Dissertation VTIT PUBLICATIONS 771

Sini Metsid-Kortelainen

Differences between sapwood and
heartwood of thermally modified
Norway spruce (Picea abies) and
Scots pine (Pinus sylvestris) under
water and decay exposure

o %/ &






VTT PUBLICATIONS 771

Differences between sapwood and
heartwood of thermally modified
Norway spruce (Picea abies) and

Scots pine (Pinus sylvestris) under

water and decay exposure

Sini Metsa-Kortelainen

Doctoral dissertation for the degree of Doctor of Science in Technology to be
presented with due permission of the School of Chemical Technology for public
examination and debate in Auditorium (Forest Products Building 2) at Aalto Uni-
versity School of Chemical Technology (Espoo, Finland) on the 9th of December,

2011, at 12 noon.



ISBN 978-951-38-7752-1 (softback ed.)
ISSN 1235-0621 (softback ed.)

ISBN 978-951-38-7753-8 (URL: http://www.vtt.fi/publications/index.jsp)
ISSN 1455-0849 (URL: http://www.vtt.fi/publications/index.jsp)

Copyright © VTT 2011

JULKAISIJA — UTGIVARE - PUBLISHER

VTT, Vuorimiehentie 5, PL 1000, 02044 VTT
puh. vaihde 020 722 111, faksi 020 722 4374

VTT, Bergsmansvéagen 5, PB 1000, 02044 VTT
tel. vaxel 020 722 111, fax 020 722 4374

VTT Technical Research Centre of Finland, Vuorimiehentie 5, P.O. Box 1000, FI-02044 VTT, Finland
phone internat. +358 20 722 111, fax + 358 20 722 4374

Technical editing Marika Leppilahti

Kopijyva Oy, Kuopio 2011


http://www.vtt.fi/publications/index.jsp
http://www.vtt.fi/publications/index.jsp

Sini Metséa-Kortelainen. Differences between sapwood and heartwood of thermally modified Norway
spruce (Picea abies) and Scots pine (Pinus sylvestris) under water and decay exposure [LAmpdkasi-
tellyn kuusen (Picea abies) ja méannyn (Pinus sylvestris) pinta- ja sydanpuun kayttaytyminen vesi- ja
lahorasituksessa]. Espoo 2011. VTT Publications 771. 58 p. + app. 64 p.

Keywords decay, contact angle, heartwood, Norway spruce, sapwood, Scots pine, thermal
modification, water absorption

Abstract

Thermal modification methods have been developed to increase the biological
durability and dimensional stability of wood. The aim of this research was to
study the differences between sapwood and heartwood of thermally modified
Scots pine (Pinus sylvestis) and Norway spruce (Picea abies) under water and
decay exposure. The effects of the modification temperature and wood coating
were also examined.

Several tests were carried out in the laboratory and field with three different
complementary research materials. The main research material consisted of
sapwood and heartwood of Scots pine and Norway spruce thermally modified at
temperatures of 170°C, 190°C, 210°C and 230°C. The reference materials were
untreated sapwood and heartwood of pine and spruce, larch, bangkirai, Western
red cedar, merbau and pressure-treated wood materials, depending on the test.

Thermal modification decreased the water absorption of sapwood and heart-
wood of spruce in relation to the modification temperature in a floating test. The
water absorption of sapwood and heartwood of pine either decreased or in-
creased, however, depending on the modification temperature. Pine sapwood
absorbed more water, and very quickly, than the other wood materials, whilst
pine heartwood was the most water-repellent material in the test. In general, the
wettability of the thermally modified wood materials measured as contact angles
only decreased with samples that had been modified at a very high modification
temperature (230°C) compared with the untreated reference wood materials.

The decay resistance of thermally modified wood materials was studied in a
laboratory brown-rot test with two fungi (Coniophora puteana and Poria pla-
centa) and two incubation times (6 and 10 weeks), and in a soft-rot test with
unsterile soil for 32 weeks. The fungal durability was also evaluated after 1, 2
and 9 years of exposure in the lap-joint field test. In general, the thermal modifi-



cation increased the fungal durability in all the cases: the higher the modification
temperature, the higher the resistance to fungal attack. Significant differences
were detected between the different tests and wood materials. A very high ther-
mal modification temperature (230°C) was needed to achieve resistance against
decay comparable to that of the durability classes ‘durable’ or ‘very durable’ in
the soft-rot test. The brown-rot test resulted in slightly better durability classes
than the soft-rot test, which means that, already at lower temperatures
(190-210°C), thermal modification clearly increases resistance to brown-rot
attack, especially with pine materials. The results after nine years of exposure in
the lap-joint field test had a good correlation with the results in the laboratory
test with brown-rot fungi.

The effects of the level of thermal modification and decay exposure on the
bending strength of wood materials were investigated using small samples. On
average, the thermal modification and fungal exposure both reduced the
strength. The effect of decay exposure on strength was more significant howev-
er. It can be concluded that untreated wood material is stronger than thermally
modified wood material until the wood is exposed to decay fungi.

The water absorption decreased and the biological durability increased with
samples that had been coated with wood oil before the tests.

In this study, significant differences between the properties of thermally modi-
fied sapwood and heartwood of pine were detected in water and decay exposure.
The differences between the sapwood and heartwood of spruce were notably
smaller. The modification temperature had a remarkable effect on the properties
of wood; this effect was not linear in every case however.

As concluded, the wood species, sapwood and heartwood portions, and ther-
mal modification temperature obviously have an influence on the biological and
physical properties of thermally modified wood. These factors should be taken
into account in production processes and applications as well as in testing.
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Tiivistelma

Puun lampokasittelymenetelmia on kehitetty kosteuselamisen vahentdmiseksi ja
biologisen kestavyyden parantamiseksi. Taman tutkimuksen tavoitteena oli sel-
vittda lampokasitellyn mannyn (Pinus sylvestris) ja kuusen (Picea abies) pinta-
ja sydanpuun eroja kosteus- ja lahorasituksessa. Myos lampokésittelylampdtilan
ja puun pintakasittelyn vaikutusta tutkittiin.

Useita kokeita tehtiin sekd laboratoriossa ettd koekentélld kolmella toisiaan
tdydentavalla tutkimusmateriaalilla. Useimmissa kokeissa kaytetty tutkimusma-
teriaali koostui neljassé eri lampdtilassa (170 °C, 190 °C, 210 °C ja 230 °C)
kasitellystd mannyn ja kuusen pinta- ja sydanpuusta. Vertailumateriaalina oli
kokeesta riippuen kasittelematonta mannyn ja kuusen pinta- ja sydanpuuta, leh-
tikuusta, bangkiraita, jattilaistuijaa, merbauta sekd painekyllastettyjd puumate-
riaaleja.

Lampokasittely vahensi kuusen pinta- ja sydanpuun vedenimeytymista kasitte-
lylampotilasta riippuen kellutuskokeessa. Mannyn pinta- ja sydanpuulla puoles-
taan vedenimeytyminen kellutuskokeessa joko kasvoi tai vaheni eri lampdétilois-
sa tehdyn kasittelyn seurauksena. Ménnyn pintapuu imi vettd runsaammin ja
nopeammin kuin muut puumateriaalit, kun taas mannyn sydanpuu imi itseensa
kaikkein vahiten vettd. Kontaktikulmamittauksessa vasta korkeimmassa
230 °C:n lampdtilassa késitellyt puumateriaalit eivét olleet yhtd herkkid ime-
maén vettd itseensd kuin kasittelemattomat vertailumateriaalit.

Lampokasiteltyjen puumateriaalien lahonkestoa tutkittiin laboratoriossa rusko-
lahokokeella, jossa kaytettiin kahta inkubaatioaikaa (6 ja 10 viikkoa) seka kahta
sientd (Coniophora puteana ja Poria placenta). Laboratoriossa tehtiin myds 32
viikon pituinen multalaatikkokoe pééasiassa katkolahottajien vaikutuksen tutki-
miseksi. Koekentalla tarkasteltiin lampokasittelyn vaikutusta puun lahonkestoon
maan pinnan ylapuolella toteutetussa lap-joint-kokeessa 1, 2, ja 9 vuoden rasi-



tuksen jalkeen. Lampokasittely paransi yleisesti kaikkien puumateriaalien la-
honkestoa. Mitd korkeampi oli késittelylampdtila, sitd enemmén lahonkesto
parani. Lahonkeston kasvussa oli kuitenkin merkittavia eroja eri materiaalien
vélilla. Multalaatikkokokeessa tarvittiin lahonkestoluokkien “kestdva” tai “erit-
téin kestdva” saavuttamiseksi lampokasittely katkolahoa vastaan kaikkein kor-
keimmassa 230 °C:n lampétilassa. Ruskolahokoe antoi yleisesti hieman parem-
pia tuloksia, mika tarkoittaa, ettd lampokasittely jo alemmissa (190-210 °C)
lampdtiloissa paransi etenkin ménnyn lahonkestoa merkittavasti. Kenttakokeen
tuloksilla yhdeksan vuoden rasituksen jalkeen oli hyva korrelaatio laboratoriossa
tehdyn ruskolahokokeen tulosten kanssa.

