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ABSTRACT 

This thesis presents studies on the self-bonding of veneers, and investigations into 

the properties of boards obtained by hot-pressing beech veneers without adhesives. 

The raw material is pressed at temperatures from 200 to 250C, at pressures from 4 

to 6 MPa and pressing times from 240 to 360 s. The hot-pressing of five layers of 

veneers results in a self-bonded, compressed, densified board, darker than the raw 

material.  

The manufacturing process was optimised using a statistical analysis, the response 

surface experimental design method. The input factors were the pressing parameters 

and the output factors were characteristics of the product, the raw material properties 

being kept constant. The results showed correlations between the pressing 

parameters, especially temperature, as input data and the physical and mechanical 

properties as responses. Resistance to water absorption and swelling as well as 

shear strength, bending strength, and hardness were all enhanced by more severe 

pressing conditions. All the samples pressed at 250ºC became water-resistant while 

samples pressed at 200ºC delaminated rapidly in water. It was found that the colour 

of the edges can be used as an indication of the hardness.  

Chemical investigations were performed on samples taken from veneers (raw 

material), bond-lines and inner parts of pressed veneer. A High-Performance Liquid 

Chromatography (HPLC) analysis was used to detect and compare the levels of 

water-soluble monosaccharides (glucose and fructose) in the veneer before pressing 

and the levels of 5-hydroxymethyl-furfural (HMF) and furfural in boards. From the 

results obtained in this thesis it is suggested, that besides other degraded 

compounds of hemicelluloses, the monosaccharides were transformed into 

hydroxymethyl-furfural during hot-pressing that could further participate in forming 

new browning compounds that are related to the bonding phenomenon. The UV 

spectroscopic analysis to evaluate the content of water-soluble phenols showed that 

the bond-line had a higher amount of conjugated phenols than the inner veneer 

suggesting a migration of degraded lignin towards the veneer surfaces during 

pressing. A CP/MAS 13C NMR study on the solid material showed that the presence 

of β-ether structures and methoxyl groups in lignin was higher in the bond-line, 

supporting the hypothesis of a migration of lignin and possibly a condensation 

reaction occurring at higher temperatures, explaining the water-resistance property 

acquired by the boards. 

In a comparative study, oxidative activation with hydrogen peroxide and ferrous 

sulfate as a catalyst was performed before pressing. Boards made from beech 

veneer subjected to the pre-treatment step showed a greater mass loss, a lower 
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thickness swelling but also a somewhat lower shear strength. For beech veneers 

such an oxidative pre-treatment step could be used to gain water-resistant boards 

pressed at lower pressing temperatures or shorter times than those needed to bond 

untreated veneers. Scots pine veneers were found to be less suitable for self-

bonding than beech veneers. Boards of Scots pine hot-pressed without the oxidative 

pre-treatment delaminated in water, whereas, under the same pressing conditions, 

boards made from pre-treated veneers showed a water-resistant bond-line. 
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SAMMANFATTNING 

Denna avhandling diskuterar en metod för hur ett antal fanér av rödbok (Fagus 

sylvatica L.) genom enbart sammanpressning under värme, dvs. utan tillsats av t.ex. 

lim, kan sammanfogas till en flerskiktad skiva, samt vilka tekniska egenskaper denna 

skiva får beroende av vilket pressförhålande som tillämpas. Lämpliga 

pressparametrar för metoden visade sig vara: temperaturer från 200 till 250°C, tryck 

från 4 till 6 MPa och presstider från 4 till 6 minuter. Vid pressning av fem svarvade 

och ca. 2 mm tjocka bokfanér med en fuktkvot av ca. 9 % erhölls en komprimerad 

skiva, brunaktig till färgen, som beroende av val av pressparametrar fick olika grad av 

fuktbeständighet. 

Tillverkningsprocessen, dvs. val av lämplig kombination av temperatur, tryck och 

presstid för att erhålla en skiva med goda egenskaper utifrån givna 

råvaruegenskaper, optimerades med hjälp av statistisk analys. I försöken hölls 

råvaruegenskaperna så lika som var praktiskt möjligt. Antalet faner i varje skiva var 

fem stycken, vilka var parallellt orienterade vid de flesta försök som genomfördes. 

Egenskaper som testats var böj- och skjuvhållfasthet, Brinellhårdhet, samt olika 

fuktegenskaper. Resultaten visade en tydlig korrelation mellan pressparametrar, 

särskilt temperaturen, och de testade egenskaperna, dvs. de mekaniska 

egenskaperna förbättrades vid ökad temperatur, ökat tryck och förlängd presstid. 

Skivornas fuktupptagning och svällning minskade också betydligt vid ökad 

temperatur. Skivor pressade vid 250ºC klarade uppfuktning i vatten utan att 

delamineras, medan motsvarande tester för skivor pressade vid 200ºC 

delaminerade. Försök visade att kulörförändringen på skivornas kanter under 

pressning kunde prediktera skivornas hårdhet och kulörförändringen föreslås kunna 

användas för att utvärdera processen. 

Kemiska undersökningar utfördes på material från obehandlade fanér, från fogen 

mellan två pressade fanér, samt från de innersta fanéren i en femskiktad skiva. 

HPLC-analys (High-Performance Liquid Chromatography) användes för att detektera 

och jämföra nivåerna av vattenlösliga monosackarider (glukos och fruktos), 5-

hydroximetylfurfural (HMF) och furfural. Resultaten visar att förutom nedbrutna 

föreningar av hemicellulosa hade monosackariderna omvandlats till HMF under 

varmpressningen, vilket kan medverka till att skapa nya brunfärgade föreningar som 

också skulle kunna medverka i bindningsmekanismen. UV-spektroskopisk analys av 

vattenlösliga fenoler visade att fogen mellan två pressade fanér hade större mängd 

konjugerade fenoler än prover från de innersta fanéren, vilket tyder på migration av 

nedbrytningsrester från lignin mot fanérens ytor under pressning. CP/MAS 13C NMR-

studier visade att förekomsten av β-eterstrukturer och metoxylgrupper i lignin var 

högre i fogen mellan två pressade fanér än i fanérens inre del. 
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En jämförande studie där fanérytorna utsattes för en oxidativ aktivering innan 

pressning med väteperoxid och järnsulfat som katalysator, visade att denna 

förbehandling skulle kunna användas för att få vattenbeständiga skivor vid pressning 

vid lägre temperaturer eller under kortare tid än de som krävs för obehandlade fanér. 

Fanér av furu (Pinus sylvestris L.) som pressades vid 250C, dvs. under förhållanden 

där bokskivor blev vattenbeständiga, delaminerade vid uppfuktning. Då fanér av furu 

förbehandlades via oxidativ aktivering före pressning blev dessa skivor 

fuktbeständiga.  
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1 INTRODUCTION 

Building, connecting, gluing, all these activities are part of the pleasure of creating a 

nest. Humanity has been trying to build from the very early eras. A little child playing 

with pieces of wood, or plastic or even food will follow the same instinct: to arrange 

them on top of each other, press them against each other and eventually he will ask 

how to make them bond.  

The usual way to bond two items is by using adhesives. During the Neolithic period 

200.000 years ago adhesives have been shown to have been obtained from birch 

bark tar, which was later mixed with beeswax as a softener (Regert 2004). Even 

before the Bronze age (6000 BC), tree resins (especially from pine) started to be 

used as adhesives. Through the ages, the diversity of natural adhesive sources 

increased. Veneering and marquetry (bonding of thin sections or layers of wood) was 

developed, the production of animal and fish adhesives was refined, and other 

materials were utilized. Egg-based pastes were used and various natural ingredients 

such as blood, bone, hide, milk, vegetables, and grain were incorporated into 

adhesives. 

The era of synthetic adhesives began around 1910 with the production of Bakelite, a 

phenolic thermoset resin (Nicholson et al. 1991). Within a year, adhesives based on 

phenolic resin were commercialised. After 100 years during which adhesives have 

gained an important place in everyday life, humanity searches for alternative ways to 

bond surfaces because of health issues and costs. Synthetic resins affect not only 

the health of the manufacturer but also the user´s health since noxious compounds 

(especially formaldehyde) are released during manufacturing and use. 

Wood is very special in that it is one of the natural materials which can constitute 

both the piece to be glued and the adhesive itself, due to its complex chemical 

structure. Wood can be self-bonded, as Mason discovered in 1925, a term defined in 

this thesis as the capacity of two wood pieces to stick to each other without a binder 

(Mason 1928).  

It has been believed that wood surfaces need a pre-treatment for self-bonding since 

they accumulate water-soluble compounds as well as fats and waxes which may 

hinder self-bonding. Besides Mason’s steam injection, activation of the surface was 

intensively studied in the 1970’s and 1980’s, with oxidative pre-treatments and 

enzymes as very promising technologies, although they have not been industrially 

applied yet. 

A breakthrough in wood self-bonding was the discovery that is possible to weld wood 

(Suthoff et al. 1996). Temperatures as high as 420°C were measured during wood 

welding (Stamm 2005). From the two concepts, the bonding due to activation pre-
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treatments of the particles and the one of a high temperature reached during wood 

welding a new process was born, which is this the subject of this thesis: self-bonding 

of veneers at high temperatures. 

As a result of a short but intense thermo-mechanical treatment, the self-bonded 

boards are denser and darker than common plywood, exhibiting features of both 

compressed and thermal-treated wood. 

The distinctive feature of the present technology is that no pre-treatment of the 

surface is carried out before pressing and the pressing temperature is higher than in 

other lignocellulosic binderless boards processes which commonly use 200°C as 

maximum temperature. 

Depending on the temperature, pressure and time used during pressing, the board 

develops different physical and mechanical properties. The most interesting fact is 

that the bond-line becomes water-resistant under the most severe pressing 

conditions in the case of beech veneers. For this reason, beech (Fagus sylvatica L.) 

is the species chosen for the studies presented in this thesis. 

An understanding of the self-bonding mechanism is crucial for the development of 

self-bonded veneer products and little progress was made since this is quite a new 

research area. A contribution towards elucidating the self-bonding phenomenon is 

made by the chemical studies in this thesis on the aqueous leachates from water-

resistant and non water-resistant boards. 

Self-bonded boards may find a broad range of uses depending on the demand. The 

stiff, tough, dense, product with a friendly look and pleasant odour is not intended to 

replace the common plywood but to serve purposes related to its unique qualities. 

Some of its important features are the subject of the thesis. 

1.1 AIM, OBJECTIVE AND LIMITATIONS 

The aim of the work described in this thesis is to improve the understanding of the 

veneer self-bonding process and of how different process conditions influence the 

properties of the product.  

The objective was to identify some of the chemical reactions or compounds that 

contribute to the bonding of the veneer, and to determine the relationship between 

the properties of the self-bonded boards and pressing parameters (i.e. temperature, 

pressure and pressing time). 

The present work has been limited to: 

 The study has been mainly limited to beech (Fagus sylvatica L.). 
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 The product obtained is new and in many ways different from any other 

engineered wood materials previously created and produced. The differences 

consist not only in the absence of adhesive. The product is denser than for 

example plywood or laminated veneer lumber (LVL). Obviously, there is no 

officially accepted standard procedure for testing and certifying this new 

product. Therefore, some of the European standards created for wood-based 

panels, plywood and LVL, were used for experiments.  

 The experiments were performed with a small laboratory press, and the size of 

the specimens was relatively small (135x135 mm). The press had a plate area 

of  

140x140 mm2 and the boards produced had a thickness between 5 and 8 mm. 

In some cases it was therefore difficult to fulfill the dimension requirements of 

the European standards.    

 The pressing-parameter levels as well as the response values (physical and 

mechanical properties) characterize the use of veneer from beech, with the 

densities, thicknesses and moisture content described in papers. Other raw 

material characteristics may require different pressing parameters, and the 

products obtained may have different properties. 

1.2 RESEARCH QUESTIONS 

The thesis is based on the following research questions:  

1. Is it possible to bond beech veneers by hot-pressing without using another 

treatment of the veneers or an adhesive? 

2. What critical chemical reactions occur during the severe hot-pressing of beech 

veneers and how do they contribute to the bonding and especially to the 

moisture resistance of the bond-line? 

3. How do the pressing parameters influence the physical and mechanical 

properties of the board? 

1.3 RESEARCH METHODS 

The research methods used along the thesis are of empirical, quantitative type. The 

reasoning follows the classic shape circle of scientific research, as shown in Figure 

1.1. 
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Figure 1.1 Reasoning cycle in research methodology (after www.experiment-

resources.com). 

To answer to the first research question a non-structured scanning experimental 

design method was used, based on author’s observations together with assumptions 

based on oxidative pre-treatment of self-bonding (Westermark and Karlsson 2002), 

wood welding temperature measurements (Stamm 2005, Ganne-Chedeville 2006) as 

well as thermal treatment of wood. This study helped to define the factors as 

presented in Figure 1.2. 

To answer the second research question, the chemical investigations presented in 

Paper IV, started from the hypothesis that information about the water-soluble 

compounds in the raw material and in the final product can help the understanding 

the self-mechanism because these compounds may be involved in the self-bonding 

process. The hypothesis is supported by observations presented in Cristescu 

(2015a). 

To answer the third research question, statistical methods were used to analyse the 

relation between the input data (pressing parameters used to self-bond the veneers) 

and the output data (mechanical and physical properties of the self-bonded boards), 

as shown in Figure 1.3. This method was chosen because of the interest in finding 

which of the parameters has the strongest influence. The purpose of using this 

statistical research method was not only to understand the self-bonding process but 

also the development of the process and of the product. This statistical method was 

used in Papers II and III. 
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Figure 1.2 Self-bonding process and product analysis.  

The advantage of using a statistical experimental method is that it yields a high 

prediction capability regarding the relations between variables. Pressing more than 

one replicate ensured the repeatability and therefore the generality of the results. It is 

emphasised that the results are valid for a certain type of raw material, beech veneer, 

but the experimental design presented in this thesis can be used to study the self-

bonding of other species and even other type of wood material, e.g. to study the self-

bonding of flakeboards, chipboards, fiberboards, etc. 

 

 

 

 

 

 

Figure 1.3 The main research method adopted in the thesis. 

 

Physical properties 

Mechanical properties 

Pressing  

parameters 

OUTPUT 
INPUT Response 

surface 

experimental 

design 



6 
 

1.4 PRESENTATION OF THE APPENDED PAPERS 

This thesis is based on the work described in the appended papers and to some 

extent on conference papers. This section gives a short summary and an insight into 

the basic ideas of each of the appended papers, and how they contribute to the 

fulfilment of the overall objectives. 

Paper I: Bonding of laminated veneers with heat and pressure only.  

Paper I was the first presentation of the self-bonding of beech veneer. The paper 

focuses on the differences in bonding quality between parallel and cross-wise 

laminated beech veneers. Density variations within the board thickness are also 

discussed. The study was based on a shear strength test to assess the bonding 

quality, scanning electron microscopy (SEM) and X-ray tomography. The results 

showed that the bonding properties of the laminates were satisfactory, and better 

when the veneers have the same grain direction than in cross-laminated veneers. 

This is the only paper in which cross-laminated boards was studied. 

Paper II: Influence of pressing parameters on mechanical and physical 

properties of self-bonded laminated beech boards. 

A major issue for the use of layered boards is their strength and their resistance to 

exposure to moisture. These properties determine the applications for which the 

board material can be used. The relation between pressing parameters and the 

water-resistance of the boards, the properties that influence swelling in water and 

water absorption, and also shear and bending strength was studied. Fifteen different 

combinations of pressing parameters were tested, including temperature (200°C, 

225°C and 250°C), pressure (4, 5 and 6 MPa) and pressing time (240, 300 and 360 

s). Compared to boards pressed at lower temperatures, boards pressed at 250°C had 

the highest density, a higher shear and bending strength and a lower water 

absorption. 

Paper III: Could colour predict hardness of hot-pressed self-laminated 

beech boards? 

In this paper, the relation between the colour (RGB system) on the edges of the 

boards and Brinell hardness was studied. Board density is also presented. The same 

set of samples as in Paper II was used. The results show an almost linear relation 

between the brightness values (defined as the arithmetic mean of the RGB channels) 

and the Brinell hardness. It is suggested that brightness is a predictor of strength for 

self-bonded laminated boards. 
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Paper IV: Changes in content of furfurals and phenols in self-bonded 

laminated boards. 

This paper presents chemical analyses to determine reasons for self-bonding and for 

the waterproof character of boards pressed at 250C. Differences in the phenol and 

furfural content of water leachates from un-pressed veneers and boards were found 

with ultraviolet (UV)-spectroscopy and high-performance liquid chromatography 

(HPLC). A solid-state cross-polarization magic angle spinning carbon-13 nuclear 

magnetic resonance (CP/MAS 13C NMR) experiment compared lignin units from 

veneer (raw material), pressed bulk veneer and bond-line. Conjugated water-soluble 

phenols were formed at high temperatures, both in the bond-line and in the veneer. 

Formation of such compounds could indicate the occurrence of homolytical cleavage 

of -ether bonds in phenolic -O-4 structures and this means that condensation 

reactions may also occur and contribute to the water-resistance of the boards. 

Paper V: Modelling of temperature distribution in self-bonded beech-

veneer boards during hot-pressing.  

The temperature in the laminate is crucial for the self-bonding process that results in 

bonding between veneers during hot-pressing. This paper presents a model for the 

temperature evolution during the hot-pressing of a porous material, which was 

developed and verified for a five-veneer beech laminate pressed at a temperature of 

250C and a pressure of 6 MPa in an open system for 280 s. Experimental data were 

obtained with thermocouples placed between the veneers during hot-pressing. The 

results show good agreement between the model and the experimental temperature 

data during the hot-pressing.  

Paper VI: Pretreatment of veneers with hydrogen peroxide for self-bonded 

laminated boards. 

Water-resistance is an important property of boards for use in e.g. outdoor 

conditions, and attempts were made to find methods to increase the water-resistance 

of self-bonded veneer boards. This paper describes the influence of an oxidative 

treatment of beech veneers using hydrogen peroxide and an iron catalyst on the 

properties of 2-ply laminated veneer boards formed by hot-pressing at 230-250°C. 

The treatment was performed by spraying an aqueous solution of ferrous sulphate 

followed by hydrogen peroxide. The mass loss for boards made from oxidative 

treated veneers increased with increasing press temperature and the mass loss was 

higher for boards made with oxidative treatment than without this treatment. Boards 
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from oxidative treated veneer pressed at 230°C had a higher shear strength than 

from untreated ones both before and after wet cycling.  

Paper VII: Autoadhesion of laminated boards from pine veneer: effect of 

oxidative pretreatement.  

Self-bonding between veneers of other species is not as pronounced as for beech 

and an attempt was made to find a method to increase the reactivity of veneers of 

softwood. This paper compares water-resistance and bending strength of boards of 

untreated Scots pine, and boards of pine veneers pre-treated using hydrogen 

peroxide and a ferrous catalyst followed by pressing at temperatures of 220, 230, 

and 240°C. The treatment gave boards that did not delaminate when exposed to 

wetting and drying cycles followed by drying at room temperature, whereas boards 

without a pre-treatment delaminated. 

Paper VIII: Self-bonding of veneers with heat and pressure – a full scale 

test. 

This conference abstract summarizes a full-scale test with veneer sheets with a 

surface area of 1.2x1.2 m2 pressed in an industrial press with heated plates. The 

bonding properties of the full-scale boards were shown to be similar to those of 

boards produced on a laboratory scale, but there were problems related to shape 

stability of the boards after cooling. 

1.5 THESIS OUTLINE 

The Introduction, the first chapter, is followed by Chapter 2 “Background” that 

presents general information about the bonding mechanism of wood with a focus on 

self-bonding. Details about how veneers are produced are presented, followed by a 

review of the effect of thermal and mechanical processes on wood and its 

compounds. Special attention is given to beech anatomical and chemical structure. 

The “Materials and methods” section (Chapter 3) describes how the experimental 

design was chosen for the purpose of optimisation, as well as the levels of pressing 

parameters, which represent the input factors. The raw material was kept constant. 

The tests run to assess the physical and mechanical properties (Paper II and III), 

which are the output factors, are described. The microscopical (Paper I) and 

chemical analyse (Paper IV) are described and how the modelling of the temperature 

evolution during pressing was carried out. 

The results (Chapter 4) are reported following the same order as that adopted in the 

material and methods section.  
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The discussion (Chapter 5) interprets the results by connecting the information about 

the physical and mechanical properties of the boards with that from the microscopical 

and chemical investigation. 

“Self-bonding in practice” (Chapter 6) reveals observations from studies presented in 

Papers VI, VII and VII about the possibility of using hydrogen peroxide activation to 

obtain a water-resistant self-bond at lower levels of pressing parameters and for 

species other than beech. It also shows how a full-scale test succeeded in using the 

same material and the same parameters as in Papers II and III and it reports the 

behaviour of self-bonded boards during relative humidity changes. 
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2 BACKGROUND 

This chapter presents a review of the mechanisms of self-bonding between wood 

surfaces with a focus on the contribution of heat and pressure. Other adhesive-free 

veneer bonding techniques are also discussed. Important material characteristics of 

beech wood related to the experiments presented in this thesis are described, and a 

possible explanation the affinity of beech for self-bonding is given. 

2.1 BONDING MECHANISMS  

Bonding between two surfaces can be achieved if there is sufficiently close contact to 

allow chemical bonds to be built (Back and Gellerstedt 1983). The ends of molecules 

and polymer chains at the wood surfaces should be given the opportunity to diffuse 

into each other for bonding. To achieve a close contact it is necessary to maintain an 

exterior pressure maintained so that the surface are in contact for the required 

reaction time. The material deformation and the surface contact increase when the 

material passes into the plastic phase and becomes permanently deformed. It can 

then resist to the effect of the recovery of tensions when the pressure is removed 

(Back and Gellerstedt 1983). 

A common way to bond wooden surfaces is by using  an adhesive. In conventional 

bonding, the wood surface is thought to represent only a secondary reaction partner, 

with covalent bonding restricted mainly to cross-linking reactions of the adhesive 

(Zavarin 1984). 

The non-conventional bonding of wood surfaces includes methods that do not use 

adhesives (Zavarin 1984). Most non-conventional bonding are based on the concept 

of covalently bonded wood surfaces and some of these methods require activation as 

a prerequisite to change the chemical behaviour of the wood and to undergo new 

reactions. The term “activation” was actually chosen as an antonym to surface 

“inactivation”, a phenomenon well described by Back (1991) and occurring after wood 

cutting by the accumulation of oleophilic extractives on the surface, the redistribution 

of hydrophilic fractions (including monosaccharides) and by auto-crosslinking 

reactions during heating which reduced swelling of the wood structure.  

Activation is an oxidative attack on the surface with the purpose of increasing the 

bonding efficiency between the wood polymer chains. This increase may be achieved 

by the addition of small amounts of reactive chemicals with an oxidative character in 

an acidic environment, through irradiation or through heat treatment (Back 1991).  

Viitaniemi et al. (2001) reported that free radicals are formed in wood during thermal 

treatment. The number of free radicals is dependent on the intensity of the thermal 

treatment, i.e. both the temperature and the duration. A piece of wood is considered 
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to be thermally modified when the number of free radicals is at least 1.5 times larger 

than that in the untreated piece of wood (Viitaniemi et al. 2001). 

The technique described in this thesis (the self-bonding of veneer with heat and 

pressure only) can be considered a non-conventional bonding method in which heat 

acts as the activation mechanism. It is important to clarify that, in this case, heat acts 

throughout the entire material during pressing, affecting not only the surface. The 

migration of degraded compounds from the veneer may contribute to the bonding 

process in the bond-line. 

According to Back (1987), auto-crosslinking in wood polymers during heat treatment 

involves two main reaction steps. The first is activation by heat to produce radicals 

and to pre-oxidize wood polymers. Carbonyl groups or carbonyl structures are 

formed in this step, preferentially in lignin but also in unsaturated oleophilic 

components. The second reaction step proposed by Back (1987) is a crosslinking to 

form covalent hemi-acetal or ether bonds. This crosslinking reaction appears to be 

catalyzed by acids. Further on, citing Björklund-Jansson (1982) and Theander 

(1980), Back (1987) concludes that auto-crosslinking reactions can also involve lower 

molecular weight material, such as soluble carbohydrates. These sugars undergo a 

caramelizing reaction that involves a crosslinking step. In earlier work on self-

bonding, a lot of attention was given to the degradation products during heating since 

it was speculated that they might contribute to the bonding mechanism (Runkel 

1951).  

It is interesting that some of the negative features for adhesive bonding might actually 

represent an advantage from a self-bonding perspective, for example: 

1. Heating of wood surfaces, as in hot-pressing, produces some crosslinking 

within the lignocellulose material. Crosslinking increases the swelling 

resistance and the dimensional stability (Back 1991), obstructing the adhesive 

bonding. This impediment to the adhesive bonding represents, in contrast, a 

helpful characteristic to achieve self-bonding. 

2. The accumulation of hydrophilic low-molecular weight substances such as 

oligosaccharides, phenols and tannins reduces the conventional bond strength 

(Back 1991). It was on the other hand it was shown by Cristescu (2015a) and 

by Alvarez et al. (2015) that the presence of these compounds enhances the 

self-bonding quality. Alvarez et al. (2015) concluded that water-soluble low 

molecular weight extractives activated the surface during thermo-compression. 

3. During the drying and ageing of wood surfaces, micro-checks are slowly 

formed, especially on surfaces that have dried very rapidly, resulting in over-

penetration of adhesives and extra consumption of binder. Such micro-checks 
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allow a better entanglement of the wood cell polymers surfaces and represent 

a positive feature for self-bonding. 

2.2 SELF-BONDING OF VENEERS 

The capacity of wood to self-bond was discovered by William H. Mason in 1925. He 

developed the idea of pressing steam-exploded wooden chips. Steam was the key 

process in this technology. In his first patent, Mason (1928) reports that under proper 

conditions of heat, steam and pressure, lignin supplies the “cementious” or welding 

effect, particularly towards the surfaces when the product is dried. Later, a similar 

process was applied to plywood production by Masonite (Boehm 1951). The step of 

steam pre-treatment was transferred to the veneer bonding method as well, since 

Mason was convinced that lignin provided a bonding material that needs to be 

activated by steam. Cooling under pressure was considered compulsory at the end of 

the process. Unlike the hardboard made of steam-exploded chips, the plywood 

product was not industrialized and no reference can be found to mass production of 

plywood according to the Masonite method. 

Many other technologies for producing pressed wooden composites were developed 

from 1930. One of them is strongly connected to the method described in this thesis, 

and was developed in an American cement production company. Thus, the wooden 

particles self-bonding idea came from experiences with cement manufacturing. Irvine 

and Frederick (1946) describe the method of self-bonding wood particles in a sealed 

and gastight press, since the vapours and gases formed during the first stage of 

pressing were considered responsible for the bonding phenomenon. A few years 

later, this idea of moulding in a gastight press was brought to Europe to be 

industrialized in Germany under the name of the Thermodyn process (Kollmann et al. 

1975). Like Irvine and Frederick, Runkel and Jost (1948) thought that the volatile 

products (condensable and permanent gases) formed during a first stage of pressing 

in a gastight press would further hydrolyze the wood constituents, resulting in a 

decomposition of the lignin-carbohydrate compound. Beech veneer is mentioned as 

a suitable material in this patent. This method was not successfully industrialized. 

Kollmann et al. (1975) explains that the impediments to the industrialization of the 

Thermodyn process were the completely gastight construction, the need for re-cooling after 

hot pressing, and the utilization of natural binding constituents of the wood.  

Starting in the 1970´s, technologies involving the wood auto-adhesion principle 

gained interest. Zavarin (1984) states that the progress of these methods was 

hindered by an insufficient knowledge of the chemical composition of wood surfaces 

as well as of the chemical process involved in bonding. These methods are usually 

based on surface activation (acid or oxidant activators) prior to pressing. One recent 
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successful example of using such a method in board manufacture is bonding by 

oxidative treatment of wood particles and fibers developed by Westermark and 

Karlsson (2002).   

Okuda and Sato (2007) showed that is possible to use fine powder as a binder to 

produce plywood. The board properties improved with increasing fineness of the raw 

material, increasing press temperature, and increasing board density. The self-

bonding of sugi veneers without any core powder as a binder at a pressing 

temperature of 200°C was not successful. Increasing the temperature to 220°C and 

using sugi fine powder (grain size, approximately 10 μm) as a binder gave promising 

results for the bonding of sugi veneers (Ando and Sato 2010). 

Ruponen et al. (2010, 2014) succeeded in self-bonding pine and birch veneers in a 

press in which special perforated plates were placed below and above the veneers to 

allow produced steam to exit. The results show that the moisture resistance of the 

joints can be enhanced, i.e. the tendency of delamination can be reduced or 

eliminated by a post-treatment by heat (thermal modification). Possible explanations 

are a lowered water absorption, relaxation of stored strain energy and formation of 

crosslinks within the lignin–hemicellulose matrix (Ruponen et al. 2014). The changes 

in bond integrity in moist conditions as affected by different initial veneer moisture 

content were also evaluated. Birch plywood from initially wet veneers was found to 

have greater bond stability. This might be caused by increased crosslinks, because 

the lignin-hemicellulose matrix is more mobile in wet conditions. The method reported 

by Ruponen et al. (2014) involved three steps: (1) soaking the veneers in water at 

20C for 24 hours, (2) pressing for 4 hours at 160°C and 6 MPa, and (3) treating for a 

further 4 hours in superheated steam at a temperature of 200°C. 

The self-bonding of solid wood can also be obtained with friction in a process known 

as wood welding (Suthoff et al. 1996). The process involves the heating (obtained 

with friction) of the contact surface up to 420°C though for a few seconds. In wood 

welding, water resistance was achieved by using species with a high resin content, 

such as pine, in which rosin melts and surrounds the weld line (Vaziri 2011), or 

Paduk wood (Ganier et al. 2013), where the oleophilic extractives have a protecting 

influence on the welded interphase, due to their inherent water repellence.  

Nowadays, most of the studies on self-bonding are performed on wooden fibres and 

particles since industrial application for small size material is a priority; waste material 

from wood industry can easily be processed into particle and fibres. Comprehensive 

reviews on processes and bonding mechanism had been presented by Pintiaux et al. 

(2015) and Zhang et al. (2015).  
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For a better understanding of the self-bonding process studied in this thesis 

introspection in the structure of the raw material from macroscopic to molecular scale 

follows. 

2.3 RAW MATERIAL CHARACTERISTICS 

Veneer is a thin layer of wood with thickness of 0.3 to 6.3 mm. Veneers have been 

commercially used as the raw material for plywood since the mid 1800’s (Perry 

1942). There are two main techniques to cut veneers, slice-cutting and rotary-cutting 

(peeling). The material used for the experiments reported in this thesis was rotary-cut 

veneer, obtained as shown in Figure 2.1.  

In order to peel denser species such as beech, a plasticization  of the log is needed. 

The pre-treatment conditions (steaming or boiling temperature and duration) and the 

manufacturing conditions such knife bevel, pressure lathe and cutting speed together 

with the drying temperature,  affect the surface chemistry (Dundar et al. 2008a) and 

possibly affect the self-bonding results. The sapwood and heartwood in beech 

actually require boiling for different durations to obtain the same surface roughness 

(Dundar et al. 2008b), showing the importance of the anatomical and chemical 

differences between different parts of the wood stem. 

