes to forcing the preservative into the wood and is 
applied until the necessary amount of the preservative has been soaked (Forest Products 
Laboratory 2010). In many cases vacuum is applied before pressure treatment to remove 
the air from inside the wood with the purpose of increasing the load of preservative into 
the wood. The pressures usually vary from about 345 to 1,723 kPa, and the pressure 
choice depends on the species and their penetration abilities; most commonly used 
pressures range is approximately from 862 to 1,207 kPa (Forest products Laboratory 
2010). The steel cylinders used in the pressure process are designed to withstand high 
pressures (Kollmann and Côté 1984) and thus are quite expensive (Kollman et al. 1975), 
though the treating times are reduced due to the usage of the method (Kollman et al. 
1975). However, it is argued that the main commercial limitation for wood modified by 
pressure treatment is its high cost with respect to untreated wood. For example, a recent 
report from SP Technical Research Institute of Sweden suggested that the approximate 
market prices for modified wood such as Accoya® (acetic anhydride modified wood), 
Kebony® (furfuryl alcohol modified wood) and Organowood® (sodium-silicate modified 
wood) could be 3 to10 times higher than untreated pine (Sandberg et al. 2013).

Impregnation without pressure equipment is probably less expensive to 
implement and operate, but the results are often less satisfactory; often non-pressure 
technologies are used for treating only the surfaces of wood materials as they usually do 
not cause preservative to penetrate deeply into the wood (Forest Products Laboratory 
2010). However, there is one non-pressure method that is considered rather effective. In 
the literature it is referred as the hot-and-cold bath process or treatment (Hunt and Garratt 
1967; Kollmann and Côté 1984; Ormrod and Van Dalfsen 1993); it is also known as the 
boiling-and-cooling method, the open-tank treatment and thermal process (Hunt and 
Garratt 1967). There are many variations of settings and conditions for the method, but in 
general the wood is first heated in a preservative, water or in a drying kiln, and after that 
the heated material is transferred into a cold solution containing preservative (Hunt and 
Garratt 1967; Kollmann and Côté 1984). The heating makes the air in outer layers of 
wood to expand (Kollmann and Côté 1984). Directly after the heating the material is put 
into the cold preservative solution, and while cooling the warm air in wood cells 
contracts and creates a partial vacuum in the outer parts of the wood (Hunt and Garratt 
1967; Kollmann and Côté 1984). The vacuum creates a pressure gradient with respect to 
the atmospheric pressure, and this helps to push the preservative into the wood (Hunt and 
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Garratt 1967; Kollmann and Côté 1984). In Kollmann and Côté 1984 and Ormrod and 
Van Dalfsen 1993 it is claimed that the hot-and-cold-bath method is the most effective 
non-pressure method. The method has been shown to be effective with water-soluble 
salts, coal-tar creosote and other preservative oils (Hunt and Garratt 1967; Kollmann and 
Côté 1984). Also in recent papers (Sidorova 2008; Sidorova and Morén 2010; Karlsson et 
al. 2011; Ahmed and Morén 2012; Ahmed et al. 2013a-b) this method has been shown to 
work for impregnation of wood and thermally modified wood with vegetable oils.

The flexibility of the hot-and-cold bath process makes it possible to use various 
heating and cooling ways, temperatures and times; also a wide range of preservatives can 
be applied in this method. It is also attractive due to its simplicity and effectiveness at the 
same time. Furthermore, it is not necessary to invest in expensive mechanical equipment 
as the penetration is achieved due to the mild vacuum produced by the temperature 
difference (Kollmann and Côté 1984).

The objective of this study is to evaluate a variation of the hot-and-cold bath 
process in order to produce more durable and esthetically appealing wood materials at a 
competitive price. It is important to mention that the aim is not to make the preservative 
penetrate through the whole material (such as in full-bulk impregnation), but only 
through a limited area under the wood surfaces. This can save costs on the preservatives 
and at the same time protection will be better than in the case of superficial surface 
treatment. 

The long-term goal is to develop a new industrial continuous in-line open process 
that produces a "trade-off" between current coatings systems (with limited service life) 
and full wood volume modification (which is generally too expensive). This will 
considerably reduce the cost of chemicals and additional processing, and at the same time 
provide superior surface properties than by just the deposition of coatings alone.

