)

r—y Pure

Bangor University

DOCTOR OF PHILOSOPHY

Comparative physicochemical characterisation of thermally modified wood

Gonzalez Pefia, Marcos

Award date:
2007

Awarding institution:
Bangor University

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 09. Apr. 2025


https://research.bangor.ac.uk/portal/en/theses/comparative-physicochemical-characterisation-of-thermally-modified-wood(544e97d3-72ad-444e-9ebc-4a5076663cd9).html

Comparative physicochemical characterisation of

thermally modified wood

A thesis submitted to Bangor University for the partial
fulfilment in candidature for the degree of

Philosophy Doctor in Wood Science

|y ?.,Z.lmr N Y DDJ" Vi Y

Marcos Miguel Gonzalez Pefia

School of the Environment and Natural Resources

Bangor University, Bangor, U. K.

November 2007




Acknowledgments

I would like to thank Dr. Martin C. Breese, for kindly accepting the supervision of
my doctoral program. Dr. Michael D. C. Hale is deeply thanked for taking up the
supervision of this research after the departure of Dr. Breese.

The support given by the technical staff of the School during the experimental part of
this research, including Mrs. Helen Simpson, Mr. Jim Frith and Mr. John Evans, is
genuinely acknowledged. The School of Electronics, the School of Chemistry and
the B1o-Composite Centre at Bangor University are thanked by allowing me access
to several of their instruments.

Dr. Simon Curling is thanked for conducting the monosaccharide determinations in
the ion-exchange instrument.

The help offered by Mr. David Jenkins and Mr. Andy Stewart, from Welsh Woods, in
order to focus the research for its landing in the real world, and for their support for
the supply of part of the wood material employed in this research is acknowledged.

I wish I could show my appreciation to my countrymen and my other fellows for
becoming my family during this exiting journey away from home. Particularly to
Yara and Juan, for assisting me during those tough days during my PhD time.

I am deeply grateful to the Mexican Forestry Commission (CONAFOR) for the

partial financial support kindly provided to undertake this degree, via the Mexican
Council for Science and Technology (CONACYT) (grant 178663).

Overall, I would like to thank my family in Mexico for their continuous
encouragement and support during this time, and to Mr. Jorge Espinosa for taking
care of my personal interests while I was away. Thank you all for keeping me going.

111



Con admiracion por su compromiso con el trabajo, por el amor a sus hijos, y por su
consideracion para con mis suenos ....

Quisiera dedicar este trabajo a mi adorada esposa Maria de Lourdes

[ anticipate a day in the foreseeable future,
when airplanes will travel exceptional
distances, propelled by potent steam engines...

Lord Kelvin, ca. 1906

—_—
From the lecture “On the unpredictability of science” by Sir John Meurig Thomas

1v



Abstract

Small matched samples of beech, Scots pine and Norway spruce woods were heat-
treated to twenty schedules, at temperatures of 190, 210, 230 and 245 °C for heating
periods of 0.3, 1, 4, 8 and 16 h. Following thermal modification, physical changes and
chemical composition in thermally modified wood (TMW) were analysed and compared
to the characteristics of untreated materials. Most of the analysis were carried out using
the heat-induced weight loss values (WL, %) as the independent variable to make the
comparisons. Average treatment WL values ranged from 0.3 to 27.0, from 0.6 to 21.5,
and from 1.0 to 26.7 for beech, pine, and spruce samples respectively. A major finding
of this research was that each characteristic changed following the same profile in the
three wood species for all properties studied. Save for hardness in beech, the magnitude
and rate of change of each property was often found not to be significantly different
between species when relative-to-control values in function of the WL were compared.
The results show that the gravimetric and dimensional changes in the transverse plane
are mainly due to chemical breakdown of wood hemicelluloses. On the other hand, the
readiness of TMW to dimensional changes and moisture uptake below the FSP was of a
much lower concern than in raw wood. Similarly, several mechanical properties were
found to be little affected by heat exposure at treatment levels likely to be achieved
industrially. Among these were compression strengths parallel and perpendicular to the
axis in the tangential direction, and the axial modulus of elasticity in bending (MOE).
Other mechanical strength parameters (e.g. shear strength, hardness and the modulus of
rupture in bending) were reduced at almost any given treatment schedule, but the rate of
reduction was mild. It is contended that design practices could make up for the strength
loss incurred by the treatment for these properties. On the other hand, parameters related
to the energy required to produce failure and also impact strength were greatly
diminished at low levels of modification. This may restrict the use of TMW where
unpredictable sudden loads may occur. Properties at the limit of proportionality were
found to be less reduced than the same property at maximum load. Mechanical
properties more affected by heat were found to be those more intimately related to the
chemical integrity of the wood material and/or the structural configuration of wood
polymers in the cell wall substance, whilst compression strength and hardness were more
related to wood density. MOE was proposed to be more dependent of cellulose,
microfibril angle and wood density, all of these little altered by wood heating.

Lastly, a description of the colour changes in the test samples was undertaken using
image analysis and qualitatively by infrared spectroscopy. It was determined that colour
changes in wood were caused mainly by changes in the lignin.

The major input of this work to the state of the art is given by modelling the properties
studied using various linear, non-linear and multivariate methods. Properties in TMW
were estimated from gravimetric, colour and moisture-related parameters. Solid-state
mid-infrared spectra data, treatment parameters and interrelationship between variables
were also explored. It is concluded that all changes in small heated samples of wood are
amenable to be estimated efficiently in multiple ways, using cost-effective indicators.
Remarkably encouraging results for the prediction of physical properties were found for

models using colour parameters or by the analysis of the infrared spectra data. Whilst
descriptions of the heat-induced changes in wood exist, prediction studies are fairly
scarce and not comprehensive. This part of the study is thus very timely, giving the
current requirements of quality control and assurance of TMW at the industrial stage.
The relevance of these findings to property prediction in larger wood members would
depend on the property considered; safety factors will probably be needed for some
forms of wood strength in larger heated materials.
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Chapter 1 Introduction

1.1 General introduction and the need for research

The search for environmentally less aggressive wood treating alternatives has been a
central research subject over the last few years in Europe (Militz 2002, Van Acker
and Hill 2003, Militz and Hill 2005, Hill et al. 2007). Increasingly negative
perception from the general public and concerns and restrictions from regulating
bodies on current wood treatment technologies, have prompted the need of novel
processes for enhancing the bio-deterioration resistance of wood and wood products
(Evans 2003, Freeman et al. 2003).

The promotion for the development of advanced methods for improving the
properties of wood also comes from some sectors of the woodworking industry. This
is due to the declining demand in several traditional markets for wood products,
which have been lost against possible more environmentally aggressive materials
(Hill 2006¢). These -mostly synthetic, materials often outperform wood products in
applications of varying surrounding moisture conditions or in other situations known

to cause the deterioration of solid wood and its surfaces.

Potential treatments that would have made all the impact for reducing the
hygroscopic character of wood were traditionally held back by the costs of the
process. Already in 1920, when Tiemann in the USA was discussing the colouring of

wood when dried at high temperatures, he wrote:

“ Recent experiments carried out at the Forest Products Laboratory have
shown that by treating the perfectly dried wood in dry air much higher
temperatures can be used with less injury. ... The hygroscopicity and
consequently the swelling and shrinkage is reduced by about one-half.
The wood however is made more brittle, although its hardness 1s not
greatly reduced. A loss in bending strength of about 15 percent, and 1n
work to maximum load (toughness) of about 30 percent, was found in
tests made on this material. ... Its applicability to interior trim and
cabinet work, except where brittleness is detrimental, seems promising,
except for the cost of treatment” (Tiemann 1920).



However, as industrialised societies become more environmentally conscious
and wealthier, and wood modification technologies matured, several processes have
been finally commercially realised (Jones 2007). In the last fifteen years or so,
modified wood has entered into the building and furniture markets, mostly for non-
structural applications such as cladding, decking and garden fumiture, but with
increasing occurrences in load-bearing situations, mostly in demonstration projects

(Homan et al. 2003, Bengtsson et al. 2003, Christmas et al. 2005, Schoftner 2007).

Thermal modification

The thermal modification of wood is commercially by far the most advanced
process compared to other wood modification technologies already in the market
such as acetylated wood (Kettenbroek 2007), furfurylated wood (Brynildsen and
Myhre 2007) and DMDHEU-modified wood (Hill 2006b). Although the most recent
technological advances on the thermal modification of wood have developed in
Europe, thermal modification processes are being adopted steadily elsewhere
(Christmas et al. 2005, Shi et al. 2007).

Heating of wood in the 140 — 260 °C temperature range for long periods of
time causes the irreversible reduction of its capability for moisture uptake (Obataya
and Tomita 2002, Gonzalez-Penia et al. 2004). This reduced hygroscopicity is
accompanied by the enhancement of other desirable characteristics. Among these are
the increased dimensional stability of wood (Krause et al. 2004), reduced moist-
induced movement in service (Militz and Tjeerdsma 2001), and improved resistance
to fungal decay for above-ground applications (Farahani et al. 2001, Welzbacher and
Rapp 2002). Although the subject has not been thoroughly studied, it is held that the
environmental credentials of thermally-modified wood (TMW) in terms of
ecotoxicity are superior to that of untreated wood and may surpass that of several
man-made materials (Van Eetvelde et al. 1998).

Exposing wood to high temperatures however carries its own drawbacks,
because some desirable wood properties are negatively affected. It is well established
that wood toughness® is largely decreased at low levels of modification. Other
properties readily reduced are abrasion resistance, cleavage strength and tangential

strength perpendicular to the axis. Modulus of rupture (MOR) in both bending and

* Either impact strength, or work to maximum load, total work or resilience in bending.



axial tension, shear strength and hardness are decreased to a somewhat smaller
degree (Mayes and Oksanen 2002). Other physical characteristics are also changed
by the heat exposure, notably the colour of wood and the response of wood surfaces
to light irradiation. Various properties remain largely unaffected (e.g. flammability,
susceptibility to termite attack). The time-dependent mechanical behaviour of heated
woods to any form of stress (e.g. creep) 1s unknown.

The basic characteristics of the process of the thermal modification of wood
are well understood. It is known to be an organic acid mediated process whereby
hemicelluloses, the most hydrophilic polymers in the wood substrate, are
significantly decomposed as soon as the treatment temperature reaches 180 °C.
Amorphous regions of the cellulose substance are also rapidly changed structurally
leading to molecular configurations less amenable to the reaction with water. Lignin
undergoes depolymerisation in a first, fast stage, and then repolymerises trapping
some carbohydrate by-products in the process. Crystalline cellulose is largely
unaffected at temperatures < 300 °C. The resultant solid residue is a more
hydrophobic and stiffer substance (Yildiz et al. 2006, Yildiz and Giimiiskaya 2007).

Much less is understood regarding the mechanisms involved in changes -
often reduction, in most forms of mechanical strength of wood and in other physical
properties. Earlier laboratory-based research carried out in the USA by Stamm and
co-workers was limited to the study of a few strength properties and some
interactions of wood with water vapour (Stamm 1977 and references therein). Until
recently, studies have been more the type of repetitive experimentation (testing
species, schedules, treatment atmospheres) rather than basic research on the primary
reasons of property change. Most of the latest research has been industrially driven
and has concentrated more on the development of end uses in order to consolidate an
emerging market. Usually, reports focus more in the prospective benefits of the heat-
treatment than on the scientific description of the modification phenomena.

On the other hand, it is recognised that several aspects for the systematic
characterisation of TMW have been neglected hitherto. Currently, one of the major
ambitions of producers and end-users of thermally modified wood is the
standardisation and established quality control and assurance systems of the obtained
product (Homan and Tjeerdsma 2003, Sheiding et al. 2007). Subjects requiring
urgent attention in this regard include the development of methods to compare

thermal effects between species and between treatment schedules, and protocols to



standardise the product. Additionally, no method exists to find a balance between the

heat-induced enhancements and property reduction as a result of the modification.

1.2 Plan of this thesis

The remainder of this thesis is divided into eight chapters. Chapter 2 introduces some
background on the subject of study that has not been dealt with in other parts of the

document. Relevant references within the scope of this work have been discussed 1n
the corresponding chapters of this thesis.

Chapters 3 presents a detailed account of the methods followed for the
experimental part for this research. This covers the selection of the wood species

used 1n this work, the data handling techniques used for all studies included in

chapters 4 to 8, the thermal modification, and all subsequent physical and chemical

characterisations.
Chapters 4 to 8 contain the main body of this thesis. Chapter 4 describes an

investigation on the quantitative changes in the main structural polymers and the

extractive contents in the three wood species selected for this work. In this part
dimensional and other gravimetric changes such as density and specific gravity of the
cell wall are also analysed, and in addition ways to predict these.