Lampokasittelyn seké lahotuksen vaikutusta puun taivutuslujuuteen tutkittiin
pienilla koekappaleilla. Seka lampokasittely itse ettd lahotus alensivat puun lu-
juutta. Lahotuksen vaikutus oli kuitenkin huomattavasti merkittdvampi. Johto-
paatoksena voidaan todeta, ettd kasitteleméaton puutavara on lujempaa kuin lam-
pokasitelty puu, kunnes puumateriaali altistuu lahottajille.

Puun pintakasittely vahensi selvasti veden imeytymista kellutuskokeessa seka
paransi lahonkestoa ruskolahokokeessa kaikilla materiaaleilla.

Tassa tutkimuksessa havaittiin merkittavia eroja kosteus- ja lahorasituksessa
lampdokasitellyn mannyn pinta- ja sydanpuun valilla. Erot kuusen pinta- ja sy-
danpuun valilla olivat huomattavasti pienemmat. My0s kasittelylampotila vai-
kutti merkittavasti puun ominaisuuksiin, joskin on huomattava, ettei lampétilan
vaikutus ollut lineaarista kaikissa tapauksissa.

Yhteenvetona voidaan todeta, ettd puulaji, pinta- ja sydanpuun osuudet seka
lampokasittelylampotila vaikuttavat merkittavasti lampopuun biologisiin ja fysi-
kaalisiin ominaisuuksiin. Nama tekijat tulee ottaa huomioon tuotantoprosesseis-
sa, kayttokohteissa sekd myds testauksessa.
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1. Introduction

As a renewable and natural material, wood is widely used in construction. Many
wood species are susceptible to weathering and fungal decay however. The re-
sistance of wood to decay organisms has traditionally been improved with im-
pregnation treatments using toxic chemicals. Increasing environmental pressures
in the last decades have led to the development of new environmentally friendly
methods for wood protection. Thermal modification, among other modification
methods, is an alternative process for improving the properties of wood.

Different methods for thermal modification of wood have been developed in,
among other places, Finland, France, the Netherlands and Germany. The com-
mon objective of these methods is to improve the dimensional stability and bio-
logical durability of wood without adding chemicals or biocides to the wood.
Some of these processes are still under development, and others are already in
commercial production. The Finnish ThermoWood® process is one of these
thermal modification processes used in commercial production. The process is
based on heating the wood material for a few hours at high temperatures above
180°C under normal pressure while protecting it with water vapour. This tech-
nology is the final result of long-term and persistent research and development
work carried out at VTT since 1992.

In Finland, the first thermally modified wood producers started production at
the end of the 1990s. In the beginning, the marketing of a completely new wood
product was quite difficult, and the manufacturing processes also needed some
enhancement. There were also problems with the quality of the thermally modi-
fied wood because of variations in the raw material, differences between modifi-
cation processes and an inadequate quality control system. Thermally modified
wood was also used in the wrong applications because consumers did not under-
stand the behaviour and demands of the new product: the directions given to
consumers were inadequate. The situation was improved over the period of a
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1. Introduction

few years however. One reason for the improvement was the establishment of
the International Thermowood Association in December 2000. The association
promotes the use of thermally modified wood, and production quality control,
product classification and R&D activities are also important duties of the organi-
sation. The method of thermal modification that was developed and patented at
VTT has been licensed to members of the International Thermowood Associa-
tion. Only members of the association are allowed to use of the trade name
ThermoWood®.

Scots pine (Pinus sylvestris) and Norway spruce (Picea abies) are the main
wood species used for industrial-scale thermal modification, though birch, as-
pen, alder and other wood species are also thermally modified in Finland. The
production has grown year on year, and the main market area for Ther-
moWood® is currently the EU. Thermally modified wood is used in many ap-
plications that require enhanced dimensional stability and biological durability.
The brown colour of the thermally modified wood is also seen as a benefit by the
furniture industry. There are many good examples of thermally modified timber
being used in different applications, such as exterior cladding, decking, flooring,
garden furniture, panelling, kitchen furnishing and the interiors of bathrooms
and saunas.

Thermal modification changes the chemical, physical and biological proper-
ties of wood. The colour of the wood material changes to brown and, at the same
time, different degrees of weight loss of the wood are experienced. Thermal
modification also improves the dimensional stability and biological durability of
wood, though the bending and tensile strength decrease in relation to the intensi-
ty of the thermal modification. The reaction mechanisms and properties of ther-
mally modified wood have been widely studied in many research institutes all
over the world. Differences between thermally modified sapwood and heart-
wood have been reported less frequently, however, though the different chemical
compositions and physical properties of sapwood and heartwood of many wood
species are well known.

The aim of this thesis was to investigate the differences between the sapwood
and heartwood of thermally modified Norway spruce and Scots pine under water
and decay exposure. The effect of the temperature of the thermal modification
process was also examined.
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2. Background
2.1 Properties of untreated Norway spruce and Scots pine

2.1.1 Chemical composition

Norway spruce (Picea abies) and Scots pine (Pinus sylvestris) are both softwood
species whose structures are anisotropic, consisting of different cell types, all of
which have their own function. Over 90% of the cells of spruce and pine are
tracheids, which are long and slender and have mechanical and conducting func-
tions in the tree. Spruce and pine also consist of small amounts of parenchyma
and epithelial cells, which have both storage and conduction functions. The wa-
ter transport between adjacent cells occurs through pits. Growth rings of the
wood material are composed of earlywood and latewood sections. The cell walls
of latewood are thicker and the cell diameters smaller than those of earlywood
(Fengel & Wegener, 1984). Due to the anisotropic structure, the physical proper-
ties of the wood material are different in the tangential, radial and longitudinal
directions.

The main building materials of the wood cells are cellulose, hemicelluloses
and lignin. Approximately 40-45% of the dry weight of most softwood species
is cellulose (Fengel & Wegener, 1984; Sjostrom, 1993). Cellulose is therefore
the main constituent of trees and it forms a skeleton that is surrounded by other
substances that function as a matrix. Cellulose gives the cell wall its strength,
while hemicelluloses together with the lignin regulate the water content in the
cell wall. The content of hemicelluloses and lignin in softwoods is typically ap-
proximately 20-30% and 25-30%, respectively (Sjostrom, 1993). Cellulose and
hemicelluloses are hydrophilic but lignin is hydrophobic.

Wood material also contains small amounts of extractives that protect the
wood against biodeterioration and insect attacks. Extractives are wood compo-
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2. Background

nents that can be extracted by means of polar or non-polar solvents and are most
characteristically found in large quantities in the heartwood (see Section 2.1.2)
but also in the resin canals of conifers or as reserve materials in the living por-
tion of the wood (Fengel & Wegener, 1984; Sjostrom, 1993). The composition
of extractives varies widely from species to species, and the amount of extrac-
tives varies even between different parts of the same tree.

2.1.2 Sapwood and heartwood

At a certain age, the inner wood of the stem of most trees begins to change into
completely dead heartwood. The dying cells produce heartwood extractives from
the nutrients in them whilst the bordered pits are aspirated. The sapwood gives
structural support to the living tree, acts as a food storage reservoir and trans-
ports water. The heartwood consists of dead cells, and the extractives in heart-
wood protect the tree against biological attack, lower the water content and act
as fungicides (Wise & Jahn, 1952).