 

 

Figure 2.1 Schematic view of the rotary-cutting (peeling) of a log 

(www.twelveoaksfloor.com). 
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Micro-structure of beech veneer 

A microscopic view of a beech (Fagus sylvatica L.) 2 mm thick veneer is presented in 

Figure 2.2. 

 

Figure 2.2 Micrograph of a beech veneer: a) cross-section at 20x magnification, b) 

sample tilted 45° showing tangential section and cross section at 7x magnification, c) 

tangential section at 20x magnification. 

The microstructure of beech is relatively homogeneous. Figure 2.2a shows a uniform 

distribution of vessels  over the annual rings. These vessels are all about similar in 

cross-sectional size. Vessels are composed of thin-walled and rather short (0.3-0.6 

mm) and wide (30-130 μm) cells that are placed on top of each other to form a long 

tube (Sjöström 1993).  

The cell walls of the rays (parenchyma cells) are perpendicular to the contact 

surface. Rays have strong walls that help them to keep themselves together during 

the pressing process, despite the high temperature and pressure. During the hot-

pressing they might act like channels through which water vapours and gases formed 

during thermal decomposition are transported out to the veneer surface. Beech has a 

high percentage of rays, 27% of the total volume of the wood (Burgert et al. 2001). 

Burgert and Eckstein (2001) showed that in dry beech, rays have an unexpectedly 

high tensile strength, approximately three times higher than the radial strength of the 

Ray 
Vessel 

a) 

c)  b)  
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entire beech. The size of the rays does not affect their tensile strength. Rays ensure 

the storage and transportation of sap which containing sugars, minerals, fats and 

other compounds. During drying, it is believed that some of the content of the sap 

may remain on the surface of the veneers. This information can be linked to the fact 

that Tondi et al. (2012) bonded plywood and particleboard with a starch-sugar-tannin 

adhesive. This carbohydrate-phenol combination is actually found in the sap of beech 

(Rennenberg et al. 1997) and represents the main fraction of non-structural soluble 

compounds in the wood cell wall. 

Chemical structure of the raw material 

Zhang et al. (2015) considers that in the case of hot pressing, understanding the 

chemistry of the thermal reaction of the substrates may benefit the understanding of 

the bonding mechanism. Therefore the effect of heat on different groups of 

compounds is discussed. 

The major chemical component of a living tree is water, but the dry matter of the 

wood cell walls consists mainly of a three-dimensional interconnected network of 

cellulose, hemicelluloses and lignin. A schematic view of the chemical compounds of 

the wood is presented in Figure 2.3. The macromolecular compounds are 

responsible for the mechanical properties of wood. They represent 90-95% of the 

weight of wood. The low-molecular compounds (extractives and mineral compounds) 

represent 5-10% and are responsible for the colour and the odour, but they also 

influence the permeability of a certain species, including beech (Candelier et al. 

2011). 
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Figure 2.3 Main chemical compounds of the wood cell. 

2.4 IMPACT OF HEAT ON THE CHEMICAL COMPOUNDS IN WOOD 

According to a review presented by Willems et al. (2015) some of the phenomena 

taking place when wood is heated are: at the macroscopic level, mass loss occurs by 

volatilisation of cell wall substances and extractives and, as a consequence, the 

density is decreasing. (To be noted however that when pressure is applied during the 

heating process, the density of the product actually increases.) At the mesoscopic 

level, amorphous wood polymers are partially depolymerised and later on condensed 

and repolymerised. At the nanoscale level, chemical end groups are extensively 

modified and the moisture sorption behaviour of the polymers is altered (Willems et 

al. 2015). 

All the chemical compounds are affected by increasing temperature and the effect is 

dependent on the temperature level and the duration. The proportion of biopolymers 

in extractive-free beech is: 45% cellulose, 26% xylan, 3% glucomannan, 22% lignin 

and 4% pectins and starches (Hon and Shiraishi 2000). The chemical structures of 

cellulose, hemicelluloses and structural units in lignin are presented in Figure 2.4. 
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Figure 2.4 Structures of cellulose, hemicellulose (glucoronoxylan) and structural units 

in lignin (Zhang et al. 2011, Fengel and Wegener 1984). 

Cellulose 

Cellulose is less affected by heat, probably due to its stable, crystalline structure. The 

amorphous part of cellulose is reduced in quantity during heating since there is 

evidence of an increase in crystallinity (Sivonen et al. 2002). Yu et al. (2012) reported 

the presence of water-soluble intermediates in the solid residues produced from 

cellulose slow pyrolysis at low temperatures (as low as 110ºC) and a holding time of 

30 minutes. Their results suggest that sugar oligomers are probably produced from 

the short glucose chain segments that are hinged with crystalline cellulose via weak 

bonds (e.g. hydrogen bonds) in amorphous portions of microcrystalline cellulose. 

Hemicelluloses 

Hemicelluloses are sensitive to heat and according to Esteves and Pereira (2008) 

they degrade first of all wood structural constituents. The degradation starts by 

deacetylation. The released acetic acid acts as a depolymerisation catalyst that 

further increases polysaccharides decomposition (Tjeerdsma et al. 1998, Sivonen et 

al. 2002, Esteves and Pereira 2008, Candelier et al. 2011). Hemicelluloses are 

considered to be the main important contributor to self-bonding (Zhang et al. 2015) 
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via a self-bonding mechanism shown in Figure 2.5. At the same time, hemicelluloses 

undergo dehydration reactions with a decrease in the number of hydroxyl groups 

(Weiland and Guyonnet 2003) and thus the amount of hydrophilic groups decreases. 

The content of carbohydrates decreases with the severity of the treatment and the 

decrease depends on the wood species (Chaouch 2011). 

 

Figure 2.5 Mechanism of self-bonding (Zhang et al. 2015). 

Lignin 

Lignin suffers important structural changes when exposed to elevated temperatures. 

Its  compounds go through condensation reaction and participate in cross-linking 

(Esteves and Pereira 2008). The effect of heat on lignin from thermally treated and 

from wood welded samples was studied by Windeisen and Wegener (2008). A 

distinct thermal alteration of lignin resulting from the heat generation during different 

thermal processes becomes apparent by comparison of the quantities of lignin-based 

products of reference and thermal treated samples. Thus, the lignin of the thermally 

treated samples could not be decomposed by means of thioacidolysis in the same 

way as the lignin of thermally unchanged wood. The characteristic arylglycerol-_-aryl 

ether linkages have been reduced significantly due to the thermal attack. However, it 

can be assumed that in addition to the degradation of specified types of bonds also 

condensation reactions have occurred. (Windeisen and Wegener 2008) 

Shiraishi (2001) performed an intensive study to obtain adhesives from liquefied 

wood, on the basis that this is a very reactive product (it contains a high number of 

free radicals). In general, wood liquefaction is a type of thermochemical conversion of 

wood under severe conditions in a reducing environment for the purpose of obtaining 

oil. In Shirashi’s terms, liquefaction means transforming the material from solid to 

liquid state, in mild environments. His studies reveal that at temperatures from 200°C 

to 250°C, in the presence of phenol without a catalyst, lignin liquefaction occurs 

rapidly through homolysis (chemical bond dissociation of a neutral molecule 

generating two free radicals). Homolytic cleavages that occur yield several kinds of 

radical compounds. Various compounds are produced through reaction among these 

radical species. Acetic acid can greatly promote the homolysis reaction without 

altering the reaction mechanism (Shiraishi 2001). 
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Ahajji et al. (2009) reports that heat treatment of wood increases phenol contents, 

concentrations of stable phenoxyl-free radicals and antioxidant activities. The 

increase in the total phenol contents and the phenoxyl radicals can only be 

accounted to lignin and/or wood extracts because of the hydrogen donor ability of 

their phenolic functions. According to Ahajii et al. (2009) because of their antioxidant 

capacity related to their aromatic character, lignins and wood extracts can quench the 

unstable-free radicals formed during the degradation of hemicelluloses by reactions 

of radical transfer to form stable phenoxyl radicals.  

Extractives 

Extractives refer to the group of compounds in wood that is soluble in neutral organic 

solvents or water. Extraction prior to thermal or thermo-mechanical treatment yields 

native (or natural) extractives. When the extraction is performed after thermal or 

thermo-mechanical treatment the compounds are grouped into generated extractives, 

representing degradation products of all wood constituents during heating. 

Native extractives   

According to Sjöström (1993), the extractives comprise an extraordinarily large 

number of individual compounds of both lipophilic and hydrophilic types that can be 

regarded as non-structural wood constituents, almost exclusively composed of 

extracellular and low-molecular-weight compounds. Although there are similarities in 

the native wood extractives within families, there are often distinct differences in the 

composition even between closely related species. Extractives are the first to 

participate to the volatile organic compound (VOC) emissions (Esteves and Pereira 

2008) and they also participate in forming new compounds. As shown in Figure 2.3, 

extractives in the raw material can be divided according to the type of solvent into 

oleophilic (non-polar) and hydrophilic (polar) compounds. The content of extractives 

depends on the position in the wood stem and also on the distance from the pith. 

There is a general decrease across sapwood of glucose, fructose, sucrose, mannose 

(Hillis 1987). A comprehensive study of beech wood extractives was recently 

presented by Vek et al. (2015). 

The two groups of extractives have a different impact and play a critical role in the 

self-bonding process, as shown by Alvarez et al. (2015): the water-soluble extractive 

components presence increases the mechanical properties of the materials upon 

thermo-compression while the  
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Generated extractives 

The evolution of extractives during heating for beech wood was studied by Hakkou et 

al. (2006) and is shown in Figure 2.6a. Extraction of treated wood was performed 

using hexane followed by a toluene/ethanol mixture. The native extractives were 1%. 

As soon as the treatment started, even at a temperature as low as 40°C, slight 

changes in the amount of extractives mass can be noticed. At 160°C the degradation 

of the material becomes significant. This behaviour is to a great extent due to the 

start of hemicelluloses decomposition. An optimum of extractives generation (4.5–

5%) is reached at a temperature close to 240°C. At higher temperatures, extracts 

quantities decrease probably because of thermal decomposition and/or evaporation 

of the latter (Hakkou et al. 2006). 

Although the mass of extractives increases it should be noted that the actual loss in 

mass of the wooden sample is greater, about 20% for wood treated up to 240°C for 3 

hours, as shown in Figure 2.6b (Hakkou et al. 2006). 

 

 
 

Figure 2.6 Heating beech at 20ºC/min. a) extractives mass evolution at different 

temperatures along heating, and b) mass loss and contact angle along heating 

(Hakkou et al. 2006). 

Not only Runkel and Jost (1948), as mentioned is section 2.2 but other authors 

concluded that the generated extractives have a role in self-bonding as well. Felby et 

al. (1997) reported that during the development of self-bonded fiberboards, 

carbohydrates and lignin extractives that were generated during the pulping process 

interact as redox mediators with the surface-bound lignin and oxidative enzymes. 

Widyorini et al. (2005) observed that all fractions formed during steam injection 

treatment contribute to the linkage between particles. Westermark and Karlsson 

(2002) reported that after an oxidative activation pre-treatment step, the newly 

formed water-soluble compounds determine the bonding quality of resin-free boards. 

a) b) 
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The total of generated extractives that has been discussed referred to the solid 

fraction of the degraded wood. Nevertheless, during heating, a high proportion of the 

material is evaporated as well. Nocquet (2012) studied the differences between the 

evolution of volatile compounds of beech as well as its main macromolecular 

structural compounds (isolated in pure state) at different heating temperature, 

including 220°C and 250°C. In agreement with data presented above, he found that 

xylan (a hemicellulose) was the structural wood component that degraded the most, 

releasing the highest amount of volatile compounds, followed by lignin, Figure 2.7. 

The component least affected by heat was the cellulose. Beech heated to 250°C is 

more prone to degradation than that heated to 220°C, as shown in Figure 2.7a. 

The study of the volatile fraction can also give interesting information which, when 

related to studies on water leachates, can explain the changes in the amount of the 

intermediate products, e.g. furfural and hydroxymethylfurfural. 

A study by Candelier et al. (2011) compared the degradation products (volatile and 

semi-volatile organics) of five species, including beech, using thermodesorption (TD) 

 

Figure 2.7 Overall mass balance of torrefied a) beech and it components: b) 

cellulose, c) lignin, and d) xylan (Nocquet 2012).  
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associated with Gas Chromatography coupled to Mass Spectroscopy (GC/MS).  

Wood was ground to a fine sawdust and heated for 15 minutes at temperatures from 

180 to 230°C. The degradation products were quantified in terms of peak absolute 

surface unit per mg of sawdust used for TD-GC–MS analysis, as shown in Figures 

2.8 and 2.9. The volatile products resulting from wood polymer degradation showed 

that beech has a faster degradation rate than ash, poplar, pine and silver fir. Under 

the same heating conditions softwoods (pine, silver fir) are less sensitive to 

thermodegradation than hardwoods (beech, ash, poplar). Hardwoods volatiles are 

constituted especially of acetic acid and methanol due to the reactivity of the acetoxy 

and methoxy fraction. Taking into account the intrinsic differences between 

softwoods and hardwoods based on their different chemical compositions as well as 

amount of structural compounds, the main degradation products identified are 

relatively similar but the kinetic of thermodegradation is different (Candelier et al. 

2011). 

It is likely that due to its high content in acetyl groups beech thermodegrades faster 

than the other species.  

The results reported by Candelier et al. (2011) clearly indicate that thermal 

degradation of beech lignin and hemicelluloses becomes significant above 200°C 

and it progressively increases with increasing treatment temperature. 

Figure 2.8 TD-GC–MS analysis. Intensities of main hemicellulose degradation 

products (Candelier et al. 2011). 
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Figure 2.9 TD-GC–MS analysis. Intensities of main lignin degradation products 

(Candelier et al. 2011). 

Windeisen et al. (2008) studied the evolution of acetyl groups and of phenolic and 

aliphatic hydroxyl groups in thermally treated beech wood. The acetyl and the 

aliphatic hydroxyl groups had values unexpectedly equal for the samples treated at 

180 and 200ºC (Windeisen et al. 2008) whereas their values considerably decreased 

in samples treated at 220ºC, thus showing that temperatures above 200ºC have a 

stronger thermodegradation effect on beech. The increase in phenolic hydroxyl 

groups at 220ºC is caused by the alteration of the lignin. 

 

Figure 2.10 Acetyl, phenolic hydroxyl and aliphatic hydroxyl groups in beech 

untreated and thermally treated at 180, 200, 220ºC (Windeisen et al. 2007). 
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The results of Windeisen et al. (2007) and Candelier et al. (2011) may explain why 

self-bonding of beech veneers actually takes place at temperatures from 200°C 

above: these temperatures lead to more intensive thermodegradation, which forms 

products and initiate chemical reactions leading to the self-bonding phenomenon. 
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3 MATERIALS AND METHODS 

This section describes how to manufacture a self-bonded board from beech veneer 

and how the pressing conditions are selected. The methods to investigate the 

mechanical and physical properties of boards are described, as well the way of 

studying their anatomical structure and chemical composition.  

3.1 BOARD MANUFACTURING  

The material used was defect-free rotary-cut beech (Fagus sylvatica L.) veneer 

between 2 and 2.2 mm thick, with a dry density between 520 and 670 kg/m3. The 

veneer originated from France and Romania. The moisture content (MC) of the 

veneer before pressing was about 9%. The surfaces of the veneer were not 

processed further by e.g. sanding before pressing. Nevertheless, differences in 

surface roughness between different batches of veneer were noticed.  

Boards with dimensions 135 x 135 mm were produced from five parallel oriented 

veneers in an open hot-press without activation or the addition of any type of binder 

or other chemicals between the veneers. Pressing five layers and not only e.g. two 

veneers was preferred because it was thus possible to follow the temperature 

evolution in the bond-lines at different distances from the heating source. In Paper I, 

Boards with cross-laminated veneers, as in plywood, were also studied. The boards 

were pressed without limiting the thickness, i.e. the thicknesses of the boards varied 

depending on the pressing conditions. An example of veneers before and after 

pressing is shown in Figure 3.1. 

 

 

 

Figure 3.1 Beech veneers before pressing (top) and after pressing (bottom). Notice 

the change in colour of the board compared to the veneer. 
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The press used was a laboratory press with heated press plates, and a movable 

lower press plate (Fjellman® No. 2032 Mariestad, Sweden), Figure 3.2. Before each 

pressing, the temperature, pressure and pressing time were set according to a 

predetermined experimental design parameter set-up. The pressing parameters were 

kept constant while pressing. It was considered that in order to understand the 

influence of the pressing parameters, keeping them at a constant value throughout 

the whole press cycle would make it easier to investigate their particular influence on 

the product properties.  

The press was closed at a speed of 7.2 mm/s and the pressure reached the set-value 

after about 7 s. This was the point from which the pressing time was calculated. The 

plates temperature and pressure levels were shown on the press display. When the 

set-time was completed, the pressure was released, and the boards were then taken 

out of the press and allowed to cool freely at room temperature. During some of the 

tests the temperature evolution was measured using thermocouples positioned on 

the surfaces (press plate – veneer) as well as between veneers, as shown in Figure 

3.2.   

 

Figure 3.2 Beech veneer in the press before pressing, showing thermocouples to 

determine the temperature evolution in the board during pressing.  

Experimental design for pressing parameters 

A detailed description of the experimental design can be found in Cristescu (2008). 

The range of pressing parameters (temperature, pressure and pressing time) was 

based on the screening experiments described in Paper I. It was concluded that a 

temperature of at least 180˚C was needed to obtain a self-bonded beech board if the 

pressure time was at least 450 s and the pressure 6 MPa. This combination was valid 

when hot-pressing five layers of 2 mm thick veneers, with an average oven-dry 

density of 520 kg/m3. To study the relationship between the pressing parameters 

(variables) and mechanical properties of the boards (responses) and to obtain a 
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second order model that could show which parameter has the strongest influence, a 

response surface experimental design was considered as adequate. The response 

surface design type is a common choice when the purpose is optimization of a 

process (Montgomery 2005).  A similar experimental design was used by Wang 

(2007) to study the hot-pressing of veneer-based composites. The levels of the 

pressing parameters in the present study are shown in Table 3.1. The intention was 

to cover the process from the combination of pressing parameters that would result in 

the weakest bond between veneers (all three variables at -1) to the combination that 

would result in board destruction due to the pressure from internally formed gases in 

the board (all three pressing parameter at +1). 

Table 3.1 Actual and coded (-1, 0, +1) levels of the parameters studied. 

Parameters Low (-1) Medium (0) High (+1) 

Temperature of the press plates (°C) 
 

200 

 

225 

 

250 

Pressure (MPa) 4 5 6 

Pressing time (s) 240 300 360 

 

The experimental design was created in Minitab, choosing Design of Experiment 

(DOE) and creating a response surface design of the central composite type. 

According to Montgomery (2005) such a design leads to a model with a high 

prediction capacity and therefore suitable for optimization. 

The experiment was an unblocked full factorial face-centred central composite design 

with 3 factors (temperature, pressure, pressing time). There were 2 replicates of 14 

base runs, and 12 replicates in the centre point, so a total of 40 pressings leading to 

40 boards with 15 combinations of variables, Figure 3.3. The pressing schedule 

followed the random order chosen by the Minitab software.  
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Figure 3.3 Pressing parameter combinations used to manufacture the boards. Each 

dot in the figure represents one combination of parameters to be tested. 2 replicates 

were made for parameter combinations marked with small red dots. The parameter 

combination in the centre point (large blue dot) had 12 replicates.  

3.2 TESTING OF BOARD PROPERTIES  

Some mechanical properties as well as physical properties of the boards were tested. 

The purpose was to investigate how the combinations of pressing parameters 

affected the properties of the boards and also to understand the self-bonding process 

(Paper I, II, and III).  

The samples used were cut from boards prepared according to the experimental 

design, see Figure 3.3, and the following properties were investigated: 

Physical properties: 

a) Density 

b) Swelling in water  

c) Water absorption 

d) Colour coordinates in the RGB system 

Mechanical properties: 

a) Shear strength 

b) Bending strength (MOR) 

c) Brinell hardness 



31 
 

Sample preparation 

Boards produced under the different pressing condition were used for the tests. From 

each board samples were cut as shown in Figure 3.4. All the samples were 

conditioned before testing at 20°C and a relative humidity (RH) of 30% to an 

equilibrium moisture content (EMC) between 2 and 4%, depending on the pressing 

conditions. 

 

Figure 3.4 Schematic view of a board showing how samples were prepared for the 

determination of physical and mechanical properties. 

3.2.1 Physical properties 

Density 

The bulk density of the boards was determined according to EN-323 (1993) and 

calculated as: 

           
 

     
                                                                                                     (3.1) 

where:  

 - density (kg/m3) 

m - the mass of the sample (kg) 

L, W, T - length, width and thickness (m) 

Since the differences in dimensions of the veneers before and after pressing were 

mainly a thickness reduction caused by compression, the density clearly depends on 

the final thickness of the boards. 
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Density profiles of laminated layered products usually show differences in density in 

the thickness direction of the board. In Paper I, the density profiles in the thickness 

direction of a board made with parallel oriented veneers and one with cross-

laminated veneers were studied. The same samples were used as in the SEM tests. 

A scanner, especially made for microdensitometry imaging was used (Cox Analytical 

Systems AB) with a Cu-X-ray tube. The distance from the tube to the sample was 25 

mm. The exposure conditions were 35 kV, 55 mA and 35 ms. Two samples with a 

thickness of 2 mm and 7% moisture content were scanned.  

 Swelling in water 

Samples with dimensions of 50 × 50 mm were used for a swelling test, according to 

EN-317 (1993). The dimensional changes in length (L), width (W) and thickness (T) 

of each sample were determined after the samples had been soaked in water for 48 

hours, and the swelling coefficients were calculated as: 

   i

if

TWL
t

tt
S


,,

          (3.2) 

where  

SL,W,T - swelling coefficient in the different directions of the sample (%) 

tf - final dimension, and 

ti - initial dimension in each direction (mm) 

Water absorption  

The same samples as those used for the swelling test were also used to determine 

the absorption of the water, according to EN-317 (1993).  

The water absorption value is the amount of water taken up by the samples after they 

had been soaked at a temperature of 20°C for 48 hours and is expressed in relation 

to the initial mass: 

i

if

a
m

mm
w




           (3.3) 

where:  

wa - water absorption (%) 

mf - final mass (kg) 

mi - initial mass (kg) 



33 
 

Colour coordinates in the RGB system 

The change in colour had often been found to be related to the strength of thermally 

treated wood (Esteves and Pereira 2008).  For self-bonded boards, surface colour 

had been studied as a predictor of strength by Gu (2012) and Jiang (2012). Their 

results showed that surface colour alone did not predict the bonding quality in shear 

and bending. The aim of the present study was to obtain values in a colour system 

such as RGB that might correlate with strength values of the samples.  

The samples to be studied were the set of 40 samples used in the Brinell hardness 

test. A photograph of the sample edges was taken with a Sony Exmor IMX145 

camera. No calibration of the camera was carried out since related and not absolute 

values were intended for this comparison study (Wyszecki and Stiles 1982). The light 

was indirect midday sunlight. After the image was acquired the software imageJ was 

used for image processing. A mean value of a rectangle of approximately 20,000 

pixels, covering 30-60% of each sample surface, was measured. The selected area 

was split into red, green and blue image components. The mean value (also defined 

as brightness in the RGB colour system) of a selected area was calculated as 

(R+G+B)/3 (Ferreira and Rasband 2012).  

3.2.2 Mechanical properties 

Shear strength 

The longitudinal tensile shear test was performed according to EN-314 (2004). The 

length direction of the sample was aligned in the longitudinal direction of the veneer. 

Notches were cut in samples with dimensions of 130 x 25 mm according to the 

instructions in EN 314, Figure 3.5. Three type of pre-treatment sequences are 

indicated before testing in EN 314 corresponding to three bonding classes 

representing: dry interior, dry exterior and wet environment. Even for the dry interior 

class, samples should be soaked in water for 24 hours before testing. In the tests 

presented in this thesis, the sample had not been soaked in water prior to testing 

because samples pressed at 200˚C delaminated in water and the intention was to 

compare the shear tensile strengths of all the samples pressed according to all the 

parameter combinations in the experimental design. 

 

                                          Fibre direction 

Figure 3.5 Schematic side-view of shear-test specimen with notches, L- load. 

L L 
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Bending strength (MOR) 

The bending test was performed as a three-point test according to EN-310 (1993). 

Depending on the type of rupture of the specimens, the strength was calculated as 

inter-laminar shear: 

   
 

 
    

 

   
 

  

   
                              (3.4) 

or according to tensile failure: 

  
    

    
                   (3.5) 

where: 

-interlaminar shear strength (MPa) 

-coefficient that takes into account the shape of the sample 

F - maximum  load (N) 

A - area subjected to shear stress (mm2) 

b - sample width (mm) 

t - sample thickness (mm) 

-tensile strength (MPa) 

l - span  

Brinell hardness 

A Brinell hardness test according to EN-1534 (2010) was performed, where a steel 

ball of 10 mm in diameter was pressed against the sample surface for 15 s until the 

compressive force reached 1000 N. The force was then held constant for 25 s. The 

indentation diameter was measured and the Brinell hardness was calculated: 

HB  
  

      √        
                                                                                    (3.6) 

where: 

HB - Brinell hardness (N/mm2) 

F - maximum applied force (N) 

g - gravity constant (m/s2) 

π - 3.14 

D - diameter of the indentation ball (mm) 

d - diameter of the residual indentation (mm) 
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3.3 MICROSCOPIC ANALYSIS  

The micro-structure of the veneer and the bond-line of the boards were studied in 

Paper I to deepen the knowledge of self-bonding. Scanning Electron Microscopy 

(SEM) was used to study the micro-structure of a board with parallel oriented veneers 

and of a board with cross-laminated veneers.  

This method was chosen because of its high resolution and precision of information. 

A JEOL 5200 SEM equipment was used. Two types of sample were prepared for this 

test, one from a board with parallel oriented veneers, and one from a board with 

cross-laminated veneers. For the samples with parallel oriented veneers, the 

pressing parameters were 250°C, 5 MPa and 180 s, while for the samples with cross-

laminated veneers, the bonding parameters were 260°C, 5 MPa and 240 s. Samples 

were prepared by cutting small pieces 2 mm thick using a microtome to obtain a 

smooth and clean surface of observation. The samples were then placed on small 

metal stubs, fixed with carbon paste and sputtered with gold in a Denton Desk II 

sputter unit. The images taken had magnifications from 35 to 200 times. 

3.4 CHEMICAL ANALYSIS 

A chemical analysis was performed in order to study bond-line resistance to 

moisture, i.e. the differences in bond behaviour in water depending on the pressing 

conditions (Paper IV). Water-soluble compounds were considered interesting to study 

since it was noticed that veneers as well as boards had coloured the water in which 

they had been soaked. Water leachates were therefore used for a comparative 

analysis. Comparing compounds in the water-leachates from boards pressed under 

different conditions with leachates from un-pressed veneers provided an indication of 

new compounds formed during pressing. 

The bonding mechanisms were studied by comparing different types and levels of 

water-soluble compounds from the bond-lines, Figure 3.6. Samples pressed 

according to the following three pressing parameter combinations: (200ºC, 5 MPa, 

300 s), (225ºC, 5 MPa, 300 s), (250ºC, 5 MPa, 300 s) were chosen for the chemical 

analysis: To study solid material with NMR only samples from the board pressed at 

225ºC, 5 MPa, 300 s were used. 
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Figure 3.6 Cross-sectioned view of a board pressed at 225°C, 5 MPa and 300 s.  

Isolation of particles 

To obtain water-leachates, particles were isolated from boards in the following steps:   

1. The veneers on each side of one inner bond-line (see Figure 3.6) of the board 

were removed with a sharp knife.  

2. Bond-line particles were removed by scratching. 

3. Inner-veneer particles were removed by scratching. 

4. Particles were placed in separate sealed containers to avoid the release of volatile 

compounds.  

One limitation of this sample preparation procedure was that a complete separation 

of the bond-line and inner part of veneer was difficult to achieve, as the bond-line 

was very thin and entangled with the inner veneer, Figure 3.7  

 

 

 

Compressed vessel            Compressed ray 

Figure 3.7 Cross-sectional view of an inner bond-line in a laminated board pressed at 

250ºC, 5 MPa for 300 s. Photomicrograph at 30x magnification. 
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This means that chemical difference between the bond-line and the inner part of 

veneer could be even greater than that indicated by the analysis.  

Descriptions of the provenance of the particles (veneer or bond-line) and the pressing 

temperature used when manufacturing the board are given in Table 3.2.  

Table 3.2 Samples used for the chemical study. 

Sample No. Pressing parameters Position in board  

1 Unpressed veneer Reference  

2 200ºC, 5 MPa, 300 s Inner veneer  

3 200ºC, 5 MPa, 300 s Bond-line  

4 225ºC, 5 MPa, 300 s Inner veneer  

5 225ºC, 5 MPa, 300 s Bond-line 

6 250ºC, 5 MPa, 300 s Inner veneer  

7 250ºC, 5 MPa, 300 s Bond-line  

 

Filtration of wood particles 

 A quantity of 0.50 g of particles from each of the samples in Table 3.2 was mixed in 

30 mL of water, treated in an ultrasonic bath for one hour, and then left under 

magnetic stirring overnight in a closed vessel. The mixture was filtered and the 

leachate collected. 

High-Performance Liquid Chromatography (HPLC) analysis 

A HPLC analysis was performed to detect and compare the levels of water-soluble 

monosaccharides (glucose and fructose) in veneer before pressing and the levels of 

5-hydroxymethyl-furfural (HMF) and furfural in the boards. The hypothesis was that 

monosaccharides could participate in the process of bonding through caramelisation 

and, if detected in the bond-lines, HMF and furfural would be an indication of such a 

process. The filtered water solution (50 μm) was analyzed with an HPLC device 

equipped with a Water Hi-plex Pb-column (8 μm and 250 x 7.7 mm) at 60°C using 

water as the eluent at a flow of      0.3 mL/min. Furfural and 5-hydroxymethylfurfural 

(HMF) were detected with a UV-detector operating at 280 nm and a refractive-index 

detector. A Varian Prostar autosampler (model 410), equipped with a 10 μL loop, was 
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used, and quantitative estimations were made by comparison with calibration curves 

for the individual compounds. 

UV analysis 

A UV analysis was performed to study the content of water-soluble, unconjugated 

and conjugated phenols. If present, the soluble phenols would also provide an 

explanation about the difference in colour and bonding properties between the 

samples. 

The UV-absorption of the water leachates was recorded with a Hitachi UV/VIS U-

1500 spectrophotometer. Water-soluble phenols were analysed using the Δε-method 

(Aulin-Erdtman 1953; Wexler 1964). Samples diluted in water were analysed in a 1 

cm wide cuvette at a range of 200 to 600 nm. The pH of the samples was adjusted to 

pH 12 with a strong alkaline solution, and samples were analysed in the same way. 

Differences between the absorptions in the water extracts and the alkali-treated 

samples were calculated. 

