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Abstract
Bond formation and performance in veneer-based products is highly dependent on veneer
quality, which in turn can be affected by processing factors including log pre-heating
conditions. Hence, it has been shown that the heating of logs enhance many veneer and
plywood properties, the mechanisms behind the bond strength increase is not fully understood.
Therefore, the main focus of this dissertation was to investigate the effects of the pre-heating
process on the surface properties of veneer and its potential to improve bond quality.
Additionally the applicability of commonly used test methods to evaluate the effect of preheating temperature on surface properties and bonding quality were assessed.
This series of studies clearly show that lathe check depth and pulling direction have a strong
inﬂuence on the measured shear strengths of plywood tested according to SFS-EN 314, even
though this is a test for adhesive bonding and not intended for measuring wood quality.
Therefore, controlling lathe checks properties could result in much lower variability in wood
bonding tests allowing researchers to more easily identify other factors inﬂuencing bond
quality, e.g. felling season and pre-heating temperature. This study also indicated that log preheating temperature not only causes the softening of material in the rotary peeling process, but
also causes irreversible changes in the wood material which subsequently has an effect on bond
strength development. Results show that the temperature history of the log prior rotary peeling
is an important factor which contributes to veneer properties and bond strength. Furthermore,
the interpretation of adhesion data obtained by ABES should be treated with caution in
situations where the veneer properties and history are not fully known. Assuming that veneer
is a homogenous substrate might lead to a misinterpretation of results obtained by ABES. The
results of the study show that winter felled birch logs are most susceptible to the effects of preheating temperature and heating birch at low temperature leads to remarkable variation in the
results caused only by seasonal variation. When paying attention to the aforementioned issues,
ABES was found to be very useful for evaluating the impact of veneer production variables or
the wood properties on the bonding process.
The advantage of the surface integrity measurements technique developed in this study is that
it evaluates the particles loosely attached to surface, which could act as a locus of failure in the
bondline and cannot be evaluated by roughness measurement techniques.
Finally, while the bonding quality of plywood is driven by the uncontrolled effects of lathe
checks, further development of bonding and new adhesive concepts will be complicated.
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Tiivistelmä
Liimasauman muodostuminen ja suorituskyky viilupohjaisissa tuotteissa riippuu hyvin pitkälti
viilun laadusta, johon voidaan vaikuttaa valmistusprosessin osavaiheiden, kuten haudonnan,
avulla.
On osoitettu, että tukkien lämmitys parantaa monia viilun ja vanerin ominaisuuksia, mutta
liimasauman lujuuden kasvuun vaikuttavia mekanismeja ei vielä täysin ymmärretä. Siksi
väitöskirjatyön päätavoitteena oli tutkia haudonnan vaikutusta viilun pinnan ominaisuuksiin
ja liimasauman laatuun. Lisäksi tutkittiin, soveltuvatko yleisesti käytetyt liimasauman
testausmenetelmät haudontalämpötilan vaikutuksien arviointiin.
Väitöskirjan osatutkimukset osoittavat selvästi, että sorvaushalkeamien syvyydellä ja
vetosuunnalla on suuri vaikutus SFS-EN 314 -standardin mukaan mitattuun vanerin
liimasauman lujuuden arvoon, vaikka kyseinen koemenetelmä on tarkoitettu liimasauman, ei
viilun laadun, testaamiseen. Siksi sorvaushalkeamien ominaisuuksien hallinta voisi johtaa
paljon pienempään hajontaan vanerin liimasauman testauksessa mahdollistaen sen, että
tutkijoiden olisi helpompi tunnistaa muut liimasauman laatuun vaikuttavat tekijät, kuten
hakkuukausi ja haudontalämpötila. Väitöstutkimus osoitti myös, että tukkien
haudontalämpötila paitsi pehmentää materiaalia sorvausta varten, myös muuttaa
puumateriaalia peruuttamattomasti vaikuttaen liimasauman lujuuden kehitykseen. Tulokset
osoittavat, että tukin lämpötilahistoria ennen sorvausta vaikuttaa merkittävästi viilun
ominaisuuksiin ja liimasauman lujuuteen.
Lisäksi ABES-testien tulosten tulkintaan pitäisi suhtautua varauksella tilanteissa, joissa viilun
ominaisuudet ja historia eivät ole täysin tiedossa. ABES-tulokset saatetaan tulkita väärin, jos
viilun oletetaan olevan homogeeninen alusmateriaali. Väitöstutkimuksen tulokset osoittavat,
että talvella kaadetut koivutukit ovat kaikkein altteimpia haudontalämpötilan vaikutuksille ja
koivutukkien haudonta alhaisissa lämpötiloissa aiheuttaa huomattavaa vaihtelua tuloksiin,
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liimasauman murtumisen alkupisteenä.
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1. Introduction