The chemical composition and physical properties of the heartwood of many
wood species vary and differ from those of sapwood. In many wood species, the
heartwood is darker than the sapwood or becomes darker during use. The con-
tent and composition of the extractives in heartwood fluctuate. The heartwood of
many wood species is naturally more resistant to attack by decay organisms than
the sapwood. The weight, density, hygroscopicity and permeability of heartwood
and sapwood have been reported to be quite different (Kollmann & Coté, 1968;
Kérkkéinen, 2003). There is wide variation in the amount of heartwood between
different wood species, individual stems and different parts of a single stem. The
age and growth rate of the tree affect the content and composition of extractives,
and the amount of heartwood is higher in older trees than in younger ones,
though it decreases from the butt to the top of the tree (Saarelainen, 1981).

The heartwood of Scots pine is darker than the sapwood, but there is no dis-
tinct colour difference between the heartwood and the sapwood of Norway
spruce. The moisture content of living pine and spruce heartwood is much lower
than that of sapwood. The permeability of heartwood has also been reported to
be much lower than that of sapwood because of the aspiration of the bordered
pits. The difference between the permeability of heartwood and sapwood has
been observed to be greater in pine than spruce (Elowson et al., 2003; Kark-
kainen, 2003).

18



2. Background

2.1.3 Natural durability

Wood can be attacked by different kinds of fungi and bacteria when the prevail-
ing relative humidity and temperature are high enough. Brown- and white-rot
fungi mainly belong to a subdivision of Basidiomycetes. Most brown-rot fungi
prefer to attack softwoods, while white-rot fungi attack hardwoods. Soft-rot
fungi are found in softwoods and hardwoods, and they belong to Ascomycetes
and Fungi imperfecti as well as blue-stain and mould fungi, which together are
wood discolouring fungi (Fengel & Wegener, 1984). Brown-rot fungi degrade
the cellulose and hemicelluloses of wood while white-rot fungi mainly degrade
the lignin and cellulose. Soft-rot fungi destroy the cellulose in the most im-
portant parts of the cell wall. Wood loses its strength as a consequence of the
degradation of the wood components, especially the cellulose, caused by the
decay fungi (Saarelainen, 1981).

The natural durability, which is defined as ‘the inherent resistance of wood to
attack by wood destroying organisms’ according to EN 350-1 (1994), depends
on the wood species. The natural durability of the Finnish wood species is lim-
ited and the durability of the heartwood of the most important economic timbers
are classified as ‘moderately durable’ or ‘slightly durable’ (Scots pine) and
‘slightly durable’ (Norway spruce) according to EN 350-2 (1994). The durability
of the sapwood of Finnish softwoods is even more limited than that of heart-
wood.

Heartwood extractives are the principal source of low water permeability and
increased natural durability or decay resistance (Olsson et al., 2001). The lower
fungal durability of sapwood may, on some occasions, be a consequence of its
greater permeability (Kollmann & Co6té, 1968). The most important factors af-
fecting the increased natural decay resistance of Scots pine heartwood are the
concentration of total phenolics and certain stilbenes like pinosylvin and its
monomethyl ether (Harju et al., 2003; Venélainen et al., 2003).

2.2 Thermal modification processes

There are several thermal modification methods for wood (Homan & Jorissen,
2004). These have the common aim of increasing the durability of wood against
decay organisms and to decrease the swelling and shrinking of wood by subject-
ing the wood to temperatures between 150°C and 250°C, in an atmosphere with a
low oxygen content. Short descriptions of the most common industrial-scale
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processes for thermal modification of wood are presented in Sections
2.2.1-2.25.

2.2.1 ThermoWood® process

The Finnish ThermoWood® process is based on heating the wood material for a
few hours at temperatures over 180°C at atmospheric pressure using water va-
pour (Viitaniemi, 1997a; Jamsa & Viitaniemi, 2001). The water vapour creates a
protective atmosphere to prevent the wood from burning and cracking. Either
green or kiln-dried wood material can be used. The process can be divided into
three phases: drying, thermal modification and conditioning.

2.2.2 PLATO

The PLATO process in the Netherlands principally consists of two stages, hy-
drothermolysis and dry curing, with an intermediate drying operation (Homan et
al., 2000; Militz & Tjeerdsma, 2001). The wood species and the thickness and
form of the timber have an effect on the process time needed, and green or air-
dried wood can be used.

2.2.3 Retification and Le Bois Perdure

In France, two modification processes are in use. The first one is referred to as
Retification, in which normally dried wood is heated up to 210-240°C in a ni-
trogen atmosphere. The second French process, Le Bois Perdure, allows for the
use of fresh wood. In this process, the fresh wood is first dried and then heated
up to 230°C in a steam atmosphere. The steam is generated from the water in the
wood (Vernois, 2001).

2.2.4 Menz Holz
The Menz Holz process in Germany is based on heating the wood at tempera-

tures of between 180°C and 260°C in a hot vegetable oil bath (Rapp & Sailer,
2001).
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2.2.5 WTT Thermo treatment

The WTT Thermo treatment process developed in Denmark is a new technology
in which the wood material is treated in a pressurised steam atmosphere at 3-19
bars and working temperatures of 140-210°C. The process uses pre-dried wood
and does not fully dry the wood material during the thermo treatment (WTT,
2011).

2.3 The effects of thermal modification on the properties
of wood

Thermal modification changes the chemical composition of wood, thereby alter-
ing the appearance and physical and biological properties of the wood. Several
factors influence the properties of thermally modified wood: wood species, sap-
wood / heartwood, dimension or size of the timber/specimen, moisture content,
thermal modification method used and, in particular, the intensity of the thermal
modification, which usually depends on the thermal modification temperature
and time (Mitchell, 1988). The higher the thermal modification temperature and
the longer the treatment time, the more significant the changes in the wood
properties are. The effects of thermal modification on wood material have been
widely studied and all of the factors mentioned above related to the modification
process have to be taken into account when examining the results.

Thermally modified wood is like a new wood species and its special charac-
teristics have to be taken into account during the whole production process.
Generally, thermally modified wood is more susceptible to mechanical damage
during further processing than normal dried wood. Painting and gluing also have
to be carried out very carefully using process parameters optimised for thermally
modified wood. Good joining requires care because thermally modified wood is
quite brittle and may also contain residual acids that can cause corrosion on fas-
teners (Jermer & Andersson, 2005). Thermally modified wood also needs a UV-
protective coating because it turns grey like normal wood when exposed to
weather or UV light (JAmsa et al., 2000; Mikleci¢ et al., 2011).

2.3.1 Chemical properties

Wood is a complex, composite material consisting mainly of cellulose, hemicel-
luloses, lignin and extractives (Fengel & Wegener, 1984; Sjostrom, 1993).
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Thermal modification changes the chemical structure of wood. Alén et al. (2002)
concluded that the main structural components (cellulose, hemicelluloses and
lignin) of Norway spruce wood, particularly hemicelluloses, were converted into
volatiles and other pyrolysis products. Sivonen et al. (2002) studied thermally
modified Scots pine with NMR spectroscopy and detected an increase in the
relative crystallinity of cellulose and the destruction and deacetylation of hemi-
celluloses. In a study by Andersson et al. (2005), an increment in the mass frac-
tion of crystalline cellulose was perceived, and an increase in the porosity of the
cell wall was also observed using X-ray scattering methods. Nuopponen et al.
(2003) studied the behaviour of the extractives of Scots pine during thermal
modification and concluded that the resin acids in the radial resin canals moved
to the surface of wood at temperatures of between 100°C and 180°C and disap-
peared from the wood surface at higher temperatures. Degradation or modifica-
tion of hemicelluloses, amorphous cellulose and lignin, and evaporation and
polymerisation of extractives during thermal modification have also been report-
ed by Tjeerdsma et al. (1998), Viitaniemi et al. (2002), Weiland and Guyonnet
(2003), Wikberg and Maunu (2004), Tjeerdsma and Militz (2005), Boonstra and
Tjeerdsma (2006), Mburu et al. (2006), Esteves et al. (2008a) and Gonzéalez-
Pefia et al. (2009).

2.3.2 Physical properties

Wood turns brown and loses weight as a consequence of the degradation and
evaporation of wood components during thermal modification (Viitaniemi &
Jamsd, 1996; Bekhta & Niemz, 2003; Mohebby & Sanaei, 2005; Johansson &
Morén, 2006; Esteves et al., 2007a). The weight loss during thermal modifica-
tion depends mainly on the modification temperature and time, and it has a
strong relationship to many wood properties (Zaman et al., 2000; Welzbacher et
al., 2007). The colour of thermally modified wood also correlates with the inten-
sity of the thermal modification (Brischke et al., 2007; Schnabel et al., 2007;
Esteves et al., 2008b; Gonzélez-Pefia & Hale, 2009a, 2009b).