CP/MAS 13C NMR       

Nuclear magnetic resonance (NMR) uses a strong magnetic field that interacts with 

atoms that have a nuclei with unpaired spin such as 13C, which could be found to a 

small but same extent in all carbon on the earth. The wave length of the absorption of 

magnetic field by an atom is related to which and how atoms are situated near the 

actual one and can be used to study how atoms are bonded to other atoms in a 

molecule. CP/MAS 13C NMR is a kind of NMR technique that can be run on solid 

material. Furthermore, by the use of a certain pulse sequence, dipolar diphasing, 

signals from certain compounds such as cellulose and hemicellulose can be filtrated 

away. Thus, this method was chosen to detect and study the structure of aromatic 

compounds belonging mostly to lignin. 

Samples were taken from only one of the boards, the mid-cube sample pressed at 

225ºC,      5 MPa, 300 s. The aim of this study was to compare changes in the inner 

veneer and bond-line with veneer not used in pressing. The procedure was adapted 

from Wikberg (2004) and Wikberg and Maunu (2004). CP/MAS 13C 

NMR measurements were taken with a Varian/Chemagnetics 400 MHz spectrometer 

operating at 100.6 MHz for carbon. For all the samples, the spinning speed was 

8000 Hz, the contact time 2 ms, the acquisition time 5.12 ms, and delay between 

pulses 1.5 s. In the dipolar dephasing (DD) measurements, the high-powered 

decoupler was turned off for 80 ms before data acquisition. 
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3.5 MODELLING THE TEMPERATURE EVOLUTION DURING HOT-PRESSING 

To obtain a better understanding of the temperature evolution within a self-bonded 

board of beech veneer during hot-pressing, a model was developed to describe the 

temperature evolution in the thickness direction of the board during pressing (Paper 

V). The model predicts the time-dependence of the temperature through a porous 

media, and is based on the heat conduction differential equation given by: 

 

 
   

       
  

  
 

        

where: 

 - heat conduction (kcal /(m h ºC) 

T -  temperature (ºC) 

c – specific heat capacity (kcal/ kg ºC) 

 - the density (kg/m3) 

 

This material model is according to Siau (1995) and the heat conduction model has 

been verified by experimental results from a pressing of five veneers at a 

temperature of 250⁰C and a pressure of 6 MPa for 280 s.  

In the model, the compression of the laminate was assumed to follow the function: 

                 (    
 

 )                                            (3.8) 

where: 

C(t) - compression at time t  

Cmax - maximum compression of the laminate   

 - characteristic time, set at 2 s in this case due to the experimental 

 conditions 

As input temperature data to the model, the temperature evolution at the press plates 

was least squares fitted to the experimental data for the press-plate temperature 

recorded by the thermocouples located between the outer veneers and the press 

plates.  

  

(3.7) 
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4 RESULTS 

4.1 PHYSICAL PROPERTIES 

The physical properties of the boards that have been determined are density, 

swelling, water absorption and colour coordinates in the RGB system. The main 

results are reported in Papers I-III. The results of the statistical analysis refer to 

models obtained via a response surface analysis when the temperature, pressure 

and time are between the limits shown in Table 3.3. 

 Density 

Figure 4.1 shows the density of the boards plotted against the pressing parameters, 

arranged in an order increasing density with increasing temperature and pressure, 

except for the board pressed at 250C and 6 MPa for 360 s. This board partly 

exploded when the press was opened after pressing and this resulted in a lowered 

density. When the exploded board is excluded from the results, it can be concluded 

that temperature had a clear influence on density, i.e. an increase in temperature 

during pressing led to an increase in board density. At a given temperature, a 

combination of high pressure and long pressing gives higher density than if the board 

is exposed to low pressure for a short time. 

 

Figure 4.1 Density of boards pressed at different temperatures (200, 225 and 250C), 

and pressures (4, 5 and 6 MPa) for different pressing times (240, 300 and 360 s) 

according to the experimental design presented in Figure 3.1. 
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To verify the conclusions a statistical analysis was carried out in Minitab software. 

The model in coded units (Table 3.1) was obtained in two steps for the 40 

observations: 

 = 752.1 + 112.2T + 27.8P + 2.3t + 43.4T2 - 24.5Pt                   (4.1) 

where : 

 - density (kg/m3) 

T - temperature (C) 

P - pressure (MPa) 

t - pressing time (s) 

The model has a R2 of 84% and a P-value of lack of fit of 0.011. 

The temperature was the most influential factor affecting the density and the pressure 

was second in importance.  

Swelling in water 

Figure 4.2 shows the swelling of the boards in the thickness, width, and length 

directions when immersed in water. Width refers to the direction perpendicular to the 

fibre direction of the veneer, and length refers to the direction parallel to the fibres. 

The swelling was lowest in the length direction. The thickness swelling values for 

samples pressed at 200°C are not shown since these samples delaminated in less 

than 12 hours after immersion in water.  

Thickness swelling was mainly affected by the pressing temperature, whereas the 

width was fairly constant for all parameter combinations. 

  



43 
 

 

Figure 4.2 Swelling in the main directions of boards immersed in water for 48 h. The 

boards were pressed at different temperatures (200, 225 and 250C), and pressures 

(4, 5 and 6 MPa) for different pressing times (240, 300 and 360 s) according to the 

experimental design presented in Figure 3.3. Mean values; the error bars indicate 

standard deviations. 

Water absorption  

The absorption of water for boards pressed at different pressing parameters is shown 

in Figure 4.3. The absorption decreases with increasing severity of pressing 

conditions, i.e. mainly with increasing temperature, but also with increasing pressure 

and pressing time. 

 

Figure 4.3 Mean values for water absorption. The boards were pressed at different 

temperatures (200, 225 and 250C), and pressures (4, 5 and 6 MPa) for different 

pressing times (240, 300 and 360 s) according to the experimental design presented 

in Figure 3.3. 
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Colour coordinates in RGB system 

The brightness (mean of RGB values) of the edges of the boards was calculated with 

ImageJ software. The results are reported in Paper III, and the brightness values are 

shown in Figure 4.4. The edges of the boards became darker with increasing the 

severity of pressing conditions, i.e. mainly increasing temperature, but also with 

increasing pressure and pressing time. 

 

Figure 4.4 Brightness (mean RGB values). The boards were pressed at different 

temperatures (200, 225 and 250C), and pressures (4, 5 and 6 MPa) for different 

pressing times (240, 300 and 360 s) according to the experimental design presented 

in Figure 3.3. 

The brightness (mean of RGB) values were statistically analysed in Minitab software 

(Appendix 1) to find the influence of pressing parameters on brightness. The final 

response surface model shows good prediction properties (R2= 95.7%) based solely 

on temperature and pressure. 

B = 1280 - 33.1T – 5.9P - 15.9T2             (4.2) 

where: 

B - brightness (mean of the RGB values) 

T - temperature (C) 

P - pressure (MPa) 

A surface plot of the brightness as a function of temperature and pressure is 

presented in Figure 4.5 based on the model presented in Equation 4.2. The model 

shows that a higher pressure and a higher temperature led to a darker board (blue 

area). 
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Figure 4.5 Surface plot of brightness (mean of RGB values) as a function of 

temperature and pressure according to Equation 4.2.  

Density 

The results obtained from X-ray densitometer measurements of boards with parallel 

and cross laminated veneers are presented in Figure 4.6 and in detail in Paper I. The 

images show that the density is not uniform within the boards regardless of the 

orientation of the veneers. The bond-lines and the rays have a higher density than 

the other parts of the boards.  
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Figure 4.6 X-ray microdensitometry images of boards with a) parallel fibre orientation 

(pressing parameters: 250ºC, 5 MPa, 180 s), and b) perpendicular fibre direction 

(pressing parameters 260ºC, 5 MPa, 240 s). The lines 1 and 2 indicate the locations 

of detailed density profiles presented in Figure 4.7. 

Figure 4.7 shows the density profiles in the thickness direction of the two boards in 

Figure 4.6 calculated in imageJ software as the mean value of the pixels crossed by 

the lines 1 and 2 in Figure 4.6. The density profiles show a large variation in density 

with peaks representing both the bond-lines and the parenchyma cells.  

  

        a)                                                                b) 

Figure 4.7 Density profiles through the thickness of laminated veneers: a) layers with 

parallel fibre orientation, and b) layers with perpendicular fibre orientation. 

4.2 MECHANICAL PROPERTIES 

The mechanical properties that have been determined for the boards are shear 

strength, bending strength and hardness. The main results are presented in Paper II.  

The results is made are based on the surface response statistical analysis of the data 

in Minitab software. The analysis was performed using the coded levels of the 

Latewood 
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parameters (Table 3.1). As suggested by Montgomery (2005), a model based on 

coded levels has the capacity to reveal the real weight of a predictor in a process, 

regardless of the measurement units. A full second-order model was intended for 

each of the three mechanical properties. The purpose of the models was to predict 

the levels of pressing parameters that should be used to obtain boards with a high 

strength and also to reveal which of the pressing parameters has the strongest 

influence on the response. 

Shear strength  

The model representation of shear strength is presented in Equation 4.3. The model 

is built on a set of data from which the high extremes (data for the boards which 

exploded, pressed at 250°C, 6 MPa, 360 s) were excluded. The explosion occurred 

in the boards when the press was opened.  

The terms that do not contribute significantly, showing high P-values in a preliminary 

analysis that included all quadratic terms, were removed from the model. The model 

has a R2 of 80.7% and P-value for lack-of-fit of 0.23. 

 = 3.914 + 1.426T + 0.254P + 0.553t - 0.378T2                                        (4.3) 

where : 

 - shear strength (MPa) 

T - temperature (C) 

P - pressure (MPa) 

t - pressing time (s) 

It can be concluded that the temperature has the greatest influence on the shear 

strength of the boards, followed by time and then by pressure, as shown by the levels 

of the P-value for each factor in the Minitab analysis.  

Figure 4.8 shows shear-strength-pressure-time surfaces at three temperature levels: 

200, 225 and 250°C.  
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Figure 4.8 Model representation of shear strength when the boards which exploded 

was omitted. Pressing temperature is set to three constant levels, upwards from the 

bottom: 200, 225 and 250C, and the shear strength values are shown in the bar to 

the right. 

Bending strength 

An important result of the three-point bending test was the finding that samples did 

not break due to the same type of failure. As shown in Paper II, boards pressed 

under mild conditions broke due to interlaminar shear in the plane of the board, 

whereas boards pressed under more severe conditions broke due to longitudinal 

tensile in the lower layer. Consequently the results of the test are presented 

according to the type of failure observed in the sample, see Figure 4.9. 

It will be shown in section 6.6 that even when the dimensions of the samples were 

greater, in accordance with the indications from EN 310, the failure was still of 

interlaminar shear type in samples pressed at milder conditions. 

The resistance of the bond-lines to the shear forces in the three-point bending test 

increases with increasing the pressing conditions, following a similar same trend to 

the one of samples tested to shear according to EN 314. 



49 
 

Even within a group of replicates, such as the twelve samples obtained from boards 

pressed at 225ºC, 5 MPa and 300s, failure occurred in different patterns. On samples 

pressed at 225ºC and longer times and/or higher pressures, it could be observed a 

simultaneous delamination and a fracture across the thickness of the lowest layer. 

For samples that belonged to a group in which at least one samples had 

delaminated, the ultimate strength of the entire group was represented as shear 

strength in Figure 4.9. To be noted that the average of the shear strength due to 

three-point bending for samples pressed at 225ºC, 5 MPa,240 s was about 3.5 MPa 

and not 5.5 MPa as shown in Paper II. 

 

Figure 4.9 Strength according to the failure type in a three-point bending test. 

A high bending strength can be reached at 250C by exerting a high pressure (6 

MPa) for a short time (240 s) or by exerting a low pressure (4 MPa) for a long time 

(360 s) or by exerting a medium pressure (5 MPa) for a medium time level (300 s). 

Brinell hardness 

The results of the Brinell hardness test are reported in Paper III. 

The hardness values of the boards varied from ca. 4 to 11 kg/mm2, Figure 4.10. All 

the pressing parameters influenced the hardness of the boards. It is especially 

interesting to notice the influence of the pressing time at 250˚C. At the same 

temperature (250ºC) and the same pressure (4 MPa), the hardness increased from 

7.8 to 10.9 when the pressing time was increased with 120 s. 

The data were analysed and a model to predict the hardness was obtained in Minitab 

software, which resulted in a model with  R2 = 84.7%. 
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Figure 4.10 Brinell hardness values. The boards were produced by pressing at 

different temperatures (200, 225 and 250C), and different pressures (4, 5 and 6 

MPa) for different  timse (240, 300 and 360 s) according to the experimental design 

presented in Figure 3.3. 

HB = 6.29 + 2.430T + 0.879P + 0.866T2                (4.4) 

where: 

HB - Brinell hardness (N/mm2) 

T - temperature (C)  

P - pressure (MPa) 

t - pressing time (s) 

Surprisingly the analysis does not show time to be an important factor. The analysis 

of the factors shows that temperature and pressure have a great influence on the 

results.  

The model in equation 4.5 is illustrated with the help of Matlab in Figure 4.11, which 

shows that hardness increases with increasing pressure and temperature. 
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Figure 4.11 Surface plot of Brinell hardness as a function of temperature and 

pressure.  
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4.3 MICROSCOPICAL ANALYSIS  

A Scanning Electron Microscope (SEM) study is presented in Paper I. This type of 

microscopy was particularly useful in clarifying the difference between the boards 

pressed with a parallel orientation of the fibres and the boards pressed with a 

perpendicular fibre orientation. Figure 4.12 shows typical examples SEM 

micrographs of the bond-line of parallel and cross-laminated veneers. The bond-line 

formed when pressing parallel oriented veneers is nearly invisible and the surfaces of 

the adjacent veneers mechanically interact with each other. When the veneers are 

cross-laminated, the mechanical linkage between the veneers seems to be 

considerably weaker. The shear strength results presented in Paper I also show that 

the shear strength of the cross-laminated veneers considerable lower than that of the 

parallel laminated veneers under the same pressing conditions. 

 

a) b) 

Figure 4.12 Cross-sectional view of boards with a) parallel and b) perpendicular fibre 

orientation of bonded veneers. SEM images at 200x magnification.  
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4.4 CHEMICAL ANALYSIS 

The results of the chemical analysis are reported in Paper IV. The purpose of the 

chemical analysis was to find an explanation for the self-bonding by investigating the 

differences in chemical composition between the raw material and the pressed 

boards. The hypothesis that water-soluble monosaccharides could be transformed 

into furfurals during pressing and thus play a role in the self-bonding process needed 

to be verified since beech wood is known to have a high content of low-molecular 

sugars (Zule and Može 2003).  

High-Performance Liquid Chromatography (HPLC)  

Wood samples from the un-pressed veneer, bond-line and inner part of veneer were 

isolated, extracted with water and analysed using HPLC. The results of the HPLC 

test showed that there was approximately 3 times more glucose and fructose at the 

veneer surface than in the bulk material already before pressing. 

Figure 4.13 shows the content of furfurals (5-(hydroxymethyl)furfural (HMF) and 

furfural) in water extracts from veneers and bond lines. The HMF content was found 

to be higher than that of furfural up to a pressing temperature of 225°C. At 250C the 

HMF levels decreased to a level similar to that of furfural. The largest amount of HMF 

was found in the bond-line of boards pressed at 200°C. The HMF content within the 

veneers decreased with increasing temperature, but the amount of HMF found was 

much less than in the bond-line at 200 and 225C. 

The ratio of the HMF content at 200C of the bond-line to that in the inner part of the 

pressed veneer was 2.77. This HMF ratio reached 2.33 after pressing at 225°C, and 

decreased to less than 1 after pressing at 250°C. The contents of furfurals are also 

presented in Figure 4.13. The content of furfural was considerably lower than that of 

HMF after pressing at 200 and 225ºC but the content were similar at after pressing at 

250ºC. The presence of furfural was constant or increased somewhat with increasing 

treatment temperature. 
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Figure 4.13 Contents of furfurals (HMF and furfural) as a percentage of dry wood in 

water extracts from veneers and bond lines according to HPLC measurement. Ven – 

veneer, BL – bond-line. 

UV – spectrographic analysis 

The results of the UV-spectrographic analysis are shown in Figure 4.14. The peak at 

280 nm corresponds to the total amount of phenols and furfurals and possibly even 

other undetected compounds. The sample that showed the largest absorption was 

the bond-line pressed at 200ºC followed by the bond-line at 225ºC, i.e. the absorption 

at 280 nm in the bond-lines was lower at higher pressing temperatures. The bond-

line at 250ºC showed a peak somewhat higher than all other samples of inner 

veneers. The un-pressed veneer seems to have the lowest content of phenols and 

furfurals.  

The total amount of phenols was calculated according to Wexler (1964) as the 

difference in absorption between the neutral and alkaline aqueous solutions. A 

detailed description of the analysis is presented in Paper IV. 
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Figure 4.14 Total amounts of furfurals and phenols in water extracts. 

The amount of phenols in water extracts is shown in Figure 4.15. The bond-line had a 

higher phenolic content than the corresponding veneers. The concentration of water-

soluble phenols in the inner part of the hot-pressed veneers was somewhat lower 

than in the un-pressed veneer. Material from the bond-line of boards pressed at 

200oC had the highest content of water-soluble phenols, Figure 4.15. 

 

Figure 4.15 Phenol content according to the difference between UV-absorption in 

neutral and alkaline solutions. 
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CP/MAS 13C NMR 

The solid state 13C-NMR spectra of the samples are presented in Figure 4.16 and 

the spectra based on dipolar diffraction are shown in Figure 4.17. As can be seen the 

bond-line curve was higher at 56 ppm in both figures. In the spectra in Figure 4.16 

there may be an overlap of carbohydrates signal. Since the dipolar diphasing filtered 

away the carbohydrates in the spectra in Figure 4.17, and since the bond-line also 

has a higher intensity than the inner veneer in these spectra it can be concluded that 

the aryl methoxyl groups assigned to 56 ppm peak were more numerous is the bond-

line compared to inner veneer. The crystalline part of the cellulose shows the highest 

intensity in the inner veneer, followed by unpressed veneer and the bond-line. The 

peak at 105 ppm relates to the C-1 position in carbohydrates. It can be seen that the 

bond-line has a lower intensity than the raw material while the inner veneer has the 

highest intensity. No significant difference detected for the carbon positioned at 2, 3, 

5, and 6, as seen in Figure 4.16 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 CP/MAS 13C NMR spectra. Reference (unpressed veneer) in green, 

inner veneer in red and bond-line in black. Assignment of cellulose according to 

Larsson et al. (1997). 
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Figure 4.17 shows information about lignin but there may be some interference from 

carbohydrates. Beside the peak at 56 ppm mentioned above significant differences 

between the spectra for the un-pressed, pressed inner veneer and bond-line were 

found for the following peaks:  

- 128 ppm, related to condensation products, such as biphenyl (5–5) and 

diphenylmethane structures, caused by thermal modification (Wikberg 2004). This 

peak was more intense for the bond line in Figure 4.17 than for the inner veneer. 

- 148 ppm, assigned to aromatic C-3 and C-5 of phenolic S units as well as C3 and 

C4 in phenolic G units (see Figure 2.4 lignin). Etherified G-units can also contribute to 

this intensity. The signal was low in the untreated veneers but increased during the 

hot-pressing of veneers at 225ºC to a fairly considerable extent. 

- 153 ppm, assigned to C-3 and C-5 of S units that are etherified at C-4 (Wikberg and 

Maunu 2004). A stronger signal was observed for material from the bond line than 

from the inner veneer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 CP/MAS 13C NMR, 80 dipolar dephasing: reference in green, inner 

veneer in red and bond-line in black). 
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4.5 TEMPERATURE EVOLUTION DURING PRESSING 

Figure 4.18 shows the temperature in the laminate as a function of time, recorded by 

thermocouples placed between the press plates and the veneer and between the 

veneers (see Figure 3.2), and the temperature evolution calculated by the model. The 

temperature evolution was symmetrical through the thickness of the laminate, and, 

according to symmetry, the temperature evolution calculated by the model is the 

same in the bond-lines at the same distance from the press plates. 

  

a)        b)  

Figure 4.18 Experimental data and model values for temperature evolution in a board 

produced at a temperature of 250⁰C, 4 MPa, and 280 s: a) Temperature recorded by 

thermocouples during the pressing of the board. b) Modelled temperature during 

pressing of the board. The upper two curves show temperatures from thermocouples 

closest to the press plates, and the two lowest curves are from thermocouples in the 

central part of the board. 
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5. DISCUSSION 

5.1 EXPERIMENTAL DESIGN  

The results of the statistical analysis show that the face-centred cuboidal response 

surface design was a good choice for the experiments. The choice of pressing 

parameters (temperature, pressure and time) proved to be satisfactory to find the 

limits of the process and to characterise the product. The high prediction capabilities 

of the models (Eqs. 4.1-4.5) demonstrate that studying the influence of pressing 

parameters and physical and mechanical properties results is important and useful 

for the purpose of process optimization. The experimental design with twelve 

replicates in the mid-point was useful to find the sources of error and estimating their 

magnitude. The response surface analysis revealed which of the parameter had a 

significant influence, but also how important interactions are for optimisation 

purposes. 

5.2 PHYSICAL PROPERTIES 

 Density 

The density increased in proportion to the severity of pressing for the samples 

pressed at 200 and 225C, as shown in Figure 4.1. The increase in density is 

associated with the diminution of thickness during pressing. The heat has a 

plasticizing effect and the cells of all types rearrange while being compressed, 

without breaking, as seen in Figure 5.1. 

Boards pressed at 250ºC show and abrupt increase in density. Although a decrease 

in mass was reported with increasing pressing temperature (Paper VI) the samples 

also show a large thickness reduction, e.g. from 10 mm to 5.6 mm (Paper II). The fact 

that the density increases with increasing severity of the pressing conditions shows 

that the thickness reduction influences the density more than the mass loss. 

The density reached nearly 1000 kg/m3 for boards pressed under the most severe 

conditions. To reach a density higher than 1100 kg/m3 was not possible for any board 

because the gases formed during pressing resulted in an explosion when the boards 

attained such a high density.  
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Figure 5.1 Photomicrographs of cross sections at 7x magnification: a) board pressed 

at 200ºC, 4 MPa, 360 s, and b) board pressed at 250ºC, 4 MPa, 360 s. 

Swelling in water and water absorption 

The results presented in Figure 4.2 show that increases in temperature, pressure, 

and time lead to a decrease in swelling. Swelling in the thickness direction was 

especially high because of the compression of the cells in that direction. 

The thermo-mechanical treatment profoundly affects the chemical structure since the 

percentage thickness swelling of samples pressed under more severe conditions was 

lower than that of samples pressed under milder conditions although the thickness of 

the boards was also lower, as seen in Figure 5.2. It can be concluded that the 

physical and chemical modifications taking place in the veneers during severe hot-

pressing are irreversible.   
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Radial parenchyma 
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Figure 5.2 Thickness and swelling coefficient of the board after pressing. 

The increase in dimensional stability of wood treated at high temperatures is an 

intriguing subject and the literature offers several explanations:  

- The degradation of hemicelluloses significantly reduces the amount of free reactive 

hydroxyl groups, and thus reduces the ability to bind water (Inari et al. 2007). 

- The reduction of swelling cannot be explained only in terms of the disappearance of 

hemicellulose adsorption sites that accompanies hemicellulose destruction. Other 

phenomena such as structural modifications and chemical changes in lignin may also 

play an important role (Repellin and Guyonnet 2005). 

- During severe thermal treatments the possibility of cross-link formation in the lignin 

increases and this can be also be a factor contributing to water-repellence (Back 

1987, Hill 2006) 

 - Hemicelluloses decompose into different types of sugars into that further react 

between themselves, forming a water-insoluble polymer (Navi and Heger 2005).   

- Monosaccharides in the untreated wood, especially the large quantities located at 

the surfaces, are transformed into dehydration products such as furfurals when 

heated, possibly due to caramelisation (Karlsson et al. 2012). 

An important correlation was found between the bonding quality and the water-

repellent properties. Figure 5.3 shows six samples produced at different pressing 

parameter conditions after the water resistance test. The samples are representative 

of their respective temperature levels. 

It can be seen that samples pressed at 200°C delaminated because the temperature 

within the bond-line was not sufficiently high to ensure a strong bond. The samples 
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pressed at 225°C, 5 MPa, and 300 s delaminated in one or both of the inner bond-

lines, but the outer bond-lines were water-resistant. The samples pressed at 225°C, 

6 MPa, and 300 s did not delaminate at all, and this shows the important role of 

pressure for the heating of the bond-line: a high pressure ensures that the targeted 

temperature can be quickly reached, and this allows the internal bond-lines to be 

pressed and simultaneously heated sufficiently to create water-resistant bonds. None 

of the samples pressed at 250°C delaminated. 

 

Figure 5.3 Samples after 48 hours immersion in water at 20°C and subsequent 

drying. Parameters used for each sample (left to right in picture) are: (temperature, 

pressure, time); (200ºC, 4 MPa, 360 s); (200ºC, 6 MPa, 360 s); (225ºC, 6 MPa, 300 

s); (250ºC, 4 MPa, 240 s); (250ºC, 4 MPa, 360 s). 

Colour coordinates in the RGB system 

The RGB colour system was chosen because the thickness of the samples did not 

allow a measurement with an ordinary colorimeter, and it was desirable to find a fast 

method to relate the colour of the boards to the quality of the self-bonding. 

The mean RGB values were capable of quantifying the differences between samples 

and even within a single sample. The method proved to be reliable, and the 

brightness value was shown to incorporate information from the entire densified 

wooden structure. Colour differences within samples were not an impediment in 

evaluating the total board edge colour. 

The differences in nuance within a board edge are caused by the rays containing 

non-structural carbohydrates, mostly sugars in the case of beech (Barbaroux and 

Bréda 2002) and also by the bond-lines. The thickness and colour of a bond-line was 

an important indicator of the quality of the self-bonding and the overall strength. In 

Figure 5.4c it can be seen that the boards pressed under more severe conditions 

were darker due to the darker inner veneer, thicker bond-lines and darker 

parenchyma cells. As previously shown boards pressed at 250ºC do not delaminate 

in water and have the highest strength properties. 



63 
 

 

Figure 5.4 Edges (longitudinal-radial section) of three boards produced under 

different pressing conditins: a) 200°C, 5 MPa, 300 s; b) 225°C, 5 MPa, 300 s; c) 

250°C, 5 MPa, 300 s. 

Future studies could compare calculated colorimetric values of rays, bond-lines to 

other areas of a board edge to determine the contribution of each anatomical 

structure to the darkening and consequently to the bonding. The values could be 

further used to model the thermo-mechanical process and to evaluate the chemical 

compounds that participate in, or are formed during the bonding process.  

5.3 MECHANICAL PROPERTIES 

Shear tests 

The boards pressed under more severe conditions showed the highest shear 

strength values. The model derived by Minitab showed that temperature and time 

significantly) influence the result (P-values = 0.000) while pressure had a lower 

influence (P-Value = 0.035). The importance of the interaction between temperature 

and pressing time has been pointed out in the thermal treatment of wood, where 

several authors (Chaouch 2011, Candelier et al. 2011) have shown how the same 

result can be obtained by a combination of a long time and low temperature, or by a 

short time and a high temperature. The highest shear strengths were obtained on 

samples pressed at 250ºC. Although temperature was shown to be the most 

influential factor for the quality of bonding and there are similarities in thermal 

treatment, the self-bonded boards differ from thermally treated wood in what concern 

the evolution of overall quality with increasing the temperature. In the case of 

a) 

c) 

b) 



64 
 

0

1

2

3

4

5

6

7

0

10

20

30

40

50

60

70

80

200
4

240

200
4

360

200
5

300

200
6

240

200
6

360

225
4

300

225
5

240

225
5

300

225
5

360

225
6

300

250
4

240

250
4

360

250
5

300

250
6

240

250
6

360

Sh
e

ar
 s

tr
e

n
gt

h
 (

M
P

a)
 

W
at

e
r 

ab
so

rp
ti

o
n

 (
%

) 

Pressing parameters 

Water absorption

Shear strength

thermally treated wood, increasing the heating conditions improves the water-

resistant properties but some mechanical properties decline, especially at high 

temperature, as shown by some authors in comprehensive reviews (Hill 2006, 

Esteves and Pereira 2008). This is not the case for self-bonded boards. Figure 5.5 

shows the development of water absorption and shear strength under different 

pressing conditions (Paper II). The water absorption decreases with increasing 

process temperature whereas the shear strength increases.  Self-bonded boards with 

a high shear strength also have a low water absorption, showing that there is a 

progressive change in effects from macroscopic to molecular level with increasing the 

severity of the pressing conditions. The board properties increase due to the 

simultaneous impact of heat and pressure. 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 The influence of pressing conditions on water absorption and shear 

strength of self-bonded boards.  

As shown in Figure 5.3 the inner bond-lines are the weakest and all shear strength 

tests were therefore performed on samples with notches reaching the inner bond-

lines. The preparation of the samples was slightly affected by the high density of the 

boards and the low thickness of the bonding line. It was difficult to precisely reach the 

bond-lines when cutting the notches and this might be a source of error in the shear-

strength test. 
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Bending strength 

The three-point bending test was meant to reveal the bending strength of the entire 

set of samples but the boards showed different breaking patterns because of their 

different bonding properties, Figure 5.6  The test was a simple and fast way to find 

the weakest point in the samples. The bond-lines in samples pressed at 250C were 

clearly stronger and different from the bond-lines in samples specimens pressed at 

lower temperature. 

It could be argued that the length of the samples in proportion to their thickness 

affected the results because of the influence of the shear stresses. However the span 

to thickness ratio used for interlaminar shear determination in this type of tests is 4 

(Carlsson et al 2014) whereas the span to thickness ration used in this study was 

above 12.  Moreover, results of a three point bending  test on longer samples also 

showed that the difference in failure is caused by the material and not by the set-up 

of the test (section 6.6). 

The bending strength values higher than 154 MPa for boards pressed at 250ºC show 

that beech veneers are suitable for thermo-densification and that a proper bond-line 

can be achieved. 

 

Figure 5.6 Side-view of samples pressed at 200°C, 4 MPa, 240 s (top) and at 250°C, 

6 MPa, 240 s (bottom) after bending test. 

The increase in strength was not proportional to the increase in density of the boards. 

This could be explained by the hypothesis that different types of reaction take place 

in the bond-lines of boards produced under severe conditions. Since the boards 

pressed under severe conditions show a strong bonding and do not delaminate in 

shear, the reactions taking place during hot-pressing are of chemical rather than 

physical nature. This hypothesis is supported by the water-resistance tests.  
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Hardness 

The results of the analysis in Minitab software show that the hardness was 

dependent mainly on temperature and pressure and that the pressing time had a 

lower influence. This result was different from the one shown for shear strength and 

bending strength. The reason is that the hardness test is based on compression 

perpendicular to the fibre and the results are therefore dependent on sample density 

whereas the shear and bending tests results are determined by the self-bonding 

quality. 

 

 

a) 

 

b) 

 

c) 

Figure 5.7 Indentations after Brinell hardness test on three specimens pressed at: a) 

200°C, 5 MPa, 300 s, b) 225°C, 5 MPa, 300 s, and c) 250°C, 5 MPa, 300 s. 

Although Figure 5.7 suggests that hardness and surface colour may be related, 

preliminary tests reported by Gu (2012) and Jiang (2012) have shown that such a 

correlation is weak, and for this reason boards edges were instead chosen for the 

study of RGB coordinates. A strong correlation between edges colour and hardness 

had been found, as shown in Paper III. 