Chapter 5 reports on the mechanical responses of the treated material. This is
comprised of two main parts. The first part includes the description of the changes in
mechanical performance of the material, and the second part introduces the
modelling of mechanical and other physical properties.

Chapter 6 was designed to study all the most important aspects of the
relationship between modified wood and water, and its prediction. Chapter 7 presents
a study of the effects of the treatment on colour changes, as well as the quantitative
and qualitative analysis of the relationship between these and chemical changes. The
potential to predict several properties of TMW from colour changes was investigated.

Chapter 8 deals with the modelling of most of the properties described in
chapters 4, 5 and 6 by a specialised handling of solid state FTIR and DRIFT data.

This part also has a detailed qualitative explanation of the chemical changes in

treated wood by the analysis of the difference FTIR spectra, and its relationship with
physical changes.



Chapter 9 includes a general description of the results from the previous

chapters and the contribution of these to the field of knowledge. Conclusions are
drawn and areas of further research identified. Finally, Appendices consist of a
tabular presentation of a selection of results which were not included in the main text

of chapters 4 to 8.

1.3 Aims and objectives

The main objectives of this thesis were:

1. To resolve the effect of weight loss, and temperature and time of treatment

on the physical and chemical changes of wood using representative species;

2. To determine the relationship between fundamental characteristics of wood

(density and chemical composition) with property change;

3. To establish the primary reasons for large wood strength loss at low values

of heat-induced weight loss in some forms of stress; and

4. To assess how well physical properties of thermally-modified wood can be

predicted using cost-effective indicators.



Chapter 2 Subject background

2.1 Introduction

The treatment of solid wood to prevent its biological degradation 1s of ever
increasing concemn due to the growing scientific and public awareness about the
impact of the treating substances in both the human and natural environment.
Limitations in the range of wood-based products where arsenic-containing
substances can be used have been recently imposed in Europe (Jones 2006). At the
end of the last decade, the Scientific Committee on Toxicity, Ecotoxicity and the
Environment (CSTEE) of the European Commission carried out a study on the
advantages and drawbacks of the use of arsenic in certain wood treating chemicals
(Anon. Undated). The risks identified by the study included those to human health
from the disposal of wood treated with wood preservatives containing copper,
chrome and arsenic (CCA). In particular risks to children's health from the use of
CCA-treated wood in playground equipment were noted. A risk to the aquatic
environment in certain marine waters was also recognized. In a further consideration
of the health effects of arsenic, the CSTEE concluded that the substance is both
genotoxic and a well known carcinogen, and that it may be appropriate to consider
that no threshold exists for the carcinogenic effect. Waste CCA-treated wood has
been classified as hazardous waste pursuant to Commission Decision 2000/532/EC

as of May 3 2000 (Idem.). Currently, together with other substances formerly used

for treating wood, arsenic-based materials are subject to rigorous commercial
restrictions under the EU Marketing and Use Directive 76-769-EEC (and 8th

amendment 89/677/EEC) (Jones 2006).

Similar limitations for the use of biocides have also taken place in other
developed regions. Public perceptions on the potential arsenic exposure led to a
voluntary withdrawal of CCA-treated wood from the residential market in North
America 1n 2004, a share of 68% of all CCA-treated wood in USA and Canada
(Freeman et al. 2003). In Japan, non-CCA type chemicals have been used to replace
CCA preservative since 1997. By 2003, the amount of pressure-treated CCA wood
was reduced to zero (Hata et al. 2004).



In the short term, restrictions are likely to encompass a wider range of wood
treating chemicals. In particular chromium- or copper-containing substances prone to
leach from the treated material when exposed to wet conditions in service, or to
produce ecotoxic by-products during wood impregnation or landfill disposal, are

already under close scrutiny of governmental agencies (c¢f. Jingel et al. 2006)

On the other hand, the advent of fossil-based alternative polymer materials led
to a lower demand for wood products likely to be exposed to moist environments in
industrialised societies in the third quarter of the 20 century (Dinwoodie 1989). A
new wave of wood substitution has been noticed in the recent years, due to the high
costs associated with the maintenance of some wood products in outdoors
applications. In Germany for instance, the market share of wooden windows has
fallen steadily from nearly 8 million units in 1994, to about 4 million pieces in 2002,
mainly to the benefit of the plastic windows industry (Eder 2003).

The woodworking industry and in general the scientific community specialized
in the subject of wood protection have been engaged in devising effective treatments
that can protect wood from biological deterioration without reliance on chemicals
that posses high mammalian or environmental toxicity (Evans 2003). Processes to
enhance the overall performance of wood under varying moisture conditions have

also been investigated intensely during the last decade.

Thermal modification of wood

One way to improve the decay resistance of wood and the response in its
interactions with water is by the modification of the wood material. This can be
achieved by various ways, notably by changing the nature of the wood substrate. Hill
(2006a) listed the most essential requirements for devising a less environmentally
aggressive method for wood modification:

- Moditied wood should not exhibit toxicity in service;

- Modified wood should not release toxic materials at the end of service life

(e.g. when incinerated); and
- For biological resistance, the mode of action of the modified wood should

be non-toxic (non-biocidal).

The modification of wood substrate by means of subjecting this material to a

heat-treatment amply satisfy these requirements. According to the definition



accepted by the new installed committee CEN/TC 175/WG3/TG6 preparing a

working document for a European standard on thermally modified timber, modified
timber is the substance that has endured a treatment during which the cell wall
material has changed at the molecular level, in such a way that, dependent on the
technology applied, properties of the timber, such as durability and form stability, are
improved (Homann and Tjeerdsma 2005).

As introduced in the previous chapter, thermally modified wood (TMW) 1s a
relatively new material option aimed at replacing biocide-treated wood in several
above-ground applications. For outdoors its superior durability and dimensional
stability makes TMW a good substitute for impregnated softwoods and some tropical
hardwoods. However, the reduction of some forms of wood strength gives TMW a
low technical profile somehow, with increasing pressure from competing wood
modification industries and other sceptics for limiting the use of TMW in several
applications (Hill 2006a).

Some 80,000 m’ of heat-treated timber are currently produced and marketed
in Europe, mostly for non-structural applications. The production capacity is nearly
three times that of the actual production (Hill 2006a, Anon. 2007). Marketing of
TMW started for non-structural purposes, but as appreciation of the benefits of the
material have slowly permeated amongst architects, specifiers and the general public,
there has been an increased interest to apply this material in load-bearing situations.
The pressure from the woodworking industry is also a driving force for varying the
applications of wooden materials in order to compete efficiently with other building
alternatives. A new consortium of 28 universities, research centres and companies
from nine European countries has been recently established to envisage forms to
widen the field of uses for TMW made out of European hardwoods to structural
applications in particular for an outdoor environment. This ‘Holiwood’ project is
funded by the EC under the 6™ Framework Programme; it started in J uly 2005 and

will last until June 2009 with a total budget of €11 million (Schoftner 2007,
Widmann et al. 2007).

The product already commercialised is however being processed without any

European standard or qualified quality assurance method. It is acknowledged that the
market needs some type of reliable system for quality and also guidance for proper
use 1n suitable applications (Homan and Tjeerdsma 2003). Enhancements of some

properties of TMW are often used as a marketing tool but sometimes misreported



outside the scientific community. Conversely, inferiority or misleading claims of
material performance are rare but not unknown. For this emerging industry, it is held
that the image of TMW could be damaged by inappropriate use of the material.
Clarity where TMW can be used and how it should be used is therefore recognised
(Idem.). From both sides, producers and consumers, the appeal for an ample and
universally accepted quality control system is becoming stronger.

The current industrial classification of the ThermoWood® process is probably

the most advanced industrially, but it is possibly not the most convenient way for

characterizing TMW. This is based on time and temperature of treatment, and only
considers the reduction in hygroscopicity in the classification (Mayes and Oksanen
2002). Wood treated at 185 — 190 °C is considered to have an improved stability (the
so-called Thermo-S), whilst material treated at 200 — 212 °C (Thermo-D) 1s
supposed to have increased decay resistance due to the most severe treatment
conditions. It is possible to correlate time and temperature of treatment with property
change using a severity factor approach (this will be demonstrated in chapter 5). This
possibility affords for the prediction of residual strength and other properties using a
model which combines temperature and time of treatment, but the parameters for this
system are species-dependent, and will likely vary with stock size and treatment
atmosphere. The use of time and temperature of exposure alone in order to
characterise the material is nearly meaningless technically.

In order to maintain consumer confidence and allow the TMW industry to
expand, there 1s a need to further our understanding of the properties of TMW and do
this 1n a rigorous scientific manner. In a similar vein, few reports exist on effective
ways to characterise the material in a range of treatment levels regardless of species
or secondary treatment parameters. There is an urgent need to elaborate on this and
report on efficacious or non-destructive ways for the characterisation of physical
properties of TMW to ensure this is adequately treated while retaining sufficient

mechanical performance irrespective of species concerned.

In the remaining part of this chapter, a description will be given on the state

of the knowledge on the thermal modification of wood at the beginning of this work,
with an attempt to address the salient literature in this dynamic area of study. For
limitation of space this appraisal is limited to give an overview of the topics dealt
with in this research rather that being a meticulous description of all the aspects of

thermal modification of wood. Relevant previous investigations on the topics



addressed in this research have also been included in the discussion of each

respective chapter.

2.2 The thermal modification process

2.2.1 Industrial processes

Several processes have been developed for heat-treating wood at a large scale. Each
has its own processing particularities and equipment requirements, but technically
they look pretty much the same. There are four main treatments commercially

established (Table 2.1). Other treatments carrying out the treatment under vacuum or

using other forms of heating the wood (electro-heating, microwave heating, etc.)

appear to be in a development stage.

Table 2.1 The four main commercial processes for thermally modifying wood.

Process Country of development
ThermoWood® Finland
Retification®/Torrefaction France
Plato® wood Netherlands
Menz Holz Germany

The main difference between treatments comes up from the treating
atmosphere. The ThermoWood® process, industrially the most advanced so far, is
carried out starting from wood already dried to an equilibrium moisture content
(EMC) below the fibre saturation point (FSP). The heating is done in a kiln with a
super-heated steam atmosphere. The Plato® process is very similar, although a small
variance has been introduced mostly to avoid patent claims from the Finnish industry.
In the Plato® system, previous to the drying of the material, there is an hydrothermal
step (i.e. heating wood in an aqueous environment at 6-8 Bar)". Wood is then dried
conventionally, and the subsequent thermal modification is carried out in a steam

atmosphere at slightly lower temperatures than the ThermoWood® process. It is held

" Sodium acetate or NaOH are used depending on the species concerned to control the pH
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that in this way the mechanical strength is reduced to a smaller degree than the latter,
although comparative scrupulous studies to prove this do not exist. The Retification®
or Torrefaction process starts from wood in an almost oven-dry condition (Figure
2.1); 1t 1s carried out under a nitrogen blanket. The Menz Holz process is different

from the previous three treatments in that this is carried out using vegetable oil as the

heating medium (Rapp 2001, Militz 2002).

Figure 2.1 The process for the thermal modification of wood in France

All treatments have in common that solid wood is subjected to temperatures
from 165 °C to 260 °C, from several hours to a few days, in an atmosphere with low
oxygen content. It 1s held that oxygen accelerates the degradation of wood, although

this is seemingly contradictory, because the aim of the treatment 1s actually to
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promote the controlled thermal degradation of wood. Probably the deterrence of
carrying out the treatment in a oxygen-rich atmosphere comes from the increasing
risk of a fire when heating wood in air. At the end of the heating period, wood 1s
conditioned by steaming in all treatments carried out in gaseous environments. The
price of the treatment goes from € 60 to 150 per m’ depending on the method, the
Menz-Holz apparently being the least expensive process (Hill 2006b). The
technology to produce TMW at a large scale is in all cases quite capital-intensive,
though. For instance a 75,000 m>/year plant would require a capital investment of €
10 to 15 million for the Plato® process (Idem.).

Technological research started in Finland in 1992 and a few years later the
first pilot plant was installed (Metsa-Kortelainen 2006). Currently the industry for
wood modification is more structured also in Finland. An organisation embracing the
main actors there, The Finnish ThermoWood Association, was established in
December 2000. This association acts as a hub for ten companies treating wood and
three kiln manufacturers. The aim of the association is to enhance the use of
thermally-modified wood produced by its members and technology transfer. Other
important duties of the organisation are quality control of production, product
classification and R&D activities. The production in Finland is however dominated
by only three major companies, treating two coniferous woods (see below).

In the UK, the production has started just recently in a public organization in
central Wales for demonstration of the technology, using a process similar to the

3

ThermoWood system 1n a kiln of one m” capacity (David Jenkins 2005, pers. comm.).