Thermal modification reduces the shrinking and swelling of wood, with ther-
mally modified wood being more stable than normal wood in conditions of
changing humidity (Virta, 2005; Tuong & Li, 2011). Thermal modification re-
duces the equilibrium moisture content and in most cases also the water absorp-
tion and wettability of wood (Viitaniemi & Jamsd, 1996; Kamdem at al., 2002;
Bekhta & Niemz, 2003; Pétrissans et al., 2003; Hakkou et al., 2005a; Popper et
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al., 2005; Repellin & Guyonnet, 2005; Wang & Cooper, 2005; Awoyemi, 2006;
Follrich et al., 2006; Kartal et al., 2007; Kocaefe et al., 2008; Korkut & Bektas,
2008; Almeida et al., 2009; Herajarvi, 2009; Ohmae et al., 2009). The principal
factor for enhanced dimensional stability and reduced water absorption is likely
to be the reduction in the number of hydroxyl groups of the hemicelluloses
(Weiland & Guyonnet, 2003; Boonstra & Tjeerdsma, 2006). Moreover, Hakkou
et al. (2005b) suggested that plasticisation of lignin, leading to a reorganisation
of the lignocellulosic polymeric components of wood, could explain the reduced
wettability of thermally modified wood.

As a result of thermal modification, wood becomes more brittle, and the bend-
ing, tensile and compression strength decrease in relation to the intensity of the
thermal modification and wood species (Viitaniemi & Jamsd, 1996; Viitaniemi,
1997b; Santos, 2000; Kubojima et al., 2000; Bekhta & Niemz, 2003; Unsal &
Ayrilmis, 2005; Poncsék et al., 2006; Yildiz et al., 2006; Boonstra et al., 2007a;
Esteves et al., 2007b; Shi et al., 2007; Korkut et al., 2008; Gunduz et al., 2009;
Majano-Majano et al., 2010). Sundqyvist et al. (2006) suggested that the decrease
in mechanical properties is related to acid formation during the modification
process. Phuong et al. (2007) proposed that the brittleness of the thermally modi-
fied wood was a consequence of the degradation of amorphous polysaccharides.

2.3.3 Biological properties

The improved fungal durability of thermally modified wood has been reported in
a considerable number of publications (Viitanen et al., 1994; Viitaniemi & Jam-
sd, 1996; Sailer et al., 2000; Tjeerdsma et al., 2000; Kamdem et al., 2002;
Gosselink et al., 2004; Hale et al., 2005; Welzbacher & Rapp, 2005; Boonstra et
al., 2007b; Mburu et al., 2007; Welzbacher & Rapp, 2007). There may be sever-
al reasons for the increased resistance to fungal attack. During thermal modifica-
tion, the wood becomes more hydrophobic, which limits the absorption of water
and may suppress fungal growth. Thermal modification changes the chemical
composition of wood, making it more difficult for fungi to attack the wood ma-
terial, and it may generate new extractives, which may have fungicidal or fungi-
static effects (Kamdem et al., 2000; Kotilainen, 2000; Sivonen et al., 2003;
Weiland & Guynnoet, 2003; Mburu et al., 2006). The most plausible hypothesis
for the durability improvement is the chemical modification and degradation of
wood during thermal modification according to Hakkou et al. (2006) and
Lekounougou et al. (2009). Thermally modified wood has also been noted to be
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less susceptible to discolouring organisms, e.g., mould and blue stain than un-
treated wood (Viitaniemi & Jamsé, 1996; Edlund & Jermer, 2004; Petric et al.,
2006; Kocaefe et al., 2007; Frihwald et al., 2008).
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3. Material and methods

The resistance of thermally modified sapwood and heartwood of Scots pine and
Norway spruce to decay and water exposure was investigated with several labor-
atory and field tests that supported and complemented each other. The research
material was based on the same wood batch in all the laboratory tests except for
the experiments relation to wood coatings. The results are therefore truly compa-
rable. A schematic representation of the wood materials of the main batch, the
thermal modifications and the tests performed is shown in Figure 1. The materi-
als and test methods are described briefly below and in more detailed in Papers
I-VI.

Contact angle

Field test

(lap-joint) Water absorption

‘ Pine ‘ ‘ Spruce ‘

[ Sapwood ‘ ‘ Heartwood l

Thermal modification temperature

Coatings & chemical
composition

Decay resistance

Figure 1. Schematic description of the wood materials of the main batch, the thermal
modifications and the performed tests.
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3.1 Research materials

Three separate research materials (1-3) were used in the tests and are presented
in the following sections.

3.1.1 Research material (1) used in laboratory tests with thermally
modified wood

Industrially kiln-dried sapwood and heartwood planks of Norway spruce (Picea
abies) and Scots pine (Pinus sylvestris) were selected from a sawmill situated in
SE Finland. For the laboratory thermal modification operations, 18 planks of
each test material with only small variations in density and widths of year rings
were selected. The planks were as clear sapwood or heartwood as possible. All
the 4.8-m-long planks were planed, split down the middle and cut into four
1.2-m-long pieces. One half of the planks were left as reference material and the
other half were thermally modified (Figure 2). A more detailed description of the
raw material selection is given in Paper I. This test material was also used in the
studies presented in Papers 111-V.

In addition, industrially kiln-dried Siberian larch, merbau, bangkirai and
Western red cedar (WRC) were chosen as reference material for the decay and
strength tests.

/;5//’ 230°C

-~ /
~210°C

N
N

| Thermal modification |

Figure 2. Cutting of the test planks for the thermal modifications.

3.1.2 Research material (2) used in laboratory tests with
unmodified wood

Norway spruce and Scots pine logs were sawn from trees felled from four differ-
ent locations in the southern parts of Finland. The logs were sawn into planks,
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which consisted, as far as possible, of either sapwood or heartwood. The planks
were then carefully dried at a temperature of 60°C. One half of the samples pre-
pared from this research material were coated throughout with a water-based
primer and pigmented wood oil and the other half were left as an uncoated refer-
ence material. The extractive content of the research material was analysed by
determining the methanol extract profile. The analysis method and the selection
of raw material are explained in detail in Paper Il and by Viitanen et al. (2006).

3.1.3 Research material (3) used in field test with thermally
modified wood

The field test was started two years before the other experiments for which in-
dustrially kiln-dried Norway spruce and Scots pine planks produced in south-
eastern Finland (50 x 100 mm?) were selected. Scots pine impregnated with
tributyl tin oxide (TBTO) and copper, chromium and arsenic (CCA) was also
selected as a reference material according to Paper VI. Sorting between the sap-
wood and heartwood was not performed.

3.2 Thermal modifications

The ThermoWood® method was used in all the thermal modification operations.
The temperature inside the wood and the atmosphere in the kiln were measured
during the processes. The thermal modification operations were controlled with
these measured temperatures. The thermal modification time at the target tem-
perature was 3 hours in every test run while the thermal modification tempera-
ture was changed. The test planks were conditioned carefully under steam im-
mediately after the thermal modification operations.

3.2.1 Thermal modifications for the laboratory tests

The small 1.2-m-long planks from research material 1 described in Section 3.1.1
were thermally modified in a laboratory kiln at VTT. There were four different
wood materials: pine sapwood, pine heartwood, spruce sapwood and spruce
heartwood, and four different thermal modification temperatures: 170°C, 190°C,
210°C and 230°C, and 16 test runs were therefore carried out in total. Tempera-
tures of 190°C and 210°C were selected to correspond to temperatures common-
ly used in industrial thermal modification processes (Thermo-S 190°C, Thermo-
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D 212°C) and temperatures of 170°C and 230°C were included to gather addi-
tional information on the behaviour of the wood material. The thermal modifica-
tion operations are presented fully in Paper 1.

3.2.2 Thermal modifications for the field test

The thermal modifications of research material 3 described in Section 3.1.3 were
performed under accurately controlled conditions at the YTI Research Centre in
Mikkeli, Finland. The planks chosen for modification were treated at tempera-
tures of 195°C and 210°C.