Adhesive bond quality is an important factor in wood veneer-based panel performance. In turn, bond formation and performance depend on numerous factors (Marra 1992), amongst which veneer surface quality plays a key role. Veneer quality itself is highly dependent on processing parameters. When preparing veneer-based panels, the material will go through several process steps
which affect the final product quality. Some process steps, like drying, are relatively well studied and are known to have critical effects on veneer surface properties, such as surface energy and wettability, which will subsequently affect
bond formation and performance (Christiansen 1990, Christiansen 1991,
Šernek et al. 2004). However, the effect of log heating during veneer manufacturing has received less attention.
Heating is a process veneer logs undergo prior to rotary peeling for plywood
and laminated veneer lumber (LVL) manufacture. One method to heat the logs
is soaking them in water, which is commonly done in Finland at 15-35ͼC (Söyrilä
1991). However, the temperature of soaking in factories is significantly affected
by the outdoor temperature; therefore the logs may have different temperature
histories prior to rotary peeling.
The main reason for heating the logs is to melt and soften the wood to obtain
veneer with reduced roughness and severity of knife checks (Sellers 1985). The
heating of logs has been shown to affect many veneer and plywood properties
including adhesive bond strength (Sellers 1985), but the mechanisms behind
the bond strength increase are not fully understood.
What makes the comprehension of the mechanism more complex is also the
fact that in general it is not clear what is meant by the soaking or heating temperature? In case of the softening of material, it should be the temperature of
peeling. Often this is taken to be the soaking or steaming temperature, which is
often true, since normally cooling a log takes more than 12 h and so it can be
assumed that the peeling temperature is the same as the temperature of soaking.
However, this fact makes it impossible to separate the effects of soaking from
the temperature of peeling on veneer quality, which might lead to misinterpretation. Many in the field assume that the softening of the material for peeling
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plays the main role in veneer quality. Nevertheless, it is still unclear what contributes the most to the surface properties of veneer, which subsequently affects
bonding. Is it the temperature during soaking, which could have an effect on
wood chemistry or is it the temperature during peeling, which softens the wood
and affects the surface physical properties? To the knowledge of the author, no
systematic investigation has been carried out to separate the effects of soaking
and peeling temperatures on the surface properties and bonding quality simultaneously.
Another complication is related to evaluation methods. How to measure precisely the interaction between wood and adhesive and assess the resulting bond
strength? Standard testing methods are available to evaluate the plywood bonding quality, but do they evaluate the right properties and what are the parameters that affect the results? In the European standard, SFS-EN 314, the percentage wood failure (PWF) and shear strength are used in the assessment of bond
quality. However, with no PWF requirement the minimum bond strength is expected to be over 1 MPa to pass the test.
In recent decades researchers and the manufacturers of adhesives and plywood have been struggling with different problems occurring with the interpretation of bonding quality data obtained by standard testing methods. Often
strength results vary and they do not correlate with PWF (Bethel and Huffman
1950, Koch 1965b, Chow 1974, DeVallance et al. 2006). Moreover, PWF is commonly measured visually by an operator and for this reason the results are
highly dependent on the experience of the evaluator and the deviation in
strength results is sometimes unexpectedly great.
Standardized testing methods for plywood are of course not the only methods
available for bond quality evaluation. One of these is the automated bonding
evaluation system (ABES) (Humphrey 1993). While ABES testing has great potential because of its speed and low testing cost, it often faces problems concerning the reproducibility of bonding tests in different plants and institutes under
similar conditions and the reasons are not precisely known.
These questions serve as a motivation to conduct this series of studies, in an
effort to understand better the veneer preparation process, veneer surface quality, its effect on bonding and the evaluation methods. Based on new knowledge
about how the process parameters can be used to tailor the veneer surface properties and adhesive bonding, an improvement in plywood properties could be
achieved. These results could allow for these improvements to be made in an
industrial process without significant new investments or changes to current
production processes.
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1.1