5.4 MICROSCOPIC ANALYSIS 

 Scanning Electron Microscopy 

A useful method to analyse the bonding area was Scanning Electron Microscopy. 

It was important to clarify why boards with parallel oriented veneers showed a higher 

shear strength than boards of cross-laminated veneers (Paper I). A comparison 

between the bond-lines shown in Figure 4.12, give at least partly an explanation for 

this difference. In parallel laminated veneers (Figure 4.12a), the cells from 

neighbouring veneers are able to entangle, so that rays from one veneer find space 

in the adjacent veneer. In cross-laminated veneers, the gaps between the two 

adjacent veneers do not allow the two surfaces to achieve a proper contact. Figure 
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5.8 shows an image of the entire edge of a board pressed at 250ºC, 5 MPa, 180 s. 

The widths of the four bond-lines are different. The bond-line at the far right (Figure 

5.8.d) is wider than the others. This difference in bond-lines thickness can be 

explained by a difference in the pressing plates temperature during the pressing 

process.    

 

Figure 5.8 Scanning electron microscopy image of a cross section of parallel 

laminated veneers in 35x magnification. Bond-lines are marked with arrows between 

straight lines. a) and d) are exterior bond-lines and b) and c) are interior bond-lines. 

 Another conclusion that can be drawn from Figure 5.8 is that the bond-lines 

from the inner regions of the boards (see Figure 3.6) are weaker than the bond-lines 

closer to the surface of the board. The inner bond-lines tended to crack during 

sample more frequently than the outer bond-lines. The reason is probably that a 

higher temperature is attained in the outer bond-lines during pressing, as shown in 

Paper V. 

 X-ray microdensitometry 

The images obtained with the X-ray microdensitometry scanner gave a good 

description of the density variation within the boards. The variation interval for the first 

sample was between 800 and 944 kg/m3 while the other samples it was from 800 to 

about 1118 kg/m3.  

The density peaks in the thickness direction of the boards were caused by the bond-

lines, but also by radial parenchyma cells and by latewood. The distinction between 

latewood and earlywood can be noticed in Figure 4.6.  

The denser bond-line could be due to the deposition of new products of degradation 

and condensation. Within each sample, the densification was higher at the bond-lines 

and in the rays. This observation can be correlated to the visual analyse of the colour 

differences within a sample also run in ImageJ software. As discussed in Paper III, 

  a)   b)   c)    d) 
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and shown in Figure 5.3, the difference in brightness on the board edges was caused 

by the rays containing non-structural carbohydrates, mostly sugars and phenolic 

compounds and also by the bond-lines. There may be a relation between rays and 

bond-lines, between the density of a region, its colour and its chemical content. This 

subject needs however further study. 

5.5 CHEMICAL ANALYSIS 

The main research question that the chemical analysis was supposed to answer was 

could a comparison study between water-soluble compounds in the boards give more 

information on the bonding mechanism? Water leachates were therefore studied. 

Although colour measurements were not made before the chemical study, it is 

obvious that the colour intensity of the filtered solution (Figure 5.10.) relates to the 

content of HMF (Figure 4.13) while the colour of wooden particles does not. The 

wood gets becomes darker while the HMF content in the wood decreases (Figures 

5.9 and 5.10), and this observation supports the hypothesis that HMF may participate 

in forming new brown bonding polymers. 

 

 

Figure 5.9 Wood particles from veneers and bond-lines after leaching with water. The 

numbering corresponds to sample numbers in Table 3.2. 

 

 

Figure 5.10 Filtered solutions from leaching of veneers and bond-lines with water. 

The numbering on the bottles corresponds to sample numbers in Table 3.2. 
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HPLC analysis 

According to the HPLC analysis of the water extract the content of HMF is highest in 

the bond-line after pressing at 200ºC. HMF is formed mainly from carbohydrates of 

the hexose type. Hemicellulose in beech consists mostly of anhydro-sugars of 

pentose type. A relatively high content of glucose and fructose was found in material 

from the surfaces of veneers that had not been hot pressed, but these 

monosaccharides were absent in the boards after hot pressing. Hence it can be 

concluded that the main sources of formation of HMF are low-molecular-weight 

sugars. The higher content of HMF in the bond-line compared to the inner veneer can 

be partially explained by the migration and accumulation of monosaccharides on the 

surface of veneer during drying (Theander et al.1993). Steaming before the rotary-

cutting and drying of veneers are stages in the preparation of the raw material. As the 

ratio of HMF content in the bonding-line to the HMF content in the veneer bulk 

decreased with heating temperature and as the quantity of HMF was lower after 

pressing at a temperature above 200°C (Figure 4.13), it is probable that the HMF 

formed reacted further or evaporated at higher press temperature. 

Furfural content was considerably lower than HMF after pressing at 200°C and 

225°C The presence of furfural had a constant low level, somewhat increased by the 

treatment temperature. Furfural could be formed from hexoses or from HMF, but it is 

more likely that it originates from pentoses, such as those found in xylan, as a 

decrease similar to that in HMF content was not found in the case of furfural . Since 

hardwoods (especially beech) have a high content of xylan (Beyer et al. 2006) it is 

intriguing to find such low levels of furfural in the aqueous extracts from veneers and 

bond-lines. Possibly furfural condensed in an insoluble compound that made the 

bonding water-resistant. Furfural may possibly have is not removed as formed, it 

partially condenses into high-molecular weight materials (Saeman 1945). On the 

other hand its formation depends on presence of steam as environment during 

heating since their relation is often mentioned in literature (Mason 1928, Boehm 

1951, Inoue et al. 1993, Rowell and McSweeny 2008). It is difficult to estimate how 

much furfural participates in the colour formation, as it evaporates or condensates 

very fast.  

UV-spectroscopy 

The UV-spectroscopy measurements plotted in Figure 4.14 show that the highest 

absorption was found for bond-line at 200ºC, followed by bond-line at 225ºC. It was 

pointed out that the bond-line at 250ºC shows a higher absorption than inner veneers 

pressed at all three temperatures. This trend was different from the HMF content 
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when bond-line 250ºC had lower values than inner veneers. It can be concluded that 

other compounds participated to absorption at 280 nm, namely phenols.  

The content of phenolic compounds in the water leachates was studied by the 

difference between the UV- absorption in neutral and alkaline solutions, according to 

Wexler (1964), and results are reported in Paper IV. The total amount of phenols is 

shown by the absorbance at 250 nm on the Δε-curve. The values were used to 

calculate the phenols content as % dry wood in water extracts. 

Figure 4.15 shows that all three samples from the bond-lines had higher phenol 

content compared to inner veneers. It is interesting to note that the raw material had 

a higher content that all the inner veneer. This might be interpreted that at least some 

of the water-soluble phenolic content had migrated from the inner veneer to the 

surface during pressing.  

Other compounds that were found in a higher quantity in the bond-line compared to 

inner veneers were unconjugated phenols such as those found in tannins, lignans or 

simpler phenols, such as syringiol. It was noticed that the higher the pressing 

temperature , the lower the absorbance peak corresponding to unconjugated 

phenols, possibly because they to react further when the treatment temperature rises 

during hot pressing of the boards. 

UV-absorptions at wavelengths higher than 350 nm were found only in material hot-

pressed at 225°C or higher, hence it is likely that conjugated phenols such as sinapyl 

aldehyde and coniferaldehyde were formed and they became more prominent at 

higher temperatures. Absorptions when approaching visible parts of the spectrum 

can be seen in bond-line pressed at 225°C and to a greater extent at 250°C. This 

indicates that conjugated phenols are also involved in the formation of colour of 

compounds from the water leachates. 

CP/MAS 13C-NMR 

The CP/MAS 13C-NMR study showed that some compounds such as the aryl 

methoxyl groups in lignin (peak at 56 ppm) where present in larger amounts in the 

bond-line than in the pressed veneer. Methoxylation of lignin is unlikely to have taken 

place. One possible explanation may be that lignin degrades under heat and 

pressure and its byproducts migrate to the bond-line. Another important increase in 

the bond-line was found for lignin containing phenolic β-ether structures (peak at 148 

ppm). This suggests that an increase in phenolic syringyl propane units takes place 

during pressing. The peak corresponding to condensation products (128 ppm) was 

also found to be more intense for bond-line. It can be concluded that degraded lignin 

migrates towards the bond-line, where a condensation reaction may occur especially 
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at higher temperatures, is thus likely. Such a process will increase the water-

resistance property acquired by boards pressed at this temperature, since lignin is 

more hydrophobic. 

5.6 TEMPERATURE EVOLUTION DURING PRESSING 

The diagrams in Figure 4.18 provide valuable information about the different heating 

patterns in the two groups of bond-lines, the outer and inner bond-lines (see Figure 

3.6). From Figure 4.18 it can be concluded that there is a good agreement between 

the experimental data and the theoretical model. The inner bond-lines curves in 

Figure 4.18a show a shoulder at approximately 115-120⁰C and this shoulder was 

found at the same temperature on the innermost curves in all the temperature 

measurement made during this work (40 replicates). This level of temperature 

(120C) is mentioned in pyrolysis studies (Wannapeera et al. 2011) as a starting 

temperature for the weight loss of woody biomass. The gaseous product found at this 

temperature was water. It appears steam formed by the inner veneer layers was 

trapped at the inner bond-lines levels and had a more difficulty in escaping from the 

pressed material than from the outer layer, leading to a difference in the shape of the 

curves. 

The study of the heat transfer model revealed that temperature evolution within the 

laminate depends not only on the raw material characteristics and on the pressing 

parameters temperature, pressure and time (see Figure 1.2) but also on other 

parameters related to the pressing procedure such as the press-closing time, the 

speed of the press-closing and variations in the press-plate temperature during 

pressing. These parameters deserve attention in future studies. Choosing the actual 

press-plate temperature, and not the targeted temperature as in-data to the model 

was a good choice since, as demonstrated by the measurements, the temperature 

evolution of the entire laminate depends on this factor. Knowing at which point during 

pressing a certain temperature is reached in each bond-line is a useful outcome 

since at least one criterion obtaining a water-resistant self-bonding is to allow the 

inner veneer layers to be pressed at temperatures higher than 225C for an adequate 

period of time (depending on the thickness and density of the veneers). 

This model confirmed the importance of the press plate temperature in the hot-

pressing process but one should note that temperature alone cannot ensure a self-

bonding. Pressure has a decisive role, as discussed in section 2.1 and as 

demonstrated by the author’s experiments. The pressure should be high enough to 

allow sufficient contact for the physical and chemical bonding reactions to take place.  
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6 SELF-BONDING OF VENEERS IN PRACTICE 

This chapter discuss aspects of the manufacturing process and of the product 

interesting for the application of self-bonding. It refers to papers VI, VII and VIII and it 

also summarizes unpublished studies and observations made during the 

experimental work described in this thesis. The following subjects were considered 

important if the self-bonding of veneers is to be put into practical use: 1) producing 

water-resistant boards from other species than beech,  2) the influence of water-

extractives on the water-resistance of boards, 3) finding markers for the quality of 

self-bonding 4) determining the behaviour of the boards subjected to a humidification 

cycle, 5) determining the pH-level of boards, and 6) manufacturing boards from 

beech veneers of large size.  

6.1 PRODUCING WATER-RESISTANT BOARDS  

This thesis has showed that it is possible to obtain compact, laminated, self-bonded 

boards from beech by using the pressing parameters presented in Table 3.1/ Figure 

3.3. Cristescu (2008) presented some preliminary studies on other species than 

beech which showed some degree of success.  

However it was noticed in recent studies that boards pressed under the same 

pressing conditions as those presented in this thesis and using species such as 

aspen, birch, pine and spruce exhibit: 

1. a smaller mass loss during pressing than beech veneers, 

2. no darkening of the bond-line, and 

3. no water-resistance. 

It is clear that these species do not have the same ability to self-bond as beech. The 

reason may be, as shown in Chapter 2, that other species have a less reactive type 

of hemicellulose or that they do not have the necessary types of native extractives 

which are a possible catalyst of the self-bonding process (Alvarez et al. 2015) and 

which, as shown in Paper IV, may also participate in forming compounds which 

create a water-resistant bonding. The question is whether it is possible to improve the 

self-bonding ability by activating the veneer surfaces before pressing.  

 Using Fenton’s agent to improve the self-bonding capacity for other 

species than beech 

One possible way to improve the water-resistance of the bond-line while hot-pressing 

veneers of species other than beech is via an oxidative activation, e.g. by spraying 

small amounts of an aqueous solution of ferrous sulphate followed by hydrogen 

peroxide on the veneers before pressing, as shown in Paper VII. This method was 
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tested on Scots pine (Pinus sylvestris L.) and it may also give good results on other 

species. The results for the pre-treated veneers of Scots pine showed: 

1. a greater mass loss during pressing, 

2. an obvious dark bond-line in the boards, and 

3. a greater water-resistance. 

Future studies on the self-bonding of Scots pine or other species should seek to 

optimise the optimizing by varying the quantities of the agent used and by varying the 

pressing parameters. 

Using Fenton’s agent on beech veneers  

The effect of using Fenton agent was initially studied on beech because the 

behaviour of the untreated material during pressing is well documented, so that the 

untreated beech can be used as reference. The oxidative activation of beech veneers 

was also studied in order to  improve the bonding strength of boards subjected to 

wetting. The results presented in Paper VI show that the effect of the pre-treatment 

with Fenton´s agent and a ferrous catalyst depends to a great extent on the pressing 

temperature. The shear strength of boards obtained from oxidative pre-treated 

veneers at 230ºC was higher than that of boards obtained from untreated veneers, 

but this situation was reversed when the boards were pressed at 250ºC, Figure 6.1. 

The results for pre-treated and untreated veneers pressed at 240ºC were very 

similar. The results for the pre-treated group pressed at 250ºC are not shown 

because the boards had blowholes that impaired the shear testing. Preliminary tests 

demonstrated that a pre-treatment step yield water-resistant bonding also at lower 

pressing parameters than those used in Paper VI. 

 

Figure 6.1 Shear strength of boards pressed at 230, 240 and 250°C.  
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6.2 THE INFLUENCE OF WATER-EXTRACTIVES ON BONDING PROPERTIES 

The importance for self-bonding of the presence in the veneers of water-soluble 

extractives was studied because the results presented in Paper IV indicated that 

these extractives may contribute to the self-bonding mechanism. A comparison of 

two sets of samples, one in which water-extractives were retained and one from 

which water-extractives were removed, showed that they make a difference for self-

bonding (Cristescu 2015a).  

In the experiment, beech veneers with dimensions of 140 x 140 x 2 mm were divided 

into two groups, and one group was soaked in water at room temperature for 48 

hours. The soaked veneers were allowed to dry at room temperature and were then 

conditioned at 23ºC and 50% RH together with the group that has not been soaked. 

The veneers were then prepared as shown in figure 6.2 and pressed at 225ºC, 5 

MPa , 300 s and 250ºC, 5 MPa , 300 s. Three replicates were pressed at each of the 

pressing parameter combinations. The boards were conditioned at 23ºC and 50% RH 

after pressing and then samples were taken from the boards were placed in water for 

24 hours. 

 

 

 

 

Figure 6.2. Schematic view of the arrangement of veneers before hot-pressing. The 

batch to the left consisted of un-soaked veneers, and the batch to the right consisted 

of soaked veneers. 

After removing the boards from water and allowing them to dry, the delamination was 

visually evaluated, Figure 6.3. The boards made from soaked veneers showed a 

more pronounced delamination, i.e. a lower water-resistance than the boards made 

from unsoaked veneers. It is assumed this happened because the soaking for 48 

hours prior to pressing leached out water-soluble extractives from veneers. 

Press plates 
Veneers 



76 
 

 

Figure 6.3 Samples from dried boards after soaking them in water for 24 hours and 

allowing them to dry. Boards from a) unextracted veneers pressed at 225ºC, 5 MPa , 

300 s, and from b) water-extracted veneers, pressed at 225ºC, 5 MPa , 300 s, and 

boards from c) unextracted veneers pressed at 250ºC, 5 MPa , 300 s, d) water-

extracted veneers pressed at 250ºC, 5 MPa , 300 s. 

In the boards pressed at 250ºC, delamination took place between the innermost 

layers. The fact that the outermost layers were still bonded after soaking in water 

(Figure 6.3c), indicates that it may be possible to obtain water-resistant boards if the 

pressing conditions are more severe. One explanation for this result may be that the 

presence of water extractives lowers the thermodegradation temperature (Shebani et 

al. 2008), and thus helps the self-bonding process. 

6.3 MARKERS OF SELF-BONDING QUALITY 

In order to be utilized on a large scale, the self-bonding process needs to have 

markers that can show whether the product has the expected qualities, for example if 

it is water-resistant. Information about a newly pressed board can be quickly obtained 

from comparing its thickness and weight with those of the raw material before 

pressing. Another interesting aspect is to assess the level of moisture in boards 

under ambient conditions. Such an investigation can also contribute to understanding 

the bonding process. The characteristics that were investigated were: 

- thickness reduction 

- mass loss 

- equilibirum moisture content at 23ºC and 50% RH 

To study these features the raw material used was five layers of rotary-cut beech 

veneer with a thickness of 2 mm, a density of 540 kg/m3 and a surface area of 140 

x140 mm2. The veneers were conditioned at 23ºC and 50% RH to equlibrium MC of 

about 9%. Three replicates were pressed using parameters shown in Table 6.1. A 
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detailed description of the tests can be found in Cristescu (2015b). The results are 

reported in Table 6.1. 

Table 6.1 Pressing parameters and board properties. Standard deviations in 

brackets.  

Pressing parameters: 
Temperature, 
Pressure, Time 

Thickness 
reduction after 
pressing (%) 

     Mass loss 
(%) 

EMC at  
        50 %RH 

(%) 

Water-
resistance 

200ºC, 5 MPa , 300 s 22.4 (1.8) 0.42 (0.09) 7 (0.8) None 

225ºC, 5 MPa, 300 s 33.4 (1.1) 1.29 (0.07) 5.8 (0.4) Partial 

250ºC, 5 MPa, 300 s 50 (1.5) 4.06 (0.17) 3.6 (0.1) Total 

 

Thickness reduction 

Figure 6.2 presents a photograph of the raw material and self-bonded boards in 

which the difference in thickness can be observed. According to Cristescu (2015b) 

and other observations made during the work for this thesis, the thickness reduction 

can be considered to be a predictor of the strength of the board. In Table 6.1 it is 

evident that, after each pressing, the percentage thickness reduction is much greater 

than the percentage mass loss. Thus the density increases with increasing pressing 

temperature, as shown in section 4.1. It was noticed during unpublished studies that 

if the thickness reduction of a board exceeds 45%, the board can withstand five 

wetting-drying cycles without delaminating. The thickness reduction should take 

place in tandem with an optimal level of mass loss. 

 

 

 

 

 

Figure 6.4 Veneers and boards pressed at different pressing conditions: a) the 

veneers before pressing, and after pressing at b) 200ºC, 5 MPa , 300 s, c) 225ºC,  

5 MPa , 300 s, and d) 250ºC, 5 MPa, 300 s. 

a b c d 
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Mass loss 

The mass loss is considered to be a marker for the extent of modification in thermally 

modified wood (Viitaniemi et al. 1997, Burgois and Guyonnet 1998). The mass loss 

during the formation of the self-bonded boards of beech was calculated based on the 

dry weight of the veneers before pressing and of the boards after pressing. Table 6.1 

suggests that mass loss can also be considered to be a marker for self-bonding as. A 

mass loss greater than 1% (e.g. for boards pressed at 250ºC, 5 MPa , 300 s) can be 

related to a certain level of water-resistance. A mass loss as high as 4%, (e.g. for 

boards pressed at 250ºC, 5 MPa , 300 s) can be related to the formation of strong 

water-resistance bonds, due to a chain of reactions taking place from which a major 

one (related to thermal treatment) is the depolymerisation and later on condensation 

and repolymerisation of wood compounds (Stamm 2005). It can be concluded that 

the difference in weight of the veneers before and after pressing can also be used as 

a predictor of water-resistance. Finding the optimal pressing parameters for self-

bonding of beech veneers and from other species than beech can be equivalent to 

achieving the optimum mass loss and thickness reduction during pressing while 

using as low temperature, pressure and time as possible. A mass loss of 5 % or 

higher was related to blowholes in boards during pressing untreated beech veneers 

and also when pressing activated pre-treated beech veneers, as shown in Paper VI 

and this value may represent the upper limit for a compact, water-resistant self-

bonded board.  

Equilibrium moisture content (EMC) 

The EMC was determined after conditioning for two weeks at 23ºC and 50% RH. The 

EMC decreases with increasing severity of pressing conditions as shown in Figure 

6.5. This evolution can be seen in the context of the degradation of wood compounds 

due to heat, of the dehydration of carbohydrates that involves the reduction of the 

quantity of certain functional groups, such as hydroxyl groups, considered 

responsible for the hydrophilic character of wood. It is however interesting to notice 

that the EMC and the mass loss have a rather different evolution above 225ºC, 

Figure 6.5. The EMC decreases almost linearly with increasing pressing temperature 

whereas the mass loss is non-linear and increases strongly from 225 to 250ºC.  
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Figure 6.5 Mass loss and EMC of self-bonded boards. 

6.4 THE EFFECT OF CHANGES IN HUMIDITY ON DIMENSIONAL STABILITY 

Changes in humidity affect the dimensional stability of wooden materials and such 

changes are frequent in practice. Therefore a preliminary experiment was carried out 

(Cristescu 2015b) in which veneers were pressed using the pressing parameters 

presented in Table 6.1. One sample 50 x 50 x 2 mm in size was prepared from each 

board and from two veneer sheets also. All the samples were oven-dried and then 

placed in a chamber at 23ºC and 30% RH until they showed a constant weight. The 

moisture was increased up to 23ºC and 90% RH and samples were kept at this high 

humidity until they showed a change in weight dimensions lower than 0.5% between 

successive weightings. The humidity was then decreased to 30% RH and  the 

samples were again conditioned at 23ºC and 30% RH. 

Figure 6.6 shows examples of boards after the adsorption-desorption cycle. Only 

boards pressed at 200ºC were slightly delaminated. 
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Figure 6.6 Samples after an adsorption-desorption cycle from 30 to 90% RH. Boards 

pressed at a) 200ºC, 5 MPa, 300 s, b) 225ºC, 5 MPa, 300 s, and c)  250ºC, 5 MPa, 

300 s.  

It can be concluded that the effect of high humidity on the self-bonding is less drastic 

than the effect of liquid water since samples pressed at 225ºC delaminated when 

soaked in water (Paper II). 

As seen in Table 6.1, the MC decreases with increasing severity of pressing 

conditions. Furthermore, if a humidification cycle is applied by increasing the RH from 

30% to 90% (adsorption) and then back to 30% (desorption), there is a greater 

hysteresis effect with pressed boards than with veneers, see Figure 6.7. Hysteresis 

means in this context the difference between the MC value of boards acclimatized at 

23ºC and 30% RH during adsorption and desorption. 

 

                a             b     c 
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Figure 6.7 MC of veneers and boards pressed at 200, 225 and 250ºC during an 

adsorption-desorption cycle at 23ºC.  

The adsorption-desorption cycle lead to different responses with regard to swelling 

and shrinkage in the thickness and width direction of veneers and boards, Figure 6.8. 

The length changed insignificantly and is therefore not included in the figure. The 

thickness of the boards is the dimension that is most affected by moisture changes, 

whereas the veneer has the highest swelling in its tangential width direction. 

 
 

Figure 6.8 Swelling in thickness and width of veneers and boards pressed at 200, 

225 and 250ºC during an adsorption-desorption cycle at 23ºC. 

The differences in dimensions at the initial and final 30% RH level are greater for 

boards than for veneers, in accordance with the evolution of MC hysteresis, Figure 

6.7. In the case of thickness swelling, the explanation may be that the water vapour 

has a relaxation effect on the stresses introduced during hot-pressing. 
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6.5 pH LEVEL 

The pH values can indicate if a material is suitable for association with any metals or 

whether only stainless metals should be recommended. Figure 6.9 shows that the pH 

levels of veneer and boards pressed at different temperatures were very similar. The 

pH value of the veneers was lower than other values found in the literature for solid 

beech wood, such as 5.4 (Fengel and Wegener 1984) and above 5 (Windeisen et al. 

2007). This may be because the steam plasticization of the logs at 60 to 80˚C as well 

as the drying at temperatures from 140 to 170ºC has an impact on the chemical 

structure and possibly allows a small amount of acetic acid to be formed because of 

acetyl groups released during the degradation of hemicellulose. The method used to 

determine the pH may also affect the results.  

The pH values of the boards are significantly higher than the value found in literature 

on heat-treated birch with superheated and saturated steam (Torniainen et al. 2011) 

and than that reported on beech wood after two-step thermal modification (Tjeerdsma 

and Militz 2005) or beech wood heated for 4 hours at 220ºC (Windeisen et al. 2007). 

These differences may be due to the treatment time, only 5 minutes for hot-pressing 

compared to several hours during thermal treatment, the initial MC of the samples 

and also the different environment: i.e. heated plates in the case of self-bonded 

boards and steam in the case of heat treatment, and to the different type of heating: 

conduction in hot-pressing and convection in the case of thermal modification. 

Differences in the environment during thermal modification lead to different chemical 

reactions, as shown by Torniainen et al. (2011).  

 

 

Figure 6.9 The pH of aqueous leachates of veneers and boards pressed at 200, 225 

and 250ºC. 
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As soon as the acetyl groups, considered responsible for the acetic character of 

thermally treated wood, are cleaved of the hemicellulose chain, acetic acid is formed 

which can catalyse further degradation reactions, including reactions involved in the 

self-bonding mechanism. It is interesting to note that the pH of self-bonded boards 

shows a slight decrease with increasing pressing temperature, which can be 

interpreted as an indication that hemicellulose degradation is stronger under more 

severe pressing conditions, leading to a higher amount of degradation product being 

volatilised and explaining the greater mass loss of boards pressed at more severe 

conditions. 

6.6 FULL-SCALE TESTING 

The study presented in Paper VIII demonstrated that it is possible to self-bond 

veneers with a surface area of 1.2 x 1.2 m2. Veneers were pressed in an industrial 

press with heated plates. The full-scale boards showed properties similar to those of 

a board pressed in a laboratory press. A warping of the boards after pressing was 

noticed, possibly because the boards were allowed to cool in a vertical position. This 

problem might be avoided if the boards were allowed to cool in a horizontal position 

or even between platens. 

It was shown in chapter 4 and 5 that the load applied during the three-point bending 

test induced different types of failures. Due to the boards of a greater size obtained 

during the full-scale testing, it was possible to make another three-point bending test 

on samples with an adequate length, see Figure 6.10. The results of the test were 

similar to the ones presented in Paper II. Thus, samples pressed at milder pressing 

conditions showed failure due to horizontal shear while samples pressed at more 

severe pressing conditions showed failure because of tension in the lower layer. The 

results confirm that the reason of a different response to the bending stress from the 

two groups of samples is caused by  the differences in the ultrastructure of the 

boards and the chemistry of the bond-line.   

It can be concluded that in practice, boards of larger size pressed at 200ºC may 

delaminate when bending moments caused by concentrated loads are developed. 

According to Dinwoodie (2000) the four-point bending  provides a true modulus of 

bending devoid of shear between the two loading points. Therefore in order to 

determine the modulus of elasticity, samples from self-bonded boards should be 

tested in a four-point bending. 
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Figure 6.10 Samples after three-point bending test. Boards pressed at: a) 200ºC,  

4 MPa, 360 s and b) 225ºC, 6 MPa, 360 s. Dimensions of the samples: length 230 

mm, width 50 mm, and thickness 7.5 - 8.5 mm. 

6.7 FINAL REMARKS  

From the results of the studies presented in this chapter it can be concluded that the 

use of Fenton’s agent makes it possible to obtain water-resistant self-bonded boards 

from species other than beech. More research is needed on the effect of Fenton’s 

agent on beech veneers pressed under milder conditions, at a temperature such as 

200ºC or even lower. Measuring the thickness reduction and the mass loss during 

pressing is a quick and reliable method to predict the water-resistance of self-bonded 

beech boards. The moisture content of a pressed board is lower than that of the 

veneers. The thickness is the dimension most affected of the boards. The changes in 

dimensions due to changes in RH are lowest for boards pressed at 250ºC, 5 MPa, 

300 s. Such boards also show a high shear strength, high bending strength and high 

hardness (section 4.2). The pH of boards pressed at 250ºC is slightly lower than that 

of boards pressed at lower pressing temperatures. The results indicate that the self-

bonding process could be used in practice on a full-scale although there is still a 

need for further research. The results from this chapter together with the results 

presented in chapter four show that pressing boards at 250ºC is the most suitable 

alternative for self-bonding of beech veneers in practice. 

 

 

 

 

 

a 
 
 
 

b 
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7 CONCLUSIONS  

The results presented in this thesis substantially contribute to an understanding of 

the self-bonding of beech boards obtained by hot-pressing veneers without pre-

treatment or adhesives.  

It was found that the pressing conditions strongly affect the board properties. The 

entire area of possibilities was covered, it is now known which pressing parameter 

combination can lead to: 

 the low extreme, where veneers hardly bond during pressing,  

 the intermediate level, when boards do not delaminate in highly humid 

environments but partially delaminate when soaked in water, 

 the optimum level, which gives a board that shows the best bonding, highest 

density, lowest water swelling and lower water absorption, highest bending 

strength and hardness 

 the high extreme, when veneers explode because of too high pressure of the 

gases formed during pressing. 

The pressing parameters were chosen according to the characteristics of the raw 

material, so the results are valid when hot-pressing 5 layers of 2 mm and 2.2 mm 

beech with a dry-density between 540 and 580 kg/m3.  

The experimental design used in the studies presented in this thesis was an excellent 

tool that helped to understand the influence of process parameters and made it 

possible to optimize both the process and the product. 

The physical and mechanical properties of the board strongly depend on the pressing 

temperature and there is an interaction between all the three pressing parameters.  

The five-ply boards studied in this thesis can be divided into three categories with 

respect to board properties and water:  

1. Boards pressed under mild pressing conditions show a weak bonding strength 

and they delaminate when soaked in water.  

2. Boards pressed at medium pressing conditions have a mixed character, the 

outer bond-lines show a better bonding (sometimes even water-resistant) than 

the inner bond-lines. 

3. Boards pressed at 250°C are water-resistant, with a high shear strength and 

bending strength. They are also darker than boards pressed at lower 

temperature. 

The colour of the edges can be used as a strength predictor when comparing 

different pressing combinations applied on a veneer with similar characteristics. 



86 
 

The bonding mechanism clearly involves (among other native chemical products) the 

water-soluble fraction of extractives, specifically the monosacharides which have 

been shown to be accumulated on the surface of veneers. Presumably, the sugars 

migrated during drying of the veneer after the rotary-cutting of steamed/boiled logs. 

These monosacharides were not found in the aqueous leachates from the boards. 

Nevertheless, a high quantity of 5-(hydroxymethyl)furfural (HMF) was detected in 

boards and it is suggested that this was formed from the dehydration of the 

monosacharides, The decreasing level of HMF with increasing pressing temperature 

suggests that this compound could be further involved in the formation of browning 

polymers, with furfural as one possible degradation product of HMF. 