3.3 Methods

Several standard tests or tests based on standards were performed in the labora-
tory and field. Three separate research materials (Sections 3.1.1-3.1.3) were
used in the tests according to Figure 3. These tests, described briefly below,
were selected to give systematic information about the behaviour of the thermal-
ly modified wood products in experiments in relation to moisture and decay.

Scots pine and Norway spruce research materials

Research material 2 Research material 3
(untreated, coated, (untreated, thermally modified)
sapwood, heartwood)

Water absorption Research material 1
(untreated, thermally modified,
sapwood, heartwood)

Field test
(lap-joint)

Contact angle

Figure 3. Research materials 1-3 and different tests performed in this study.

Brown-rot
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3.3.1 Water absorption

Two water absorption tests were performed (Papers I-11), and the test procedure
based on the standard EN 927-5 (2000) was almost the same in both tests. The
first test was performed with thermally modified research material 1 presented in
Sections 3.1.1 and 3.2.1. Ten replicate specimens of each wood material (pine
sapwood, pine heartwood, spruce sapwood, spruce heartwood, five different
temperatures) were sealed and floated outer face downwards in a water basin.
The moisture content (MC) of the specimens was determined after 6, 23, 45, 71
and 146 hours of flotation.

The second water absorption test was performed with test material 2 described
in Section 3.1.2. The effect of wood coating on water absorption was studied.
Three samples per test material were prepared and the specimens were floated in
water for 72 hours and the water uptake calculated.

3.3.2 Wettability

The wettability of thermally modified sapwood and heartwood of Scots pine and
Norway spruce (the raw material and thermal modifications are summarised in
Sections 3.1.1 and 3.2.1) was assessed by measuring the static contact angles of
distilled water on the surfaces as a function of time. The specimens were condi-
tioned at 65% relative humidity (RH) and 20°C to a constant mass before the
measurements were taken in the earlywood area perpendicular to the axis of the
wood grain. The test procedure is presented in more detail in Paper V.

3.3.3 Decay resistance

The decay resistance of thermally modified, unmodified and coated sapwood
and heartwood of Scots pine and Norway spruce was examined in the laboratory.
A field test in above-ground conditions was also performed with Scots pine and
Norway spruce material with mixed portions of sapwood and heartwood.

3.3.3.1 Decay test against brown-rot fungi

A decay test against brown-rot fungi was performed using two different test
materials according to a mini-decay test (Bravery, 1979). The sample size was
5 x 20 x 35 mm?® and the incubation times were 6 and 10 weeks in both tests. In
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the first test, thermally modified sapwood and heartwood of Scots pine and
Norway spruce (research material 1 described in Sections 3.1.1 and 3.2.1) were
exposed to two different fungi Coniophora puteana and Poria placenta. After
incubation, the moisture content and weight loss were analysed and the results
classified into durability classes based on the median mass losses according to
CEN/TS 15083-1 (2005). The details of the decay test are presented in Paper Il1.

The effect of a coating on the fungal resistance of unmodified sapwood and
heartwood of Scots pine and Norway spruce (test material 2 described in Sec-
tion 3.1.2) to Coniophora puteana was studied in the second test. The test is
described in more detail in Paper II.

3.3.3.2 Decay test against soft-rot fungi

The natural durability of thermally modified sapwood and heartwood of Norway
spruce and Scots pine and of the other reference wood species was determined
according to CEN/TS 15083-2 (2005). The specimens (5 x 10 x 100 mm®) were
sawn from the same research material 1 used in the brown-rot test with two dif-
ferent fungi (Sections 3.1.1 and 3.2.1). The modulus of elasticity (MOE) was
determined in a static three-point bending test before and after the test (Figure 4)
without breaking the specimens. The incubation time was 32 weeks, after which
the mass loss was also determined. The results of the soft-rot test were classified
into durability classes according to CEN/TS 15083-2 (2005). The test and the
measurement of the MOE values are presented in Paper I1I.

Figure 4. The static bending test, central loading method.
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3.3.3.3 Lap-joint field test

Thermally modified and unmodified Scots pine and Norway spruce samples
were prepared for a horizontal lap-joint test according to ENV 12037 (1996).
Two different types of impregnated wood were also selected as reference mate-
rial. Raw material 3 described in Sections 3.1.3 and 3.2.2 was used. The samples
were installed on exposure racks at the Otaniemi test site in southern Finland in
November 2001 and the discoloration and decay were inspected separately after
1, 2and 9 years. The test is described in detail in Paper VI.

3.3.4 Bending strength

The effect of fungal exposure on the strength properties of thermally modified
sapwood and heartwood of Norway spruce and Scots pine was measured in a
static bending test. Half of the specimens originated from the 32-week decay test
against soft-rot fungi and half of the specimens were unexposed wood material
from raw material 1 described in Sections 3.1.1 and 3.2.1. All of the specimens
were conditioned at 65% relative humidity (RH) and 20°C to constant mass be-
fore the bending test, after which the MOE and the modulus of the rupture (MOR)
were calculated. A more itemised description of the test is given in Paper IV.
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4.1 Weight loss after thermal modification

The weight loss correlates with the many properties of thermally modified wood,
as described in a publication by Viitaniemi (1997b). As weight loss is dependent
on several factors, some variables were eliminated, and for this reason, the ther-
mal modification time was 3 hours in every test run and the size of the test
planks was also constant. The density variation within the planks of each test
material was also small. In this study, the intensity of the thermal modifications
was thereby only dependent on the thermal modification temperature, wood
species and wood part (sapwood/heartwood).

Viitaniemi and Jaimsa (1996) detected that as a consequence of degradation
and evaporation of wood components during thermal modification, wood loses
weight. In this study, the weight loss was calculated and presented as a function
of wood materials and actual treatment temperatures, as shown in Figure 5. The
calculation of the weight loss is explained in Paper I. The actual modification
temperatures are average values of the highest temperatures measured from in-
side the wood over 3 hours. The target temperatures (170°C, 190°C, 210°C and
230°C) were slightly exceeded, particularly with the highest thermal modifica-
tion temperatures. In general, the weight loss correlated strongly with the ther-
mal modification temperature. The weight loss of pine heartwood at the lower
modification temperatures of 170-190°C was notably higher, however, which
was probably a consequence of the evaporation of extractives during modifica-
tion (Nuopponen et al., 2003). The weight loss of spruce heartwood at these two
lower temperatures was also more significant than that of spruce sapwood.
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Weight losses of wood materials in thermal modifications at actual temperatures
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Pine, sapwood Pine, heartwood Spruce, sapwood Spruce, heartwood

Figure 5. Weight losses and actual temperatures in thermal modification operations.
4.2 Thermally modified wood under water exposure

4.2.1 Water absorption

The water absorption differences between the sapwood and heartwood of Scots
pine and Norway spruce were studied as a function of time. The results are pre-
sented in Paper | (Figures 4-5). The water absorption properties are connected to
the shrinking and swelling of wood as well as the biological durability aspects.
The water absorption of the spruce materials correlated strongly with the
thermal modification temperature: the higher the treatment temperature, the low-
er the moisture content. The moisture content of the spruce materials increased
evenly as a function of time. A similar connection between thermal modification
temperature and moisture content was not detected with pine materials, which,
on the other hand, exhibited a clear correlation between the wood part (sap-
wood/heartwood) and the moisture content. In fact, the water absorption differ-
ences between the sapwood and heartwood of pine were significant. The mois-
ture content of the untreated pine sapwood samples was more than double after
71 hours of floating compared with the heartwood samples. Thermal modifica-
tion mainly decreased the water absorption of pine heartwood. On the other
hand, thermal modification of pine sapwood at temperatures of 170-210°C in-
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creased the water absorption compared with the untreated reference samples.
Kartal et al. (2007) measured the water absorption of sugi (Cryptomeria japoni-
ca D. Don) thermally modified at temperatures of 180°C and 220°C for 2 and 4
hours and detected a similar increase in moisture content with samples thermally
modified in milder conditions (180°C, 2 hours). In another publication (Moheb-
by & Sanaei, 2005), the water absorption of thermally modified beech (Fagus
orientalis Lipsky) at a temperature of 160°C was decreased but increased after
thermal modification at 180°C compared with unmodified samples. A thorough
explanation for this interesting increase in water absorption of thermally modi-
fied wood at lower temperatures has not been given in the papers referred to.
Evidently, this phenomenon should be studied further in the future.

In this study, the moisture content differences between the reference and
thermally modified pine sapwood materials were also more significant at the
early stages of the test than the situation after approximately six days of floating.