It is accepted that the UK lags technologically behind other more advanced EU

countries in this respect by at least 10 years.

2.2.2  Main species and principal uses for TMW

Initially, TMW was being basically aimed at some exterior applications such as wall
cladding. However, there is an industrial trend to add value to the product in order to
make this technology more profitable and competitive against other wood
modification processes already in the market. The most basic product (simply treated

boards) fell from 67% in 2001, to 56% in 2006 of all the wood treated in Finland
using the ThermoWood® process (Anon. 2007). The production has departed from

12



the traditional role of cladding material, to more refined uses such as
environmentally friendly prefabricated constructions.

Common exterior uses include decking, windows, door components, garden
constructions and furniture, and cladding (Figure 2.2). Poles up to 100 mm in
diameter are reported to be treated in the Netherlands using the Plato® process
(Boonstra et al. 1998). An important application in the context of the Holiwood
project is the development of advanced noise barner systems (Schoftner 2007).
Retified beech wood is known to be used for boat decking in substitution of
expensive exotic naturally stable woods such as Teak. Other uses reported for
Retified wood include street furniture, duck boarding, gates and fences (Gohar and
Guyonnet 1998).

-

Third Party Material excluded from digitised copy.
Please refer to original text to see this material.

Products for interior application have also evolved from flooring and
cladding, to wall and ceiling panelling, interiors of saunas, furnishings and furniture
(Metsi-Kortelainen 2006).

As far a load-bearing applications is concerned, the Holiwood project
includes the development of a modular system based on prefabricated, self

supporting wooden wall elements for house construction. This will be a complete

package with cladding, roof elements and detachable parts including optimised
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domestic techniques for the construction of eco’buildings — efficient in ecology and
economy (Schoftner 2007).

The main market of TMW processed with the ThermoWood® process is
Europe (90%). Since records began in 2001, the spectrum of modified woods in
Finland has steadily narrowed to mainly two species, pine and spruce, with market
share of 44% of all the modified material for each species. Other species of
secondary importance are birch (3%) and aspen (2%), the remaining 7% shared by a
handful of other mostly hardwood species. The demand for product type has
remained unchanged in the last four years (2003-2006), with about 30% of the

production for Thermo-S material (increased dimensional stability) and 70% for the
Thermo-D wood product (increased decay resistance) (Anon. 2007). In New Zealand,
it is known that radiata pine is the primary species used for the process, but statistics

are still unavailable.

2.3 Effects of thermal modification on physical
properties

2.3.1 Mass loss and density

The study of weight changes upon heat-treatment of wood was carried out firstly in a

series of papers of McLean (cited by Stamm 1956) and Stamm and co-authors
(Stamm et al. 1946, Mitchell et al. 1953, Seborg et al. 1953). The main finding from
these experiments was that the weight of modified material is reduced due to the
thermal exposure (Stamm 1956). The extent of this reduction was influenced by the
nature of the original wood type: smaller mass losses were found for softwoods than
for hardwoods heated under similar conditions. The decline in mass was also
influenced by the treatment conditions. Larger mass losses were registered for
treatments in closed conditions or in air, than in open conditions or oxygen-deprived

atmospheres respectively. All other parameters being the same, higher mass losses

were also attained when the heating was carried out in moist than in dry conditions
(Davis and Thompson 1964, Mitchell 1988).

At all temperatures, the rate of weight loss is greatest at the beginning of the

treatment and declines as the treatment continues. Stamm (1956), Lin (1969) and
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Chang and Keith (1978) showed all that the log-normal plot of the weight loss on
heating time exhibits a linear relationship except for a slight initial curvature. The
presence of some strongly adsorbed moisture not removed under normal drying
conditions (at 105 °C + 3 °C, Tsoumis 1991) and/or minute amounts of extractives,
resulting in more heterogeneous reactions at the beginning of heating, have been
proposed as possible causes for the departure from linearity in the relationship
between weight loss and time of treatment.

The results of McLean as well as some results of his own were later used by
Stamm (1956) to derive some models for the prediction of WL in a series of
treatment atmospheres but this was only for softwoods, and this work was later
extended by Millet and Gerhards (1972); this will be discussed in section 2.5.

On the other hand, despite the importance of a density measure at least in
untreated wood, heat-induced changes on this parameter have been little studied.
Mitchell (1988) reported on changes of the green specific gravity (oven-dry
weight/green volume) of wood heated at a lower temperature that that used in
modern modification systems. Small samples of loblolly pine were treated at 150 °C
for 1 — 16 h in three heating atmospheres (oxygen, nitrogen and air). The experiment
was performed departing from samples at three EMC conditions (oven-dry, 12%
EMC, and green condition). Slight reductions in specific gravity were found for the
samples treated for 4 to 16 h, 2 to 16 h and 8 to 16 h in the green condition in
oxygen, nitrogen and air respectively. It was not reported if the reductions were
significant, though.

Bohnke (1993, cited by Mouras et al. 2002) heat-treated pine wood and found
a slight increase in specific gravity up to 220 °C, and then a loss for treatments at 230
°C and up to 270 °C. The initial increment was attributed to a reorganization of
macromolecular components, which were reflected into a densification of the cell
wall mater. The subsequent reduction was ascribed to the evaporation of breakdown

products.

2.3.2 Mechanical strength

On the whole, it is not easy to make generalizations or comparisons between

experiments on the effect of the thermal modification on the mechanical performance

15



of wood because of the lack of a harmonized testing methods. As was pointed out for
the changes 1n mass in the previous section (section 2.3.1), the mechanical behaviour
of wood is also affected by the heating temperature, heating rate, heating media,
atmosphere and pressure of treatment, wood species, the initial EMC of wood, and
sample size. A review of the effect of some of these factors on MOE and MOR in
bending has been given recently (Hill 2006c¢). The effect of treatment conditions on
wood strength appear to be generally the same as for the foregoing description on
weight loss. When reductions in strength occur, these appear to be greater in closed,
moist or oxygen-enriched conditions than in open, dry or inert atmospheres, all other
factors remaining the same. However, mechanical properties appear not to be
affected by heating to the same degree for many different types of stress, which
further complicates the analysis.

Many reports have concentrated in the study of a few properties and thus
comparisons of results from different reports may be of little utility or even invalid.
Apparently the most comprehensive description on mechanical properties of TMW is
that in the ThermoWood® Handbook' (Mayes and Oksanen 2002), but these will not

be considered here because of the lack of scientific rigour in the descriptions.

Two of the most comprehensive reports are described below as an example of
the etfects of heating on the mechanical performance of TMW (Chang and Keith
1978 and Mouras et al. 2002). Results of other investigations on the same properties
differ little from these descriptions. All other relevant results of previous research on

mechanical properties are included in the discussion of each of the fifteen

mechanical strength parameters studied in this work (chapter 5).

Boards of 900 mm x 25.4 mm x 76-162 mm of four hardwoods, namely
American beech, sugar maple, rock elm and trembling aspen were heat treated at
three target temperatures (Chang and Keith 1978). Treatment time was for 8, 16 and
32 hat 180 °C, for 2, 4 and 8 h at 200 °C and for 0.5, 1 and 2 h at 220 °C. Time of
treatment was measured from the average time required for the sample to reach the
treatment temperature (40 min for the surface, about 2 h for the board interior).
Following thermal modification, samples were machined to final testing dimensions.
Samples were tested for static bending strength, toughness, abrasion resistance and

glue-line shear strength. Only results for the two first test will be described in this

" Available on-line at www.thermowood.fi
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section, whilst results of the other two tests are discussed in chapter 5. Final size for
samples for the bending test were 360 mm x 20 mm x 20 mm (/ x r x ¢), whilst for
the toughness test these were 280 mm x 20 mm x 20 mm (! X r x ¢). MOE was found
to increase by an average of 8%; the maximum increase was found for the treatment
at 180 °C for less than 8 h. At 200 °C the optimum durations were under 2 h for elm
and maple, 2 — 4 for aspen and about 8 h for beech. At 220 °C, maximum MOE
values were reached at about 2 h. In contrast to MOE, MOR began to decline even
after the mildest treatment conditions, while the most severe treatments resulted in
significant reductions in all species. Reductions in elm and beech were relatively

greater than they were in aspen and maple. Weight losses of 3 — 12% were

accompanied by losses in MOR of about 20 — 35%. Toughness of heated elm and
beech declined almost 70%, whilst aspen was the least affected species showing an
average decline of 40%. The decline in toughness with heating happened rapidly, for
all temperatures, most of the damage occurred in the earlier stages of treatment.
Toughness loss was much greater than WL, sometimes as much as ten times greater.
Small samples (150 mm % 30 mm x 30 mm, / x r x ¢) of poplar and Curupixa
wood were heated from ambient temperature to 150 °C at 2 °C/min, and then kept
there to homogenise the temperature across the full section (Mouras et al. 2002).
Holding times varied from 30 to 520 min. depending on the species and treatment

atmosphere (air or saturated steam). The temperature was raised thereafter at 1

°C/min up to the desired treatment temperature (210 °C, 220 °C or 230 °C).
Treatment length varied from 30 min. at 230 °C to 90 min. at 210 °C, with longer
pertods of exposure when the treatment was in the presence of saturated steam (Table
2.2). Samples were then tested for compression strength parallel to the axis, and for
three-point bending strength. Weight losses ranged from 5% to 12% in poplar, and
from 1% to 9% in Curupixa.

- Compression strength parallel to the axis. Compression strength for untreated
samples was of the order of 38 MPa for poplar and of 70 MPa for Curupixa. These
authors used the specific gravity to make comparisons between treatments, based on
the proposal of Bohnke (1993, cited by Mouras et al. 2002). They concluded that
compression strength of torrefied wood was equivalent to that of sound wood of the

same specific gravity for all treatments tested.
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- MOE in bending. No significant reduction in the MOE was found for any of the
conditions studied. Results showed increased variation, though.

- MOR in bending. Average strength for treatments at the lower temperature and
shorter times remained almost unchanged (Table 2.2). More severe treatments (220
°C for 60 min) induced a strength loss of the order of 16.5% and 16.2% for Curupixa
and poplar respectively. In poplar, treatments at 220 °C for 60 min in the presence of
steam induced a larger decrease in bending strength (33.2%) than heating in air
(16.2%), and the coefficient of variation also increased for the treatment in steam.
However, the heating up time was longer for the treatment with steam. The reduction
in MOR was ascribed to two main phenomena: 1) a change in the lignin structure due
to the condensation of degradation by-products, and 2) a change of the state in the

amorphous cellulose.

2.3.3  Hygroscopicity and other wood-water interactions

The tendency of wood to adsorb or desorb water vapour under varying moisture
conditions below the FSP is reduced by the thermal-induced chemical degradation of
the wood substance. This reduced hygroscopicity is dependent on both the time and
the temperature of treatment, as well as the heating medium (Hill 2006c).
Comparison of different studies is then again difficult given the wide range of

experimental conditions used in the investigations. Typical results on the reduction
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of hygroscopicity from two independent reports are given below as an example of the
etfect of the treatment, while some other relevant studies on this subject are included
in chapter 6.

For the same experiment explained in the previous section on the mechanical
strength of four hardwoods (Chang and Keith 1978), Keith and Chang (1978)
analysed the hygroscopicity of treated material at three RH conditions (37%, 84%
and 97%) at 24 °C over saturated salt solutions. For samples treated at 220 °C for 2
h, the reduction varied from 49 to 52% (average 50%), with no consistent difference
between species or RH conditions. Hygroscopicity was generally more reduced for
longer treatments or at higher temperatures of exposure. Differences between
treatment temperatures were more evident at higher RH conditions. From this limited

range of RH conditions studied, these authors showed that the desorption isotherm

was nearly flat in the heated material. Similar findings were reported later by
Tjeerdsma et al. (1998b) on heat-treated beech and Scots pine using the Plato®
process 165 °C/180 °C for the hydrothermal/heating cycle. Reductions of about 40%

were found for pine at any RH condition, while for beech the hygroscopicity
reduction was about 30% at the lower end of the hygroscopic range, and 45% at a
RH of 96%.

Lower wood hygroscopicity results in increased dimensional stability and
reduced movement in service. Volumetric shrinkage of four hardwoods was reduced
by the heat-treatment (Keith and Chang 1978). The largest volumetric shrinkage of
control specimens was for beech and the smallest for aspen. In elm, the reduction in
volumetric shrinkage was small when the treatment was at 180 °C (averaged over its
three heating durations). Larger reductions at 200 °C and at 220 °C brought the elm
shrinkages in line with those of the other species. Maple, beech and aspen were
characterised by a much smaller difference in shrinkage between 180 °C and 200 °C
than between 200 °C and 220 °C.