EXPERIMENTAL

The theory behind the proposed method is that gases contract when they are 
cooled down. More specifically, the theory of ideal gases indicates that the pressure of a 
gas (P) multiplied by its volume (V) is equal to a constant (R) multiplied by the number 
of gas molecules (n) and the temperature in Kelvin (T): 

P V = R n T Eq.1

Consequently, if the temperature of a gas deduces from T1 to T2, then the volume 
at constant pressure will also reduce in a proportional amount from V1 to V2:

P (V V ) = R n (T T ) Eq.2

By dividing Eq.2 by Eq.1, it results in to that the relative change in volume is 
equal to the relative change in temperature (measured in absolute scale):

(V V ) V = (T T ) T Eq.3

According to the theory, by raising the temperature of a gas, the volume of the gas 
increases. If this theory is applied to wood, it is possible to conclude that the heating 
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causes air to expand in wood, while cooling causes the air to contract. In the hot-and-cold 
bath process, directly after the heating the material is put into a cold preservative 
solution, and by cooling the warm air in the wood, the pressure inside the wood cells 
reduces and creates a partial vacuum in the outer parts of the wood (Hunt and Garratt 
1967; Kollmann and Côté 1984). In this way the vacuum creates a pressure gradient with 
respect to the atmospheric pressure, and this helps to push the preservative into the wood 
(Hunt and Garratt 1967; Kollmann and Côté 1984).

Previous studies at Luleå University of Technology showed that the method was 
very effective for impregnation of wood regardless of the direction of the grain (or fibers)
in the wood and heat treated wood sample (Sidorova 2008; Sidorova and Morén 2010; 
Karlsson et al. 2011; Ahmed and Morén 2012; Ahmed et al. 2013a-b). However, wood
has a high permeability in the longitudinal direction (direction of the grain) so wooden 
boards dipped into preservative have the highest absorption through the cross sections 
perpendicular to grain. Consequently, analyzing the penetration of surfaces parallel to the 
grain would require blocking the penetration from the transverse sections which are 
perpendicular to grain. Therefore the research question to address in this study is whether 
the method could be applied to penetrate only the wood surfaces that are parallel to the 
grain (radial and tangential surfaces of the board). In the direction perpendicular to grain
the permeability could be very low, and it is still unknown if this simple method could 
give acceptable penetration to protect the wood surfaces in commercial applications such 
as cladding, decking, flooring, paneling. This study reports a series of tests performed to 
evaluate the method in laboratory with various chemical solutions used commercially for 
improving the properties of wood. In these tests the penetration of a copper-based water
solution, a water solution of furfuryl alcohol, and phenol formaldehyde resin was tested 
for Scots pine.

Materials
All the samples were wooden boards with specific dimensions, which included 

length, width and thickness measured in mm. The length was measured in the direction of 
the grain (longitudinal direction), while thickness and width were measured 
perpendicularly to the grain in respectively the radial and tangential faces. Each sample 
has 2 tangential sections (separated by thickness), 2 radial sections (separated by width)
and 2 transverse cross sections (separated by length). 

All the samples were European Scots Pine Pinus Silvestris cut from kiln dried 
boards from Norra Skogsägarna sawmill, Kåge.

The samples ends (transverse sections) were sealed with silicone gel and 
alluminium foil in order to avoid any penetration in the longitudinal direction; this gave 
the opportunity to analyze the penetration only through the width and thickness (Fig. 1).
Prior to all tests the samples were dried at 103°C during one night in order to compare 
results for the same initial moisture conditions (oven-dry).
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Fig. 1. Wood samples cut and end-sealed before treatment

Impregnation with copper based solution
Four matched samples were cut from a single 50mm thick by 120mm wide piece 

of kiln dried scots pine according the procedure depicted in Fig. 2. First the wood was cut 
in the middle along the longitudinal direction to create two halves matched in the central 
radial section, and then each half was cut into two sections matched in the central 
longitudinal section. The resulting sample size was 100 mm long by 60 mm wide by 50 
mm thick. The preservative was commercial water-based copper salt solution Celcure AC 
800. Two replications were performed.