Extended water absorption

The water absorption test was extended after the results of Paper | were pub-
lished because the water absorption differences between untreated and thermally
modified materials seemed to decrease as a function of the floating time. The
specimens were floated again in a water basin for 42 days, after which the spec-
imens were left to dry at room temperature for 15 days and the moisture content
evaluated by weighing the samples at short intervals.

The results of the extended water absorption and drying test are presented in
Figures 6-7. Note that the scale of the y-axis of the pine sapwood differs from
the scale used in the other figures.
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Figure 7. Extended water absorption of pine sapwood and heartwood.

The differences between the sapwood and heartwood of spruce were quite small
in the extended water absorption test. The level of moisture content of the spruce
heartwood was lower throughout than that of the sapwood, however, which
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agrees with the findings of Bergstrém and Blom (2005). Thermal modification
decreased the moisture content values quite linearly.

The moisture contents of the pine heartwood were rather similar to the mois-
ture contents of the spruce heartwood. The water absorption of pine heartwood
had a negligible correlation with the thermal modification temperature however.
In fact, the behaviour of the thermally modified pine heartwood seemed very
interesting as it absorbed water less after thermal modification at a very low
temperature of 170°C, it then became more hydrophilic in the temperature range
190-210°C until thermal modification at a very high temperature of 230°C made
it more resistant to water again.

The sapwood of pine had a completely different behaviour compared with the
other wood materials in the test. All the pine sapwood specimens reached fairly
high moisture contents after floating for 7 days. Even the moisture contents of
specimens thermally modified at 230°C were over 30%. Thermal modification at
temperatures of 170-190°C increased water absorption compared with the un-
modified reference samples, and these differences were also evident in the dry-
ing phase of the test. In fact, the drying of the pine sapwood was surprisingly
slow compared with the rate of moistening. In practice, this means that pine
sapwood remains more wetted and for longer periods than the other wood mate-
rials during moisture exposure, which may expose the wood material to a greater
risk of biological attack.

Effect of coating

In the third water absorption test, untreated sapwood and heartwood of pine, and
sapwood of spruce were coated with water-based primer and wood oil and float-
ed for 72 hours (Paper Il, Figure 3). The water uptake of the untreated spruce
and pine heartwood samples was nearly at the same level, which was very much
lower than that of the pine sapwood. The wood coating significantly decreased
the water uptake of all the wood materials. For example, the water uptake of the
coated pine sapwood decreased to the level of untreated pine heartwood.

4.2.2 Wettability
A decrease in the wettability of thermally modified wood measured by contact

angle analysis has been reported in several publications (Pétrissans et al., 2003;
Esteves et al., 2007b; Follrich et al., 2006; Kocaefe et al., 2008). Whether the
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material under investigation was sapwood or heartwood has not generally been
taken into account. Oliveira et al. (2010), however, studied the wettability of the
sapwood and heartwood of Araucaria angustifolia thermally modified at several
temperatures and detected a significant increase in contact angle values except in
thermally modified heartwood, the value of which decreased drastically at
200°C. The authors suggested that enhanced wettability may partly have been a
consequence of the drying cracks detected from the surface of the samples.

In this study (Paper V), the differences in contact angle between the sapwood
and heartwood of thermally modified Scots pine and Norway spruce were exam-
ined. The other aim was to find possible connections with the results of the float-
ing test. The results after two different measurement times (1.1 s and 25.3 s) are
presented in Figures 8-9. In general, the wettability of the sapwood of pine was
higher than that of the pine heartwood, as expected. Thermal modification de-
creased or increased water repellency, however, depending on the thermal modi-
fication temperature, wood part and measurement time. The water repellency of
pine sapwood was only increased for the material that had been thermally modi-
fied at a temperature of 230°C at the early stages of the test. Thermal modifica-
tion apparently slowed down water absorption and spreading, since after 25 se-
conds only the samples that had been thermally modified at a temperature of
170°C were recorded as being less repellent than the untreated reference sam-
ples. Similar differences in the absorption rates as a function of time were not
detected with pine heartwood samples. Thermal modification increased the wet-
tability of pine heartwood except for the samples that had been thermally modi-
fied at a temperature of 170°C. It is very interesting that thermal modification of
pine at a temperature of 170°C resulted in the sapwood being less repellent and
the heartwood more repellent. This observation and mainly the other findings in
the contact angle tests with pine materials are in line with the results of the water
absorption test.

The trends of the contact angle curves of the sapwood and heartwood of
spruce were quite similar: only thermal modification at temperature of 230°C
increased the water repellency. The contact angles of the spruce sapwood were
higher than those of heartwood on some occasions, which was unexpected. The-
se results are not in line with the observations of the floating test, in which the
thermal modification reduced the water absorption of spruce materials almost
linearly.

The contact angle results were compared with the weight losses that took
place during the thermal modification operations. Based on these results, it can
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be generalised that a weight loss of 10% or more is needed to reduce the wetta-
bility of the research material, except in the case of the pine heartwood thermally
modified at 170°C. Other possible factors affecting the wettability changes are
the migration of the extractives or resin acids to the surface of the wood during
ageing (especially in the case of the untreated materials) and the modification
and complicated degradation of the wood components during thermal modifica-
tion. These factors have been discussed in more detailed in Paper V. It is obvi-
ous that the wetting properties of thermally modified wood depend significantly
on the wood species, wood part and thermal modification temperature.
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4.3 Thermally modified wood under decay exposure

4.3.1 Decay resistance against brown-rot fungi

The biological durability of thermally modified sapwood and heartwood of
Norway spruce and Scots pine was examined with small samples in the laborato-
ry. The research material was exposed to brown-rot fungi Coniophora puteana
and Poria placenta as shown in Figure 10.

Figure 10. Brown-rot test samples, Poria placenta (left) and Coniophora puteana (right).

The heartwood of untreated pine was the most durable wood material, while the
differences between untreated sapwood and heartwood of spruce and sapwood
of pine were quite small after the brown-rot test (Paper Ill, Figures 7-10). Poria
placenta attacked the untreated wood materials more rapidly; the Coniophora
puteana fungus, however, caused mass losses that were the same or higher than
Poria placenta after 10 weeks’ exposure.

The thermal modification increased the durability of all the wood materials,
which is in agreement with previous studies (Esteves & Pereira, 2009). Thermal
modification increased the durability against Coniophora puteana in particular,
though the resistance to degradation by Poria placenta was also improved, espe-
cially with the pine materials. Boonstra et al. (2007b) detected similar differ-
ences in the durability of thermally modified wood materials against different
types of brown-rot fungi.
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The durability of the wood materials improved with increasing thermal modi-
fication temperatures. On average, the untreated wood materials were classified
into the natural durability class “slightly durable’ which is in line with the stand-
ard EN 350, parts 1 and 2 (1994), and after thermal modification at a tempera-
ture of 230°C, the same materials were classified as ‘very durable’. The thermal
modification at temperatures of 190°C and 210°C, which correspond to the tem-
peratures that are commonly used in industrial ThermoWood processes, in-
creased the biological durability against Coniophora puteana slightly and signif-
icantly, respectively. The resistance of spruce materials against Poria placenta,
especially after an incubation time of 10 weeks, was not significantly improved
until thermal modification at the highest temperature (230°C).

4.3.1.1 Moisture content of the samples

A high enough moisture content (25-30%) is needed to ensure fungal activity in
wood. The equilibrium moisture contents (EMC) before and after, and the mois-
ture content (MC) after the brown-rot tests with Coniophora puteana and Poria
placenta are presented in Tables 1-2. The moisture contents after testing the
wood materials were 30% or more except for the samples thermally modified at
230°C in the test with Poria placenta. The brown-rot tests were therefore rele-
vant, and fungal activity had been assured at least in most of the cases based on
these moisture content values.