Tjeerdsma et al. (1998b) found that the anti-swelling efficiency (ASE) of
beech and pine woods reached a maximum of about 50% for the treatment conditions
studied (see above). Both Keith and Chang (1978) and Tjeerdsma ez al. (1998b)
reported a higher reduction in swelling in the tangential than in the radial direction
and they considered that this would result in smaller dimensional changes upon
moisture stresses. Amold (2007) also found a small reduction in swelling anisotropy

for beech and Norway spruce woods treated at 180 °C or at 220 °C (no treatment
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time was given), but this reduction was not statistically significant compared to the
anisotropy of control samples.

In a comprehensive experiment, beech, Scots pine, Norway spruce and ash
woods were all analysed for swelling from the oven-dry condition to the condition at
four RH, namely 35%, 65%, 85% at 20 °C, and 50% at 23 °C (Scheiding et al.
2005). The moisture uptake at any given surrounding environment was reduced
significantly, on average by 50% compared to untreated controls, with no clear effect
of the RH setting. Keith and Chang (1978) have previously reported a reduction in
swelling in both the radial and the tangential directions at three RH conditions

studied. However, they found that the proportional differences in swelling between

heated and control samples were greater at higher than at low RH conditions.

2.3.4  Decay resistance

Thermal modification of wood results in an increased resistance to several forms of
fungal biodegradation, although the degree of protection afforded by the treatment
depends of the type of decay and species concerned. This enhancement has been
proved by subjecting various modified woods to pure culture or unsterile soil and
various field tests. The origin of this improvement is however not completely clear at
present, but it is believed to be the effect of chemical changes in the substrate and/or
to the reduced hygroscopicity in the material (Hill 2006¢). Apparently, the decay
resistance is not linked to biocidal chemicals formed during the thermal process
(Kamdem et al. 2000). It is also not clear whether the treatment leads to a true
deterrence to fungal onset, or if the modification only extends the lag phase typical of
fungal colonisation and subsequent polymer breakdown. No method has been
devised for testing the enhanced decay resistance of TMW and hence tests have been
conducted following protocols designed to either test the toxic threshold of biocides,

or the natural resistance of untreated wood. Some inconsistencies arise from applying

these methods.

Welzbacher and Rapp (2002) examined the differences in decay resistance of
heat treated softwoods from four European industrial processes (those given in Table
2.1). Results from the mini-block test with basidiomycetes showed an increased

resistance to decay in all samples studied. Only minor differences in weight losses
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due to decay were found between processes. The brown rot decay caused by
Oligoporus placenta was significantly greater than that caused by the white rot
fungus Coriolus veriscolor in all treatments. Samples treated in the Plato® process
and oil-heated woods were classified both as durable, according to the European
Standard EN 350-1. ThermoWood® and Retified wood were classified as moderately
durable. Based on their results, these authors concluded that TMW is suitable for
aboveground exterior applications. The study showed, on the other hand, that
materials sampled from the industrial scale processing fell short from the results
obtained from samples heat-treated at the laboratory scale. This pointed to the need

of the optimization of industrial processes, in order to assure a given quality in

service.

In an extension of these investigations (without the Retified wood maternal
included), an outdoor field test above ground (European hazard class 3) was carried
out using a horizontal double layer test in Hamburg, Germany (Welzbacher and Rapp
2004). Evaluation was done yearly by rating the extent of decay according to EN 252
as: 0 (sound), 1 (slight attack), 2 (moderate attack), 3 (severe attack) and 4 (failure).

A preliminary evaluation of the ongoing experiment showed a substantially

improved resistance against biological attack of the thermally modified material
compared to controls. No significant differences between the thermally modified
materials was found at the last time of the evaluation. None of the thermally
modified materials was attacked during the first 0.8 years. First decay was found for
ThermoWood® specimens after 1.5 years, similar in its intensity to the decay of oak
heartwood (also used as control). After 2.5 years of exposure, all the treated
materials showed an incipient decay, giving a rating of 0.2 for TMW from the Plato®
and ThermoWood® processes and 0.1 for the oil-treated wood. The significantly
highest average evaluation of decay was found for untreated pine sapwood
specimens, with a rating of 0.7.

Thirteen variants of TMW from nine European manufacturers including four
wood species were investigated on their biological performance, focussing on their
use for playground equipment (Scheiding et al. 2005). Significant improvements on
the decay resistance against wood destroying fungi were observed in all species
following pure culture and field tests (Table 2.3). Moreover, results from resistance
against mould revealed that although the treatment improved the rating, mould

growth was still observed. Microscopic investigations showed that the mycelium did
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not grow as deeply into the TMW as in untreated wood. Field tests studies according
to EN252 were also set up, but these are ongoing. After 12 months of exposure, no
attack by wood destroying fungi have occurred in all the TMW specimens
(destruction rating 0).

Results from earlier studies on decay resistance of TMW have been discussed

recently by Hill (2006c¢).

Table 2.3 Resistance class according to EN 350-1 and durability class according to ENV 807 for 4
heat-treated woods (control species: Scots pine sapwood for softwoods, beech for hardwoods)®.

Resistance according to EN 350-1 Durability
and EN 113 (without leaching)’ class
Species according to
Conipohora Gloeophyllum  Poria  Trametes ENV 807
puteana trabeum placenta versicolor (soft rot)> ¢
TM Scots pine 1-2 1-2 2-4 NT 3
TM Norway Spruce 1-2 1-2 2-4 NT 3
Norway spruce untreated S d S NT 4
TM Beech 1 1 NT 1-2 1
T™ Ash 1-2 1-2 NT | 1-3
Ash untreated 3 2 NT 4 4

W

“With data from Scheiding et al. (2005)

® Individual samples varied in rating, hence ranges appear

®Classification against soft rot is based on that period when the controls (Beech and Scots pine sapwood)
showed a mass loss of 20%, 16 weeks for Beech, 32 weeks for pine

TM = thermally modified; NT = not tested

2.3.5 Other physical changes

As indicated above, thermal modification has a stniking effect on all physical
properties of wood materials. Colour changes and surface hydrophobicity are two of
the most important physical changes in TMW.

The effect of thermal modification on wood colour has been studied mainly

for two reasons. One line of study has been to assess the possibility of establishing
the liaison between some physical changes and colour transformation, but the results
are inconclusive so far. This subject will be treated in detail in chapter 7.

On the other hand, the stability of the altered colour to light-irradiation has
also been reported. Colour in TMW is not stable to UV-light exposure (Ayadi et al.
2003, Letourneau et al. 2005). Wood samples of 150 mm x 75 mm x S mm (/ X r X

t) of ash, beech, maritime pine and poplar were treated at 240 °C under anaerobic
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conditions and then subjected to an accelerated weathering test. Samples were
exposed in a chamber to UV light directly at a distance of 5 cm for 835 hours. Each
cycle comprised 2.5 h of irradiation at 60 °C followed by 0.5 h of water vapour
condensation at 50 °C. Colour changes measured in the CIEL*a*b* system were
faster in the untreated material in the first 36 h while in treated material the rate was
nearly constant throughout the period of study. The change continued afterwards at
seemingly the same rate in treated and untreated material. At the end of the test, total
colour change, AE*, was much smaller in the heated material. Untreated samples
changed from 25 to 28 AE* units, while treated wood changed from 5 AE* units in
ash, to 10.5 AE* units in poplar. In a similar experiment but at 400 h of exposure,
faster colour changes were registered in thermally modified jack pine, trembling
aspen and white pine than in untreated jack pine (the only control shown)
(Letourneau et al. 2005). However, colour stabilisation was also faster than in the
raw wood. Total colour difference, measured in the CIEL*a*b* colour system was
smaller in modified material in the three species (AE* < 10 units) than that in
untreated jack pine (AE* = 30). However, no universal behaviour could be observed

in the direction of the changes in heated materials. All three woods became more

yellow in the b* axis. Softwoods became redder along the a* axis while aspen
became greener. Measurements along the L* axis showed that softwoods slightly
darkened, while aspen lightened.

Scots pine samples, heat-treated at 225 °C in steam atmosphere and untreated
reference samples, were exposed to natural weathering in Espoo, Finland for 7 years,
and then examined with FTIR, UV resonance Raman, and °C CPMAS NMR
spectroscopies (Nuopponen et al. 2004a). Analyses revealed that the lignin content of
the weathered heat-treated and especially weathered reference softwood samples
diminished significantly. The surface of the weathered heat-treated sample was still
enriched in aromatic and conjugated carbonyl compounds, whereas the surface of the
reference sample was rich in cellulose. These results indicated that degradation
products of lignin of the reference sample were leached out more easily than in the
heated samples. These authors attributed this to the condensed structure of lignin in
TMW, which could partly inhibit UV-light-induced free-radical reactions. In
addition, the lower equilibrium moisture content of TMW could reduce the leaching
out of the degradation products. According to these results, these authors proposed

that heat-treated wood is more resistant to natural weathering than untreated wood.
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This study however is unlikely to hold for all treated species. Experimental evidence
of an improved weatherability was also found for heat-treated beech in earlier
research (Feist and Sell 1987), but inconclusive results were found for heated spruce
wood.

With regards to surface hydrophobicity, Pétrissans et al. (2003) examined the
wettability of spruce, beech, Scots pine and poplar woods heat-treated at 240 °C in
N, for 8 h. Contact angle measurements before and after treatment indicated a
significant increase in wood hydrophobicity. Advancing contact angles of a water
drop were in all cases systematically higher in heat-treated than in untreated wood.
Chemical modifications investigated by FTIR and >C NMR spectroscopies revealed
little chemical change except for the degree of cellulose crystallinity which was
considerably higher in heat-treated wood and probably involved with higher contact
angles observed. Subsequent experiments carried out in beech wood only treated
under the same conditions but at much lower temperature (130 — 160 °C) revealed
that either the chemical degradation, the reduced hygroscopicity, or the generation of
extractives, were not necessarily the primary causes for the reduced wettability in

modified beech (Hakkou et al. 2005). They proposed that changes in wettability were

more related to modification of conformational arrangement of wood biopolymers
due to loss of residual water or more probably to plasticisation of lignin at early
stages of the treatment.

The short-term time-dependent behaviour of TMW was investigated in the
context of this research and reported elsewhere (Gonzélez-Peiia et al. 2005). Small
samples of Norway spruce wood were heat-treated at four temperatures for five time
periods. Oven-dry weight losses due to the treatment ranged from 1.0% to 31.5%.
Blocks were conditioned to 65% RH at 20 °C and then the short-term steady state
relaxation was examined in pure compression perpendicular to the grain in the
tangential direction. Heat-treated samples were generally characterised by a lower
modulus of relaxation. Upon release of the load, modified samples showed smaller

delayed elastic recovery and plastic deformation than untreated wood.
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2.4 Effects of thermal modification on chemical
composition

The matter of the chemical degradation of wood upon heating poses high complexity.
The amount of information is overwhelming due to existence of several wood
processes employing heat at temperatures higher than 100 °C: high-temperature
drying, pyrolysis, gasification, destructive distillation, casks roasting, wood
combustion, thermal modification, etc. On the other hand, wood pyrolysis* is not
considered to give exactly the same products as would be given by the sum of its
three major components pyrolysed separately (Fengel and Wegener 1984). The
pyrolysis does not progress at an even rate. It occurs in a step-wise manner with
hemicellulose breaking down first at 200 — 260 °C, cellulose next at 240 — 350 °C
and lignin at 280 — 500 °C. The rate of reactions also depend upon the atmosphere,
pressure and precursor materials (Soltes and Elder 1981).

Overlapping literature is frequent from several processes, but as noted by Hill
(2006¢), significant differences in degradation kinetics at temperatures > 260 °C and
an abrupt change at temperatures > 300 °C do exist. Therefore this section
concentrates on studies dealing with solid wood only, treated within the 150 —
260 °C temperature range. Reviews on the effect of heat on individual wood
components or on the chemical composition of solid wood at higher temperatures
than those used for modern thermal modification processes will not be discussed here.
The interested reader is referred to authoritative descriptions (Beall 1971, Shafizadeh
and Chin 1976, Soltes and Elder 1981, Fengel and Wegener 1984, Shafizadeh 1984,
Elder 1991, Branca et al. 2003).

2.4.1 Hemicellulose

Hemicelluloses play an important part both in the thermal modification process and
in the subsequent overall behaviour of the treated wood as a building material. Its
thermal degradation is of great interest from the standpoint of the increased decay
resistance, some forms of mechanical strength and decreased affinity towards water

* In the strictest definition, pyrolysis of wood is the thermal degradation carried out in the absence of

oxygen, so that the matter is converted to solid, liquid and gaseous phases without the combustion of
the wood substance (Elder 1991).
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vapour in TMW. The chemical degradation mechanisms are intricate but the main
characteristics of the process are well understood.