Fig. 2. Procedure to cut 4 matched samples from a 50mm thick by 120mm wide board

Hot-and-cold bath process with furfuryl alcohol based solution
Sample size was 95 mm long by 120 mm wide by 18 mm thick. The surfaces on 

the sapwood side were intended for impregnation studies and therefore these sapwood 
surfaces were prepared by sanding using sand paper. Solutions for the wood treatment 
contained approximately 40% furfuryl alcohol (Alfa Aesar® GmbH & Co KG), 1% citric 
acid, 1,5% maleic anhydride and 57,5% water.

Hot-and-cold bath process with phenol formaldehyde solution
Sample size was 95mm long by 120mm wide and by 18 mm thick. The wood was 

cut from 9 kiln dried boards. These boards were 120 mm width by 18 mm thick kiln dried 
Scots Pine, usually referred as “side boards”, and the boards were selected with the 
purpose of having large knots visible at the surfaces. This was done because the objective
of the experiment was to test if knots would become visible through the painted wood 
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surfaces after ultraviolet (UV) and water exposure. Two sections containing at least a 
large knot were cut from each board. This resulted in 9 test samples for applying the 
treatment and 9 matched samples to use as reference.

The phenolic impregnation resin was supplied by Prefere Resins Finland Oy, and 
2 types of resin solutions were used to treat the wood: 1. Pure phenol formaldehyde (PF) 
Perfere resin; 2. PF resin Perfere mixed with methanol (1:1). Both solutions contained 
smaller amounts of phenol, formaldehyde and sodium toluene-4-sulphonate according to 
the manufacturer.

Methods
In the experiments described in this study, the method was performed in the 

following way: wood samples were first preheated in oven for 2 hours and subsequently
while still hot submerged immediately into a liquid solution for 30 minutes to assure that 
the samples cooled down considerably. The settings used in this study are not related to 
any standard procedure.

Impregnation with copper based solution
The 100x60x50 mm pine samples (See Materials section) were impregnated with 

copper solution under four different treatment conditions:
1) Dipping the samples without preheating (the 1st reference)
2) Dipping the samples after pre-heating at approximately 100 C for 2 hours (the

studied method of hot-and-cold bath process)
3) Dipping the samples after pre-heating at approximately 130 C for 2 hours (the

studied method of hot-and-cold bath process)
4) Applying vacuum without preheating (the 2nd reference)

In cases 1, 2 and 3 the samples where maintained immersed in the copper solution for 
approximately 30 min. In case 4 the treatment time was doubled. First the samples were 
immersed in the copper solution and exposed to 30 min vacuum to remove gases from 
inside the wood. Thereafter the vacuum was released for another 30 min.

Micro CT-scanner measurements of the samples impregnated with copper based solution
For a better understanding of the differences between the four treatments, small 

sticks were cut from the samples treated with copper solution. These sticks were
approximately 5mm thick by 5mm wide by 25mm long and they were cut from the 
corners that were opposite to the heartwood area (the upper left corners in Fig. 4). The 
density distribution within those sticks was later measured with a micro CT-scanner 
available at the Central Analytical Facilities at Stellenbosch University, South Africa.
According to the university promotional information (CT Scanner Facility), the micro 
CT-scanner can scan small samples at resolutions below 1 micron.

Hot-and-cold bath process with furfuryl alcohol based solution
The test was done in order to investigate the penetration of furfuryl alcohol into 

wood using the studied method. 
The 95x120x18 mm pine samples (See Materials section) were dried at 103°C 

during one night and then weighted. Thereafter the samples were warmed at 130°C for 2 
hours and after that submerged immediately into cold furfuryl alcohol (FA) solution (See 
Materials section) for approximately 30 minutes. In the cold solution the samples were 
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placed so that the sapwood surface was facing up and heartwood down. To maintain the 
samples completely submerged in the solution, they were pressed with the metal net with 
the weight on the top as in Fig.3. The metal net was used to avoid unnecessary contact of 
the wood with the load.

When the samples were removed from the solution they were wiped off and 
weighted again in order to calculate the weight increase after impregnation. The samples 
were left in the oven at 130°C to dry and activate the chemical reaction. The weight was 
measured after 2 and 4 hours and after drying at 130°C over night.