The equilibrium moisture contents (RH 65%, 20°C) of the wood samples were
lower after the brown-rot test compared with the values before the test. The dif-
ferences between the equilibrium moisture contents before and after the test
were more significant in samples that had been thermally modified at lower
temperatures under 210°C. In fact, the moisture content of the samples treated at
higher temperatures reached the same or even higher equilibrium moisture con-
tents after the test than before it. Brown-rot fungi mainly degrade the polysac-
charides of the softwoods (Fengel & Wegener, 1984). It seems that for this rea-
son, the biodegraded wood material reaches lower moisture contents as the
moisture mainly binds to the wood material by the polysaccharides. The samples
treated at higher temperatures were not significantly biodegraded, and the equi-
librium moisture contents were thus not reduced.
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Table 1. Equilibrium moisture content before and after, and moisture content after 6 and
10 weeks of brown-rot tests with Coniophora puteana. The standard deviation is in paren-

theses.
6 weeks 10 weeks
MC (%) MC (%)  MC (%) MC (%) MC (%) MC (%)
RH65% RH65% RH65% RH65%
Before test After test After test  Before test After test After test
Spruce, sapwood untreated 10.6 (0.2) 7.7(0.3) 53.9(2.8) 10.6(0.2) 7.3(0.2) 71.9(11.3)
170°C 9.0(0.4) 7.6(0.2) 48.7(46) 88(0.3) 7.0(0.2) 57.2(6.9)
190°C 8.1(0.4) 7.4(0.2) 44.0(16.9) 8.2(0.7) 6.7(0.2) 42.6(9.3)
210°C 70(05) 6.8(0.2) 340(6.00 6.9(0.6) 65(0.2) 28.6(3.7)
230°C 59(0.6) 6.4(0.2) 427(6.6) 6.1(0.6) 59(0.2) 46.2(19.3)
Spruce, heartwood untreated 10.3(0.2) 7.7(0.1) 54.3(3.3) 9.7(1.0) 7.3(0.4) 68.3(8.1)
170°C 8.0(0.7) 7.6(0.1) 48.7(12.6) 8.2(0.6) 7.4(0.1) 53.7(11.8)
190°C 8.0(0.4) 7.2(0.2) 339(43) 7.9(03) 6.9(0.3) 41.0(6.2
210°C 6.1(0.6) 6.8(0.3) 39.9(13.1) 6.0(0.7) 6.6(0.3) 41.0(13.8)
230°C 5.3(0.7) 6.1(0.3) 485(11.3) 5.2(0.6) 5.7(0.4) 37.9(13.7)
Pine, sapwood untreated 10.1(0.2) 7.8(0.1) 55.9(5.3) 10.2(0.2) 7.2(0.2) 64.3(5.4)
170°C 8.8(0.2) 75(0.1) 49.3(40) 89(0.2) 7.1(0.2) 59.5(8.6)
190°C 84(23) 7.4(0.2) 446(42) 7.8(04) 6.7(0.2) 44.4(2.9)
210°C 6.7(0.6) 7.0(0.1) 31.0(48) 6.5(0.7) 6.5(0.3) 455(23.5)
230°C 54(0.5) 6.5(0.2) 49.3(33.1) 55(0.6) 5.9(0.2) 57.9(31.3)
Pine, heartwood  untreated 9.8(0.2) 7.4(0.2) 455(6.9 9.8(0.2) 6.7(0.3) 57.6(6.5)
170°C 74(08) 7.1(0.1) 384(39 7.4(0.8) 6.7(0.2) 46.4(55)
190°C 6.7(0.4) 7.2(0.3) 335(25) 6.6(0.3) 6.9(0.2) 39.1(5.3)
210°C 6.4(0.5) 7.0(0.1) 322(58) 6.1(04) 6.6(0.1) 30.2(7.1)
230°C 4.7(0.4) 6.2(0.2) 40.8(13.0) 4.8(0.6) 5.9(0.2) 38.4(18.7)

Table 2. Equilibrium moisture content before and after, and moisture content after 6 and 10
weeks of the brown-rot test with Poria placenta. The standard deviation is in parentheses.

6 weeks 10 weeks
MC (%) MC (%) MC (%) MC (%) MC (%) MC (%)
RH65% RH65% RH65% RH65%
Before test _After test After test  Before test After test _ After test
Spruce, sapwood  untreated 10.6 (0.2) 7.2(0.1) 58.7(4.2) 10.6(0.0) 7.3(0.3) 68.8(12.0)
170°C 89(0.3) 7.4(0.3) 649(11.1) 9.0(0.3) 7.1(0.2) 60.2(6.2)
190°C 8.4(0.4) 7.0(0.1) 50.0(84) 8.0(0.6) 6.9(0.2) 47.6(5.49)
210°C 6.8(0.5) 6.9(0.2) 31.0(6.1) 7.0(0.5) 6.7 (0.3) 40.3(9.5)
230°C 5.7(0.6) 6.3(0.3) 27.4(4.4) 5.6(0.6) 5.7(0.3) 17.9(2.7)
Spruce, heartwood untreated 10.1(0.3) 7.4(0.2) 59.7(7.5) 10.1(0.2) 7.4(0.1) 67.0(10.3)
170°C 7.2(11) 7.3(0.3) 524(10.7) 7.3(1.1) 7.3(0.2) 54.0(6.4)
190°C 8.0(0.3) 7.2(0.1) 446(6.5 7.8(0.3) 6.9 (0.0) 54.7 (15.7)
210°C 6.2(0.6) 6.5(0.2) 353(12.1) 6.4(0.7) 6.5(0.2) 36.4(9.2)
230°C 52(0.8) 59(0.2) 37.4(147) 5.3(0.7) 5.7(0.2) 226(1.4)
Pine, sapwood untreated 10.2(0.1) 7.4 (0.1) 57.1(2.6) 10.2(0.1) 7.3(0.1) 74.9(15.8)
170°C 8.7(0.2) 7.1(0.1) 55.6(7.1) 8.8(0.3) 7.2(0.2) 63.1(4.5)
190°C 79(0.3) 7.1(01) 583(7.7) 7.9(0.5) 6.9 (0.3) 60.1(9.8)
210°C 6.8(0.6) 6.7(0.2) 29.7(2.6) 6.8(0.6) 6.6 (0.2) 31.5(12.9)
230°C 49(0.8) 6.2(0.2) 24.4(4.4) 5.2(0.9) 5.8(0.4) 289(5.7)
Pine, heartwood untreated 9.6 (0.2) 7.2(0.3) 59.4(6.8) 9.8(0.2) 7.1(0.3) 56.0(21.8)
170°C 6.9(05) 7.1(0.3) 52.8(9.6) 6.9(0.5) 6.5(0.2) 55.9(6.5)
190°C 70(0.5) 7.0(0.2) 429(2.1) 6.7(0.4) 6.8(0.2) 57.3(2.7)
210°C 6.4(0.6) 6.7(0.1) 28.6(4.5 6.1(0.6) 6.5(0.3) 27.3(10.1)
230°C 50(0.4) 6.2(0.2) 22.4(2.6) 5.1(0.3) 5.8(0.3) 19.5(1.9)
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4.3.1.2 Effect of the wood’s chemical composition and coating on decay
resistance

The second durability test against Coniophora puteana was performed with un-
treated and coated sapwood and heartwood of Scots pine and Norway spruce
(Paper I, Figures 4-5). The effect of the chemical composition on the biological
durability was studied.

The differences in mass loss as well as in extractive content values between
the sapwood and heartwood were significantly smaller with spruce than with
pine. The coating slowed down the fungal activity and significantly increased
the biological durability of all the samples especially after 6 weeks’ exposure.

There was a very high variation among the mass losses of untreated pine
heartwood in contrast with the other wood materials after both exposure times.
The chemical composition and, especially the pinosylvin content of pine heart-
wood, also had a great deal of variation within the different samples sawn out
from different logs. This observation is in agreement with, e.g., Bergstrém et al.
(1999). A strong correlation between the pinosylvin content and mass loss in the
decay test was detected. The samples with high pinosylvin content were, on
average, more durable.

4.3.2 Decay resistance against soft-rot fungi

The natural durability of thermally modified sapwood and heartwood and four
other reference wood species was determined with small specimens inserted into
containers with unsterile soil for 32 weeks (Figure 11). The results are presented
in more detailed in Paper Ill, Figures 1-5.

In general, there was a similar trend in the mass and modulus of elasticity
(MOE) loss values, and the correlation between these values was very high. The
MOE loss values were much greater than the mass loss values, however, which
indicates that MOE is a more sensitive measure for detecting fungal attack in the
wood. This is in agreement with Humar et al. (2006) and Temiz and Yilziz
(2006).