In species from temperate regions, wood is composed of about 40% to 50%
cellulose, 20% to 35% lignin, and 12% to 35% hemicelluloses; these components are
relatively stable if heated up to about 100 °C for up to 48 h (Fengel and Wegener
1984). Chemical acid hydrolysis is the most typical degradation mechanism upon the

heat exposure of wood.

Because hemicelluloses are composed of shorter molecules and have more
branched structure than cellulose, they are more accessible in the cell wall material
and therefore generally easier to hydrolyze by acids than cellulose (Goldstein 1991).

Pentosans (e.g. xylan) have been established as the most labile of hardwood

hemicelluloses. This difference is explained due to the higher sensitivity of xylan to
acids than the other wood polysaccharides. The rate of hydrolysis of xylose
glycosides is approximately 4.5 times that of glucose glycosides (Kass et al. 1970).
Moreover, monosaccharides associated in hemicellulose side-chains such as
arabinose and galactose, have been found to be especially sensitive to thermal

decomposition (Winandy and Lebow 2001).

Upon heat exposure, acetyl groups are liberated from the chemical structure
of wood hemicellulose. These combine with available water to form acetic acid,
which in turn acts as a catalyst to increase the degradation rate in the hemicellulose;
this also interacts with other wood polymers (Inan et al. 2007a). Hardwoods have
more acetyl and uronic acid groups than softwoods (Sjostrom 1993), and therefore
the former has a greater potential to form organic acids and to speed up the
degradation. Under similar heating conditions, greater mass loss in hardwoods
compared to softwoods has been associated also to the higher hemicellulose content
of the former (Zaman et al. 2000). Thermal reaction of wood leads to three different
phases: a solid brownish residue, a yellowish liquid, and a mixture of non-

condensable gases which result from the quenching of the effluent gases (Bourgois
and Guyonnet 1988).

In very early research, extracted samples of Douglas-fir wood were heated at
110, 160 and 220 °C for 64 days, 8 days and 16 h respectively in a open system, and
for 16 days, 16 h and 4 h respectively in a closed system (Mitchell et al. 1953)*.

§Opep system, in a container with a constant flow of N; or air; closed system in a closed vessel
allowing building up of the pressure and volatile products to remain in the treating atmosphere.
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Results showed that pentosans degraded to a larger extent than a-cellulose or lignin
at any treatment condition. Pentosans decreased more in the closed system than 1n
the open one, with large reductions determined mainly for treatments at 160 °C and
220 °C. At the end of the treatment, samples treated at the harshest conditions had a
pentosan content of 2.5% in the open system and 0.7% in the closed system,

compared to the 9.1% content in untreated wood.

By heating powdered maritime pine wood at 260 °C for 15 minutes to 4 h
under N,, Bourgois and Guyonnet (1988) established that pentosans decompose very
quickly at this temperature, with a half-life time of about 15 min. In an extension of
this work, the same material was examined in a larger range of temperatures of
exposure (Bourgois et al. 1989). Samples were treated at 240, 250, 260, 270 and 290
°C for 30 min. Similar results were reported, with pentosan reduced significantly at
any temperature of exposure while an increase of phosphoric-acid lignin was
simultaneously observed. Pentosan content fell from 9.61% in control wood, to
5.93%, 3.1% and 1.4% for the samples treated at 240, 260 and 290 °C respectively.
In both studies, elemental analysis also showed a decrease in O and H together with

an increase in C. These authors concluded that hemicelluloses (pentosan) were the

most heat-sensitive polymers in pine wood. The most important reactions took place
at the beginning of the treatment, where hemicellulose degraded to give place to a
gaseous phase (CO, CO,, O; and N»), as well as the most important part of the liquid
phase (acetic and formic acids, water and methanol). Hemicelluloses also acted as
decomposition initiators for the lignin. However, the behaviour of
(galacto)glucomannan, the main hemicellulose in pine wood, was not mentioned.

The thermal behaviour of boards of one softwood (Scots pine) and one
hardwood (silver birch) heat-treated at 200 — 230 °C under steam atmosphere for 4 to
8 h was compared by Zaman et al. (2000). Monosaccharides were analysed by GC
on the basis of their per(trimethylsilyl)ated derivatives. Total carbohydrates,
computed by difference from lignin and extractives, decreased from 72.3% and
75.6% 1n untreated pine and birch, respectively, to 57.5% and 56.2% for pine
samples treated at 230 °C for 8 h, and birch samples treated at 220 °C for 8 h,
respectively. Based on a small increase of the ratio glucose/total-carbohydrates at
increasingly higher severe treatment conditions, these authors concluded that
hemicellulose were more affected than cellulose upon wood heating. After 8 h of

treatment at 205 °C, mass loss in pine was 17.0%, whilst in birch this was 26.7%
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(birch was heated at 200 °C, though). They attributed this effect to the higher initial
hemicellulose content 1n birch wood.

Kotilainen et al. (2001) investigated the gravimetric changes in small samples
of black alder and European aspen heated in N3 at 150 — 220 °C for 3 h. Oven-dry
WL ranged between 1.6 and 19%. From the analysis of the monosaccharide
composition, they found that carbohydrates were more susceptible to chemical
degradation than the lignin substance. Monosaccharides associated to hemicelluloses
(arabinose, galactose, mannose and xylose) were found to be more readily degraded
than glucose, so they concluded that this was an indication of the larger degradation
of hemicelluloses compared to cellulose. Elemental analysis of the treated samples
showed that the mass proportion of carbon increased with the simultaneous decrease
in the mass proportion of oxygen as a function of the temperature of treatment. They
contend that oxygen-rich carbohydrates degraded faster than the oxygen-poor lignin
substance. These authors also noted that relative changes in carbohydrates in both
hardwoods at any combination of time and temperature was very similar.

In a similar experiment, Alén et al. (2002) heated Norway spruce boards at

180 — 225 °C for 2-8 h under steam atmosphere to give WL between 1.5 to 12.5%.

They analysed the material for total lignin content and for individual
monosaccharides in the hydrolisate from the Klason lignin determination. The
chemical analyses indicated that carbohydrates were more amenable to thermal
degradation than lignin. From the determination of the monosaccharide contents,
they suggested that cellulose was chemically more stable than hemicelluloses and, on
the other hand, that xylan degraded more easily than glucomannan. The mass
proportion of carbon in the test samples increased with increasing temperature, and
this was accompanied by a corresponding decrease in oxygen and hydrogen. As
oxygen-rich aliphatic compounds, carbohydrates were more apt to various
degradation reactions than the aromatic moiety-containing lignin fragment.

The analysis of Scots pine boards treated in a two-step process (the Plato®
process) using two temperatures for the hydrothermolysis phase (165 °C or 185 °C)
followed by conventional drying and the subsequent dry-heating at 180 °C for 4 h,
indicated that the hemicelluloses were substantially more degraded than a-cellulose
(Boonstra and Tjeerdsma 2006). As expected, calculated hemicellulose content (from
holocellulose by difference of a-cellulose) was reduced further when the

hydrothermolysis step was at the higher temperature. Hemicellulose content went
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from 31.9% in control wood to 22.1 and 13.5% (of the final oven-dry weight) in the
test samples treated in the hydrothermal step at 165 °C and 185 °C respectively.
These authors also noted an increase in the Klason lignin content in both treatment
conditions.

Yildiz et al. (2006) examined the chemical composition of small specimens
of spruce wood (Picea orientalis) heat-treated in air at 130, 150, 180 and 200 °C for
2, 6 and 10 h. The hemicellulose content was calculated by subtracting nitric-acid
cellulose content from sodium chlorite holocellulose. Invariably, they found that the
reduction of hemicellulose was greater than cellulose or lignin at any given
combination of time and temperature. Cellulose was reported nearly unchanged for
all treatments. Similar accounts were given by Windeisen et al. (2007) who studied
the chemical composition of small specimens of beech wood heat-treated at 180, 200
and 220 °C for 4 — 6 h. The degradation of sugar units was also reflected by the

decrease of acetyl groups and of aliphatic hydroxyl groups in treated samples.

2.4.2 Cellulose

There 1s general agreement about cellulose changes during the thermal modification
process. In the same reports described in the preceding section (section 2.4.1), the
findings indicate that gravimetric changes in the cellulose substance are minor and

only significant at the most severe treatment conditions. Although it is known that
cellulose in wood may decompose for long term exposure at temperatures as low as
120 °C (Fengel and Wegener 1984), it is well established that this fraction is little
degraded at temperatures < 300 °C (Kim et al. 2001). Most research has focused on
changes in cellulose degree of polymerization and microfibril crystallinity. These
structural changes will be discussed below (section 2.4.5). Two reports from recent
research on gravimetric changes in cellulose are described here, to exemplify the

changes in cellulose for the same experimental conditions previously described for
hemicellulose.

Boonstra and Tjeerdsma (2006) found that a-cellulose slightly decreased
from 49.1 (in % of the final oven-dry weight) in reference Scots pine samples, to
44.9% 1n samples treated in the two-step protocol at 165 °C/180 °C, while a marginal

increase to 49.7% was recorded for the sample treated at the harshest conditions (185
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°C/180 °C). Heating of spruce wood between 130 °C and 200 °C for 10 h, led to a
small a-cellulose increase for treatments at 130, 150 and 180 °C, while a small
decrease was observed by heating at 200 °C (Yildiz et al. 2006). Contents went from
54.12% in untreated samples, to 55.85%, 56.32%, 55.45% and 50.39% in samples
treated at 130, 150, 180 and 200 °C. In all cases the difference was statistically not
significant (at a = 0.05).

From thermo-gravimetric analysis, the first change observed in heating of
cellulose is the elimination of adsorbed water, which occurs at about 100 °C
(Kotilainen 2000, cited by Yildiz et al. 2006). By raising the temperature above 200
°C the thermal degradation of cellulose and formation of volatile products proceeds
rapidly. Levoglucosan is frequently quoted as the primary degradation product of
cellulose, but other anhydroglucoses, furan and furan derivates are also produced
(Fengel and Wegener 1984). However, by heating maritime pine at 260 °C, Bourgois
and Guyonnet (1988) postulated that furfural was not from cellulose decomposition,
but that this was the result from the dehydration of the xyloses.

Some differences in the heat susceptibility of wood polymers may be related
to the associations between these in the cell wall material. However, structural
changes and the modification of cellulose as it interacts with the matrix substance are
poorly described. Regarding the structural association between the cellulose micro-
fibrils and the matrix substance in untreated wood, Shigematsu et al. (1994) held that
the affinity of cellulose for hemicellulose is greater than that for lignin. On the basis
of softening measurements of wood pulp samples, Salmén and Olsson (1998)
suggested that in wood, xylan is associated with lignin, whereas glucomannan is
more associated with cellulose. Structural similarity as well as the simultaneous
response in the dynamic mechanical FT-IR analysis also indicate an intimate

association between cellulose and glucomannan in the cell wall of softwoods
(Akerholm and Salmén 2001).

2.4.3 Lignin

Due to 1its high structural diversity, lignin degrades gradually over a wider
temperature range than carbohydrates (Alén et al. 2002). However, under heating

conditions likely to be used industrially, the most frequent observation is the increase
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in the acid-insoluble lignin upon heating at 165 - 260 °C, the so-called pseudo-lignin
(Nikitin 1966). All the reports described in section 2.4.1 on the degradation of
hemicellulose have in common the concurrent weight increase in the acid-insoluble
lignin. The obvious source for this gravimetric enhancement is the carbohydrate
fraction. This aspect will be elaborated further in chapter 4, section 4.1.1.

Despite the abundant literature on chemical changes in wood upon heating,
results on lignin changes in solid wood at the range of temperatures mentioned
before under isothermal conditions are somewhat scant. Bourgois and Guyonnet
(1988) analysed changes in percent content of Klason lignin and lignin elemental

analysis as a function of time for the experiment described above on powdered

maritime pine heat-treated at 260 °C. Lignin increased rapidly (faster at the
beginning), and to a larger extent, doubling in 1 h, with almost a three-fold increase
after 4 h. Carbon content increased, while O and H decreased. Methoxy ratio in
lignin decreased with time although in wood the ratio remained almost unchanged;
this was because the lignin ratio in the residue increased. They assert that the
measurement of methoxy groups in lignin is a good indicator of native lignin loss.