The migration of degraded lignin towards the bond-lines during pressing, where a 

condensation reaction might occur, was suggested by the larger amount of 

conjugated water-soluble phenols in boards pressed at 250°C than in boards pressed 

at 200 and 225°C. They were possibly formed via a homolytical cleavage of phenolic 

β-ether structures. This conclusion is supported by the CP/MAS 13C NMR study on 

solid material showing that the presence of β-ether structures and methoxyl groups 

was higher in the bond-line. The degraded lignin products are possibly involved in 

polycondensation reactions with other cell wall compounds resulting in further cross-

linking. 

For Scots pine, a pre-treatment with Fenton’s reagent (hydrogen peroxide and 

ferrous sulphate) was tested on veneer surface before pressing and the pre-

treatment resulted in a strong bond-line and also made the boards water resistant. 

Boards of pine pressed without pre-treatment delaminated in cold water.  

For beech veneers, the oxidative activation of veneers before pressing could be used 

to achieve water-resistant boards at lower pressing temperatures or shorter times 

than those needed to bond untreated veneers. 

The higher mass loss from boards pressed from pretreated veneers than from 

untreated boards shows that activation leads to a higher level of degradation of the 

wood material necessary for creating water-resistant covalent bonds. 

Full-scale products will have the same physical and mechanical properties as those  

reported along in thesis. Warping might be avoided by allowing the board to cool 

under pressure. 
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8 FUTURE WORK 

Studies of the raw material should include an investigation into the amount and type 

of native extractives and the extractives gained at the surface and in the bulk of the 

veneer.  

With regard to beech veneer as a raw material, an important research strategy could 

be to remove oleophilic extractives using different type of solvents before pressing, 

testing the bond-strength of boards and comparing the results with boards obtained 

from reference (untreated) veneers. 

Another research strategy could be adding beech hydrophilic extractives to veneers 

from other species than beech before pressing. 

When studying the self-bonding of beech but also of other species, the raw material 

could become the focus of the research. The provenience of the samples could be 

varied since it is known that the extractives content depends on the soil the tree grew 

on, the season when it was felled, the position of the sample in the trunk. 

The impact of veneer thickness, surface roughness and also of veneer moisture 

content deserves further research, as well as the importance of the porosity of the 

material in the self-bonding process. 

The different effect of steaming and boiling (coupled with the drying after peeling 

logs) on the transit of monosaccharides, phenols and minerals needs to be 

understood. 

Mass loss after pressing should always be measured, as it is a highly important 

characteristic. 

Chemical studies on boards pressed with other intermediate pressing parameter 

combinations (for example at temperatures such as 210 or 240°C) should complete 

the information given in this thesis.  

Studies of the degraded products, solids and volatiles, could help in detecting more 

compounds and reactions involved in the bonding mechanism.  

Colour studies should be performed using the raw material as reference, and the 

colour difference between the hot-pressed material and raw material could be used 

as a thermo-compression level mark. The results could be correlated with those from 

chemical analysis. 

High resolution densitometry should be performed on samples pressed at different 

parameters to understand the influence of temperature on the homogeneity of the 

boards. 
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Controlling the final thickness, the density, the colour of the boards might become an 

important subject that needs thorough research to be able to put the process into 

practice. 

Hopefully, future studies on veneer self-bonding will benefit from the experiments 

presented in this thesis. 
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SUMMARY 
 

A new engineered wood product was obtained by pressing several 

layers of veneers at high temperatures. Experiments with different 

pressing parameters were performed in a laboratory hot plate press 

on Fagus Sylvatica. Shear strengths test were run according to EN 

314-1 and EN 314-2 “Plywood – Bonding qualities”. Samples were 

analysed with a digital camera to observe the change in colour and 

with a X-ray microdensitometry scanner to determine the density 

variation and profiles. Scanning Electron Microscopy (SEM) was 

used to study the modification of wood cell structure close to and 

inside the bonding zones. The results showed that the bonding 

properties of the laminates are good,  better when veneers have the 

same grain direction. Beech veneer with red heartwood can improve 

its appearance if bonded with the technology presented.  
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INTRODUCTION 
 

Bonding veneers has always been done with the help of adhesives or surface treatments, 

resulting in products like plywood and LVL. No references were found about flat sheets of 

veneer being bonded as laminates with no activating substances, pre-treatment or 

adhesives. On the other hand, the technology of wood welding known from the work of 

Gfeller et al. 2002 and Stamm et al.2005) implies, by its definition, a friction phenomenon 

responsible for the success of this method. The question: “is friction compulsory or not 

when bonding solid wood with no adhesives” was consequently raised. In order to answer 

this question tests of pressing solid wood at high temperature have been carried out at 

Luleå University of Technology. The samples initially used were from 15 to 30 mm thick. 

The observations and the results led to the idea of decreasing the thickness of the 

samples to improve the bonding properties. Therefore veneer sheets were used at the 

same pressing parameters and two new wooden products were obtained: LVL and 

plywood containing no adhesives. This paper presents the bonding technology as well as 

images and properties of the products. 

 

 
 
 

MATERIALS AND METHODS 
 

Bonding of veneers 
 
Rotary-cut European beech (Fagus sylvatica L.) veneer showing moisture content of 9% 

and 2 mm thickness was sawn into of 135 mm x 135 mm sheets. A Fjellman laboratory 

hot plate press of small dimensions was used for pressing. The plates of the press 

(140mm x 140 mm) were heated up to the pressing temperature previously set. 5 layers 

of veneers were mounted on top of each other inside the press. The temperature and the 

pressure were maintained constant during the pressing. Several combinations of 
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parameters were used. The pressing parameters initially had a large variability. The 

condition of resistance to water immersion for 24 h (pre-treatment imposed by EN-314) 

excluded some of the parameter combinations.  

Finally the bonding parameters ranges were: 80°C - 300°C,  4 - 5.5 MPa,  80 – 450 s 

(see Table 1 below). After the pressing time finished the laminated products were 

removed from the press and in cooled at room temperature. In one series of experiments 

the veneers were all arranged in the same grain direction and a product similar to LVL 

was obtained. In the second series of experiments the direction of the grain is 

perpendicular as in plywood. Each set of samples presented in table 1 contained a 

number of 10 samples. Finally shear tests were performed according to (EN – 314 , 

1993) using a Hounsfield testing machine. 

 

 

 
Photography 
 
A Nikon coolpix S1 digital camera was used to observe the modification in colour before 

and after applying the bonding technology. The samples used in this test were different 

from the ones used for shear strength test. Here they were made from veneer of beech 

with red heartwood of only 1,5 mm thickness , pressed under heat in 5 layers, at 260°C 

and 5 Mpa for 180 s. 

 

 

X-ray microdensitometry 
 
The observations were run at Swedish Agricultural University of Science in Umeå. The 

equipment consisted of a scanner especially made for microdensitometry imaging by Cox 

Analytical Systems AB. A Cu X-ray tube was used. The distance from the tube to the 

sample was set to 25 mm. The exposure conditions were 35 kV, 55 mA and 35 ms. 
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 2 samples of 2 mm thickness (see figure 1 and 2) and 7 % moisture content were 

scanned. The calibration of the density was done with a cellulose acetate stick. 

 

 
Figure 1: Cross face of LVL-like sample used      

 

 
Figure 2: Cross face of plywood-like sample 

 
 
Scanning electron microscopy 
 
A JEOL 5200 SEM equipment was used. 2 samples were prepared for this test, one from 

a LVL-like product and one from a plywood-like product. For the parallel grain direction-

sample the bonding parameters were 250°C, 5 MPa and 180 s, while for the 

perpendicular grain direction the bonding parameters were  260°C,  5 MPa and 240 s. 

The preparation consisted in cutting small pieces with 2 mm thickness and using a 

microtome to get a smooth and clean observation surface. Then the samples were placed 

on small metal stubs, fixed with carbon paste and sputtered with gold in a Denton Desk II 

sputter unit. The images taken and presented in this paper had a magnification from 35 x 

to 200 x. 
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RESULTS AND DISCUSSION 
 

Bonding behaviour for beech laminated veneers - parallel grain 
direction 
 
The results of the shear strength tests are presented in table 1. 

 
Table 1: Pressing parameters and corresponding shear strengths values for laminated veneers with 

parallel grain direction under high heat and pressure 

 

Sample set nr 
Temperature 

(°C) 

Pressure 

(Mpa) 

Time 

(s) 

Shear strength 

(Mpa) 

1 250 5.5 180 4.89 

2 240 5 240 3.58 

3 300 5 80 2.01 

4 250 4.5 240 5.85 

5 265 4 150 2.57 

6 240 5 360 5.78 

 
One can notice the good bonding behaviour of this product, taking into account that the 

tests fulfilled the requirements of pre-treatment of samples for outdoor conditions, 

meaning that boiling of samples, drying and re-boiling was performed before applying the 

test shear forces. 

 

The interdependence between the 3 bonding parameters is obvious, but no clear linear 

relation was found between them. Still, when keeping a certain pressure value constant, 

e.g. 5 MPa, a product with similar bonding properties can be obtained using either a long 

pressing time at a lower temperature, or using a higher temperature in a short time.  
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It was important to find out that a press plate temperature of  300°C can be used for 

pressing, showing good bonding results.(see sample set 3 in Table 1). The laboratory 

press capacities did not allow the use of higher temperatures. It would have been 

interesting to see the behaviour of beech veneers at 420°C and above, Wood is believed 

to reach such a high value during circular wood welding (Stamm et al, 2005). But one 

must take into account the time necessary for wood to reach the temperature of the press 

plates during pressing 

  
 
 
Bonding behaviour for beech laminated veneers - cross grain 
direction 
 
The results of the bonding properties tests are presented in table 2 : 

 

Table 2: Pressing parameters and corresponding shear strengths values for laminated 

veneers with cross grain direction  

 

Sample set nr 
Temperature 

(°C) 

Pressure 

(Mpa) 

Time 

(s) 

Shear strength 

(Mpa) 

1 250 5 300 1.01 

2 260 5 240 1.23 

3 250 5,5 420 1.9 

4 240 5 480 1.56 

 

 

The shear strengths values show that the bonding properties of plywood-like product are 

lower than those of the LVL product. An explanation of this behaviour will be offered by 

SEM imaging (see figure 12). Although the value are in average around 3 times smaller 

than in same grain direction samples, the resistance to water immersion and boiling of 

these cross- layered samples is still good. Nevertheless the results in Table 2 showed 
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values comparable with shear strengths for plywood obtained with conventional bonding 

methods.  

It is important to notice that the time required for plywood-like products to bond is 

considerably higher. This means that if 2 samples – one in parallel the other in 

perpendicular grain direction - are pressed in the same conditions, it is possible to obtain 

a well bonded LVL product but not a bonded plywood.  

 

 

Colour change 
 
As a general characteristic, the laminated veneers suffer an important change in colour 

due to such a high temperature necessary for bonding. 

 

 
 

                  Fig. 3 Beech veneer with red heartwood before pressing  

 

 

 
 

                 Fig. 4 Beech veneer with red heartwood after pressing  

 
The pictures 3 and 4 show that pressing at high temperature a  beech veneer laminate 

with red heartwood affects the colouration in a positive way by diminishing considerably 

the contrast between the  normal colour and the red heartwood colour of the veneer 
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Density variation 
 
The images obtained with the Cox Analytical Systems AB woodscanner gave a good 

description of the density variation. One can notice that the densification is higher at the 

bonding lines. The rays (radial parenchyma cells) also achieve a high density level.  

 

 
 

     Figure 5: X-ray  Microdensitometry  images of laminated veneers; a – layers with 

parallel grain     direction ;   b-layers with perpendicular grain direction 

 

A more explicit view of the density variation is shown by the density profiles below. The 5 

laminates are clearly distinguished between the high density peaks of the bonding lines 

and the surfaces of the samples. (see  figure 6) 

 

          a b 
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            Figure 6  Density profiles  of laminated veneers ; a – layers with parallel grain 

direction 

            b-layers with perpendicular grain direction 

 

 

Information about minimum and maximum density values is also given. In this case the 

first sample has a maximum density value around 944 kg/m3 and the other one around 

1118 kg/m3. The 2 samples scanned had been produced with different parameters; the 

second one was pressed with 60 s and 10 °C larger time and temperature respectively. 

This could be the explanation for the difference in maximum density values.  

 

 

 

Scanning electron micrographs 
 
SEM proved to be an excellent tool to observe the four bonding layers, as well as the rest 

of the product. The cells are very compressed and the bonding areas can be observed 

clearly as thick light vertical lines. Perpendicular to the 4 bonding lines one can notice the 

rays on the beech veneer layers in figure 7. 

 

  
 

 

 

 

 

 

 

Figure 7: Laminated veneers bonded in parallel grain direction - scanning electron 

microscopy image of a cross section , 35 X magnification. Bonding zones are marked 

with arrows between straight lines. 
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A more detailed view is shown in figure 8 below. The rays of the 2 neighbouring layers 

meet at the bonding line. This SEM image presents an actual failure start (the right side) 

of the bonding area and it was especially chosen for observing the distinction between 

the layers. This bonding line is irregular and curved, showing that during compression, 

the cells at the surface of one of the veneer layers tried to find room to match into the 

other layer. 

 

Figure 8: Laminated veneers bonded in parallel grain direction – SEM image 

of a cross section, 200 X magnification. The bonding line is situated between 

the straight lines  
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A clear view of the bonding layer is presented in figure 9. The cells are so compressed 

that the lumina of some fibres has almost completely disappeared. It is remarkable that 

they had not crashed, but somehow they were flexible and capable of combining and 

joining. The high temperature and the pressure must have been the factors responsible to 

obtain such a capacity of moulding of the cell walls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9: Laminated veneers bonded in parallel grain direction - scanning electron microscopy 

image of a cross section , 75 X magnification. The bonding zone is marked with arrows between 

straight lines. 

 

The thickness of the bonding line has an average of 400 m and can achieve even 600 

m in some areas. It means that the veneer layers must provide a big number of cell 

layers, enough material to be heated, plasticized, melted and cooled, capable of forming 

a strong bonding. This need of a big number of wood cells for the bonding layer can also 

be the explanations for not being able to bond veneers thinner than 1 mm. For example 

the attempt of bonding 0.65 mm thick beech veneer with different pressing parameter 

failed. 
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In a view of a longitudinal section it’s difficult to distinguish the 5 layers, it looks like a 

compact material (see figure 10). 

 
Figure 10: Laminated veneers bonded with parallel grain direction - scanning electron microscopy 

image of a longitudinal section, 35 x magnification 

 

 

In the case of cross-positioned veneers one can notice an interesting phenomenon: thin 

fracture inside the inner layer (cross-section in figure 11). These fractures provoked by 

the compression forces during pressing could be an explanation for a weaker shear 

strength resistance. As mentioned, the average shear strengths resistance of cross grain 

laminates is 3 times weaker than parallel grain laminates. 

 
Figure 11: Laminated veneers bonded with perpendicular grain direction - scanning electron 

microscopy image of  a cross section , 35 x magnification 
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In picture 12 the incapacity of the cells to entangle is even more obvious. Since the 

structure of wood is so orthotropic and the differences of the physical and mechanical cell 

properties are so high on the 3 wood directions, it is understandable why a parallel grain 

direction in a wooden laminate offers better bonding properties. Therefore a different 

orientation of the grain seems to be, in this case, a disadvantage. 

 

 
 Figure 12: Laminated veneers bonded with perpendicular grain direction - scanning 

electron microscopy    image of  a cross section, 200 x magnification 

 
 
 

 
CONCLUSIONS 

 
The tests and observations showed that is possible to obtain laminated products with no 

other extra-material or substance present. No adhesives and no chemical pre-treatment 

for surface activation are required. Furthermore, no mechanical vibration is induced in 
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order to produce friction between contact surfaces, as in wood welding. This adhesion 

phenomenon is strictly due to high temperature and high pressure. 

The bonding properties tests revealed that parallel grain layered products have a better 

performance than cross grain layered composites. The X-ray densitometry images 

showed that the bonding zones proved to be denser than the rest of the laminate. This 

result was confirmed by the observations taken with a SEM. These images also 

explained why there has to be a veneer thickness bigger than 1 mm in order to achieve a 

strong adhesion: there is a need of sufficient number of wood cell layers capable of 

transforming themselves into gluing material.  

Other wood species have also been tested (oak and pine), but beech showed better 

bonding properties and therefore it was the chosen in this investigation. 

The following factors influence the bonding process: the thickness of the veneer layer, the 

temperature during pressing, the pressure, the pressing time, the number of layers and 

the species involved. These variables are all correlated to each other and an optimal 

combination of the process parameters is being studied. Physical and other mechanical 

properties of the laminate as well as the chemical reactions responsible for the bonding 

phenomenon are subject to further research. 
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ORIGINAL ARTICLE

Influence of pressing parameters on mechanical and physical properties
of self-bonded laminated beech boards

CARMEN CRISTESCU, DICK SANDBERG, MATS EKEVAD, & OLOV KARLSSON

Department of Wood Science and Engineering, Luleå University of Technology, Skellefteå, Sweden

Abstract
Five-ply self-bonded boards were obtained by pressing beech veneers parallel to the grain without additional adhesives,
steam or pre-treatment. Fifteen different combinations of pressing parameters were tested, including temperature (200°C,
225°C and 250°C), pressure (4, 5 and 6 MPa) and pressing time (240, 300 and 360 seconds). Due to severe pressing
conditions, the new product showed a higher density and different properties compared to a conventionally glued laminated
wooden board. The self-bonding quality was assessed through dry shear strength tests, through a three-point bending test
and a water-soaking test at 20°C. The dimensions in the cross section of the boards were measured after soaking in water.
Results show that the choice of pressing parameters affects all the mechanical and physical properties tested. A statistical
analysis revealed that the pressing temperature is the most influential parameter. Boards pressed at 200°C delaminated
rapidly in water, whereas boards pressed at 225°C delaminated only at core-positioned layers after 48 hours and boards
pressed at 250°C did not delaminate at all in water. Compared to panels pressed at lower temperatures, boards pressed at
250°C had the highest density, a higher shear and bending strength and a lower water absorption.

Keywords: Pressing, veneer, absorption, bending, tensile, shear, strength, Fagus sylvatica, self-bonding, swelling

Introduction

Environmental concerns as well as the rising cost of
adhesives based on fossil-oil derivatives have led to
an interest in environment-friendly methods for
bonding wood. Decreasing and even avoiding form-
aldehyde emissions from adhesives have become a
target for wooden product manufacturers world-
wide. One way to produce laminated wooden boards
without adhesives is simply to press the veneers
together under high heat and pressure. The process
uses only heat and mechanical compression in an
open system, and no other treatment of the veneer is
necessary (Cristescu 2006, 2008).

Technologies for self-bonding veneers without any
type of binder or chemical activation prior to
pressing were introduced in Germany in the 1940s
by Runkel and Jost (1948) and in the USA by
Boehm (1951). These processes were developed as
extensions of the fibreboard and chipboard pro-
cesses. The Runkel and Jost’s technology is called

the Thermodyn process. Nine veneers at a moisture
content (MC) of 10–17% were subjected to 15 MPa
pressure at a temperature of 170°C in a gas-tight
pressure mould and compressed to a laminate with a
density of 1300–1400 kg/m3. After hot-pressing, a
re-cooling phase to a temperature below 100°C was
necessary to obtain a shape-stable product.

The Masonite plywood production process
described in a patent by Boehm (1951) does not
require a closed pressing system, but the veneers
must undergo a steaming (hydrolysis treatment)
process in an autoclave prior to pressing. Boehm
emphasises the strong inter-dependence of the steam-
ing and pressing parameters e.g. if the veneers are
hydrolysed in the autoclave at a high temperature and
pressure, as for example steam at a temperature of
285°C and a pressure of 7 MPa for 30 seconds, then
the lignin will be activated to a relatively high degree,
and under such conditions, the pressing temperat-
ure and pressure should not exceed 220°C and
5 MPa, in order to avoid excessive flow of the wood
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material. However, if the veneers are hydrolysed at a
relatively low steam temperature and pressure, the
press temperature and pressure need to be higher.

During the 1970s, progress was made in non-
conventional bonding technologies for small-size
and waste wood (Stofko 1974), but there was little
interest in the auto-adhesion for joining veneer or
solid wood. One reason for this low interest was the
new, (at that time), synthetic resins that started to be
dominant on the market after the 1940s because of
their ease of handling, adjustable viscosities, good
moisture durability and low price (Müller et al.
2007). The new non-conventional bonding techno-
logies included various methods of bonding through
surface activation, radically different from the con-
ventional phenol-formaldehyde and urea-formalde-
hyde adhesive systems. According to Zavarin (1984),
the progress of these methods was limited by
insufficient knowledge of the chemical composition
of wood and fibre surfaces as well as of processes
involved in bonding. The more recent technique for
welding solid wood is a self-bonding process where
the friction between the wood surfaces to be joined
plays a decisive role (Suthoff et al. 1996, Sandberg
et al. 2013).

One important issue when joining wood surfaces
without adhesive is their poor resistance to water. In
wood welding, water resistance was achieved by
using species with a high resin content, such as
pine, in which rosin melts and surrounds the weld
line (Vaziri 2011), or Paduk wood (Ganier et al.
2013), where the extractives have a protecting
influence on the welded interphase, due to their
inherent water repellence. Applying a mixture of
rosin in ethanol on beech wood surfaces and letting
it dry for two days prior to welding is another way of
obtaining water-resistant bonds (Pizzi et al. 2011).

Wood powder placed as a binder between veneers
prior to hot-pressing leads to a water-resistant bond,
as shown by Ando and Sato (2010), who pressed
cross-laminated sugi (Cryptomeria japonica D. Don)
veneers at 200°C for 20–30 minutes or 220°C for 10
minutes. This process gave a board that met the
second grade of JAS (Japanese Agricultural Stand-
ard) for plywood, i.e. for use in applications where it
is occasionally exposed to wet conditions. Ando and
Sato (2010) determined the tensile shear strength of
the bond-line under dry conditions and in wet
conditions after soaking in 60°C water for 3 hours.
They considered that the pressing temperature and
time were important factors in the manufacture of
sugi plywood bonded with sugi powder, and these
parameters contribute not only to compacting the
powder but also to reducing the thickness recovery
and water absorption of the veneers.

Ruponen et al. (2014) obtained water-resistant
boards from parallel-laminated 1.5 mm thick birch
(Betula pendula L.) veneer. Their technique involved
three steps: soaking the veneers in water at 20°C for
24 hours, pressing for 4 hours at 160°C and 6 MPa,
and treating for a further 4 hours in superheated
steam at a temperature of 200°C.

Cristescu and Karlsson (2013) analysed the differ-
ences in the chemical composition of boards pressed
at 200°C, 225°C and 250°C aiming an explanation
for their different behaviour in water. It was shown
that the monosugars accumulated at the surface of
the veneer were transformed during hot-pressing
into hydroxymethyl-furfural which, at temperatures
higher than 225°C, was transformed further into
other products, including furfural. It was also
suggested that degraded lignin migrated towards
the bond-line where a condensation reaction might
occur, especially at 250°C.

The purpose of the present study was to investigate
the impact of the pressing parameters (temperature,
pressure and time) on the quality of beech laminated
boards pressed using the technique shown in Cris-
tescu (2006). One important aim was to screen and
determine the temperature-pressure-time combina-
tion necessary to achieve a water-resistant board and
to analyse the type of relation between water-related
properties and strength.

Material and method

Experimental design

In this study, three variables were considered: the
temperature of the press plates, the pressure and the
pressing time. Previous results presented by Cris-
tescu (2006, 2008) showed that the parameter region
of interest is cuboidal and this guided the selection
of parameter values for this study. The temperature
selected were 200°C, 225°C and 250°C; the pres-
sures were 4, 5 and 6 MPa; and the pressing times
were 240, 300 and 360 seconds.

Twelve replicates were pressed at the centre
point of the parameter region (225°C, 5 MPa, 300
seconds) while two replicates were pressed at the
other points (Figure 1), assuming that the informa-
tion concerning the error estimate obtained from the
centre point can be extended to the other points
(Montgomery 2005).

The order in which the pressings were performed
was generated randomly, established by a response
surface design matrix from Minitab 17 statistical
software (Minitab Inc. 2014), and this was followed
not only when pressing the veneers but also when
performing the shear and bending tests.

2 C. Cristescu et al.
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The SIMCA (Umetrics, 2014) software was used
to analyse the entire set of data and parameter
responses, and the MODDE software (Umetrics,
2014) was used to study whether there was a strong
correlation between the responses.

Boards manufacturing

Defect-free rotary-cut 2.2 mm thick veneers of beech
(Fagus sylvatica L.) from Romania were used for this
study. Prior to cutting, the logs were plasticised by
steaming them at 80°C, and they were then rotary-
cut at 40–50°C, followed by drying at 140–170°C to
reach a MC of 7–10%. The veneers were condi-
tioned to an equilibrium MC (EMC) of 9% before
sample preparation. The oven-dry density (EN-323,
1993) of the veneers ranged from 580 to 605 kg/m3.

Veneers with dimensions of 2.2 × 140 × 140 mm
(thickness × width × length) were prepared. The
fibre orientation was controlled in the plane of the
veneers (LT-section) but not in the other directions
and only straight-grained veneers were used. Five-
ply boards with parallel-orientated veneers were
pressed in a laboratory press (Fjellman®, No.
2032, Mariestad, Sweden) at different temperatures,
pressures and times according to the parameter
combinations presented in Figure 1 and Table I.

Thermocouples were placed between the veneers
to measure the temperature in the bond-lines during
pressing. The plates’ temperature and pressure
levels were continuously displayed on the press
display. When the set time was reached, the pres-
sure was released. The boards were then taken out
of the press and allowed to cool freely at room
temperature.

Sample preparation

Figure 2 shows how the samples were prepared from
each board. Samples for density measurement (EN-
323), shear, bending and water-resistance testing
(absorption and swelling according to EN-317) were
prepared from all replicates. From each laminate, a
sample was cut and then conditioned.

The MC of the samples before soaking was the
EMC at a temperature of 20°C and 60% relative
humidity. The EMC was between 2% and 4%,
depending on the pressing conditions. The variation
in EMC is due to the well-known fact that thermal
treatment of wood affects the sorption–desorption
isotherms of the material; see e.g. Hill (2006).

Water absorption and swelling

Samples with dimensions of 50 × 50 mm were used
for a water absorption and swelling test, according to
EN-317 (1993).

The water absorption value is the amount of water
taken up by the samples after they had been soaked
in water at a temperature of 20°C for 48 hours, and
is expressed in relation to the initial mass at EMC,
calculated as:

wa ¼ mf � mi

mi
ð1Þ

where wa is the water absorption, mf is the final mass
and mi is the initial mass.

The dimensional changes in length (L), width (W)
and thickness (T) directions of each sample were
determined, and the swelling coefficients were cal-
culated according to:

SL;W ;T ¼ tf � ti
ti

ð2Þ

where SL,W,T is the swelling coefficient in the
different directions of the sample, tf is the final
dimension and ti is the initial dimension in each
direction.

Longitudinal tensile shear testing

Samples with dimensions of 130 × 25 mm were
subjected to the shear strength test. The length
direction of the sample was aligned in the longitudinal
direction of the veneer. Notches were cut according
to the instructions in EN-314 (2004). The samples
were not soaked in water prior to the shear strength
test as prescribed in the standard, since it was seen in
previous studies (Cristescu 2008) that boards pressed
at 200°C would delaminate and it would thus be
impossible to compare these samples with samples
pressed at higher temperatures.

Figure 1. Parameter region and selected parameter combinations
used when pressing the boards. Each dot in the figure represents
one test group in Table I.
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Bending test

The length direction of the bending test specimens
was parallel to the fibre direction in all the tests.
The board thickness differed from 8.3 mm for a
board pressed at 240°C, 4 MPa, 240 seconds to 5.8
mm for a board pressed at 250°C, 6 MPa, 240
seconds.

A three-point static bending test was performed.
The length of all samples was 130 mm, and the span
was between 80 and 100 mm, depending on the
thickness (the span-thickness ratio ranged from 12 to
18). In an attempt to have a fair response from all
samples and taking into account their moment of
inertia as well as the dimensions indicted in EN-310
(1993), the width varied according to sample thick-
ness following Euler–Bernoulli equation. It was
desirable for the load to act in the same manner on
all the samples, so the loading rate was decided after
testing with different speeds on similar samples; in
order to reach failure within 30–90 seconds, the
loading rate should, according to EN-310 (1993), be
up to 1 mm/s for the samples pressed at 200°C and
up to 3 mm/s for samples pressed at 250°C.

The test measured the maximum load that the
samples could support in a three-point bending.
Some of the samples broke because of inter-laminar
shear, and in this case, the formula used to calculate
the rupture strength was:

s ¼ l
F

A
¼ 1:5

F

2bt
¼ 3F

4bt
ð3Þ

where:

τ = interlaminar shear strength
μ = coefficient that takes into account the shape of
the sample
F = maximum load
A = area subjected to shear stresses
b = sample width
t = sample thickness,

while other samples broke due to tension in the
lower layer, and in their case, the formula used to
calculate the modulus of rupture (MOR) was:

r ¼ Fl6

4bt2
ð4Þ

where:

σ = tension strength
F,b,t = as in Equation (4)
l = span.

Results and discussion

A summary of all the test results is presented in
Table I. An important observation is that pressing at
the maximum levels for all the parameters (250°C,
6 MPa, 360 seconds) led to a failed board, i.e. these
samples suffered damage by a light inner explosion
when the press was opened. The reason of the
explosion was the excessive internal pressure pro-
duced by the increasing amount of gaseous degrada-
tion products. The colour of the laminate in this case
was extremely dark, indicating a severe degradation
of the wood material. All responses for this sample
were excluded from the analysis since the structure
had deteriorated in an uncontrolled way and the
thickness within a single board varied.

Density

Table I shows that a thermo-densification process
took place during the hot-pressing. The density
increases by 7% for Group No. 1 and by 67% for
Group No.14 (the degree of thermo-densification is
defined here as the difference between the board
density and density of veneers before pressing).

Water absorption

Soaking in water for 48 hours was sufficient for all
samples to achieve a constant mass.

The results in Table I show that the samples
pressed at 200°C absorbed the largest amount of

Figure 2. A schematic view of a hot-pressed board showing how
samples were taken for density measurement, shearing, bending
and water-resistance testing (absorption and swelling).
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water and that the absorption decreased with an
increase in all the pressing parameters.

The liquid absorption capacity of a material can be
divided into at least two components, one of which is
capillary absorption. Some species (especially hard-
woods) that undergo thermal treatment above 200°C
show a reduced capillary absorption (Johansson et al.
2006), but Scots pine shows a different trend when
immersed in water (Metsä-Kortelainen et al. 2006).
Another factor affecting the absorption is wettability,
which decreases for thermal-treated beech at 240°C,
as shown by Hakkou et al. (2005). One explanation
of this tendency is that, during thermal treatment,
the degradation of hemicelluloses significantly
reduces the amount of free reactive hydroxyl groups,
and thus decreases the ability to bind water (Inari
et al. 2007). Another explanation is that there is a
decrease in sugars concomitant with the increase in
furfurals at the surface of pressed thermal-treated
spruce boards, as reported by Karlsson et al. (2012).
A similar behaviour was shown to take place in the
hot-pressing of beech wood (Cristescu and Karlsson
2013). Monosaccharides in the untreated veneer,
especially large quantities located at the surfaces, are
transformed into dehydration products such as
furfurals when heated, possibly due to caramelisa-
tion. On the other hand, Hill (2006) notes that
during severe thermal treatment the possibility of
cross-link formation in the lignin increases, and this

can also be a factor contributing to water repellence.
For example, when beech, aspen and Douglas fir
were thermally treated by mild pyrolysis at tempera-
tures between 220°C and 260°C, the most hydro-
philic species became the most hydrophobic, and the
decrease in hydrophilic character increased with
increasing temperature and increasing duration of
the treatment (Böhnke 1993).