Hot-and-cold bath process with phenol formaldehyde solution
Three treatment conditions (A, B and C) were applied with the objective of 

evaluating two pre-heating temperatures (130 C and 160 C) and two resin dilutions (pure 
and dissolved in 50% methanol by volume). The test was designed for applying the 
method to solve a common problem with painted wood panel products; resin and 
extractives from inside the wood slowly migrate especially through the knots and 
eventually resurface under the paint. One solution is to block the flow of resin and 
extractives manually by painting the knots with a special resin, e.g. Shellack natural 
based laquer, but this is time consuming and not usually implemented in practice. The 
objective, therefore, was to confirm that this could be potentially implemented in industry 
through the method proposed in this study.

All 95x120x18 mm wood samples (See Materials section) were first dried over 1 
night at 103°C and then weighted. Thereafter, three treatments were performed. For the 
treatment A the samples were warmed-up in an oven at the 130 C for approximately 2 
hours, and then totally submerged while still hot into the cold pure PF resin solution for 
approximately 30 min. For the treatment B the samples were warmed-up in an oven at the 
130 C for approximately 2 hours, and then totally submerged while still hot into the cold 
PF resin diluted in methanol solution for approximately 30 min. For the treatment C the 
samples were warmed-up in an oven at the 160 C for approximately 2 hours, and then 
totally submerged while still hot into the cold pure PF resin solution for approximately 30 
min. In the cold solution the samples were placed so that the sapwood surface was facing 
up and heartwood down. To make the samples sink in the solution, they were pressed 
with the metal net with the load on the top. The metal net was used to avoid unnecessary 
contact of the wood with the load (Fig. 3).

Fig. 3. The samples dipped in PF solution and pressed by the net and load
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After the treatment excessive amounts of the resin was wiped off and samples left 
for drying in air over-night. Approximately 10 mm slices were cut from the ends to 
remove the sealing and then the resin was allowed to harden (and become brown) by 
placing the samples overnight in air and later in oven at approximately 130 C. The 
weight of the samples was measured and compared with the weight measurement before 
impregnation in order to quantify the impregnation in terms of weight gain. 

Since the objective of the demonstration case was to explore the possibility of 
reducing the resurfacing of knots in panted wood panels, both the treated and the 
untreated samples were painted according to common end-consumer procedures. The 
panels were first painted with a layer of AkzoNobel® primer (aimed for out-door 
conditions), and subsequently painted with two more layers of a water based acrylate 
AkzoNobel® white paint (aimed for out-door conditions). The painted samples were then 
exposed to artificial weathering (aging) test.

Artificial weathering test and color measurements of PF treated and painted samples
Artificial weathering was done through exposure in a QUV-spray (Q-lab) 

according to the European standard EN 927-6. Color measurements were performed 
according to ISO 7724-2 with a Konica Minolta spectrophotometer CM 2600d. This 
spectrophotometer measures color based on the CIELAB color scale. The CIELAB scale 
measures color in a three-dimensional scale comprising parameters L*, a*, and b*. The 
parameter L* represents the luminosity (going from 0 for not reflection to 100 for 
complete reflection), and the parameters a and b are representative of the color. In simple 
words, color shifts from red to green when a* changes from positive to negative, and 
from yellow to blue when b* changes from positive to negative. The net change of 
color between two difference instances 1 and 2 is defined by the following equation:     

E = ( ) + ( ) + ( ) Eq.4

The color of the painted wood before and after accelerated aging was measured 
separately for areas containing knots and areas that did not contain any knots. Then, the 
resurfacing of knots after accelerating aging was defined as the difference of color 
between knots and areas of wood without knots. 

RESULTS AND DISCUSSION

Impregnation with copper based solution
After performing four types of treatment with copper solution (dipping the 

samples without preheating, dipping the samples after pre-heating at 100°C, dipping the 
samples after pre-heating at 130°C and applying vacuum without preheating) the samples 
were cut in the center to inspect the penetration. After treatment the samples were cut in 
the middle of their length and inspected visually. Fig. 4 shows the results of the visual 
inspection of the four matched samples for one of the two replicates. The figure shows 
that dipping the samples after pre-heating at 100 C and 130 C resulted in intermediate 
penetration depth as compared with dipping the samples at room temperature without 
pre-heating and exposing the samples to approximately 1 atm pressure treatment.
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Fig. 4. Results of for different surface impregnation treatments

Micro CT-scanner measurements of the samples treated with copper based solution
For a better understanding of the differences between the four treatments, small 

sticks of approximately 5mm thick by 5mm wide by 25mm long were cut from the 
corners that were opposite to the heartwood area (the upper left corners in the figures in 
Fig. 4). The obtained micro CT-scanner images are shown in Fig. 5, which have been 
manipulated digitally to highlight zones with CT-number higher than a CT-number of 
untreated wood. In theory, the CT-number increases with increase in the material atomic
number (Jacobs et al. 1995). Due to the high difference in atomic numbers among copper 
(29), carbon (6), oxygen (8), and hydrogen (1), it was assumed that higher CT-numbers 
were associated to the presence of copper inside the wood. 