Hemicellulose acted as a true decomposition initiator, and promoted lignin

degradation. From the analysis of gaseous effluents by GC, these authors determined
that the water released was not only from hemicelluloses, but also from the lignin
substance. Methanol was also released from lignin and this explained the formation
of an ethylenic bond in its FTIR spectra. The release of water and methanol from the
lignin molecule affords for the structure stabilisation by n-conjugation. The escape of
small molecules takes place in the propane skeleton of phenyl, guaiacyl and syringyl-
oxy-propane units. They point out, however, that methanol can also be attributed to
the degradation of methoxy groups which belong to the side glucuronic chain of
xylan. After a first degradation reaction, a resinification occurs in the lignin which is
responsible for the thermal resistance of the solid residue upon further wood heating.
This resinification was later explained as a condensation reaction due to molecular
rearrangement following the release of the gaseous and liquid phases from both
hemicellulose and lignin (Bourgois et al. 1989). Based on elemental analysis from
their second experiment, they concluded that the nature of lignin at different
temperatures was not the same at equivalent levels of the WL. They also found that

the rate in which pentosan diminished and the rate of the modification of lignin was

roughly the same.
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More recently, Windeisen et al. (2007) carried out lignin analyses by means
of thioacidolysis and acid-insoluble lignins. They found an enrichment of acid-
insoluble lignin relative to the carbohydrate fraction in beech wood in the three
treatments studied (at 180, 200 and 220 °C for 4 — 6 h). In comparison the relative
yields of all thioacidolysis products declined with the severity of the treatment.

Compounds detected were predominantly syringyl structures. Guaiacyl lignin went
from 206.1 pmol g in untreated beech, to 59.6, 53.8 and 0.0 pmol g for samples
treated at 180, 220 and 220 °C respectively. In the respective order, syringyl lignin
was 452.1, 251.1, 233 and 68.8 umol g”'. Therefore, lignin of the thermally treated

samples could not be decomposed by means of thioacidolysis in the same way as the
lignin of untreated wood. They attributed this to the significant reduction of the
characteristic arylglycerol-B-aryl ether linkages due to the thermal attack. The higher
amount of non-hydrolysable substance determined mostly in samples treated at 220
°C were ascribed to lignin-derived compounds. According to them, this confirms that
most of the lignin, which is still present in thermally treated wood, cannot be

decomposed by means of thioacidolysis in fragments with a molecular mass
detectable by gas chromatography. These facts were considered evidence for the

occurrence of condensation reactions, leading to the formation of larger cross-linked

lignin-derived compounds.

2.4.4 Extractives

To understand the role of acetone-extractable compounds in yellow birch wood on
the reduction of wettability, Hemingway (1969) examined fatty acids after air-
heating at temperatures between 105 °C and 220 °C. These treatment conditions did

not increase the concentration of fatty acids sufficiently to explain the reduced
surface wettability observed in heated samples. Unsaturated fatty acids and esters
showed a considerable oxidation upon heating, though.

Bourgois et al. (1989) found that the presence of extractives accelerates the
breakdown of pine wood polymers during heating at 240 — 290 °C. DSC tests
showed that the exothermic peaks of the pyrolysis wood reaction were pushed
towards the high temperature region when the sample was in the extracted condition.

These authors concluded that this demonstrated that extractives acted as a catalyst in
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the thermal oxidation of the wood material. Extractives may trigger the thermal
decomposition of acidic groups in hemicelluloses via radical formation, before these
organic acids elicited in turn the degradation of other wood polymers.

Oak wood chips subjected to heat treatment at 120 — 250 °C for up to 6 h
revealed two stages in the course of extractive decomposition. At temperatures of
between 120 and 185°C, there was an increase in ellagic acid contents from
ellagitannins (castalagin) and in cinnamic and benzoic aldehydes from lignins.
Above 185 °C, a more intense thermolysis process caused the disappearance and
degradation of the previously formed monomer compounds. Increase in treatment
time caused an acceleration of all these modifications. Only lynoniresinol remained
stable up to 215 °C, but decomposed at 250 °C (Sarni et al. 1990).

Similar findings were reported for Scots pine battens heat-treated at 100 —
240 °C using the ThermoWood® process (Nuopponen et al. 2003). Cross-sections of
wood boards were analysed using infrared microscopy following thermal

' was detected

modification. A typical absorption band of fats and waxes at 1740 cm’
on the sapwood edges in the temperature range of 100 — 160 °C, indicating that fats

and waxes moved along the axial parenchyma cells to the surface of the sapwood
during the heat treatment. At higher temperatures (> 180 °C) fats and waxes
disappeared from the sapwood surface. Resin acids were detected at temperatures up
to 180 °C 1n the middle of the battens. IR spectra of these spots showed a
characteristic absorption band of resin acids at 1697 cm™. At 200 °C resin acids were
not detected in the middle of the battens; however, resin acids were detected at
distances of 500 and 600 mm from the midpoint of the battens and on the edges of
battens. At temperatures higher than 200 °C, resin acids had disappeared from the

wood matenal altogether.

The previous description for the three main polymers and extractives include
all the most important studies carried out so far for the chemical characterisation of
heated woods in conditions likely to be of any practical relevance for the thermal
modification of wood. Except for some instances of the qualitative work given below
(section 2.4.5. Solid state studies), it is clear that most of the studies have been
limited to one or two species, in a very small range of modifications. Not all results
are comparable, because in some instances it is not acknowledged whether the

gravimetric determinations are related to the initial oven-dry weight of the sample or
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to the dry weight of the residue. Comparison of the course of degradation of the two
main hemicelluloses of wood have not been attempted, and ways to compare
different schedules are also inexistent. These subjects may be of a more scholarly
than practical interest, but may also have relevance for the complete understanding of

the primary modification events in the matenal.

2.4.5 Solid-state chemical studies on heat-treated woods

Qualitative chemical modifications occurring during heat treatment are believed to
be in great part responsible for the new properties of TMW. These have been
investigated using different solid state methods, noticeably by CP/MAS >C NMR,
X-ray diffractometry and FTIR spectrometry (Bourgois and Guyonnet 1988,
Tjeerdsma et al. 1998, Bhuiyan et al. 2000, Sivonen et al. 2002, Wikberg and Maunu
2004, Inari et al. 2007a, Yildiz and Giimiiscaya 2007). These analyses have served
basically to reaffirm the results of the analytical determinations described above for
changes in the carbohydrates and lignin fractions in heated solid wood materials. The
main deductions from these studies reveal an important degradation of
hemicelluloses and molecular reconfiguration, dehydration and/or degradation of
amorphous cellulose resulting in an increase of cellulose crystallinity in heated
wood. In turn, lignin presents subtle but significant qualitative modifications, mainly
due to B-O-4 ether linkage cleavage and aromatic nuclei demethoxylation followed
by auto-condensation reactions with formation of methylene bridges.

The thermal degradation of cellulose starts with the molecule cleavage
producing alkali-soluble products, and the degree of polymerisation (DP) of the
residual cellulose is reduced too (Fengel and Wegener 1984). The DP of isolated
cellulose of thermally-treated spruce wood remained constant up to 120 °C,
following a rapid decrease with increasing temperature (Idem.). The crystalline
structure of cellulose is not changed upon heating or can even increase at
temperatures as high as 200 °C, depending on the treatment conditions. The
crystallinity of the alkali-resistant cellulose from thermally treated spruce wood
increased up to a temperature of 200 °C because of a preferred degradation of the
less ordered molecules (Yildiz et al. 2006). In early research, X-ray spectroscopy

showed that cellulose crystallinity of heat-treated maritime pine at 260 °C remained
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largely unaltered even after 4 h of exposure (Bourgois and Guyonnet 1988). X-ray
diffractometry of independent studies of cellulose crystallinity of Norway spruce and
Japanese beech heat-treated under dry and moist conditions at 180 — 220 °C also
demonstrated a significant increase in crystallinity, more in the moist condition than
under dry-heating (Bhuiyan et al. 2000). The growth of cellulose crystallites upon
heating have been previously noted in Sitka spruce wood heat-treated at 180 °C for 5

hours by X-ray measurements made with the symmetrical transmission technique

(Nakao et al. 1985). Heat-treatment resulted in the increase in the distortions in both
parallel and normal directions to the molecular chain. This indicated that the increase
in crystallinity of wood was not due to the improvements in regularity of the
structure. As for the crystallite size, this increased in the lateral dimension after the
treatment, while in the longitudinal dimension remained unchanged. Nakao et al.
(1985) concluded that increase in the degree of crystallinity caused by heat treatment
was due to lateral growth of cellulose crystallites probably because the crystallisable
amorphous region surrounds the crystallites not longitudinally, but laterally. In a
recent experiment, the crystallinity of cellulose isolated from heat-treated spruce and
beech woods was determined using FTIR spectrometry (Yildiz and Giimiiskaya
2007). This was done by studying the ratio of the peak areas at 1370 and 670 cm™, or
by the ratio of peak heights at 1429 and 897 cm™, or at 1372 and 2900 cm’'. Heat
treatment was applied at 150, 180 and 200 °C, for 6 and 10 h. It was determined that
crystallinity of cellulose in wood samples increased with thermal modification, the
degree of crystallinity change was related to both temperature and time of the
thermal modification.

In another report, °C CPMAS NMR was used to Investigate the crystallinity
indices for cellulose (Crl) for four woods heat-treated following the ThermoWood®
process (Wikberg and Maunu 2004). Boards of birch, aspen and spruce woods were
treated at 195 °C while oak wood was modified at 160 °C. Birch and aspen were
treated for a total time of 56 h and spruce for 44 h (no heating time was reported for
oak); the actual treatment time at the target temperature was 188 min. for spruce and
130 min. for birch and aspen. The Crl, determined by the spin-locking technique,
increased in all woods following heat-treatment (Table 2.4). Similar results were
reported previously for Scots pine wood treated following the ThermoWood®

protocol (Sivonen et al. 2002). The observed increase was proposed to be due to the
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degradation of the less ordered chains during the thermal treatment rather than to any

increase 1 the amount of more ordered cellulose.
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Other important observations from the CP/MAS >C NMR spectroscopy

studies are:

a) For carbohydrates: The shoulder at 102 ppm on the signal of cellulose C-1
at 105 ppm, assigned to hemicelluloses, decreased in the spectrum of heated spruce
(Wikberg and Maunu 2004), heated Scots pine (Sivonen et al. 2002), or heated beech
(Inari et al. 2007a) indicating some degradation of hemicelluloses; the shoulder was
poorly resolved in the spectra of birch, aspen or oak wood, though (Wikberg and
Maunu 2004). In addition, the relative intensity of the signals of methyl (21 ppm)
and carboxylic carbons (173 ppm) of acetyl groups attached to hemicelluloses were
decreased 1n the spectrum of every wood after thermal modification (Sivonen et al.
2002, Wikberg and Maunu 2004, Inan et al. 2007a). By heat-treating the isolated
holocellulose fraction of beech wood, Inant et al. (2007a) found that signals
previously attributed to lignin thermal cross-linking were still noticeable on
carbohydrate component. According to these authors, this result suggests that new
signals appearing between 125 and 135 ppm and at around 35 ppm on NMR spectra
of heat-treated wood are not due to lignin modification, but due to degradation of
holocellulose, probably due to the commencement of formation of carbonaceous
material. These authors did not detect these signals in isolated Klason lignin heat-
treated at 240 °C for 5.5 or 21 h. However, they did not examine the isolated lignin
(pseudo-lignin) from the heat-treated material. It is possible that these signals would

still be visible therein because some carbohydrate by-products remain trapped in the
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lignin upon repolymerisation. Whether these by-products contribute to lignin cross-

linking is a subject that needs clarification.

b) For lignin: Only fine changes could be identified in the lignin signals
attesting for its higher heat stability. After the thermal modification, a reduction in
the relative intensity of the signal at 153 ppm (assigned to C-3/5 of syringyl units)
and an increase in the relative intensity of the signal at 148 ppm (assigned to syringyl
3/5 carbons in non-etherified units and to guaiacyl 3/4 carbons in the spectra of
untreated oak and aspen) were seen in every hardwood spectrum (Wikberg and
Maunu 2004). These authors used the relative intensities of these two signals in the
heat treated and untreated wood spectra as a measure of the degree to which p-O-4
linkages in lignin are cleaved during the thermal modification. According to this
analysis, the majority of the syringyl units in hardwoods included B-O-4 linkages
before the thermal modification whilst after the thermal modification a substantial
part of the B-O-4 linkages were cleaved. This extensive aryl-ether bond cleavage was
credited to the steam used in the heat treatment process. Thermal modification
caused a reduction in the relative intensity of the shoulder at 153 ppm for C-4 of
guaiacyl units that are etherified, and an increase 1n the shoulder at 146 ppm for C-4
of non-etherified syringyl units in the dipolar dephasing (DD) spectrum of spruce
wood. These changes are an indication of cleavage of -O-4 linkages in the lignin
guaiacyl units. In addition, a broad shoulder appears in the DD spectrum at 128 ppm
after thermal modification. This shoulder is assumed to arise from lignin C-5-
substituted structures, such as biphenyl (5-5) or diphenylmethane. Its appearance
suggests that guaiacyl units are linked by carbon-carbon bonds and hence the content
of condensed guaiacyl structures (120-140 ppm) i1s increased in the thermal
modification relative to guaiacyl groups (140-160 ppm) (/dem.). The degree of lignin
condensation calculated from the same ratio in Scots pine appears to increase during

the heat treatment even though the changes appeared to be small (Sivonen et al.