Due to the high MOE losses in the decay test, the untreated sapwood and
heartwood of pine and spruce were all classified into the worst durability class
‘not durable’ together with Western red cedar (WRC), which was one of the
reference wood species. Larch and bangkirai were classified into the ‘slightly
durable’ class and merbau into the class ‘moderately durable’. Basically, all the
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wood species reached worse durability classes in this test compared with the
classes specified in the standard EN 350, parts 1 and 2 (1994). This indicates test
conditions that were very or even too harsh, and it is worth taking into account
that the soft-rot test was originally intended to measure the resistance of wood
preservatives against soft-rot fungi.

Figure 11. The specimens were incubated in containers in the soft rot test.

The mass and MOE loss differences between the sapwood and heartwood of
pine were again more evident. Thermal modification increased the biological
durability in all of the cases, but rather high temperatures (210-230°C) were
needed to influence the durability class. Both spruce materials were classified
into the durability class ‘durable’ and the sapwood and heartwood pine reached
the classes ‘moderately durable’ and ‘very durable’, respectively, after thermal
modification at a temperature of 230°C.

Strength of decayed wood

Fairly high thermal modification temperatures were needed to increase the bio-
logical durability of wood materials in the soft-rot test. As is well known, ther-
mal modification decreases the strength properties of wood in relation to the
thermal modification temperature and time. The mechanical properties are also
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reduced by fungal exposure. The strength of decayed, thermally modified wood
was therefore investigated in the static bending strength test, which is presented
in more detailed in Paper IV.

On average, the thermal modification and decay exposure both decreased the
MOE and the bending strength (modulus of rupture, MOR) values. The effect of
fungal exposure on strength was more significant than the effect of the thermal
modification itself. The MOE of the undecayed samples was reduced slightly
less than the MOR as a consequence of thermal modification. A decrease in the
MOE of thermally modified wood was likely, partly due to the density loss in
the thermal modification operations because the density usually correlates linear-
ly with the MOE. The effect of the thermal modification temperature on the
MOE of the decayed samples was more significant than the effect on the MOR.

The MOE and MOR values were reduced slightly more with spruce than with
pine in a comparison between undecayed reference samples and thermally modi-
fied samples. On average, the loss in the mechanical properties of undecayed
sapwood and heartwood of pine and heartwood of spruce was not significant
until thermal modification at a temperature of 230°C. The mechanical properties
of spruce sapwood was most affected: thermal modification at 210°C reduced
the MOE and MOR by 15% and with samples thermally modified at 230°C the
MOR was reduced by almost 30%.

Thermal modification increased the MOE and MOR of decayed wood materi-
al compared with the unmodified samples in almost every case: the higher the
modification temperature, the higher the MOE and MOR values.

The MOE and MOR loss values caused by the fungal exposure were deter-
mined. The decrease in strength and stiffness was greater with untreated wood
than with thermally modified samples. The decrease in mechanical properties
was connected to the thermal modification temperature: the higher the tempera-
ture, the less the strength was reduced by the fungal attack. Thermal modifica-
tion of both heartwood materials at 230°C seemed to provide protection against
fungal exposure especially on the MOE. Once again, the differences between the
sapwood and heartwood of pine were more evident than with spruce.

It can be concluded that unmodified wood material will be stronger than ther-
mally modified wood material until wood is exposed to decay fungi. Thus, the
selection of the thermal modification temperature is a compromise between im-
proved fungal durability and reduced mechanical properties, which should be
taken into account in design and be in accordance with the application demands.
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4.3.3 Decay resistance in above-ground conditions

Thermally modified Scots pine and Norway spruce were subjected to decay ex-
posure in above-ground conditions in the field. The results of the lap-joint are
described in detail in Paper VI (Figures 1-3).

Discoloration started from the upper sides of the wood samples, which were
full of blue stain, dirt and natural greying after one year of exposure. During the
subsequent years, the discoloration spread to the bottom sides and joint areas of
the samples. Thermal modification decreased in accordance with the modifica-
tion temperature, the discoloration on the bottom sides and, especially, in the
joint areas after 9 years of exposure, which is in line with Edlund and Jermer
(2004).

The first signs of decay were detected in untreated pine after 2 years in the
field and, after 9 years of exposure, most of these samples reached the failure
rating, as well as many of the untreated spruce specimens. Thermal modification
increased the biological durability of both wood species significantly. In general,
the pine was attacked slightly more than the spruce. The results of the lap-joint
field test correlated quite well with the results of the laboratory test with brown-
rot fungi (Section 4.3.1). This indicates that a quick and simple laboratory test
may give preliminary results of the behaviour and durability of wooden material
to outdoor exposure.
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The main conclusions that can be drawn from this study:

The differences between the main properties of sapwood and heart-
wood are significantly greater with pine than with spruce.

Pine heartwood is the most resistant and pine sapwood the most sus-
ceptible wood material to water and decay exposure.

Thermal modification of sapwood and heartwood of spruce, and
heartwood of pine decrease water absorption compared with untreated
wood.

Thermal modification of pine sapwood at temperatures of 170-210°C
increases water absorption compared with unmodified wood.

A relatively high thermal modification temperature (230°C) is needed
to decrease the wettability of wood measured as contact angles.
Thermal modification improves the fungal durability of pine and
spruce materials both in laboratory and field tests. In general, the
higher the temperature the more the durability increases.

The fungal attack in the soft-rot test reduces the mechanical properties
of wood more than the thermal modification itself.

Wood coatings effectively decrease the water absorption and increase
the fungal durability of wood materials.

The wood species, sapwood and heartwood portions, and the thermal modifica-
tion temperature obviously have an influence on the biological and physical
properties of thermally modified wood. It is highly presumable that the type of
the thermal modification process also has a significant effect on the final result.
The properties of thermally modified wood, according to the demands of the
end-use application, can be tailored more precisely in the modification process
when the nature of the raw material is taken into account.
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It is notable that the effect of the thermal modification intensity on the proper-
ties of the wood is not linear in every case. For example, thermal modification
reduces the water absorption of sapwood and heartwood of spruce and heart-
wood of pine. The water absorption of thermally modified pine sapwood is in-
creased in some cases however. On the other hand, sapwood and heartwood of
spruce need a higher modification temperature than pine materials to improve
significantly the biological durability against Poria placenta.

It is important to use thermally modified wood only in conditions in which
moisture and decay stresses are not too high. The moisture and decay stresses of
different kinds of wood materials are tested according to standardised tests and
expressed as, e.g., durability classes. It is still quite difficult, however, to use the
durability classes and other test results in defining the right use classes according
to EN 335-1 (2006) and in predicting the service life of wood products. The
present test methods should be developed to give a better understanding of the
behaviour of wood products in different use conditions, not only in the worst
case situations. For example, in a laboratory test with different decay fungi, sev-
eral exposure times could be used to correspond with conditions in different
applications.

Thermally modified wood is like a new wood species and its special charac-
teristics should be taken into account in different production processes and ap-
plications as well as in testing. The term ‘thermally modified wood’ should not
be used without also specifying the thermal modification process, wood species
and, if possible, the wood part, especially if the properties of the sapwood and
heartwood of the wood species concerned differ remarkably from each other. It
is notable that the properties of the original wood material have an important
effect on the properties of the wood material after thermal modification.

It is likely to be challenging to take into account the special properties of dif-
ferent kinds of wood materials in the production line. The good quality and de-
sired properties of thermally modified wood can be achieved by strict sorting
and grading of the raw material, careful controlling of the thermal modification
process and precise quality control of the end product however. The thermal
modification intensity should be the same for every single board in the same
batch and the effect of the thermal modification should be measured afterwards
from the modified samples. When the result of the thermal modification is thor-
oughly known, then it is possible to choose the right kind of thermally modified
wood according to the application demands.
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Thermal modification methods have been developed to increase the biological du-
rability and dimensional stability of wood. The aim of this research was to study
the differences between sapwood and heartwood of thermally modified Scots pine
(Pinus sylvestis) and Norway spruce (Picea abies) in water and decay exposure.

The main research material consisted of sapwood and heartwood of Scots pine
and Norway spruce thermally modified at temperatures of 170°C, 190°C, 210°C and
230°C. The water absorption, contact angles, strength and decay resistance to sev-
eral fungus types in the laboratory and field of the test material were studied.

The main conclusion derived from the results is that wood species, sapwood and
heartwood portions and thermal modification temperature obviously have an influ-
ence on the biological and physical properties of thermally modified wood. These
factors should be taken into account in the production processes and applications
as well as in the testing.
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