Objective of the dissertation

The main focus of the dissertation was to investigate the effects of the soaking
process on the surface properties of veneer and its potential to improve bond
quality. Additionally the applicability of commonly used test methods to evaluate the effect of soaking temperature on surface properties and bonding quality
were assessed. With this aim, the dissertation focused on the following research
questions:
1) Are the methods used in the evaluation of veneer surface properties for
bonding and bonding quality adequate?
2) How do the soaking and peeling temperatures affect the physical properties of the veneer surface and do these properties have an impact on veneer-adhesive bond quality?
The answers to these research questions will be explored through the 4 scientific papers comprising this thesis. Paper I investigates the effect of lathe check
depth (LCD) on bonding quality using the standard test method, EN314. The
main problem is that if LCD is affected by soaking temperature, does EN314
evaluate the effect of soaking temperature on bonding quality or is this effect
overwhelmed by the depth of lathe checks? Paper II explores the utility of the
ABES method to evaluate bond quality. This includes measuring how bond
strength is impacted by veneer surface properties that in turn are affected by
soaking temperature and seasonal variation in time of log harvest. Paper III
evaluates the physical changes brought by soaking temperature on veneer surfaces. It discusses the surface quality evaluation methods used commonly to
predict bonding quality and introduces an improved surface quality test. Paper
IV separates the impact of heating a log from the impact of peeling on bond
quality.

1.2

Limitations

The results of this dissertation formed part of a broader research project called
‘INTERWOOD’, where the effect of log heating prior to rotary peeling was investigated. In the project two parallel studies on the effect of wood heating on
veneer chemical and physical properties were conducted. As a result of which 8
scientific papers have so far been published and two doctoral dissertations have
been written.
The main focus of this dissertation is on veneer surface physical properties
brought by heating birch (Betula pendula Roth) wood during processing and
how these surface physical properties affect subsequent adhesive bond formation with phenol-formaldehyde adhesive. Economic and ecological aspects
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as well as other process stages involved in veneer and plywood preparation are
outside the scope of this thesis.
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2. Background

Bond formation and performance in veneer-based products is highly dependent on veneer quality, which in turn can be affected by processing factors including the soaking conditions. In order to fully understand the effect that soaking
has on the physical properties of veneer and subsequently on adhesive bond formation and performance, the basics of veneer production, the surface properties
of veneer as well as bond formation and evaluation will be discussed here more
thoroughly.

2.1

Plywood process

Before obtaining the form of plywood, wood material is subjected to several
different processing stages (Figure 1). Broadly speaking these processes can be
divided into four stages: a) the processing of the logs, b) veneer preparation, c)
plywood manufacturing and finally d) plywood finishing. In the plywood factory
the logs will first be stored, then soaked, debarked and peeled. After peeling, the
veneer will be dried and sorted. In the plywood manufacturing process, the adhesive will be applied and shortly thereafter, panel pressing will take place, followed by sawing, sanding and finishing.

Figure 1 Process stages in veneer based products factory (UPM Plywood 2016)
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All these process stages affect the material properties and final product quality. From the point of view of the surface physical properties and bonding quality, some of these processes have been relatively well studied. In the past, emphasis has been placed on the veneer peeling and drying operations, but wood
heating prior to peeling has received less attention.
2.1.1