Swelling in water

Figure 3 shows the swelling of the samples in water
in the thickness, width and length directions. The
swelling was lowest in the direction with no densi-
fication of the veneers during pressing. As expected,
swelling in the thickness direction was especially
high because of the compression of the cells, as
described by Navi and Sandberg (2012).

The thickness swelling of samples pressed at
200°C is not shown in Figure 3, as these samples
delaminated in less than 12 hours on immersion in
water.

Ordinary untreated compressed wood is subject to
a large amount of spring-back when used under
moist conditions, but pressing at high temperatures
appreciably reduces the swelling (Stamm 1964). In
Figure 3, it can be seen that increased temperature,
pressure and time led to a decrease in the swelling,
in accordance with the decreasing absorption. The
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increased dimensional stability at higher tempera-
tures can be considered the result of a decomposi-
tion of hemicelluloses into different types of sugars
that further react between themselves, forming a
water-insoluble polymer (Navi and Heger 2005).

Repellin and Guyonnet (2005) also reported a
gradual reduction in the volumetric swelling in
beech when solid wood boards were heated at
200°C, 220°C, 240°C and 260°C for 5 minutes. The
species, temperature and duration of treatment are
similar to the parameters in our experiment. Their
conclusion was that heat does affect the chemical
structure to the extent of reducing the sites that can
react with water in untreated wood. Repellin and
Guyonnet (2005) suggested that the reduction in the
swelling in beech wood cannot be explained only in
terms of the disappearance of hemicellulose adsorp-
tion sites but that other phenomena such as structural
modifications and chemical changes in ligninmay also
play an important role.

Bond-line temperature and bonding quality

Figure 4 shows a cross section of a specimen pressed
at 225°C, 5 MPa and 300 seconds. The four bond-
lines can be divided in two groups, outer and inner
bond-lines according to their position within the
board. The temperature in the bond-lines during
hot-pressing was measured with thermocouples,
and it was found that the inner bond-lines needed
a longer time to achieve the same temperature as the
outer bond-lines.

Monitoring this interlaminar temperature with
thermocouples in the bond-lines should be intro-
duced as a standard procedure whenever self-bond-
ing behaviour of laminated boards is studied. It
could be considered as an input variable and, as
demonstrated in this study, it might determine the
water resistance of a self-bonded laminated board.

The water-swelling test provided information con-
cerning board bonding quality. Figure 5 shows a
selection of six samples belonging to different test
groups after the water-resistance test. The samples
are representative of their respective temperature

levels. All the samples pressed at 200°C delaminated
because the temperature within the bond-line was
not sufficiently high to ensure a strong bond. The
samples pressed at 225°C, 5 MPa and 300 seconds
delaminated in one or both of the inner bond-lines,
but the outer bond-lines were water resistant. The
samples pressed at 225°C, 6 MPa and 300 seconds
did not delaminate at all, and this shows the
important role of pressure for the heating of the
bond-line: a high pressure ensures that the targeted
temperature can be quickly reached, and this allows
the internal bond-lines to be pressed and simulta-
neously heated enough to create water-resistant
bonds. None of the samples pressed at 250°C
delaminated.

Shear strength

The inner bond-lines are the weakest bond-lines, and
all shear strength tests were therefore performed on
samples with notches cut up to the inner bond-lines.

The highest shear strength was obtained when
the samples were pressed at 250°C, 4 MPa and
360 seconds, which suggests that a longer pressing
time and a lower pressure provide a better bonding.
The temperature reached in the bond-line during
pressing may however be the decisive factor, as shown
in Cristescu and Karlsson (2013). It is obvious that the
higher the plate temperature, the shorter is the time to
heat up the inner bond-line. It has previously been
shown that pressing for as short time as 80 seconds is
sufficient to achieve a good adhesion if the plate
temperature is 300°C (Cristescu 2006). Although
this study showed that pressing at 250°C, 4 MPa and
240 seconds or 360 seconds resulted in boards with a
dry shear strength of 4. 1 or 5 MPa respectively, a
different result than that obtained by Mansouri et al.
(2010) under similar pressing conditions.

Two models were used considering pressing para-
meters as input variables and shear strengths as
responses, one using Minitab and one model using
SIMCA software. Both models showed that,
although the shear strength is related to all three

Inner bond-lines Outer bond-
lines

Figure 4. Image of a board pressed at 225°C, 5 MPa and 300
seconds. The thickness after pressing was 6.5 mm.

Figure 5. Samples after 48 hours immersion in water at 20°C and
subsequent drying. The samples (left to right in picture) are from
Groups No. 2, 5, 8, 10, 11 and 12 (Table I).
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parameters (temperature, pressure and pressing
time), it is the temperature that is, by far, the most
influential factor. The boards tend to increase in
shear strength with increasing pressing conditions
until the samples crack at 250°C, 6 MPa and 360
seconds.

Bending strength

Bending test is complex because it actually involves a
combinations of tensile, compressive and shear
stresses, causing rotational distortion or flexure
(Winandy and Rowell 2012). Failure is the results
of the lowest strength being exceeded when con-
sidering all the three stresses. Although MOR refers
to the tensile stresses of the specimen, in laminated
composites, it is often the weak interlaminar shear
stress that causes the samples to fail when subjected
to a bending test (Reeder and Rews 1990, Lopes
et al. 2008).

In this study, the samples broke according to
two alternative patterns, as seen in Figure 6 and in
Table I, due to interlaminar shear in the horizontal
plane (Figure 6, top) or to longitudinal tensile-based
fracture in the lower layer (Figure 6, bottom).

Testing samples pressed at 200°C and 225°C
resulted in a lower maximum load than samples
pressed at 250°C. The lower density of samples
pressed at 200°C and 225°C than at 250°C may
explain this behaviour and the codependency of
density and bending strength often mentioned in
the literature (Stamm 1964, Hoffmeyer and Peder-
sen 1995, Tabarsa and Chui 1997, Blomberg et al.
2005). Nevertheless, density is not the only factor in
the case of self-laminated boards, since the failure in
the three-point bending test in this study was of two
main types. In the samples pressed at 200°C and
225°C, rupture occurred because of the weak bond-
ing between the adjacent layers, where the combina-
tion of temperature, pressure and time of Group No.
1–10 was not sufficient to achieve chemical changes
necessary to create a compact self-bonded board.

All the samples pressed at 250°C, on the other
hand, showed failure caused by longitudinal tension
combined with cross-grain tension. The samples
pressed at 250°C were those that resisted soaking
in water. The explanation of why samples break
differently may be found at the microscopic level as
well as the chemical level. Samples pressed at 250°C
have a more homogeneous structure in a cross-
plane, and they have smaller pores and thicker
bond-lines (Cristescu 2008). Samples pressed at
250°C contain more furfural and lignin-like con-
densation products in the bond-line (Cristescu and
Karlsson 2013).

According to the data in Table I, the boards that
failed in tension (with no interlaminar shear at the
moment of fracture) were also the boards that resist
water-soaking. It can be concluded in the case of
self-laminated boards that the overall strength is
related to the type of chemical bonds formed within
the bond-line.

Statistical analysis

The PLS model described 88.2% (R2) of the
variation and the predictive ability was 77.7% (Q2).
The results of the PLS analysis showed that temper-
ature has, by far, the strongest impact. The PCA
(Principal Component Analysis) showed that all
responses are interrelated according to a simple
model, positively influenced by density.

The data show that interactions have a great
influence since similar responses are obtained with
different combinations of two of the parameters
when the third is kept constant. For example, a
change in pressing time from the lowest to the
highest level significantly improves the bonding
strength. The interaction might be expressed
through an additional predicting parameter: the
inner temperature in the bond-line.

Although the anatomical and chemical structures
of wood are complicated and uneven, it might be
interesting to compare the self-bonding of wooden
veneers to laminated products of other materials. In
such a case, other dependent factors such as
porosity could be studied as this is generally known
to highly affect the interlaminar shear strength of a
composite (Lopes et al. 2008). The porosity of the
material might be influenced by the pressure and
the temperature used during the pressing process
and should receive attention in future studies.

Conclusions

1. The physical and mechanical properties of the
type of board produced in this study depend on all

Figure 6. Side view after bending test of samples pressed at
200°C, 4 MPa and 240 seconds (top) and at 250°C, 6 MPa and
240 seconds (bottom).

8 C. Cristescu et al.
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three pressing parameters (temperature, pressure
and pressing time), but temperature is by far the
most influential factor.
2. This study marked the lower and upper limits of
the pressing parameter combination: a beech
board with good mechanical and esthetic proper-
ties can be obtained at pressures of 4–6 MPa, for
temperature 200–250ºC and at a pressing time of
4–6 minutes.
3. It is possible to create water-resistant bonds
between five rotary-cut 2.2 mm thick beech
veneers by pressing them in a simple hot press
using a pressing temperature of at least 250°C
combined with a pressure of 4 MPa up to 6 MPa
to a pressing time of 240–360 seconds.
4. The resistance to water absorption and swelling
is enhanced by more severe pressing conditions.
5. A higher overall quality of the product was
obtained with increasing density. The boards with
the highest density (above 800 kg/m3) had the
lowest water absorption (below 40%), the lowest
thickness swelling (16%), the highest dry shear
strength (around 5 MPa) and the highest bending
strength (above 200 MPa). In this study, such
boards were obtained only when pressing at
250°C.
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Abstract 

Laminated self-bonded densified boards were obtained by pressing five 
veneers of beech (Fagus sylvatica L.) parallel-grain-oriented, without adhesive and 
without surface activation. The boards were pressed according to an experimental 
design based on fifteen different combinations of pressing parameters: temperature 
(200, 225, and 250°C), pressure (4, 5, and 6MPa), and time (240, 300, and 360s). 
The image of the 40 board edges (radial sections) was analysed with ImageJ 
software in the red-green-blue (RGB) colour space. Brinell hardness tests were 
also performed. The results show an almost linear relation between the brightness 
values (defined as the arithmetic mean of the RGB channels) and the Brinell 
hardness. It is suggested that brightness is a predictor of strength for self-bonded 
laminated boards. 

 
Key words: digital image processing; densification; RGB system; self-

bonding; veneer. 
 

INTRODUCTION 
A new bonding technique to obtain laminated boards from veneers without 

the use of adhesives or activation techniques has been studied by us in recent 
years (Cristescu 2006, 2008). Self-bonding is achieved solely through the effect of 
heat and pressure. A previous study by Cristescu et al. (2015) showed that all 
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physical and mechanical properties increase with increasing pressing parameter 
levels. The pressing parameter range was 200-250°C for temperature, 4-6MPa for 
pressure and 240-360s for time. The area of the boards was 135x135mm

2
, and the 

thickness varied between 5 and 8.5mm. The importance of the inter-laminar 
bonding quality for the overall strength was shown to be very high (Cristescu et al. 
2015). It was found that if the bonding was non-resistant or resistant to soaking for 
48h in water, the rupture in the three-point bending was caused respectively by 
tension in the bottom layer or by shear forces. 

It was also noticed that the colour of the board surface depends on the 
pressing parameter levels. Using the same pressing technique and laboratory 
equipment as Cristescu (2008), Jiang (2012) searched for a correlation between 
the surface darkening, the shear strength and the hardness of boards. The study 
was based on veneers of beech (Fagus sylvatica L.) from different sources, with 
different thicknesses (2.0-2.7mm) and different densities (550-680kg/m

3
). Jiang 

used a colorimeter to obtain lightness, chroma and hue values for boards of 
different colour. Four regions were measured on each side of the samples to 
investigate whether the colour is evenly distributed on the surface. Jiang´s 
conclusions were that the surface colour was evenly distributed for most samples 
and that it was mainly affected by the temperature, and that the time and pressure 
had a much less significant effect. Jiang found no correlation between surface 
colour and strength. Bekhta et al. (2014) studied thermo-mechanical densification 
of veneers, and concluded that both temperature and pressure of densification 
affected to a great extent the colour of the veneers, but the effect of temperature 
was more evident than that of pressure. Based on preliminary observations by 
Cristescu (2008) it was decided to measure the darkening of the sample edges, 
and investigate the correlation to mechanical properties of the boards. The 
pressure and pressing time have a significant effect on the degree of compression 
(Cristescu et al. 2015) so it was expected to find this effect in the edge colour as 
well. 

The literature shows controversial opinions with regard to colour as a 
strength predictor for thermal-treated wood. The results depend on the size of the 
samples, their surface roughness (planed or not), the initial moisture content, and 
the duration and the temperature of the thermal treatment. Studies on wood colour 
were in general carried out using spectrophotometry in CIELab colour system 
(Esteves and Pereira 2008). Bekhta and Niemz (2003) showed that a colour 
parameter, especially the total colour difference, can be used as a predictor of 
wood strength. Todorovic et al. (2012) found that for beech the colour could be 
used to predict mass loss, density loss and brittleness. Tuong and Manh (2010) 
found a relationship in thermal-treated acacia wood between lightness and mass 
loss. Repellin (2006) shows that for Retification process (Navi and Sandberg 
2012), the relation between colour and mass loss was not linear neither for beech 
or pine. Based on literature, Repellin’s explanation for the nonlinearity was that, 
while the change in colour comes from the modification of extractives, lignin and 
hemicelluloses, the mass loss is mainly caused by thermal degradation of 
hemicelluloses.  

Johansson and Morén (2006) studied the thermal treatment of birch boards 
of various lengths with cross-sectional dimensions of 50×100mm

, 
for 3h at 200°C 

according to the Thermowood process (Navi and Sandberg 2012). They found that 
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the colour distribution through the thermally-treated boards was not homogeneous 
and that colour was not therefore suitable as a predictor of strength.  

On the other hand, Sundqvist et al. (2006) studied the thermal treatment in 
steam of small samples (110x31x4mm) under laboratory conditions. The results 
showed a correlation between colour and strength, especially for heating times of 
less than two hours. Kubojima et al. (1998) obtained similar results with an 
increase in strength during the first two hours of thermal treatment. Sundqvist 
(2004) speculated that an initial increase in strength and hardness can be due to 
condensation in the lignin and hemicelluloses, as molecules degrade and can form 
new chemical bonds. It was suggested that a similar phenomenon occurs within 
self-laminated board in both the veneers and bond-lines of self-bonded beech 
boards (Cristescu and Karlsson 2013). That study showed how changes in colour 
were connected to the chemical changes during hot-pressing of beech.  

The fixed aperture size (50 or 13mm in diameter) of colorimeter and 
spectrophotometer available was not suitable to measure colour for the thickness 
between 5 and 8.5mm of the self-bonded boards. The alternative of using digital 
image analysis seemed reasonable as it is a modern and versatile method to 
evaluate differences in colour. A digitized colour image is an array of pixels and 
each pixel contains numerical components that define a colour. The RGB colour 
model is an additive colour model in which red, green, and blue light are added 
together in various ways to reproduce a broad array of colours. The name of the 
model comes from the initials of the three additive primary colours, red, green, and 
blue. RGB is a device-dependent colour model, i.e. different devices detect or 
reproduce a given RGB value differently, since the colour elements and their 
response to the individual R, G, and B levels vary from between devices. Thus an 
RGB value does not define the same colour across devices without some kind of 
colour management. Recently, Forsthuber et al. (2014) used a calibrated photo-
scanner to study several wood species. When comparing the colorimetric values 
calculated from images of calibrated photo-scanner to the ones given by a 
spectrophotometer, a strong correlation between the colour changes (relative 
values) obtained by the two methods was found. The correlation between absolute 
values was however weak, explained by different light sources of the two devices. 

OBJECTIVE 
The objective was to investigate the relation between colour and Brinell 

hardness in self-bonded boards from beech.  

MATERIAL AND METHODS 
Defect-free rotary-cut 2.2mm thick veneers of beech (Fagus sylvatica L.) 

from Romania were used for the study. Prior to cutting, the logs were plasticized by 

heating with steam at 80C, then rotary-cut at 40-50C, followed by drying at 140-

170C to reach a moisture content (MC) of 7-10%. The veneers were conditioned 
to an equilibrium moisture content of 9% before sample preparation. The oven-dry 
density of the veneers ranged from 580 to 605kg/m

3
.  

Five-ply boards with parallel-oriented-veneers were pressed in a laboratory 
press (Fjellman®, No. 2032, Mariestad, Sweden) at different temperatures, 
pressures and times according to an experimental design discussed in Cristescu et 
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al. 2015. The design combines the pressing levels presented in Fig. 1. The surface 
area of the boards was 140x140mm

2
, and the final thickness varied between 5.5 

and 8.5mm depending on pressing conditions.  
  

 
Fig. 1. 

Selected parameter combinations used when manufacturing the 
boards. Each dot in the figure represents one test group 

Colour measurement 
Digital imaging was used to analyse and compare the colour of the board 

edges. A photograph of one radial edge from each board (one image of all edges 
at the same time) was taken with a Sony Exmor IMX145 camera. All board edges 
in one and the same image enabled a unique reference for the entire set of 
samples. No calibration of the camera was carried out since relative and not 
absolute values were intended for this comparison study (Wyszecki and Stiles 
1982). The light was indirect midday sunlight.  

As a feasibility study, Image acquisition was performed with different digital 
cameras (a Canon IXIS 70, a Canon 500D, and a Sony Exmor IMX145), using 
basic automatic photography settings. It was noticed that regardless of the type of 
camera used, the RGB values obtained were almost similar if the position of the 
samples and the source of light were the same. This confirms the influence of 
illumination on colorimetric results (Wyszecki and Stiles 1982).  

After the image was acquired, the ImageJ software was used for image 
processing. ImageJ has been successfully used as an analytical tool for more than 
25 years in medical (Abràmoff et al. 2004), biology (Schneider et al. 2012) and 
wood research (Hagman 1996). At a rectangular shaped area of approximately 
20.000 pixels, covering 30-60% of each board edge was selected for the colour 
analysis. The colour at the selected area was split into red, green and blue image 
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components (channels), and the brightness, defined as the arithmetic mean of the 
RGB was calculated (Ferreira and Rasband 2012). 

 

 
 

Fig. 2. 
Photograph of the board edges (LR section) of three samples: a) 

200°C, 5MPa, 300s, b) 225°C, 5MPa, 300s, and c) 250°C, 5MPa, 300s 

Brinell Hardness Test 
A Brinell test according to EN 1534 (CEN 2010) was used for hardness 

measurements. The Brinell test was run on an Instron 5500 test machine. All the 
samples were conditioned at 20°C and 65% relative humidity (RH) for 24h before 
testing. A steel ball 10mm in diameter was pressed against the sample for 15s until 
the compression force reached 1000N. The force was then held constant for 25s. 
After withdrawing the ball, the samples were allowed to recover for at least three 
minutes. The indentation diameter was measured and the Brinell hardness was 
calculated according to: 

 

   
  

      √        
 

 
where: 
HB - Brinell hardness (kg/mm

2
) 

F - maximum applied force (N) 
g - acceleration of gravity (m/s

2
) 

π - 3.14 
D - diameter of the indentation ball (mm) 

a) 

c) 

b) 

(
(1) 
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d - average diameter of the residual indentations (two independent 
measurements) 
 
RESULTS AND DISCUSSION 

The results are presented in Table 1, together with the pressing conditions 
for the test groups. It is well known that there is good correlation between 
densification and hardness of compressed wood (Stamm 1964, Fang et al. 2012, 
Ulker et al. 2012, Rautkari et al. 2013), and this is also confirmed in this study. The 
samples in group no. 15 were damaged during pressing because of internal gas 
pressure and could not be used further.  

 
Table 1 

Pressing parameters for the test groups, brightness, density and Brinell 
hardness (HB). Standard deviation in brackets 

 

Group Temp. Press Time No. of Brightness Density HB 

No. (°C) (MPa) (s) samples  (kg/m
3
) (Kg/mm

2
) 

1 200 4 240 2 154 (2.1) 615 (19) 3.5 (0.0) 

2 200 4 360 2 150 (3.5) 650   (6) 3.9 (0.0) 

3 200 5 300 2 144 (0.8) 670 (20) 4.3 (0.0) 

4 200 6 240 2 141 (1.2) 680 (29) 4.7 (0.1) 

5 200 6 360 2 137 (7.6) 690 (22) 5.4 (0.2) 

6 225 4 300 2 134 (8.3) 700 (12) 4.6 (0.9) 

7 225 5 240 2 141 (1.1) 710 (16) 5.3 (0.3) 

8 225 5 300 12 127 (3.2) 744 (39) 6.4 (2.7) 

9 225 5 360 2 123 (1.2) 750 (28) 7.2 (0.3) 

10 225 6 300 2 115 (8.1) 765 (27) 8.9 (0.3) 

11 250 4 240 2 81 (0.7) 828 (28) 7.8 (0.0) 

12 250 4 360 2 83 (4.7) 866 (17) 10.9 (0.0) 

13 250 5 300 2 81 (7.9) 901 (19) 10.8 (0.7) 

14 250 6 240 2 77 (2.5) 973 (20) 9.8 (1.6) 

15 250 6 360 2 73 (1.2) - - 

 

  
The brightness measurements were a very rapid tool in the comparison 

study of the self-laminated boards. As seen in Table 1, the brightness incorporates 
information from the entire densified wooden structure and does not require 
homogeneity. A colour difference within the sample does not seem to be an obstacle 
to evaluating board edges in the RGB colour space.  

With the help of digital image analysis, comparisons could be done not only 
between samples but also within the sample. In high resolution images it was 
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possible to distinguish between different type of compressed cells and newly formed 
structures of the board. According to Sehlstedt-Persson (2003), at high temperatures 
much of the colour change in solid wood emanates from colour changes in 
constituents of the sap and extractives. As seen in Fig. 2, the differences in nuance 
on a board edge are caused by the rays containing non-structural carbohydrates, 
mostly sugars in the case of beech (Barbaroux and Bréda 2002). The differences in 
nuance also occur in the bond-line zones. The thickness and the colour of a bond-
line are important indicators for the quality of self-bonding. Future studies could 
compare colorimetric values of rays, bond-lines to other areas of a board edge, and 
the information could be further used for modelling of the thermo-mechanical 
process or to evaluate the chemical reactions that occur during the bonding process.  

The Brinell hardness test indicated clear difference between boards pressed 
under different conditions. Fig. 3 shows three examples of indentations from the 
Brinell test. Boards pressed under low temperature conditions had indentation with a 
diameter of up to 5 mm (Fig. 3a), and boards pressed under more severe conditions 
had the smallest indentations, around 3 mm in diameter (Fig. 3c).  

 
 

 
a) 

 
     b) 

 
      c) 

 
Fig. 3. 

Photographs of indentations after Brinell tests at different pressing 
conditions: 

a) 200°C, 5MPa, 300s, b) 225°C, 5MPa, 300s, and c) 250°C, 5MPa, 300s 
 

The relation between brightness and hardness is presented in Fig. 4. The 
linearity confirms the hypothesis that brightness can be considered a predictor of 
hardness in the case of hot-pressed self-laminated beech boards. Digital imaging 
measurements are rapid and easy to perform and can contribute to a correct 
assessment of a board mechanical properties within a group. 

This study is limited to a set of small size boards made from veneers cut 
from one and the same veneer sheet. For a more general approach an additional 
study should include a more diversified material selection into the digital imaging 
analysis. The relation between brightness and other mechanical properties should 
also be evaluated. Another interesting subject to study would be the relation between 
colour and the pressing parameters used to obtain self-bonded boards, and not only 
from beech but from other species as well. 
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Fig. 4. 
Relation between Brinell hardness and brightness 

 

CONCLUSIONS 
The relation between Brinell hardness and brightness of laminated self-

bonded densified beech boards has been studied. A strong correlation was found 
between the hardness and the brightness of the board edges (radial sections). It is 
suggested that the colour could be considered as predictor of strength in general 
for self-bonded laminated beech boards. For the purpose of comparing the colour 
between several boards in a set of samples pressed from the same raw material, 
image acquisition with a common digital camera and the analysis with ImageJ 
software proved to be a fast and reliable method.  
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Pressing beech veneers at high temperatures has been 
shown to be a reliable method for manufacturing laminated 
boards without adhesives. The reasons behind the self-
bonding phenomenon as well as the causes of the waterproof 
character gained by the boards being pressed at 250 

o
C were 

investigated. Water leachates from the dried and the hot-
pressed       veneers were analysed by UV-spectroscopy, 
high-performance liquid chromatography (HPLC), and solid-
state cross-polarization magic angle spinning carbon-13 
nuclear magnetic resonance (CP/MAS 

13
C NMR). Press-plate 

temperatures during hot pressing were 200, 225, and 250 ⁰C. 

After pressing, an increased content of 5-

(hydroxymethyl)furfural (not at 250 ⁰C) and conjugated 

phenols was observed in the bonding lines (interfaces) 
compared to the inner part of veneers of the self-bonded 
boards. Furfural contents were low and relatively similar, but 
5-(hydroxymethyl)furfural (HMF) showed an abrupt decrease 
in the bonding line when the temperature increased from 200 

⁰C to 225 ⁰C and especially to 250 ⁰C. The contribution of 

caramelization to browning and bonding is suggested. In 
studies with CP/MAS 

13
C NMR, a higher content of phenolic 

units in beech lignin was observed during hot pressing at 225 

⁰C. Homolytical cleavage of -O-4 structures in lignin as well 

as the condensation reactions involved are discussed. 
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INTRODUCTION 
 

Self-bonding in wooden products has become of great interest ever 

since Masonite started to produce panel boards (Mason 1928). The reason 

suggested by Mason for self-adhesion was that the coating of lignins on the 

wood fibres had softened, and, when cooled, had effectively welded the 

wood fibres together into a solid mass (Moore 1961). Self-bonding of beech 

veneers was mentioned by Runkel and Jost (1948). They used a gastight 

press, since they believed that the volatile products (condensable and 

permanent gases) formed during the first stage of the gastight pressing 

would further hydrolyse the wood constituents, resulting in the 

decomposition of the lignin-carbohydrate compound. The more recent 

welding of solid wood can also be considered to be a self-bonding process, 

where friction has a decisive role (Suthoff et al. 1996). Similar to the 

Masonite hypothesis, the melting of middle lamella lignin is considered to 

be one of the main causes of the bonding (Pizzi et al. 2003). The influence 

of the oxidative activation of wood particles and fibres before hot pressing 

into boards without the addition of adhesive has been studied (Stofko 1974; 

Westermark and Karlsson 2002; Widsten 2002). Here, the formation of 

water-soluble compounds during oxidative treatment and reaction with 

wood components during hot pressing was suggested to be a reason for the 

low swelling of the boards in water (Westermark and Karlsson 2003). 

Lately, self-bonding of lignocellulosic material has gained increased 

attention from researchers.  The materials studied have varied from kenaf 

(Okuda et al. 2006) to oil palm biomass (Hashim et al. 2011) and bagasse 

(Nonaka et al. 2013). Ando and Sato (2009) used kenaf core powder to bond 

plywood that had a shear strength in dry conditions less than 1 MPa. 

The possibility of producing laminated boards without adhesives or 

an intermediate lignocellulosic material from rotary-cut, dry beech veneers 

in a heated open press was recently discovered (Cristescu 2006). Not only 

were the boards compact and self-bonded without using any additives or 

binders, but they had a dry shear strength above 3 MPa for boards pressed at 

225 °C and they were also water-resistant when the press-plate temperature 

was  250 
o
C (Cristescu 2008). At this press-plate temperature, the boards 

were darker, harder, and more brittle than at lower pressing temperatures. 

Furthermore, unpublished results indicated that the higher the temperature 

used when manufacturing them, the more resistant to fungal attack the 

boards became. 
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Apart from durability, other physical properties of our boards, such 

as colouring, hardness, and water resistance, similar to those of thermally 

treated wood, had been noticed during the experiments. The characteristics 

especially resemble torrefied wood (Bourgois et al. 1988). The explanations 

rest on the fact that the process conditions show similarities: the temperature 

is in the same range, above 220 °C, and the moisture content at the 

beginning of the process is similar (12% for torrefied wood, 9% for the 

boards). 

According to observations during the experiment, when hot-pressing 

the beech veneers they developed a darker bond-line (Fig. 1 bottom). It is 

assumed that drying the veneers at 140 °C after cutting them from steamed 

logs would lead to the migration and accumulation of sugars at veneer 

surfaces (Theander et al. 1993). Hot-pressing veneers with deposits of 

soluble sugars could cause not only the formation of volatile compounds but 

also the formation of browning and bonding products through 

caramelization (Sehlstedt-Persson 1995) among other possible chemical 

reactions. 

It was of interest to study whether the high water-resistance of 

boards obtained at 250 °C could be related to chemical changes during hot 

pressing. In this paper we will present results on the presence of water-

soluble furans, water-soluble unconjugated and conjugated phenolic 

compounds, as well as lignin-like compounds, during hot pressing of beech 

veneers (Fagus sylvatica) at various temperatures. For that purpose, high 

performance liquid chromatography (HPLC), ultraviolet-spectroscopy (UV), 

and nuclear magnetic resonance (CP/MAS 
13

C-NMR) were used. Special 

interest was directed to studying the structure of the areas that are darker in 

colour (bond-line) than the inner part of the hot-pressed veneer. 

 

 
EXPERIMENTAL 
 

Board Manufacturing 
Rotary-cut veneer sheets of beech (Fagus sylvatica), 2.2 mm thick 

were provided from Brasov, Romania. Prior to cutting, the logs were 

plasticized by heating with steam at 80 
o
C, then rotary-cut at 40 to 50 

o
C, 

followed by drying at 140 to 170 °C to reach a moisture content (MC) of 

between 7 and 10%. 

Five layers of veneer with dimensions of 140 mm x 140 mm x 2 mm 

and 9% MC were overlaid in parallel grain direction and placed in a 

Fjällman laboratory press. Three pressings in total were run at three 
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different temperature levels: 200, 225, and 250 °C. The pressure used was 5 

MPa, and the pressing time was 300 s for all three pressings. The pressing 

time was counted precisely from the moment when the press plates were 

used to apply the chosen pressure to the veneer pack. 

Veneers before and after pressing at 250 °C, 5 MPa, and 300 s are 

presented as raw material (top) and board (bottom) in Fig. 1: 

 

 

 
 

Fig. 1. Beech veneers before pressing (top) and after pressing (bottom) for 300 s 

at 250 ⁰C, 5 MPa 

The boards were allowed to cool at ambient parameters of 

temperature and air humidity and left in our laboratory room until further 

analysis. 
 

Filtration of Wood Particles 
Furfurals and monosaccharides in boards 

The surfaces of the veneer that was not pressed (used as a reference) 

were shaved by hand with a very sharp blade into small particles. The 

veneers within the hot-pressed board were delaminated with a sharp knife. 