2002). The increase of condensed guaiacyl structures observed by Wikberg and
Maunu (2004) was further supported by the slight decrease in relative intensity of the
methoxyl signal at 56 ppm in the CPMAS spectrum. A similar decrease of the
methoxy signal was observed in Scots pine (Sivonen et al. 2002), but not for heat-
treated Klason lignin (Inari et al. 2007a). Demethoxylation of lignin makes more
lignin sites available for reaction; a more condensed lignin structure is achieved as a

result of this. Neither condensation nor demethoxylation is observed in the DD
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spectra of hardwood samples, which indicates that only guaiacyl units are condensed
by the formation of carbon-carbon bonds at C-5 and C-3 positions in the thermal
modification (Wikberg and Maunu 2004). These bonds cannot be formed between
syringyl units because a methoxyl group occupies the C-5 and C-3 positions. From
the differences in the relative signal intensities in the NMR spectra at 148 and 153
ppm, it appears that the cleavage of the B-O-4 bonds during thermal modification
was more extensive in hardwoods than in softwoods (I/dem.). Additionally, the
content of methylene bridges, which connect two phenolic nuclei, increased in pine
wood (Sivonen et al. 2002). This can be seen as an increase in the peak arca at
around 30 ppm, which could be assigned to short-chain aliphatics (CH»). The same
increase at 35 ppm was described for heated beech wood (Inari et al. 2007a).
Polymer changes following heat treatment studied by solid state FTIR

spectroscopy will be discussed in detail in chapter 8 for solid wood (sections 8.3) and

chapter 7 for Klason lignin (section 7.3).

2.4.6 Relationship between chemical degradation and
mechanical changes

One of the main effects of wood heating is the resultant chemical conversion of
wood polymers, and also a clear modification of most of the mechanical properties in
TMW. However, the understanding of the relationship between mechanical property
and heat-induced chemical changes is rather rudimentary. To the knowledge of the
writer, before this thesis there was only one report dealing with the changes in
chemical composition and the concurrent modifications in one form of wood strength

in TMW (Davis and Thompson 1964). The relationship between hemicellulose
degradation and toughness reduction in heat-treated red oak, Douglas-fir and longleaf

pine woods, using various heating schedules and processing pressures was
investigated. These authors found a close empirical relationship between chemical
degradation in the hemicellulose fraction and toughness. However, they ignored the

relationships of the wood strength to the concurrent changes in the lignin substance,

which became obvious when analysing their data. This is discussed further in section
5.3 (chapter 5).

In a somewhat related study, Winandy and Lebow (2001) studied the

empirical relationship between chemical changes and residual MOR strength of
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small specimens of southern pine wood (Pinus spp.). Samples were treated with
seven types of fire-retardant substances and then exposed to various environments.
Four long-term exposure temperatures (27, 54, 66 and 82 °C) with durations from 3
to 160 days at 54 °C and 82 °C, up to 4 years at 66 °C, and up to 6 years at 27 °C
were studied. Samples were then conditioned and subjected to a three-point bending
stress test. Chemical studies consisted of the determination of Klason lignin and
monosaccharides from the acid-soluble hydrolisate .

After a confusing elaboration, these authors failed to demonstrate that
monosaccharides associated to hemicellulose side-chains were most critically

associated to the reduction of MOR in bending. Two of the three best models

computed (in terms of the R?) have Klason lignin in the equation.

2.5 Modelling of the process and properties in the new
material

The modelling of the process in the range of temperatures expected to be of interest
industrially for the thermal modification of wood is a subject that has received little
attention. Only one mechanistic model has been reported so far (Rajohnson et al.
1994). A small sample of pine (or beech) wood was non-isothermally heat-treated in
a reactor with a weighing device and temperature and pressure sensors. The reactor
was coupled to a FTIR spectrometer for gas analysis. Evolution of temperature,
kinetics of weight loss, and evolution of wood internal pressure were recorded. They
studied simultaneously heat and mass transfer with chemical reactions. FTIR allowed
correlation of the evolved gases of each component with weight loss kinetics at
different wood temperatures. The model developed was a combination of high-
temperature drying models and wood pyrolysis models. The assumptions in the
model neglected the water vapour diffusion in the gaseous phase and the total
pressure was considered to be equal to the water pressure. The solid was considered
1sotropic, homogeneous and in local thermodynamic equilibrium too. Therefore, the
water vapour pressure was said to be equal to the product of water activity to the
saturated vapour pressure which is estimated from the water sorption curve. For the

sample size they used, it allowed consideration of a two-dimension model (radial X

e v ‘@ o . v, .
It is not clear whether the composition reported was related to the initial oven-dry weight or to that
after the environmental exposure.
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tangential). The model was composed of three balance equations: 1) The humidity
balance, which takes into account the diffusion phenomena (Fick's law) and thermo-
migration of the liquid phase and the phenomenon of water vapour convection under
the total pressure gradient (Darcy's law); 2) The energy balance, which includes the
phenomena of thermal conduction (Fourier’s law), water vaporization and heat
production by exothermal reactions; and 3) The material balance, as a function of

initial density, moisture content and final density.

This approach gave a system of non-linear partial differential equations,
which were solved by a dynamic simulation code. A good agreement was found
between experimental and numerical data. This simulation showed that the system 1s
very sensitive to the gaseous and liquid phase intrinsic permeabilities, the liquid
phase diffusion coefficient and the convective and thermal transfer coefficients. The
model permitted an analysis of the influence of each process parameter for process
optimisation, which it is believed could only be done for one wood species at a time.

On the other hand, the modelling of the properties of TMW has been poorly
and not systematically studied.

Alfred Stamm was the first author to study the relationship between mass loss
and time and temperature of reaction for thermally-treated wood, by applying models
based on the Arrhenius relationship (section 2.3.1). He used some of his own data as
well as data of McLean for softwoods heated from 1 min. to 2.4 years at
temperatures between 93.5 °C and 300 °C (Stamm 1956, and McLean cited therein).
The rate constants of the log-normal plot of mass loss against time were found to
obey the Arrhenius relationship, because a linear relationship was found in all cases.
Stamm (1956) therefore proposed that weight loss was a first-order reaction,
although a heterogeneous one. This work was latter extended by Millet and Gerhards
(1972); this 1s discussed more detailed in section 4.3.1 (chapter 4). Santos (2000) and
Bengtsson et al. (2002) have both shown the relationship between MOE and MOR in
bending for TMW, whilst Mouras et al. (2002) found a relationship between density

and compression strength in heat-treated wood. These reports will be discussed
further in sections 5.1 and 5.2 (chapter 5).

In a recent study, the relationship between MOE and MOR in bending and in
tension stress for large beech wood members was evaluated after thermal
modification at 180 °C and at another, higher temperature which was not disclosed

(Widmann et al. 2007). Both dynamic MOE (using two instruments based on
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acousto-ultrasonic measurements) and static MOE were determined. Dynamic MOE
was found effective for predicting static MOE (no statistics given). However, the
prediction of bending and tension strength values from MOE was limited, with R°
varying between 0.03 and 0.49 for bending strength, and R* = 0.41 for tensile
strength.

Other approaches have been explored in order to predict a few properties in

TMW, notably from colour changes; these will be discussed at length in chapter 7.

A strong correlation between the amount of free radicals determined by
electron spin resonance measurements, and the degree of thermal modification of
wooden products has been established (Viitaniemi and Jamsa 2001). They found that
it is possible to detect the time and temperature of treatment of any given treated
wood sample (from the ThermoWood® process) from the correlation of these
parameters with the amount of free radicals determined, even after several years of
service. Laser light scattering can also be correlated to the intensity of heat
treatments in heated powdered birch and pine woods using the correlation between
the light-scattering pattern and the temperature of treatment (Wahl ez al. 2004).

St-Onge et al. (2005) investigated the potential of using acousto-ultrasonic
methods for the detection of internal checking in thermally modified balsam fir
(Abies balsamea) wood. The method was found efficient, with a significant decrease
of wave propagation time, only when severe internal checking was present.

A recent proposal for the indirect estimation of WL is a gravimetric method
named high-energy multiple impact test (Rapp et al. 2006). After ball-milling the
sample, the heat-induced weight loss (WL) i1s predicted from the mass of two
opposite size fractions which form the so-called index of resistance to impact
milling. These authors speculate that it would then be possible to predict some

mechanical properties from the estimated WL.

2.6 Environmental considerations of TMW

Thermally modified wood is a natural product without any chemical additives added

during the process. It has a demonstrated increased decay resistance for above
ground applications without the use of biocides. This makes TMW arguably an

environmentally less aggressive option than traditional systems employing biocides
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for reducing the decay susceptibility of wood. In this regard TMW also compares
favourably against untreated wood, or with some naturally resistant hardwoods
sourced from tropical countries with forest management programs of dubious
sustainability.

According to the industry literature (Mayes and Oksanen 2002), TMW waste
can be handled as with any other untreated wood waste. The material is bio-
degradable and can be disposed of at the end of its service life by either burning or
placing it into the normal waste stream. In the ThermoWood® process, energy is
needed mainly for drying wood, which accounts for some 80% of the heat energy
used. This energy is produced by burning bark and wood waste. Additional energy is
provided with solutions such as natural gas.

Thermally-modified wood has some other characteristics that support a
potential environmental benefit compared to other materials. In an study on the
toxicity of structural materials, several untreated woods, preserved wood, modified
woods as well as other building materials were evaluated for eco-toxicity in aquatic

systems (Van Eetvelde er al. 1998). The most useful comparisons for the present

document are given in Table 2.5. Toxic units'’ obtained for heat-treated beech were

the lowest values for all materials examined; heat-treated pine was also among the

least ecotoxic materials.
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Third Party Material excluded from digitised copy.
Please refer to original text to see this material.
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”' Toxic unit g's defined as the dilution ratio of leaching water giving the ECs, value; i.e. the more
diluted, the higher the TU value (Van Eetvelde et al. 1998).
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Heat-treated pine rated better than untreated pine for the Algaetox test, while
the former was slightly better for the Daphntox and Microtox tests. In all cases heat-
treated pine rated better than western red cedar and Azobe, and have comparable
ratings to concrete, recycled plastic and furfurylated pine. One reason for the low
leachate toxicity of TMW may be that the extractives have already been removed
from the material during the thermal conversion (section 2.4.4).

Emission of VOCs of TMW in service are smaller than in untreated wood
(Manninen et al. 2002, Bengtsson et al. 2003). One reason for this is that extractives
are no longer present in the treated substance (section 2.4.4). Additionally, it is well
established that the potential main source of acetic acid due to its larger acetyl
content are wood hemicelluloses; even at room temperature, acetic acid has been
detected as the largest emission among all VOCs of untreated hardwoods (Risholm-
Sundman et al. 1998). These are the most labile of all wood components and are
rapidly degraded upon heat-treatment (section 2.4.1). The amount of polar residues
after treatment is also smaller in heated wood than in untreated material (Gonzalez-
Pefia et al. 2004). In particular, a substantially smaller amount of acetic acid was
found in heated ash wood. This result is encouraging, because acetic acid is annoying
to the sense of smell in humans, eliciting negative emotions such as anger and
disgust (Vernet-Maury et al. 1999).

One important physical change occurring in wood when heat-treated, is that
the substance is coloured throughout, which is useful when further machining is
required. This is an alternative to conventional surface staining of light coloured
species. This is also useful because there is an increasing requirement for the
reduction of the solvent-borne finishes in the woodworking industry. In Europe for
instance, the Solvent Emission Directive (Directive 1999/13/EU) sets VOCs
emission limit values to which several woodworking industries including wood
coating, wood lamination and wood impregnation must comply no later than October
2007 (Fonseca 2004).

In an analysis of the environmental impact for canal linings, TMW treated
with the Plato® process was compared to alternative materials such as concrete,
aluminium, preservative treated wood, or tropical hardwoods (Boonstra et al. 1998).
The environmental impact of Plato® treated wood was low for most of the
environmental categories used. These included eutrophication of surface waters,

ozone depletion, ecotoxicity, energy consumption, green house effect, acidification
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of water or soil, waste, smog, and human toxicity. Overall performance was
comparable to sustainable Azobé. Although this is only an isolated example and
cannot be considered representative for all applications of TMW, it highlights the
potential benefits of using this material even in some common applications.