Log heating

In veneer and plywood manufacture, the logs are commonly heated prior to
peeling. There are many methods to heat logs, but commonly steaming or soaking in water at elevated temperature have been used (Sellers 1985). The main
reason for heating the logs is to soften the wood (Marchal et al. 2009, Dupleix
et al. 2013) so as to obtain smoother veneer and minimise the severity of knife
checks (Meriluoto 1965, Dupleix et al. 2013). This subsequently decreases the
adhesive consumption required for adequate bonding (Sellers 1985) and softer
logs reduce knife damage (Bailleres et al. 2015). It has also been shown that elevated soaking temperature affects the colour of wood (Mayer and Koch 2007,
Yamamoto et al. 2015c) and also the chemistry of birch sap, which has been
shown to relate to veneer colour (Yamamoto et al. 2015a, Yamamoto et al.
2015b).
The softening of logs prior to peeling occurs as a result of the glass transition
temperature (Tg) of the wood polymers being exceeded (Salmén 1982, Placet et
al. 2007). The Tg of wood natural polymers has been extensively studied and it
has been shown that the Tg of the main wood components when dry is relatively
high. When dry, isolated cellulose has a Tg of about 230 – 250°C, the Tg of hemicellulose is in the range of 150 – 200°C and the Tg of lignin is about 130 – 200°C
(Goring 1963, Salmén 1982). The presence of moisture will substantially lower
these temperatures, to a point where the softening of lignin could begin at between 77 and 128°C and that of hemicellulose at between 54 and 56°C (Goring
1963, Salmén 1982). Information about the isolated components gives valuable
indications about the causes of the behaviour of wood when heated. However, it
is unclear to what extent these explanations can be applied, because the physical
nature of isolated components could be different from those of native wood (Hillis and Rozsa 1978). Further studies have concentrated on investigating the
thermoplastic behaviour of solid wood, where the thermal softening of solid
wood has been shown to start at between 115 and 145°C (Hillis and Rozsa 1978,
Blechschmidt et al. 1986).
Both temperature and moisture affect the mechanical properties of wood (Sulzberger 1953, Siimes 1967, Gerhards 1982) and its fracture behaviour
(Tukiainen and Hughes 2016), and generally when the temperature and/or
moisture level is increased, a decrease in the mechanical properties will occur
(Figure 2).
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Figure 2 The effect of temperature and moisture content of wood on modulus of elasticity (Sulzberger 1953)

The average moisture content of freshly felled birch depends upon the felling
season and has been noted to vary between 71 - 80% (Jalava 1932, Hakkila 1962,
Kärkkäinen 2007). Piispanen and Saranpää (2001) stated that silver birch does
not form heartwood and it has also been shown that the moisture content of
birch is more uniform throughout the tree than in species forming heartwood
(Kärkkäinen 2007). Therefore, it can be assumed that the moisture content of
birch will be over the fibre saturation point (FSP) during the soaking and peeling
processes. Several authors have demonstrated that during log soaking the overall moisture content of the log does not increase significantly and that water
does not penetrate into the whole length of the log (Relander 2003, Yamamoto
et al. 2015b). Adding moisture to wood could be important if its moisture content is under FSP, but the effect of moisture above FSP should not influence its
mechanical properties (Kollmann and Côté Jr 1968, Söyrilä 1991).
In the selection of optimal heating conditions, it is also important to take into
account the heating medium. In general, water will heat wood about 5 -10 %
more slowly than steam, but soaking in water will give more a uniformly distributed temperature in wood (Lutz 1978). Also it is known that the rate of heating
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along the grain is about 2-2.5 times faster than across it (Fleischer 1959). However, most logs are long compared to their cross sections and in that sense heating across the grain is generally the controlling factor in heating process (Lutz
1974).
Log heating temperatures depend on many factors and it is not possible to
recommend a single optimal temperature for wood of a given species that will
result in the best cutting under all conditions. In industrial manufacturing the
temperature of soaking depends on the wood species, the manufacturer and the
season of soaking (Fleischer 1959). Most heating schedules involve compromises to save time, heating capacity or cost (Kontinen et al. 1992). Fortunately,
good cutting results can be usually obtained over a moderately wide range of
temperatures. In hardwood species the temperature resulting in the best cutting
is roughly related to the density of the wood (Fleischer 1959). Low density wood
species (less than 400 kg m-3) cut well even at ambient temperature, medium
density wood (approx. 460 – 550 kg m-3) at around 60 - 70°C and dense wood
(600 kg m-3 and above) cuts best at a temperature of about 90°C. It has to be
mentioned that generally in Finland the temperature of the soaking water in
plywood mills is about 15-35°C (Söyrilä 1991, Relander 2003), though in reality
the soaking temperature in factories is not very well controlled and is strongly
influenced by the ambient outdoor temperature (Sellers 1985, Relander 2003).
Moreover, often during soaking ‘time-temperature’ relationship is used for large
diameter logs. This means that the soaking water could have a much higher temperature than the expected final temperature of the log core. In practice when
the logs are removed from the soaking facility, the outer part of log at higher
temperature starts to cool, but the core temperature of log still continues to increase (Sellers 1985). At the time of peeling, the log’s core and outer part are
expected to have similar temperatures. This process will shorten the soaking
time, but eventually the log core and outer part will have a different temperature
history prior peeling.
2.1.2