Pieces taken from the inner part of the veneers in the core of hot-pressed 

boards and from their bond-lines (see Fig. 2) were shaved by hand into 

small particles and placed in a sealed container to avoid the release of 

volatile compounds.  

The bond-line was shown to be denser (Cristescu 2006) and darker 

(Cristescu 2008), as shown in Fig. 2. However, it must be pointed out that a 

complete separation of the bond-line and inner part of veneer could not be 
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achieved in this way, as the bond-line was too thin and entangled with the 

inner veneer. This means that chemical differences between the bond-line 

and inner part of veneer could be even larger than indicated in our paper.  

According to the temperatures recorded by thermocouples within 

veneers, all four bonding lines from each samples reached the press plate 

temperature before 270 s. According to our previous unpublished studies, 

the core bonding-line was the weakest when soaked in water and when 

tested to shear strength. Therefore we decided to focus on bonding of core 

layers only in this study. Temperature curves of each layer will be the 

subject to another article. A quantity of 0.50 g of particles from each sample 

was mixed in 30 mL of water, treated in an ultrasonic bath for one hour, and 

then left under magnetic stirring overnight in a closed vessel. The mixture 

was filtered and the mother liquor collected. 

Descriptions of the provenance of the particles (veneer or bond-line) 

and the pressing temperature used when manufacturing the board are given 

in Table 1 together with the abbreviations. 

 
 
Compressed vessel            Compressed ray 
 
Fig. 2. Image of a bond-line in a laminated board pressed at 250 ⁰C, 5 MPa for 300 
s. Light microscopy, 30X magnification 
 

 

 

 

 

Inner 
veneer 

(Ven) 

Bond-line 

(BL) 

Inner 
veneer  

(Ven) 
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Table 1. Numbering and Abbreviations of the Samples 

Sample 
number 

Position in board and pressing 
temperature 

Abbreviation 

1 Reference  Ref 

2 Inner veneer 200 ⁰C Ven200 

3 Bonding line 200 ⁰C BL200 

4 Inner veneer 225 ⁰C Ven225 

5 Bonding line 225 ⁰C BL225 

6 Inner veneer 250 ⁰C Ven250 

7 Bonding line 250 ⁰C BL250 

 

Monosaccharides in veneers before pressing 

An isolation of veneer surface and veneer bulk before pressing was 

performed according to an analogue procedure. From a veneer sheet, first 

the darker surface part of the veneer was shaved off with a sharp knife into 

small particles and then the brighter inner veneer was shaved into small 

particles   

 

HPLC (High-Performance Liquid Chromatography) Analysis 
The filtered water solution (50 μm) was analysed with an HPLC 

device equipped with a Water Hi-plex Pb-column (8 μm and 250 x 7.7 mm) 

at 60 °C using water as the eluent at a flow of 0.3 mL/min. 

Furfural and 5-hydroxymethylfurfural HMF were detected with a 

UV-detector operating at 280 nm and a refractive index-detector. A Varian 

Prostar autosampler (model 410), equipped with a 10 μL loop, was used, 

and quantitative estimations were made by comparison with calibration 

curves of the individual compounds. 

A separate HPLC analysis of monosaccharides content in surface of 

veneers and bulk of veneers before pressing was performed in the same 

conditions. 

 

UV Analysis 
The UV-absorption of the water leachates were recorded with a 

Hitachi UV/VIS U-1500 spectrophotometer. Water-soluble phenols were 

analysed using the Δε method (Aulin-Erdtman 1953; Wexler 1964). 

Samples diluted in water were analysed in a 1 cm wide cuvette at a range of 

200 to 600 nm. The pH of the samples was adjusted to pH 12 with a strong 

alkaline solution, and samples were analysed in the same way. The differ-

rences between the absorptions in water extracts and the alkali-treated 

samples were calculated. 
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CP/MAS 13C NMR   
The NMR tests were performed at Umeå University, Sweden. Three 

groups of samples were ground prior to high resolution spectroscopic 

analysis. Fine particles were shaved with a sharp blade by hand from a raw 

material (veneer), inner veneer, and the bond-line of boards was pressed at 

250 °C and 5 MPa for 300s. The NMR procedure was adapted following 

Wikberg (2004) and Wikberg and Maunu (2004). 

CP/MAS
 13

C NMR measurements were taken with a 

Varian/Chemagnetics 400 MHz spectrometer operating at 100.6 MHz for 

carbon. For all the wood samples, the spinning speed was 8000 Hz, contact 

time 2 ms, acquisition time 5.12 ms, and delay between pulses 1.5 s. 

In the dipolar dephasing (DD) measurements, the high-powered 

decoupler was turned off for 80 μs before data acquisition. 

 
 
RESULTS AND DISCUSSION 
 
Sample Preparation 

Four darker horizontal lines corresponding to the bonding lines, as 

shown in Fig. 1, were clearly visible in the hot-pressed board. A light 

microscopy image of the bond-line together with the adjacent ‘inner veneer’ 

of a board pressed at 250 °C is shown in Fig. 2. Although it was a compact 

board that came out of the press, each veneer can be considered as a board 

itself subjected to hot-pressing. The images of the wood particles after 

filtration (Fig. 3) and of the filtered solution (Fig. 4) show that the darkening 

in the wood particle was not directly correlated to the colour of the filtered 

solution. This observation will be discussed below. 

 

 
 
Fig. 3. Wood particles from veneers and bond-lines after leaching with water. The 

numbering corresponds to that in Table 1. 
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Fig. 4. Filtered solutions from leaching of veneers and bond-lines with water. The 

numbering corresponds to that in Table 1. 

HPLC (High Pressure Liquid Chromatography) Analysis 
Water leachates from hot-pressed veneers, bond-lines, and veneers 

that were not pressed were analysed with HPLC. The content of 5-

(hydroxymethyl)furfural (HMF) and furfural in veneers and bond lines were 

calculated, the results are presented in Table 2, and the corresponding chart 

is presented in Fig. 5. 

 
Table 2. Content of 5-(Hydroxymethyl)furfural (HMF), Furfural, Glucose, 
and Fructose from Water Leaching of Hot-Pressed Veneers, Bond-lines, 
and Veneers that Were Not Pressed 

Treatment 
HMF 

(% of dried 
wood) 

Furfural 
(% of dried 

wood) 

Glucose 
 (% of dried 

wood) 

Fructose 
 (% of dried 

wood) 

Ref 0.0017 0.0031 2.286 1.836 

Ven200C 0.1025 0.0236 -  - 

BL200C 0.2840 0.0337 - - 

Ven225C 0.0719 0.0358 - - 

BL225C 0.1675 0.0369 - - 

Ven250C 0.0382 0.0464 - - 

BL250C 0.0346 0.0441 - - 
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Fig. 5. Content of HMF and furfural in dry wood (%) in water extracts from veneers 

and bond lines according to HPLC measurement 

As can be seen in Fig. 5 and Table 2, the HMF content was found to 

be greater than that of furfural up to the press-plate temperature of 225 °C. 

The largest amount of HMF was found in the bond-line in a board that had 

been pressed at 200 °C, and the amount decreased with increasing press 

temperatures. A decrease is also indicated in the inner parts of the pressed 

veneer, but the amount of HMF found was considerably smaller than from 

the bond-line, except at high pressing temperatures (Fig. 5).  

HMF is mainly formed from carbohydrates of the hexose type. A 

relatively high content of glucose and fructose was found in material from 

the surfaces of veneers that had not been hot pressed, but these 

monosaccharides were absent in the boards after hot pressing (Table 2). 

Therefore, it is suggested that the main sources of formation of HMF are 

low-molecular-weight sugars. 

The higher content of HMF in bond-line compared to inner veneer 

could be explained by the migration of the monosaccharides to the surface 

of veneer during drying (as a previous stage in the preparation of the raw 

material). That is why it was decided to separately check the content of 

monosaccharides of the veneer before pressing at the surface and in the bulk 

of the veneer as well. 

0

0.05
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0.15

0.2

0.25

0.3

 HMF
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The results of the HPLC test, which compared the content of 

monosugars from veneer surface and veneer bulk, showed that there was 

approximately 3 times more glucose and fructose at the veneer surface 

(compared to bulk) already before pressing. A similar result was reported by 

Hiltunen et al. (2008) when comparing the sugar content of light-coloured 

inner part to the discoloured (darkened) surface of European white birch 

after vacuum drying: sugars (mainly glucose and fructose) were 2.7 more 

concentrated at the surface layer. It is interesting to notice that the ratio 

between HMF at BL200C and Ven200C was 2.77, a value close to 3. The 

HMF ratio reached 2.33 at 225 °C and fell to less than 1 at 250 °C press 

temperature (Table 2, Fig. 5). As the ratio between HMF content in 

bonding-line and veneer bulk decreased with heating temperature and as the 

quantity of HMF decreased with temperature above 200 °C, it is likely that 

the formed HMF reacted further or evaporated at the higher press 

temperatures. Although colour measurements were not performed during 

this study, it is obvious that the colour intensity of the filtered solution (Fig. 

4) relates to the content of HMF (Fig. 5) while the colour of wooden 

particles does not. The wood gets darker while the HMF content in the 

wood decreases (see Fig. 3 and Fig. 5), and this observation supports the 

hypothesis that HMF might participate into forming new brown bonding 

polymers. 

Caramelization, browning, and HMF formation are of high interest 

in food research, for which HMF is actually used as a colour indicator (Kroh 

1994; Ramirez- Jimenez et al. 2000). Relevant results about HMF levels 

were obtained by Ait Ameur et al.(2006) when baking cookies above 200 

°C; some conditions were similar to ours: low water content, high 

temperature, and the presence of sugars, while other conditions were 

different: an absence of pentoses, lignins, and extractives. Ait Ameur et al. 

(2008) noticed significantly more HMF than furfural when baking below 

250 °C followed by a decrease in HMF in the matrix and a simultaneous 

increase of HMF in the baking vapours at 300 °C. Those results indicated 

that part of the HMF formed could be involved in the formation of brown 

polymers in the cookie matrix, with furfural as one possible degradation 

product of HMF (Ait Ameur et al. 2008). 

In our study furfural content was considerably lower than HMF for 

200 °C and 225 °C (Fig. 5). The presence of furfural was similar or 

increased somewhat with increased treatment temperature. Furfural could be 

formed from hexoses or from HMF, but it is more likely that it originates 

from pentoses, such as xylan, as a similar decrease observed in HMF 

content was not found for furfural (Fig. 5). Since hardwoods (especially 
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beech) have a high content of xylan (Beyer et al. 2006) it is intriguing to 

find such low levels of furfural in the veneers and bond-lines. Our results 

are supported in the literature. For instance, Okuda et al. (2006) reported 

that little furfural was generated from hemicellulose during pressing of 

kenaf boards without steam-explosion pretreat-ment. It is difficult to 

estimate how much furfural participates in the colour formation, as it 

evaporates and oxidises very fast. 

 

 

UV-spectrographic Analysis 
UV-absorption at 280 nm 

Water leachates analysed by UV-spectroscopy are presented in Table 

3. It can be seen that the absorption at 280 nm of water leachates from inner 

veneers at 200, 225, and 250 °C (Ven200, Ven225, Ven250) were fairly 

similar and somewhat higher than in the untreated material and in the 

bonding line at 250 °C (BL250). 

A larger UV-absorption in extracted material from the bond-line at 

225 °C and an even larger UV-absorption from the bond-line at 200 °C were 

observed (Table 3). Those data correspond well to the amount of HMF 

determined by HPLC (Fig. 5). It can be seen in Table 3 that considerable 

parts of UV absorption were related to HMF but that also UV-absorptions 

from other types of compounds contributed, such as phenolic substances 

(see below). It is especially interesting to note that a lower absorption at 280 

nm could be found in the bond-lines at higher press-plate temperatures 

(Table 3). As it was discussed above, it is unlikely that the initial formation 

of furfurals was lower at the higher temperature. However, with higher 

temperature, evaporation as well as further reactions with furfurals, such as 

degradation or condensation, might occur. In Fig. 5 the amount of furfurals 

at BL250 seems to be the lowest among the treated wood, but in Table 3, 

BL250 is shown as having a higher absorbance compared to all inner 

veneers. This difference between the two methods might be caused by other 

compounds than furfurals, for example, phenols, as indicated by the 

difference in UV-spectroscopy (see below). It could also be caused by new 

products of degradation and condensation. Condensation between furans 

and phenols has been suggested to occur during pressing kenaf into 

binderless boards using steam injection (Widyorini et al. 2005). 
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Table 3. UV-Absorption at 280 nm, Different UV-Absorption at 250, and 
Content of Phenols (Δε at 250 nm) in Water Extracts from Pressed and 
Not-pressed Veneers as well as from Corresponding Bond-lines 

 
nr 

Name 
of the 

samples 

Dilution 
level 

 
280 nm 

 
Δε (250 nm) 

UV-
absorption 
of water 
extracts 

UV-
absorption 

per mg 
dry wood 

UV-
absorption 
of HMF

a
 

per mg 
dry wood 

Difference 
UV-

absorption 
of water 
extracts  

Phenols
b
 

in water 
extract 
(content 
% dry 
wood) 

1 Ref 10 0.643 0.3858 0.003641 0.573 2.292 

2 Ven200 20 0.482 0.5784 0.215195 0.213 1.704 

3 BL200 50 0,549 1.647 0.596459 0.133 2.66 

4 Ven225 20 0.444 0.5328 0.150961 0.174 1.392 

5 BL225 20 0.909 1.0908 0.351666 0.250 2 

6 Ven250 20 0.437 0.5244 0.080174 0.216 1.728 

7 BL250 20 0.534 0.6408 0.072614 0.266 2.128 

a. Extinction coefficient of 210 L*g
-1

*cm
-1 

(Singh et al. 1948). 
b. Extinction coefficient of 15 L*g

-1
*cm

-1 
(Wexler 1964). 

 

Content of water-soluble phenols (Δε-curve at 250 nm) 

In Fig. 6, the difference UV-spectra (Δε-curve) are presented, 

wherein the 250 nm peak corresponds to the total amount of phenolic 

compounds (Wexler 1964). The curves are presented at similar dilution 

level, or they could not be compared in the figure. An absorption coefficient 

of 15 mL/(mg*cm) (Wexler 1964) corresponds to a content of water-soluble 

phenols in the reference veneer of ca. 2.3 % (Table 3). The content of water 

soluble phenols in beechwood depends on the position in the tree, and 

phenolic contents  from 2 to 12 mmol/100 g wood has been reported when 

using the Folin-Ciocalteu (FC) method (Albert et al. 2003; Vek and Oven 

2010). All three samples from the bond-line had higher phenolic content 

than the corresponding veneers (Fig. 6). The concentration of water-soluble 

phenols in the hot-pressed veneers was somewhat lower than in the 

reference veneer which suggests that migration of phenols during drying 

was rather slow. Material from the bond-line at 200 
o
C seemed to have the 

highest content of water-soluble phenols. This indicates that phenols react 

further, especially at higher press temperatures.  
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Wavelength(nm) 

Fig. 6. Δε-curve (difference between UV-absorption in neutral and alkaline 
solutions) of water-soluble compounds in veneers and bond-lines (similar dilution 
level) 

 

Differences in UV-absorptions at higher wavelengths could be 

related to the structure of the phenols. However, even though the absorption 

coefficient is unknown for such compounds, we believe that useful 

information could still be gained by comparison of such absorptions. 

Absorption around 300 nm corresponds to unconjugated phenols (Lin 

1992), such as those found in tannins (Kubel et al. 1988; Mämmelä 2001; 

Zule and Može 2003), lignans, or simpler phenols, such as syringol. In 

green silver birch, lignans can be found but at a low content (Hiltunen et al. 

2006). Significant amounts of lignans: syringaresinol, less medioresinol, and 

pinoresinol, have been found in extracts from thermally modified 

hardwoods (Peters et al. 2008). However, the present results showed a trend 

of decreasing absorptions at 300 nm with increased temperature within the 

veneer as well as for the bond-line, indicating that water-soluble 

unconjugated phenols decreased during heat treatment (Fig. 6). Thus, this 
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type of structure seems to react further when the treatment temperature rises 

during hot pressing of the boards. Furthermore, our data indicated that the 

unconjugated phenols were more abundant in the bond-line than in the inner 

veneer under all three temperature conditions, probably due to migration 

during drying of veneers. 

For the untreated veneer as well as for material from the bonding 

line, formed during hot pressing at 200 °C, absorption at 350 nm was also 

obtained (Fig. 6). Absorp-tions around 350 nm in the Δε-curve can be due to 

the presence of phenols conjugated with an -carbonyl group, such as 

syringaldehyde and vanillin (Aulin-Erdtman 1953). 

Absorptions at higher wavelengths than 350 nm were obtained at 

higher treatment temperatures (Fig. 6). These peaks describe phenols that 

are members of more extended conjugated systems, as found at 421 nm in 

sinapyl aldehyde and at 414 nm in conifer-aldehyde (Goldschmid 1971; 

Wexler 1964). In vacuum-dried European white birch, even at the surface 

layer, the content of sinapyl aldehyde, coniferaldehyde, and syringaldehyde 

is very low (Hiltunen et al. 2008). Since UV-absorptions at wavelengths 

higher than 350 nm were not found in the untreated material but in material 

hot-pressed at 225 °C or higher, it is likely that conjugated phenols such as 

sinapyl aldehyde and coniferaldehyde were formed and they became more 

prominent at higher temperatures (Fig. 6). It could be added that 

coniferaldehyde and sinapyl aldehyde were found in water extracts from the 

thermal modification of hardwoods, including beech (Peters et al. 2008).  

Absorptions when approaching visible parts of the spectrum in Fig. 6 

can be seen in bond-line at 225 °C and to a greater extent at 250 °C. This 

indicates that conjugated phenols are also involved in the formation of 

colour of compounds from the water leachates. 

Taher and Cates (1974) concluded that the yellow colour that 

accompanies the degradation of sugars (D-glucose) into furans is due to the 

formation of unsaturated dicarbonyl compounds through oxidation. 

 

 

CP/MAS 13C-NMR 
Studies of chemical changes in wood during hot pressing at 225 °C 

were performed with CP/MAS 
13

C NMR using similar conditions as 

described by Wikberg and Maunu (2004). The NMR spectra of the samples 

are presented in Fig. 7 and those based on the use of DD in Fig. 8. As can be 

seen, the DD resulted in the removal of signals from the carbohydrates (in 
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the range from 60 ppm to 105 ppm), and thus the spectra in Fig. 8 show 

mainly changes related to lignins. 

 

 

 
 
Fig. 7. CP/MAS 13C NMR spectra of beech: BL225 in black, Ven225 in red, and Ref 
in green 
 
 

Bonding line 

Bulk-veneer pressed in board 

Reference (raw veneer) 
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ppm 

 
Fig. 8. CP/MAS 

13
C NMR, DD=80 dipolar dephasing: BL225 in black, Ven225 in 

red, and Ref in green 
 

The peak at 56 ppm corresponds to the aryl methoxyl groups in 

lignin (Lin 1992); Wikberg and Maunu 2004). The signal is larger for the 

bonding line in both spectra than for the treated veneer (Figs. 7 and 8). The 

methoxyl content per phenyl-propane unit has been reported to be 1.7 for 

beech, which indicates that the ratio of syringyl and guaiacyl propane units 

is close to 1 (Akiyama et al. 2005). The methoxylation of lignin is unlikely 

to have taken place, and a possible explanation could be that lignin degrades 

under heat and pressure and its byproducts migrate to the bond-line. In that 

case, syringyl propane units are a more likely candidate than guaiacyl 

propane units, as the former have been reported to be more reactive than the 

latter (Rousset et al. 2009). 

In Fig. 9, annotations of carbons in phenylpropane units of lignin are 

shown. 

Bonding line 

Bulk-veneer pressed in board 

Reference (raw veneer) 
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Fig. 9. The monomeric units used in formation of lignin: a) trans-p-coumaryl 
alcohol,  
b) trans-coniferyl alcohol, representing guaiacyl (G) unit, and c) trans-sinapyl 
alcohol, representing syringyl (S) unit (following Wikberg 2004) 

 
 

According to studies by Wikberg and Maunu (2004), the signal at 

148 ppm in Figs. 7 and 8 is assigned to aromatic carbons C-3 and C-5 of 

phenolic S units as shown in Fig. 9c. Furthermore, carbons C-3 and C-4 in 

phenolic G units (Fig. 9b), as well as in etherified G-units also contribute to 

the absorption at 148 ppm. As it can be seen in Figs. 7 and 8, the signal at 

148 ppm was low in untreated veneers but increased during hot pressing of 

veneers at 225 °C to a fairly considerable extent. From these data we 

suggest that an increase in phenolic syringyl propane units in lignin takes 

place during hot pressing. 

One possibility for the formation of phenols is via homolytic 

cleavage of phenolic -ethers in arylglycerol -aryl ethers in lignin. It could 

be seen in Fig. 6 that water-soluble phenols with an extended conjugated 

system, such as that found in sinapyl aldehyde and coniferaldehyde, 

increased with increased treatment temperatures. Sinapyl aldehyde and 

coniferaldehyde have been found in studies on heat treatment of model 

compounds of -ether type, and a radical exchange reaction was proposed to 

explain their formation (Li et al. 2000). The signal at 153 ppm in Figs. 7 and 

8 is assigned to C-3 and C-5 of S units that are etherified at C-4 (Wikberg 

and Maunu 2004). The signal at 136 ppm is assigned to C-1 and C-4 of S 

and G units that are etherified at C-4 (Wikberg 2004).  

Only small changes could be seen for the signals at 153 ppm and 136 

ppm in Fig. 8, and cleavage of -ether bonds seems not to be extensive at 

hot pressing at 225 °C. However, it should be noted that the relaxation time 
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and thus intensity of absorptions in the NMR spectrum can differ for lignin 

fragments; the increase in the relaxation times of decayed relative to non-

decayed wood samples was attributed to an increase in the mobility of the 

molecular components of the cell wall and of the water in the cell walls 

(Wikberg and Maunu 2004) 

Furthermore, a larger signal at 153 ppm was observed for material 

from the bonding line than in hot-pressed veneer (Fig. 8). This is in 

agreement with the assumption made above that lignin fragments are 

enriched in the bond-line during the hot pressing treatment. In such a case, 

the fragments seem to also contain etherified lignin units. 

Moreover, Li et al. (2000) found that not only radical exchange took 

place, but also recombination of radicals and formation of carbon-carbon 

bonds of , -5, and -1 during the heat treatment of lignin model 

compounds of -ether type. It was observed in the present work that water 

stability of the bond-line (measured as the delamination rate when samples 

were soaked in room temperature water for at least 48 h) increased with the 

pressing temperature. Formation of stable chemical bonds of the mentioned 

type could be an explanation for this behaviour.  

The peak at 128 ppm has been proposed to be related to 

condensation products, such as biphenyl (5–5) and diphenylmethane 

structures, caused by thermal modification (Wikberg 2004). This peak 

seemed to be more intense for the bonding line in Fig. 8 than for the veneer. 

However, to answer if this is related to higher lignin content or a higher 

extent of condensed lignin units, further study is needed. 

Finally, the signals at 21 ppm and 173 ppm in Fig. 7 are considered 

to correspond to methyl (CH3) and carboxylic carbons (C=0), respectively, 

in acetyl groups (COCH3) attached to xylan in beech wood (Wikberg and 

Maunu 2004). According to Gilardi et al. (1995) some of the intensity at 

174 ppm could also be due to uronic acid groups in xylan and pectins. 

Figure 7 shows the differences in intensity of signals at 21 ppm and 173 to 

174 ppm in untreated and hot-pressed veneer were relatively weak, 

reflecting low activity of the acetyl groups of hemicellulose during hot 

pressing under dry conditions. This is supported by the observation that the 

pH of water leachates from the hot-pressed boards was close to neutral 

conditions. 
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CONCLUSIONS 
 

1. Data showed differences in chemical composition of the bond-line 

and the inner part of veneers in a self-bonded laminated board. The 

temperature of the pressing plate was also found to have a large 

influence on the chemical composition of the boards. 

2. From the relatively high concentration of glucose and fructose found 

in the surface of dried veneers, we concluded and confirmed that 

monosaccharides had migrated towards veneer surfaces during 

veneer drying.  The monosaccharides in the untreated veneer were 

transformed into dehydration products, such as furfurals, when 

heated. The content of HMF was higher in the bond-line than in the 

veneer (200 and 225 °C).   

3. HMF content peaked at the highest value in both inner veneers and 

bonding lines of boards pressed at 200 °C, but it gradually decreased 

in boards pressed at 225 and 250 °C. This means that the presence of 

HMF in the material is related to a complex process that might 

include caramelization. HMF might contribute to newly formed 

products involved in browning. 

4. From studies with CP/MAS 
13

C-NMR it was found that the content 

of lignin containing β-ether structures and methoxyl groups was 

higher in the bond-line than in the pressed veneer. Migration of the 

degraded lignin towards the bonding line, where a condensation 

reaction might occur especially at 250 °C, is thus likely, and such a 

process will increase the water-resistance property acquired by 

boards pressed at this temperature due to the higher hydrophobicity 

of lignin than wood. 

5. Conjugated water-soluble phenols were formed, particularly at high 

temperatures, in both the bonding line and the inner veneer. 

Formation of such compounds indicates the occurrence of 

homolytical cleavage of phenolic β-ether structures and thereby also 

condensation reactions that might contribute to the bonding process, 

making a developing bond-line more water resistant. Formation of 

such structures could not be confirmed in this paper and needs 

further studies. 
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Abstract 

 
Auto-adhesion is a phenomenon that is in general related to the 

manufacture of wood-based fibreboards, e.g. to the Masonite process or 
similar processes based on lignocellulosic raw materials. Auto-adhesion as a 
mechanism for the bonding of solid wood or veneer has not met with the 
same industrial success, but interest is increasing for environmental reasons 
and as a result of the increasing cost of adhesives in wood products. The 
temperature in the laminate is crucial for the auto-adhesion process that will 
result in bonding between veneers during hot-pressing. This paper presents 
a model for the temperature evolution during the hot-pressing of a porous 
material, which was developed and verified for a five-veneer beech laminate 

pressed at a temperature of 250C and a pressure of 6MPa in an open 
system for 250 seconds. The result shows good agreement between the 
model and the experimental temperature data during the hot-pressing. It can 
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be concluded that a good control of the temperature evolution during the 
manufacture of adhesive-free veneer boards is of major importance to reach 
the target properties of the product. 

 
 

Key words: heat conduction; thermo-hydro-mechanical processing; wood 
panels  
 

 
 

INTRODUCTION 
This paper deals with an adhesive-free beech veneer laminate 

manufactured in an open-press system without any additives (Cristescu 
2006, 2008).  The self-bonding of veneers under pressure can be regarded 
as a thermo-hydro-mechanical process, and the veneers are not only 
attached to each other by auto-adhesion but are also densified and thermally 
modified. 

A thorough literature review of methods to produce adhesive-free 
boards of lignocellulosic materials has been given by Pintiaux et al. (2015) 
and a review of older work can be found in Kollmann et al. (1975) and in 
Mobarak et al. (1982). William H. Mason invented the first process, the 
Masonite process, for the manufacture of adhesive-free fibre hardboards 
(Mason 1928), based on an apparatus called the Masonite gun (Mason 
1926a,b) within which wood chips were steamed and pressurized for a 
certain time before the pressure was rapidly released and the material 
discharged through a nozzle. The steam-exploded wood fibres could then 
wet-processed into hardboard without adhesives. Mason (1928) reported 
good moisture-resistance properties for this hardboard, but a method 
including a more intensive use of steam explosion to produce a water-
resistant board was later presented by Mason et al. (1937). In the same 
product area, Asplund (1934) invented a steam-pressurized refining process, 
leading to a new efficient and cost-effective technology for producing 
thermo-mechanical pulp, fiberboard and other materials from wood. 

The first adhesive-free board of solid wood was presented in a 
patent granted to Runkel and Jost (1948). The process is called the 
Thermodyn process, and uses a gas-tight press (a closed system) and a 
cooling phase after the hot-pressing to produce a board from veneer without 
any pre-treatment. The Masonite plywood process presented in a patent 
application by Boehm (1951) required steaming of the veneer in an 
autoclave prior to pressing, and a cooling phase under pressure was 
necessary to achieve a proper result. In a patent granted to Cristescu et al. 
(2007), a method to manufacture an adhesive-free veneer board without any 
pre-treatment of the veneers was presented. This process was developed for 
beech wood, but other species have later been tested with success. The 
beech veneers in the process by Cristescu have a moisture content between 
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5 and 10%, and a number of parallel-oriented veneers are hot-pressed in an 
open system. For a five-veneer laminate with a total thickness before 
pressing of 11mm, the temperature, pressure and pressing time can vary 

between 200 to 250C, 4 to 6MPa, and 240 to 360 seconds, respectively. 
Depending on the selected combination of these process parameters, 
boards with different densities, water resistance, and colour can be 
produced. Ruponen et al. (2014) have studied the process further, with 
particular attention to the influence of a post-thermal modification and the 
initial moisture content of the birch veneers on the moisture resistance of an 
eight-layer adhesive-free laminate. They found that a thermal post-treatment 

modification at a target temperature of 200C at atmospheric pressure for 4 
hours using superheated steam eliminated the risk of delamination of the 
laminates under moist conditions. Laminates from initially wet veneers were 
found to have a better bond stability than dry veneers when the laminates 
were soaked in water. 

The reasons behind the auto-adhesion differ depending on the type 
of process used, and the effects which different process parameters have on 
the properties of moulded specimens, as described by Pintiaux et al. (2015). 
With regard to the process by Cristescu, Cristescu and Karlsson (2013) 
analysed the differences in chemical composition of boards pressed at 
200°C, 225°C and 250°C seeking an explanation of the different water-
resistance behaviour of the boards. They suggested that the monosugars 
accumulated at the surface of the veneer were transformed during hot-
pressing into hydroxymethyl-furfural which, at temperatures higher than 
225°C, was transformed further into other products, including furfural. It was 
also suggested that degraded lignin migrates towards the bond-line where a 
condensation reaction may occur, especially at 250°C. 

The temperature evolution within the laminate during hot-pressing is 
important for the chemical and physical processes that contribute to the 
auto-adhesion between veneers, and thereby also to the mechanical and 
moisture related properties of the board (Cristescu et al. 2015). This means, 
that it cannot be expected that the desired properties of the board will be 
reached unless the target temperature of the process is achieved in all the 
bond-lines of the laminate. This can be critical for central bond-lines in the 
laminate, especially when it is desired to have as short a press time as 
possible both for economic reasons and to prevent thermal degradation of 
the wood material. The temperature evolution within the laminate depends 
on e.g. specie, moisture content, and density of the veneers (i.e. the thermal 
diffusivity for the wood material), compression and speed of compression of 
the laminate (i.e. pressure and press-closing time), and the press 
temperature, the variation of the temperature during pressing, and the 
duration of compression. The interactions among these parameters are 
however not uncomplicated and clear. 
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OBJECTIVE 
The purpose of this study was to obtain a better understanding of 

the temperature evolution within an adhesive-free veneer board during hot-
pressing, and to model that temperature evolution. 