The micro CT-scanner images in Fig. 5 basically confirm what it can be observed 
visually in Fig. 4. The hot-and-cold bath treatment resulted in an intermediate 
impregnation depth between dipping the samples at room temperature and exposing the 
samples to approximately 1 atm pressure treatment. In addition, the images suggest that 
the treatment facilitated the penetration of cooper through the resin canals.  This is based 
on the fact that the micro CT-scanner images of pre-heated samples seem to show a high 
deposition of copper within spots close to the late wood that are not observed in the 
treatments without preheating. Some of these spots are marked with red circles in Fig. 5.
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Fig. 5. Micro CT-scanner image analysis of four different impregnation treatments 

Hot-and-cold bath process with furfuryl alcohol based solution
The wood samples were treated with furfuryl alcohol solution with the studied 

hot-and-cold bath method (See Materials and Methods sections).
The weight of the samples was measured five times: before treatment, after 

impregnation with furfuryl alcohol solution, after curing at 130°C during 2 and 4 hours,
and finally after 1 night at room temperature. The weight increase results of five boards 
treated with furfuryl alcohol solution are summarized in Table 1. The table shows that the 
samples absorbed between 17.1 and 20.2% of their weight in furfuryl alcohol solution. 
The weight increase then reduced to between 12.5 and 14.6% presumably due to 
evaporation of solvents during drying.
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Table 1. Weight Increase from Hot-and-cold Bath Process with Furfuryl Alcohol 
394 Solution.

Sample Weight Increase 
After Impregnation 
and before Curing

(%)

Weight Increase 
After 2 Hours 

Curing at 130°C
(%)

Weight Increase 
After 4 Hours 

Curing at 130°C
(%)

Weight Increase
After 1 Night at 

Room Temperature
(%)

1 19,4 14,9 14,3 14,6
2 17,1 12,8 12,3 12,5
3 20,8 16,0 15,4 15,7
4 20,2 14,6 14,1 14,5
5 19,4 14,9 14,3 14,6

After 45 minutes in oven at 130°C the surfaces of the samples became turned to be darker 
especially around the knots (Fig. 6), though still looked wet. After 2 hours they were 
found to be dried and rather dark. After 1 night at room temperature the surfaces of the 
samples were sanded in the sanding machine, which caused the appearance of the 
surfaces to be significantly enhanced (Fig. 7).

Fig. 6. Darkened furfuryl alcohol treated samples after curing in oven at 130°C for 45 minutes
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Fig. 7. Sample treated with furfuryl alcohol, cut in two pieces and sanded 

For a visual inspection of the penetration depth the samples were cut in the 
middle. It was found that furfuryl alcohol penetrated well into the wood with the hot-and-
cold bath method, especially through the sapwood surfaces (Fig. 8).

Fig. 8. Cross cut of wood samples treated with furfuryl alcohol 

Hot-and-cold bath process with phenol formaldehyde solution
Three treatment conditions were applied with the objective of evaluating two pre-

heating temperatures (130 C and 160 C) and two resin dilutions (pure and dissolved in 
50% methanol by volume) (See Materials and Methods section).