Veneer peeling

The effect of soaking on veneer quality cannot be observed as a separate process in veneer production, because the subsequent peeling finally forms the veneer surface and affects its properties. Generally, in peeling process there are
two main variables: a) peeling settings and b) cutting speed. Lathe settings are
very important parameters in veneer peeling (Siimes and Liiri 1951, Palka 1974)
and it is well known that the optimal peeling settings vary for different raw materials (Sellers 1985). Whereas, cutting speed has been shown not to affect veneer quality when it is in the range of 50 to 150 m min-1 (0.8 – 2.5 m s-1) (Lutz
1978).
However, in this thesis the peeling process has been considered to be constant
by maintaining the initial settings of the lathe when rotary cutting at all soaking
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temperatures. These settings were originally developed by industry using logs
soaked at about 35°C. Despite this, the peeling process will affect surface physical properties and veneer quality (Siimes and Liiri 1951). The most important
features are the roughness and the lathe checks. Lathe checks are fractures that
develop in the veneer during peeling due to the stresses created by the veneer
bending over the cutting knife (Sellers 1985). The side of veneer from which the
checks initiate has been termed the ‘loose side’ and the opposite side of veneer
is the ‘tight side’ (Figure 3).
Lathe check parameters, their formation and measurement during peeling
process have received a lot of attention in past as well as more recently (Denaud
et al. 2007, Tomppo et al. 2009, Paáubicki et al. 2010, Denaud et al. 2012, Dupleix et al. 2013, Antikainen et al. 2015, Darmawan et al. 2015).

Figure 3 Veneer peeling and lathe check formation

It has been noted that the sharpness of the knife affects surface roughness and
compression rate affects the depth and frequency of lathe checks (Lutz 1974).
Lathe check properties like depth and frequency have been shown to correlate;
deeper checks tend to be less frequent than shallower checks (McMillin 1958,
Koch 1965b, Korpijaakko 1999). Additionally, at higher temperature the formation of deep lathe checks will be reduced (Meriluoto 1965, Dupleix et al.
2013), which is beneficial since shallower checks are less detrimental to veneer
strength perpendicular to the grain (Kontinen et al. 1992).
2.1.3

Veneer drying

Following peeling, the veneer is dried. Veneer drying and its effect on surface
properties, has been relatively well studied. It is known that in order to ensure
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proper adhesive bond formation, it is critically important to avoid over-drying
of the veneer. Over-drying will lead to inactivation of the veneer surface and this
subsequently reduces the bonding quality (Christiansen 1990, Christiansen
1991, Šernek et al. 2004). However, the drying at higher temperature does not
automatically inactivate the veneer surface, if the heat of vaporisation cools the
surface (Keylwerth 1953).
In this thesis veneer drying was carried out under the same conditions as commonly used in the birch plywood industry, where the temperature of veneer
dryer is about 160-180°C, the final target moisture content after drying is about
3-4% and the drying time for birch veneer is about 3-4 min.

2.2
2.2.1

Wood bonding
Factors affecting wood bonding

Wood adhesive bonding is a very complicated phenomenon involving many
factors (Figure 4) that affect the formation of the bond and its subsequent performance (Marra 1992). Understanding and controlling wood bonding is a challenging task because of material heterogeneity and the variability of the process
parameters. Marra (1992) also suggested that if all the parameters affecting
bond quality were to be taken into the account, the theoretical strength of the
wood adhesive bond would be approximately 483 MPa; however, in reality this
value is never achieved.

Figure 4 Factors affecting wood-adhesive bond performance (Marra 1992)

Amongst these factors, the surface physical properties of the wood that are
affected by processing play an important role. To understand the mechanisms
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involved in bond formation the basics of adhesion theories will be briefly presented.