There is however the need of a deeper analysis of the ultimate benefits of this
technology. All reports so far concentrate on partial appraisals, evaluating some
aspects of the environmental performance separately. Much research is required on
the production of the treated material itself, regarding the production of VOCs during
the thermal decomposition. Reports on the Life Cycle Assessment (LCA) of
thermally modified wood are not known to date. The ThermoWood Association
announced in its website that an analysis was being elaborated in Impenal College,

UK, but this has not been released at the time of wrniting this thesis.

2.7 Limitations and downside of the thermal
modification

Besides the reduction in some forms of strength (section 2.3.2) and the residual
susceptibility to light exposure (section 2.3.5), the process for the thermal
modification of wood and the treated material itself have other drawbacks and also
some limitations. These shortcomings should be considered for a thorough, fair

evaluation of the system, so the user is to be in condition to deal with these issues.

Limitations

1. Wood members of large thickness can develop serious internal defects
upon heat-treatment. Boards of Sitka spruce, lodgepole pine and Japanese larch were
heat-treated under restraint or following the Plato® protocol (Birkinshaw et al. 2006).
Samples 26 mm thick did not suffer internal checking in any species nor samples 46
mm thick of spruce or pine wood. However, 46 mm thick samples of larch, or 75
mm-thick samples of the three species suffered severe internal checking. Moreover,
the EMC in some hardwood species (e.g. white oaks) should be well below the FSP
in order to be amenable to treatment, to avoid serious shape defects and internal

splitting (Mayes and Oksanen 2002). This may limit the size of the members to be

treated or the modification of poles.
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2. It 1s held that wood with some defects produces material of very poor
quality (Hill 2006b). Wood with knots is held not to be amenable for treatment
(Mayes and Oksanen 2002), but there is no concrete proof of this. In the present
research, no distortion was noticed by treating some spruce samples with small knots
and knots did not drop out as noted elsewhere. Probably a visual grading protocol

should be devised for TMW.

3. It 1s possible that the control of the process for some species with relatively
high extractive content (e.g. pitch pines and some hardwoods) would be difficult by
using colour changes, weight loss, etc. Likewise, boards with heartwood and
sapwood 1n the same specimen are likely to be treated unevenly, although this has
not been studied.

4. TMW is not recommended for ground contact (European Hazard Class 4),
because it 1s apparently not resistant to the soft-rot decay type (Militz 2002).
However, information in this regard is still limited and the material tested has shown
large performance variability (section 2.3.4). Moreover, recent work by Hale et al.
(2005) indicated considerable improvements in soft rot decay resistance in heat-

treated Corsican pine wood at the laboratory scale.

Drawbacks

1. Several studies regarding the behaviour of the material in fire have shown

that TMW rates lower than untreated wood in several categories (Mayes and
Oksanen 2002), although the information was somewhat inconclusive. In an
independent study, the behaviour to fire and flame resistance tests by means of the
crib and the two-foot tunnel tests was found to be mostly unchanged in oil-heated
spruce wood (Wang and Cooper 2007). Having established that heat-treated pine
wood have a higher calorific value than untreated wood (Bourgois and Guyonnet
1988), the smoking potential of retified poplar was examined using a fume-meter.
Samples were treated at 260 °C for 45 or 60 min under N, and then pyrolysed. The
maximum smoke opacity was reached quickly in both materials, faster in retified
wood. The level of maximum opacity was similar but slightly larger for the non-
heated material, though. The smoking potential was larger for the retified wood

below 510 °C, while it was found to be less important than non-heated wood above

this temperature (Bourgois et al. 1990).
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2. Because of a mortality rate of 100% was found in larvae, a good resistance
was reported against Anobium punctatum in heat-treated Curupixa and poplar woods,
but no reststance was found against termite attack (Mouras et al. 2002). Several
previous reports also conclude that termite resistance is not increased by the thermal
modification of wood (Doi et al. 1996, 1997, 1999). In fact, it has been proposed that
the heat-treatment appears to favour the biological degradation by termites. This may
limit the use of TMW in locations of warmer climates. Else, it should be necessary to
use some type of biocide, thus compromising the alleged environmentally friendly
profile of TMW. Similarly, thermal treatment does not improve the resistance to
marine borer attack (Westin et al. 2007).

3. Coniferous species with very sharp delimited late- and earlywood
boundaries are prone to ‘flake’ easily upon moisture stresses (Sheiding 2003, pers.
comm.).

4. The material is easily machined, but any further operation produces a very
fine dust, which may required specialised (though already well established)
equipment and facilities for its handling. TMW also splinters easily and some
operations require special handling (e.g. pre-drilling before nailing) due to the

increased brittleness of the material (Mayes and Oksanen 2002).

2.8 Summary

Increased environmental pressures over the last few years led to the development of
non-biocidal alternatives to classical wood preservation techniques such as the
thermal modification of wood. TMW benefits from new properties like improved
decay resistance and higher dimensional stability while some forms of strength are
significantly reduced. Modified wood also exhibits lower affinity to water sorption,
strongly modified wettability and altered colour. Because of some of these qualities,
possible environmental advantages and the un-complicated technology for

modification and disposal (compared e. g. with acetylation), heat-treatment of wood
1s currently the technology most developed for wood modification in Europe.

Many of the very basic physical and chemical process of thermally modifying
wood are well understood. Until recently, the properties and changes in TMW are

being described in more detail, and shortcomings and advantages have been unveiled
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for a more complete understanding of the material. Current research is targeted at
more complex processes of the time-dependent mechanical behaviour of wood or on
ways to prevent mechanical strength loss at early levels of treatment. Interests are
also focused on the mechanisms behind physical changes to find out ways to enhance
some properties without compromising other desirable charactenistic in TMW.
Assessment of possible structural uses of TMW is matter of intense activity in
Europe too.

In complete contrast, potential methods for property prediction and
methodical material characterisation are fairly undeveloped. It is accepted that the
entry of TMW at the market was somewhat precipitated, mainly motivated by the
sudden contraction of several markets after the restriction of some traditional wood
preservation ecotoxic substances. In Sweden and other parts of Europe tests are still
ongoing to determine the suitability and possible uses of TMW,; although some
aspects of the behaviour of TMW have been studied at the laboratory scale, protocols
to thoroughly evaluate the performance of TMW are yet to be developed. The
previous overview has indicated a lack of agreement on several points, a lack of
information on basic forms of material description and the importance of having such
information.

The industry for the thermal modification of wood is facing major challenges
in order to provide consumers with well established standards and ways to
characterise and classify the product regardless the process used for modifying the
material. Non-destructive methods or techniques not entailing excessive costs may
become a key approach for tackling issues of trans-process product characterisation

and standardisation.
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Chapter 3 Materials and Methods

3.1 Introduction

This chapter presents an outline of the work undertaken in order to gain a more
fundamental understanding on the effect of two major treatment factors (time and
temperature) in several physical properties of interest of TMW. The chemical
changes of the wood species studied were also investigated, in order to resolve the
primary relationship between changes in chemical structures and physical property
changes. In this work, no comparison of treating media or the effect of wood
moisture content was undertaken. This plain approach was adopted in the belief that
a more complete understanding of the basic matenal behaviour could help identify
any limiting factors and possibly highlight ways in which performance might be
improved, or basic treatment parameters optimised, regardless of wood species or

secondary treatment parameters.

Throughout, the properties of thermally modified wood (TMW) are compared
with those of untreated material. Every property studied in this work was also

determined for untreated solid wood because no comparison could be made on, for

instance, mechanical strength values reported in the literature, due to the generally

smaller than standard size used for the determinations.

This chapter (Methods) is divided into four sections. The first section (this
section) is the Introduction. The second section relates to the thermal modification of
wood (section 3.2). The following section (section 3.3) describes the procedures
followed for the physical characterisation of TMW, while the last section (3.4)
describes the studies for the chemical characterisation of TMW.

A summary for all the studies reported in this thesis is given in Table 3.1. A

diagrammatic synopsis of the approach for this research is given in Figure 3.1.
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Table 3.1 Summary of the studies carried out in this project, following the thermal modification (20
schedules) of small samples of beech, Scots pine and Norway spruce woods.

STUDY State controls included
_Beech | Pine | Spruce |
Mehppetis || | | [

Bending Strength (MOR, MOE, RLP, R, WM, TW)

Compression Strength // (MOR, MOE) NC 8 20 21 21
Compression Strength L (MOR, MOE) NC | 6 20 21 21
Janka Hardness (ML) NC | 6 20 21 21
Shear strength (ASS) NC 4 20 21 21

Charpy nnpact test (IS)

-----

Dimensional stability (Anti-swelling efficiency)
Anisotropy changes

Water absorption

Hygroscopicity (over 5 saturated salt solutions)

e Adsorption (EMC)
e Desorption (EMC)
Hygroscop1c1ty (DVS, 1 sorption loop) (WWP)*

20 21 21
20 21 21

20 21 21
20 21 21

----

Size in three planes

Volume

Colour (CIEL*a*b* system)
Weight

Nominal density
Spe01ﬁc Gravity Cell Wall

Klason Lignin (%, w/w)

Acid soluble lignin (%, w/w) OD

Monosaccharides (%, w/w) OD

Fourier-transform infrared spectroscopy of wood OD

Fourier-transform infrared spectroscopy of lignin OD

Diffuse reflectance infrared spectroscopy” NC
Key:
MOR  Modulus of rupture EMC  Equilibrium moisture content
MOE  Modulus of elasticity WWP  From wood and wood polymers
RLP Fibre stress at proportional limit OD At oven-dry condition
R Resilience NC At nominal condition (65 £ 3% RH at 20 °C)
WML  Work at maximum load DVS Dynamic¢ Vapour Sorption
TW Total work 1 Perpendicular to the grain
ML Maximum load I Parallel to the grain

From samples treated at 210 °C, Not

ASS Apparent mean shear strength ) completedpdue to equipment unavailability
IS Impact strength & Only at 210 °C and 230 °C plus controls
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Predictors

Thermal modification _
Measuring

(20 treatments + control _—— | Weight
each species) Statistical Dimensional changes
analysis Nominal density
Chemical characteristics
Colour
Factors |
Modelling
Temperature
190°, 210°, 230°, 245° C Responses
. Testing
Time ————— Mechanical properties
1/3, 1, 4, 8, 16 Hr Statistical Hygroscopicity
analysis Dimensional stability (ASE)
Species Water absorption

Anisotropy

Pine, Spruce, Beech

Figure 3.1 Schematic layout of the research approach for this thesis

3.2 Thermal modification of solid wood

3.2.1 Species used for the study and sampling method

3.2.1.1 Species

The focus adopted for the development of this work, was to determine the effect of
chemical composition and some of the physical characteristics of solid wood
(density, specific gravity) on the properties of the material that resulting from heat
treatment (varying two factors only — time and temperature of treatment). Thus, the
species for the study were chosen mainly on the grounds of chemical composition
and physical characteristics. Published chemical composition, density, specific
gravity and movement data from these species are shown in Table 3.2.

Two softwoods and one hardwood species were chosen in order to clarify the
differences in the post-treatment behaviour between these two groups, having well-

established, different chemical compositions (Sjostrom and Westermark 1999).
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Softwoods chosen have similar hemicellulose and lignin content, so that the effect of

density in the properties under study could be more easily determined. In virtue of
the small specimen size used for the dimensional stability and anisotropy studies in
this work, species with large movement in service were preferred, in order to get data
more easily readable. Ease of supply was a factor when deciding the species

examined.

Third Party Material excluded from digitised copy.
Please refer to original text to see this material. é i
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This research was not intended to study variation within a tree or between

trees of the same species, neither to establish complete schedules for specific species;
the woods selected were those relevant to the use of timber in Great Britain. Initially,
British-grown woods were sought, and purchased in central Wales from a single
provenance. However, due to the small size of the stock, defects present in the
material, mixtures of heartwood and sapwood in pine and the reaction wood in

spruce, the softwood material was rated as not suitable for this research. Softwoods
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were ultimately purchased from a local timber merchant. Both softwoods were
imported, of Scandinavian origin.

Softwood boards had moisture content of ca. 11% (oven-dry basis) when
purchased. No further drying was required before processing. British grown beech
(hardwood) was received at the University with an oven-dry-basis moisture content
of 16% (as measured with a moisture meter). These boards were then dried in the
School’s kiln following the conventional schedule for beech (Pratt 1986), to an
average moisture content of 6.2% (oven-dry basis). Only one batch was required to
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