MATERIAL AND METHOD 
The material used in the study was rotary-peeled beech (Fagus 

sylvatica L.) veneers without defects. Veneers with dimensions of 2.2 x 140 x 
140mm (thickness x width x length) were prepared and conditioned to a 
moisture content of 9% before the tests. 

Five veneers were overlapped with a parallel grain direction and 
placed in a laboratory press (Fjellman®, No. 2032, Mariestad, Sweden) with 
a press plate area of 140x140 mm

2
. Thermocouples were placed between 

the veneers, as shown in Fig. 1, and six temperatures were recorded to 
show the temperature evolution in the laminate during pressing. The 

laminate was pressed at a temperature of 250⁰C and a pressure of 6MPa for 

280 seconds. These pressing conditions resulted in a water-proof laminate 
(Cristescu et al. 2015). Table 1 summarizes the parameters for the pressing 
of the laminate. 

Table 1  

Parameters for the preparation of laminates 

Parameters Description 

Species Beech (Fagus sylvatica L.) 

Veneer thickness 2.2mm 

Veneer density (9,9) 580kg/m
3
 

Initial moisture content 9% 

No. of veneers in a laminate 5 

Initial veneer temperature (T0) 30⁰C 

Maximum press-plate temperature (Ts) 250⁰C 

Closing time of the press 7 seconds 

Total pressing time  280 seconds 

Pressure 6 MPa 

Laminate density (4,4) after pressing 830 kg/m
3
 

Moisture content of the laminate after pressing 4% 

Maximum compression, Cmax 1.43 (830kg/m
3
 divided by 580 kg/m

3
) 
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Fig. 1.   
Thermocouples between each veneer before pressing  

 
A model has been developed to describe the temperature evolution 

in the thickness direction of the laminate during hot-pressing. The model 
predicts the time-dependence of the temperature through a porous media. 
The material model is according to Siau (1995) and the heat conduction 
model has been verified by experimental results from the test described 
above.  

 
The compression of the laminate is assumed to follow a function: 
 

 ( )    (      ) (   
 
 

 ) 

   (1) 
where: 
C(t) is the compression at time t 
Cmax is the maximum compression of the laminate  

 is a characteristic time, set at 2 seconds in this case due to the 
experimental conditions. 

 
The temperature of the press plates follows the temperature 

recorded by the thermocouples located between the outer veneers and the 
press plates: 

 

   ( )     (     ) ( )  

      (2) 
where: 
TPP is the press-plate temperature 
T0 is the initial veneer temperature 
Ts is the maximum press-plate temperature 
and 
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where: 

A, 1, and 2 are parameters that are least squares fitted to the experimental 
data for the press-plate temperature. 

 
The heat conduction differential equation is given by: 
 

 
   

   
   

  

  
 

      
  

where: 

 is heat conduction 
T is the temperature 
c is the heat capacity 

 is the density 
 

The thermal diffusivity  is given by: 

  
 

  
     

   (5) 
 

The compression of the wood material leads to an increase in the 
heat conduction, and according to Siau (1995) Eq. (5.12), the transverse 

thermal conductivity  is given by: 
  

  
 

   
      

 
 

(   )          

 

 

where: 

a is the square root of the porosity (see Siau (1995) Eq. (5.6a)) 

cwm is the heat conduction of the cell wall  
Z is the fraction of the total cross wall which can be considered effective for 
conduction (see Siau (1995) Eq. (5.15)) 

a is the heat conduction of air 
 

(
(6) 

(4) 
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However, the heat capacity based on volume also increases, and 
this is the denominator in Eq. (4). The thermal diffusivity therefore increases 
slowly with compression. In this case, the thermal diffusivity varies by about 
2% during the compression of the laminate. 

 
The characteristic time for the heat conduction is: 

  

   
  

 
 

       
  

where: 
d is the varying total thickness of the sample  

 is the thermal diffusivity according to Eq. (5) 
 

In the present case, this value changes from approximately 400 to 
900 seconds. As times lower than 400 seconds are desired, the Laplace 
transform method is most suitable as quite few terms are needed in the 
solution that is an infinite sum. The method is similar to the one used by 
Carslaw and Jaeger (1959 pp. 308 ff.) for the response from a unit step 
function, but here the response from an impulsive is used. Simple partial 
integration shows that they are equivalent. The measuring points move 
during compression in a linear manner. The compression is fast in 
comparison with the characteristic time for the heat conduction from Eq. (7). 
Therefore, it is assumed the laminate is compressed to the material 
properties that appear after 2 times the characteristic time of the 
compression in Eq. (1) above, and thereafter the heat from the surface 
plates is applied. 

Standard calculations give the temperature in the transverse 
direction of the laminate as a function of time from Duhamel´s superposition 
integral: 

 

 (   )     (     ) ∫  ( )
 

 
 (    

 )     (8) 

where: 
T0 is initial veneer temperature 
Ts is the maximum press-plate temperature 
 ( ) is the function given in Eq. (3) 
and 

  ∑ (  )  
   (     )  

   (9) 
 

(7) 



8 

 

  (   )  
   

 √   
  

   
 

    with      

(    ) 
 

 
  

√ 
   (10) 

  (   )  
   

 √   
  

   
 

    with      

(    ) 
 

 
  

√ 
   (11) 

RESULTS AND ANALYSIS 
Fig. 2 shows the temperature in the laminate as a function of time, 

recorded by thermocouples placed between the press plates and the veneer 
and between the veneers (see Fig. 1). It is clear that the temperatures in the 

different bond-lines reach the target temperature (250C) at different times, 
as a consequence of their different distances from the heated press plates. It 
can also be concluded that the temperature evolution is symmetrical through 
the thickness of the laminate.  

The temperature of the surface of the laminate rises from the initial 

temperature of 30C to about 200C in about 10 seconds when the press 
closes, but it takes almost 2.5 minutes to reach the target temperature. This 
is due to the low heat capacity of the press plates, and this must be 
considered in the model (see Eqs. (2) and (3)). Compared to the other bond-
lines, the curve showing the temperature of the innermost bond-lines differs 
in shape (see dotted area in Fig. 2). This cannot be explained in this study, 
nor does the presented model give any explanation. 
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Fig. 2.   
Temperature recorded by thermocouples during the pressing 

of the laminate at a temperature of 250⁰C, 6MPa, and 250s. 
The upper two curves show temperatures from thermocouples 

closest to the press plates, and the two lowest curves are 
from thermocouples in the central part of the laminate. 

Fig. 3 shows the modeled temperatures at three positions in the five 
veneer laminate. According to symmetry, the temperature evolution is 
exactly the same in the bond-lines at the same distance from the press 
plates. The least squares fit to the experimental data of the experimental 
press-plate temperature (see Eq. 3) shows that there is good agreement 
between the experimental and model data. The press-plate temperature 
determinates the temperature evolution in the laminate. 

The compression of the laminate is very fast. Its characteristic time 
is chosen to 2 seconds. In the model, it is assumed that the temperature 
starts after a delay, which is a multiple of this time. This multiple factor is a 
free parameter that can be adjusted to experimental values. 
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Fig. 3.  
Modeled temperature during pressing of the laminate at a 

temperature of 250⁰C, 6MPa, and 250s. The upper curve 
shows the temperature close to the press plates, the two 

lower curves show temperature at the more central position 
in the laminate. 

 

CONCLUSIONS 
In this study, the temperature evolution in the thickness direction of 

the laminate during hot-pressing has been studied both experimentally and 
by modelling. The results obtained demonstrate the importance of having 
good control of the temperature evolution in the manufacture adhesive-free 
veneer boards. The analytical heat conduction model showed good 
agrement with experimental data, and can be a valuable tool in further 
stuides. 
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ABSTRACT

Self-bonded veneers could be an environmentally friendly alternative to the use of 
synthetic adhesives in the making of laminated boards. This paper describes the 
influence of an oxidative treatment of beech veneers using hydrogen peroxide and an 
iron catalyst on the properties of 2-ply laminated veneer boards formed by hot-pressing 
at 230-250°C. The mass loss for boards from oxidative treated veneers increased with 
increasing press temperature and mass loss was higher for boards made with oxidative 
treatment than without this treatment. Boards from oxidative treated veneer pressed at 
230°C had higher shear strength than from untreated ones both before and after wet 
cycling. Swelling in water decreased with increasing press temperature and the results 
indicate that swelling of the boards in water was less when oxidatively activated veneers 
were used instead of untreated veneers.

INTRODUCTION

The use of adhesives is still an issue within the board industry as end-user demands on 
environmentally safe boards are high. A method has been developed to produce self-
bonded laminated boards from veneers without the use of synthetic adhesives (Cristescu
2006, 2008, Cristescu et al. 2015) and it was found that properties such as the shear 
strength and swelling of boards were strongly related to the press conditions such as 
temperature and pressure and the duration of pressing time applied. Furthermore, a 
method for producing particleboards and fiberboards without using synthetic binders 
such as urea-formaldehyde has been presented (Westermark and Karlsson 2002, 
Karlsson et al. 2006), involving the pretreatment of the wood particles or fibers with 
hydrogen peroxide and a ferrous sulfate catalyst under relatively dry conditions 
followed by hot pressing at temperatures of 170-200°C. The pretreatment gave boards
with a high resistance to swelling in water, and this encouraged us to study the influence 
of such oxidative treatment on veneers for self-bonded laminated boards.  

EXPERIMENTAL

Rotary-cut veneers (100x70x2.1 mm3) from beech (Fagus Sylvatica L.) with a dry 
density of ca. 625 kg/m3 were treated by spraying an aqueous solution of ferrous 
sulphate FeSO4x7H2O (0.1% odw) followed by 0.5% hydrogen peroxide on one side of 
the veneer. Veneers (MC 8.5%) were then pressed into laminated veneer boards with 
their treated sides against each other in a laboratory press at 230, 240 and 250°C under a 
pressure of 5.2 MPa for 240 s. During each pressing operation, two boards from veneers 
treated with hydrogen peroxide and two boards from veneers treated without hydrogen 
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peroxide were performed. At a pressing pressure lower than 5.2 MPa some delamination 
occurred when the board was soaked in water and conditioned at 23°C and 50% RH and 
boards pressed at a lower pressure were therefore not included in the study. 

Four boards of each condition (pressing temperature: 230, 240, 250°C, and from veneers 
treated with or without hydrogen peroxide), making a total of 24 boards, were prepared.
Boards conditioned at 23°C and 50% RH, in a climate chamber were cut along the grain
for shear strength testing according to SS-ISO 6237:2004 resulting in 48 samples. Half 
the boards were kept at 23°C and 50% RH while the other half of boards were subjected 
to a cycle being soaked in water for 24 h, conditioned, then soaked in water and finally 
conditioned at 23°C and 50% RH.

The thicknesses of the conditioned veneers and corresponding boards were measured
and the percentage thickness reduction (TR) was calculated. The percentage thickness 
swelling (TS) of conditioned boards soaked in water for 24 h as well as the 
corresponding water absorption (WA) as a percentage of conditioned mass were 
determined. The percentage mass loss during formation of the boards was calculated 
based on the calculated dry weight of the veneers before activation and of the 
corresponding boards after hot-pressing. The equilibrium moisture content (EMC) of 
boards at 23°C and 50% RH and 23°C and the percentage thickness shrinkage (TSH) of 
the conditioned boards were determined by drying the boards over-night at 103°C.   

RESULTS AND DISCUSSION

Laminated boards were produced from veneers pretreated with and without hydrogen 
peroxide and an iron catalyst by pressing of pairs of veneers along the grain (parallel 
orientation of the veneers) at 230°C to 250°C. Figure 1 shows boards after shear 
strength testing. 

Fig. 1. Samples of boards pressed at 230, 240 and 250°C after shear testing. Boards from veneers 
treated (left) without and (right) with hydrogen peroxide

230°C

240°C

250°C
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Veneers turned into a brownish colour when pressed into boards, and the boards became 
somewhat darker with increasing press temperature (Fig. 1). Bond-line of the samples 
became visible as the darker parts after shear-strength test and it could be seen that 
bond-lines were darker for boards that were oxidative pretreated than for those that were 
not pretreated (Fig.1). The shear strength of boards pressed at 230°C was higher for 
boards from treated veneers than for boards made from untreated veneers (Fig. 2).

Fig. 1. Shear strength of boards pressed at 230, 240 and 250°C

The shear strength of boards pressed at 240°C from oxidative untreated veneers was 
similar to that of boards from treated veneers pressed at 230°C. Wet cycled boards (see 
below) were weaker, but boards from treated veneers seemed to stronger than boards 
from untreated veneers when pressed at 230°C. At 250°C presence of blowholes as well 
as tensile rupture obscured the results for boards from oxidative treated veneers. A
decrease in tensile strength for veneers treated with Fenton’s reagent (hydrogen 
peroxide and ferrous sulphate) has been reported (Xie et al. 2010).  

The reduction in thickness of conditioned boards increased with increased press 
temperature (Table 1). Both boards from oxidative pretreated veneers as well as from 
untreated ones could withstand swelling in water over night and conditioning for two 
cycles without any sign of delamination.

Table 1. Properties of boards from veneers treated with or without hydrogen peroxide and ferrous 
catalyst: Thickness reduction after pressing (TR), Thickness swelling in water after 2nd cycle (TS),

Water absorption after 2nd cycle (WA). Standard deviation within parenthesis

Press 
temperature [°C]

TR [%] TS [%] WA [%]

230a 31.7 (5.2) 30.9 (2.1) 71.2 (1.0)
230b 36.0 (0.5) 25,6 (0.6) 50.9 (4.2)
240a 39.2 (7.3) 21.5 (1.8) 54.1 (9.3)
240b 39.2 (2.3) 18.7 (0.7) 39,4 (1.3)
250a 44.5 (4.7) 17.3 (0.7) 38.8 (1.9)
250b 44.4 (4.4) 18.5 (2.6) 37.0 (3.9)

aBoards from veneers treated neither with hydrogen peroxide nor ferrous catalyst, bBoards from 
veneers treated with hydrogen peroxide and ferrous catalyst.
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Of the boards pressed at 230°C and 240°C, those made from untreated veneers swelled 
somewhat more in water than those made from oxidative pretreated veneers (Table 1). 
The thickness swelling in water of boards from wood fibers as well as wood particles 
has been found to be reduced by a similar oxidative pretreatment (Westermark and 
Karlsson 2002, Widsten 2002). The water absorption (WA) on soaking followed a trend 
similar to that observed for the swelling (Table 1).

The mass loss for boards from veneers treated with hydrogen peroxide and ferrous 
catalyst increased with higher press temperature (Fig. 3). Results showed that the mass 
loss for boards from oxidative treated veneers was higher than for boards prepared 
without the oxidative pretreatment. The mass loss could be due to the degradation of 
wood components and the release of volatile substances, formed mainly during the hot 
pressing cycle as well as to the evaporation of native extractives. Preliminary results 
indicated no great differences in the internal temperatures during pressing between 
treated and untreated boards. The temperature of the veneers during the pretreatment 
was close to the ambient temperature. It cannot be ruled out that some volatile gases 
may be formed by reaction with wood during the oxidative activation. Oxygen could 
also be formed by the iron-catalysed degradation of hydrogen peroxide, as small 
bubbles were observed on the wood surface after the chemicals had been sprayed onto 
the wood surface.  

Fig. 3. Mass loss during formation of board from oxidative pretreated veneers and veneers without 
pretreatment

It has been reported that acid groups are formed during such oxidative activation (Jenkin 
1976). During the wet cycle test, water from the untreated boards was fairly neutral but 
it was slightly acidic (pH 4-5) from the oxidative pretreated boards. However, veneers 
treated only with ferrous catalyst resulted in boards that delaminated in water at room 
temperature. This indicates that it is the oxidation of the wood components rather than 
activation by the acidic ferrous catalyst that is important for achieving stable bonds 
between veneers during hot pressing. 

The equilibrium moisture content (EMC) of boards was reduced by increasing press 
temperature (Table 2). The EMC of the conditioned boards increased after wet cycling 
and became close to the initial MC of veneers (Table 2). An increase in the EMC of 
thermally modified wood has been observed after treatment under wet conditions 
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(Obataya et al. 2000). A greater thickness shrinkage (TSH) was observed for wet cycled 
boards during drying of conditioned boards than for the ones only conditioned (Table 2). 
However, boards were still stable and did not delaminate during the wet cycling test. 

Table 2: Properties of boards from veneers treated with or without hydrogen peroxide and ferrous 
catalyst: Equilibrium moisture content (EMC) at 23oC, 50% RH before and after 2nd water soaking,

Thickness shrinkage (TSH) from EMC to dry material before and after 2nd water soaking

Press 
temperature

EMC [%] EMC [%] after 
water soaking

TSH [%] TSH [%] after 
water soaking 

230a 6.5 11.2 4.6 (1.2) 7.8 (2.0)
230b 6.0 10.6 3.7 (1.3) 6.1 (1.3)
240a 5.8 10.6 3.5 (1.7) 4.9 (1.8)
240b 5.6 9.9 4.8 (1.8) 7.5 (1.4)
250a 4.9 9.8 4.4 (1.5) 7.6 (1.4)
250b 4.9 8.7 3.5 (1.0) 6.1 (0.6)

aBoards from veneers treated neither with hydrogen peroxide nor ferrous catalyst, bBoards from 
veneers treated with hydrogen peroxide and ferrous catalyst.

CONCLUSIONS

From the results obtained so far, we suggest that it is possible to increase the stability
and durability of self-bonded laminated veneer boards from beech by oxidative pre-
treating veneers using hydrogen peroxide and iron catalyst before hot pressing. 

Mass loss during formation of boards occurred. This together with high temperature and 
high pressure probably led to the formation of blow holes which was observed when 
pressing at the higher temperature especially for boards from oxidative treated veneers. 
Sufficiently mild conditions (a lower pressure for the same levels of temperature and 
time) should therefore be used during pressing to achieve boards with no blow holes.     

In addition, preliminary results indicate that boards stable to boiling in water for 4 hours 
could be produced by hot pressing oxidative activated veneers under milder press 
conditions than the ones used in this study, whereas boards made from untreated veneers 
delaminated under those conditions. The preparation and selection of veneers could 
have an influence on the bonding and needs to be studied further.  
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Abstract
This paper presents results from studies on the pre-treatment of veneers from Scots pine 

using hydrogen peroxide and a ferrous catalyst followed by pressing at 220, 230, and 240°C. The 
treatment gave boards that did not delaminate when exposed to water followed by drying of room 
temperature, whereas boards without a pre-treatment delaminated. The press-plate temperature did 
not influence the extent of delamination, but the thickness swelling was lower at higher press 
temperature. Analysis of extracts from the oxidative pre-treated and hot-pressed surface material 
using UV-spectroscopy was compared with analysis of bondlines from water-stable laminated boards 
from beech.     

Key words: delamination; extractives; LVL; hot-pressing; hydrogen peroxide; water stability  

INTRODUCTION

European regulations regarding formaldehyde containing adhesives used in wood boards 
make it interesting to develop alterrnative bonding methods in such products. It is well known that wet 
conditions can be used for manufacturing hardboards such as Masonite-board without or with only 
small amounts of adhesive. However, to be able to form boards under drier conditions without 
adhesives, activation or stronger pressing conditions may be necessary. Technologies for self-bonding 
veneer without any binder or chemical activation prior to pressing were introduced in Germany in the 
1940s by Runkel and Jost (1948) and in the US by Boehm (1951). A method has been developed in 
our laboratory to produce self-bonded laminated boards from beech veneers at lower moisture 
contents by pressing at temperatures higher than 200°C (Cristescu et al. 2006, 2008), and properties 
such as the shear strength of the board were strongly related to the temperature and pressure applied.

By treating wood with oxidants, it has been found that boards can be bounded without 
synthetic adhesives (Johns 1977, Stofko and Zavarin 1977). It was speculated that lignin was the main 
contributor to the auto-adhesion observed. Activation of lignin was the target when using peroxidases
and other oxidases for the auto-adhesive bonding of wood fibres into boards (Felby et al. 1997, 
Kharazipour et al. 1998). Later, a method for producing boards from wood particles and fibres without 
using synthetic binders such as urea-formaldehyde was developed (Karlsson and Westermark 2002, 
Karlsson et al. 2006). The method involves the pre-treatment of wood particles or fibres using 
hydrogen peroxide and ferrous sulfate as catalyst under relatively dry conditions followed by hot 
pressing at temperatures of 170-200°C. This gave boards with a considerably greater resistance to 
swelling in water than without the pre-treatment. It was found that the leaching of treated wood 
particles with water left particles with almost no bondability when hot-pressed. Interestingly, the re-
addition of leachate followed by drying to a suitable moisture content gave particles in which 
bondability was to a large extent recreated. This indicated that most of the bondability is related to the 
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formation of extractives by the oxidative treatment and that long-lived bonding groups are more 
important for the formation of bonds in the material.

OBJECTIVE

Together with Norway spruce, Scots pine is the dominant softwood in the Nordic countries and 
there is a great interest in finding new applications for such materials. Preliminary results from the hot-
pressing of veneers of softwood into laminated boards without adhesive suggests that bonds between 
the layers in such a product need to be improved, and the effect of pre-treating of veneers using 
hydrogen peroxide to produce self-bonded laminated boards from Scots pine has here been studied. 

MATERIALS AND METHODS 

Rotary-cut veneers with dimensions of 140x70x3.25mm (LxWxT) from Scots pine were treated 
by spraying an aqueous-solution of ferrous sulphate (0.1% odw) followed by 0.5% hydrogen peroxide. 
The veneers were conditioned at 20°C and 60% RH (MC 10%), and two veneers were pressed with 
their treated sides against each other in a hot press. Press conditions for self-bonded laminated 
boards have been presented, and the conditions for forming board stable under dry conditions were
chosen, based on results from pressing untreated veneers (Cristescu et al. 2015). Boards were 
pressed at 2.6MPa for 170s and finally at 0.5MPa for 30s. Press plate temperature of 220, 230, and 
240°C were used and three boards of each condition, making a total of (3x3x2)=18 boards, were 
prepared.  

A cycling test was carried out in which boards were immersed in water overnight and then 
dried to constant weight in a laboratory atmosphere. This procedure was repeated twice. The extent of 
delamination was evaluated and documented. The thickness reduction after hot pressing (TRP) was 
estimated. Thickness swelling (TS) and water uptake (WA) during 24h were determined, and the 
thickness increase after drying the samples which had been immersed in water for 24h (TIWD) was 
also determined. These values are calculated as:  

initial

dryinitial

T
TT

TRP [%]                                  (1) 

dry

drywet

T
TT

TS [%]                                 (2) 

            
dry

drywet

m
mm

WA [%]                                                (4) 

dry

drydriedwet

T
TT

TIWD [%]                                                 (5) 

Where:  

Tinitial  - the total thickness of two veneers before pressing

Tdry  - the thickness of the laminated board, 

Twet  - the thickness of the laminated board after soaking in water for 24h

Tdriedwet - the thickness after drying of laminated board that had been soaked in water for 24h 

mwet  - the mass of the water-soaked board 

mdry  - the mass of board before soaking.

UV-spectrophotometry

50mg of isolated surface material was extracted with 2ml water using an ultrasonic bath for 
1h. After centrifugation, 0.5ml of the solution was diluted with water in a 10ml flask. The remaining 
solution was dried and extracted with methanol in a similar manner. After dilution of 0.5ml of the 
methanol solution with water to 10ml, the solutions were analysed by UV-spectrophotometry. 
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The solution was treated with excess of NaBH4 twice for two days and analysed.  

UV-difference spectra were obtained from the neutral and an alkaline solution. 0.5ml of the 
extracts were diluted with water and 1M NaOH until pH 12 was reached in a volume of 10ml.

RESULTS AND DISCUSSION

Veneers of Scots pine were treated with or without hydrogen peroxide and ferrous catalyst
and then hot-pressed at three press plate temperatures (220, 230 and 240°C).  

Swelling and shrinking forces acting on the bond-line between the veneers under wet 
conditions were studied by immersing boards in water and then drying them in air. Most of the boards
without any oxidative pre-treatment were found to be unstable and to delaminate in water, and the 
board stability in water was not influenced by the press-plate temperature. It might be of interest to 
study whether more stable boards could be prepared by increasing press parameters such as the
pressure and temperature.

Fig. 1 show boards where the bonding surfaces in the board were pre-treated with hydrogen peroxide 
and iron-catalyst before hot pressing, and most of the boards could withstand the forces acting during 
swelling and shrinking. In only a few cases was slight delamination noticed. The press-plate 
temperature had no great influence on the wet strength of the bond-line of the laminated boards, no 
change in delamination was observed after performing another two swelling-shrinking cycles. 

  

220°C 230°C  

240°C 240°C

Fig. 1. 

Effect of swelling and drying of boards in which the veneers had been treated with 
hydrogen peroxide and ferrous sulphate catalyst before hot-pressing

The influence of press temperature on the interaction of water with boards from oxidative pre-
treated veneers was further investigated. Water uptake in the board was found to decrease with 
increasing press-plate temperature (Table 1). The uptake of water also led to swelling of the material, 
but the thickness swelling was lower with a higher press temperature (Table 1). The increase in 
thickness after drying of wetted samples followed a similar pattern; with a higher press temperature, 
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the residual thickness was smaller. The lower uptake of water and reduced swelling suggest that the 
water-resistant bonds between the wood components are more prominent after compression at higher 
temperatures. The lower swelling indicates that these bonds hinder the penetration of water into the 
board and into the wood cell wall.

Table 1 

Swelling and water uptake of oxidised boards from Scots pine after hot pressing.
Standard deviation in brackets  

Press-plate 
temperature (°C)

Water 
uptake (%)

Thickness
swelling (%)

Thickness increase 
after drying (%)

220 75.9 (2.1) 27.8 (1.4) 17.7 (1.3)
230 70.3 (7.0) 21.9 (3.1) 12.5 (4.1)
240 64.1 (4.0) 20.2 (2.3) 9.1 (2.4)

It is interesting to note that thickness reduction (TR) and density were fairly similar for the boards after 
pressing (Table 2) even though their stability in water was different as shown in Table 1.  

Table 2 

Thickness reduction (TR) in boards of Scots pine as a result of hot pressing. 
Standard deviation in brackets

Press plate 
temperature (°C)

Density after 
pressing (mm)

Thickness reduction 
(%)

Un-
treated

Pre-
treated

Un-
treated

Pre-
treated

220 777 (20) 741 (41) 39.9 (0.5) 39.6 (1.7)

230 743 (67) 741 (46) 38.3 (6.1) 40.2 (2,2)

240 792 (32) 743 (64) 40.8 (4.1) 41.7 (6.3) 

One sample has a much darker appearance than the other boards in Fig. 1 because its outer 
surface had also been treated with hydrogen peroxide and iron catalyst before hot-pressing. Scraping 
with a knife could remove this coloured and thin surface layer, and it was further extracted with water 
followed by methanol, as was reported in an earlier paper (Karlsson et al. 2012). The methanol 
fraction was more coloured than the fraction extracted in water, but coloured solid wood material 
remained after the extractions as was also reported when other thermally modified wood was 
extracted in a similar way (Karlsson et al. 2012). To investigate what the coloured material consist, 
possible precursors for such a coloured layer were sought in the water and methanol extracts. 

The extracts were diluted with water 10 times and studied by UV-spectrometry. The UV-
absorption at 280nm of the methanol solution was stronger than that of the aqueous solution (Fig. 2a).
After reduction with sodium borohydride, the colour of the diluted extracts diminished. The treatment 
also led to a reduction in the UV-absorption at 280nm in the water extract by more than 50% (Fig. 2a).
Aldehydes are reduced to alcohols by treatment with NaBH4 and furfurals lose their absorption at 
280nm. It is therefore likely that structures containing furfurals may contribute to the absorption at 
280nm. Furfurals have been found in extracts from isolated bond-lines of laminated boards of beech 
(Cristescu and Karlsson 2013). A large reduction in the UV-absorption at 280nm was also observed 
when methanol extract was treated with sodium borohydride (Fig. 2a). 

Difference UV-absorption spectra of alkaline and neutral solutions have been used to study 
phenols in industrial lignins (Wexler 1964). However, care should be taken as the specific absorption 
coefficients are not known in detail. Nevertheless, difference UV-absorption spectra for water and 
methanol indicated that the methanol extract contained more phenolic compounds (absorption at 
250nm) than the aqueous extract (Fig. 2b). The presence of phenolics of both unconjugated 
(absorbing around 300nm) and conjugated types (absorbing at 350nm or higher wave lengths) was 
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indicated. Such results also have been reported for aqueous extracts from isolated bond-lines of 
veneers from laminated beech boards (Cristescu and Karlsson 2013). This is interesting, since the 
extent of oxidative reactions should be much less in the latter case. Similarities in the bonding 
mechanism involving both phenols and furfurals are suggested by the present data, but further studies 
on the solid part of bond-line need to be undertaken before any final conclusions can be drawn.

a)

b)

Fig. 2. 

UV-spectrometry curves for: a) UV-absorption of diluted water and methanol extract and of
corresponding extract reduced with NaBH4 from colored surface material of boards pre-
treated with hydogen peroxide, and b) difference UV-absorption of diluted alkaline and 
neutral solutions of aqeuous as well as of methanol extract

The bending strength of the oxidative pre-treated boards was studied. The bending strength 
was higher for boards oxidised with hydrogen peroxide than without. No clear relation of bending 
strength with press-plate temperature was observed (Fig. 3).
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Fig. 3. 

Bending strength (MOR) of boards pretreated with hydrogen peroxide and the 
influence of press-plate temperature

CONCLUSIONS

The results show that by treating the surface of veneers from Scots pine with small amounts of 
hydrogen peroxide, more water-stable laminated boards could be formed by hot pressing. Increasing 
the press plate temperature, reduced the water uptake and swelling of the board in water.
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Making boards from veneers does not have to involve glue; high temperature and high 
pressure together can suffice to produce a self-laminated board with excellent mechanical 
properties.  In earlier studies, small boards of beech veneers were shown to self-bond in a 
small laboratory press (Cristescu, 2006). In this study, the self-bonding capacity of full-size 
beech veneers of dimensions 1200x1200x2 mm were tested.  

Two electrically heated plates were mounted in a conventional 100 ton hydraulic, see Figure 
1. Each panel consisted of five peeled veneers overlaid in a parallel grain direction. The 
veneers were taken from the regular production and conditioned to an equilibrium moisture 
content of 7% before being subjected to a pressure of 5 MPa and a plate temperature of 220°C
for 5 minutes. The evolution of temperature in two of the bond-lines was recorded by 
thermocouples, see Figure 1. A total of 10 panels were produced. After pressing, the boards
were allowed to cool in a vertical position. Dry and wet shear strength tests were run to check 
the bonding quality.

The pressing procedure was a success and proved that bonding solely with heat and pressure 
is a method that can be applied to veneers with large surfaces areas. The temperature 
recordings as well as the shear strength tests showed that the heat was not evenly distributed 
within the plates. The samples therefore exhibited different bonding properties although they 
were taken from the same board. The heating devices should be improved to achieve a 
uniform heat distribution in the laminate during pressing. A well-defined cooling procedure 
should also be introduced to avoid boards warping after pressing.

 

 

 

 

Figure 1. Schematic representation of the press, including five veneers and thermocouples in
two of the bond-lines: (a) press plate, (b) electrically heated plates, (c) heating elements, (d) 
veneers, (e) thermocouples.
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