The weight increase immediately after impregnation with PF resin is reported in 
Table 2. The table indicates that the average weight increase for each treatment was 
5.9%, 11.5% and 6.0% for treatment at 130 C/0%, 130 C/50%, 160 C/0%, respectively.
The data in the table indicates that the weight increase was not considerably affected by 
the temperature, but rather by the dilution of the resin with methanol. For illustration, Fig.
9 shows a sample after impregnation with PF resin in comparison with the untreated 
matched sample. 
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Table 2. Weight Percent Gain of PF Treated Wood
Sample Temperature 

( C)
Dilution

(%)
Weight Gain

(%)
1 130 0 5,1
2 130 0 7,6
3 130 0 5,2
4 130 50 15,6
5 130 50 11,4
6 130 50 7,6
7 160 0 5,2
8 160 0 6,2
9 160 0 6,7

Fig. 9. Treated and untreated matched samples with PF resin

The differences among treatments were evaluated visually by cutting the samples 
somewhere in the middle of their length. The visual observation basically confirmed the 
results of weight gain. The impregnation layer in samples treated with diluted resin at 
130 C (4, 5, and 6) was thicker than the impregnation layer in samples treated with pure 
resin at 130 C and 160 C (1, 2, 3, 7, 8, and 9). Fig. 10 shows a comparison between 
impregnation layers observed in samples 2 and 5:
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Fig. 10. Comparison between the impregnation obtained with pure and diluted resin

Artificial weathering test and color measurements of PF treated and painted samples
The results of the color measurements after aging in treated and untreated samples are 
summarized in Table 3. The table indicates that the average color change ( E) was 5.9, 
6.5 and 3.6 for treatments at 130 C/0% (treatment A), 130 C/50% (treatment B),
160 C/0% (treatment C) treatments, respectively, while the average color change for all 
untreated samples was in average 19.3. The table indicates that the treatment has 
effectively reduced the resurfacing of knots to approximately 70% with respect to 
untreated samples. Increasing the temperature of the treatment has apparently some 
positive effect in reducing color change after accelerated aging. Fig. 11 shows a 
comparison between knots after accelerated aging.
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Fig. 11. Pictures of treated and untreated samples after accelerated aging
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fter Aging in Treated and Untreated Samples470 Table 3. Color Measurements A 
471 Treated With and Without PF Resin.

Treat-
ment

Samples Area Without Knots Areas With Knots
L* a* b* L* a* b*

A

1 reference 95.9 -0.56 2.31 82.77 4.16 17.48 20.6
1 treated 95.67 0.068 2.14 91.92 0.09 7.84 6.8
2 reference 95.99 0.6 2.43 87.17 2.63 14.97 15.5
2 treated 94.51 0.66 2.21 90.17 0.72 8.76 7.9
3 reference 96.46 -0.66 2.74 81.99 4.56 17.71 21.5
3 treated 95.53 -0.74 2.82 93.71 -0.51 5.03 2.9

B

4 reference 95.81 -0.53 2.36 86.15 3.14 16.27 17.3
4 treated 94.47 -0.65 2.37 91.11 0.35 8.32 6.9
5 reference 95.67 -0.56 2.03 82 3.87 16.77 20.6
5 treated 93.88 -0.62 2.28 91.26 -0.38 5.94 4.5
6 reference 95.96 -0.6 2.33 83.72 4.14 16.51 19.3
6 treated 95.6 -0.72 2 89.82 0.22 7.6 8.1

C

7 reference 96.49 -0.64 2.39 83.12 4.31 18.1 21.2
7 treated 95.22 -0.73 1.66 93.63 -0.49 5.79 4.4
8 reference 96.29 -0.63 2.56 87.51 2.11 13.79 14.5
8 treated 94.99 -0.8 1.66 93.03 -0.73 4.64 3.6
9 reference 96.33 -0.61 2.03 80.39 5.32 17.75 23.2
9 treated 94.35 -0.73 1.97 93.94 -0.42 4.81 2.9

CONCLUSIONS

1. The studied variation of hot-and-cold-bath process allowed impregnating a relatively
thick layer of preservative below the wood surfaces without using pressure 
equipment.

2. In all cases the results showed a noteworthy impregnation of the wood under the
surfaces, but there were different levels of penetration depending on the solutions 
used. 

3. The proposed method provides an intermediate solution between simple dipping and
batch pressure treatment.

4. The phenol formaldehyde treatment using this method significantly reduced the
migration of resin and extractives through knot in painted wood panels. 

5. The method is realistic, but the technical and economic viability still needs to be
proven before moving into the products development phase. It is important to 
investigate whether the proposed surface impregnation can be performed fast enough 
to be implemented in industry, and whether the resulting layer of modified wood is 
uniform and thick enough to guarantee adequate protection to the wood surfaces.
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