2.2.2

Adhesion theories

Adhesion is a phenomenon related to many scientific and technological areas.
One of the main applications of adhesion is related to bonding by adhesives.
Studies on the mechanisms of adhesion face many difficulties, since the subject
is at the boundary of many scientific fields including macromolecular science,
physical chemistry, material science, micromechanics, rheology, etc. (Pizzi and
Mittal 2003). This variety has led to a situation where many different theoretical
models for adhesion have been introduced. It has to be mentioned that these
models are valid only to some extent depending on the nature of the solid and
the conditions of bond formation and there is no general agreement about the
causes of adhesion and the mechanisms involved (Ebnesajjad and Landrock
2014).
Current adhesion theories are related to mechanical interlocking, a weak
boundary layer, adsorption, diffusion and to chemical bonding theories, which
together could be either complementary or contradictory and in practice several
adhesion mechanisms can be simultaneously involved in bond formation.
The most common and earliest theory of wood adhesion is mechanical interlocking (McBain and Hopkins 1925). The mechanical interlocking theory
proposes that adhesion occurs due to the penetration of adhesives into pores,
cavities, and other irregularities on the surface of the adherend and that subsequently the adhesive displaces the trapped air at the interface and forms molecular contact with adherend. Generally, it is noted that an adhesive penetrating
into the surface roughness of an adherend can be a positive contribution to the
adhesive bond strength, resulting from the ‘mechanical interlocking’ of the adhesive into the adherend.
The weak boundary layer (WBL) theory was first introduced by Bikerman
(1967). He proposed that bond failure is caused by either a cohesive failure or a
WBL, these two can always be considered to be the main factors in the determination of the level of adhesion. Bikerman (1967) also proposed that the WBL
can originate from the adhesive, the adherend, the environment, or a combination of any of these three factors. WBLs occur in the adhesive or the adherend if
an impurity concentrates near the bonding surface and forms a weak attachment to the substrate (Ebnesajjad and Landrock 2014).
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Stehr and Johansson (2000) adopted the WBL concept to adhesion in wood
and proposed a general extension to the concept, where the distinction is made
between a chemically weak boundary layer (CWBL) and a mechanically weak
boundary layer (MWBL). According to Stehr and Johansson (2000) in wood, a
CWBL is caused mainly by extractives migrating to the wood surface after processing and an MWBL is caused by the machining operation itself or by degradation of the fibres at the surface after ultraviolet light irradiation.
According to the adsorption theory, adhesion results from molecular contact and forces that develop between the adhesive and the adherend. The process of establishing continuous contact between the adhesive and the adherend
is termed wetting. For good adsorption, effective wetting is essential to establish close contact between the adhesive and the adherent. For an adhesive to wet
a solid surface, the adhesive should have a lower surface tension than the critical
surface energy of the solid (Baldan 2012).
An important aspect of adhesive bonding is the scale at which the adhesive
and adherend interact. It is well known that adhesive-adherend interactions always take place at the atomic and molecular levels, which unfortunately have
not been fully understood (Baldan 2012). Due to this, it is generally assumed
that the most widely applicable adhesion theory is the adsorption theory, which
describes the achievement of intimate contact and the development of physical
forces at the interface. This is also an essential step for interlocking, diffusion
and chemical bonding mechanisms to occur and an increase the adhesive bond
strength to be achieved (Pizzi and Mittal 2003).
2.2.3

Wettability

According to Baldan (2012) physical adsorption can be investigated with contact angle measurements (Figure 5). Adhesive is commonly applied to surfaces
as a liquid and its angle of contact Ǉ with a surface in the equilibrium state is
related to the surface energies by Young’s equation Eq. (1)
ߛ௦௩ ൌ ߛ௦   ߛ௩   ߠ

Eq. (1)

where ߛ௦௩ is the interfacial energy between the solid-vapour, ߛ௩ is the liquidvapour interfacial energy, ߛ௦ is the interfacial energy between the solid and the
liquid drop and Ǉ is the wetting or contact angle between the solid-liquid interface. Several approaches have been proposed to calculate the surface energy (ߛ)
from contact angle (ߠ) measurements on polymers (Fox and Zisman 1950, Fox
and Zisman 1952a, Fox and Zisman 1952b, Fowkes 1963, Sharpe and Schonhorn
1963, Fowkes 1964, Owens and Wendt 1969, Schultz et al. 1977, Fowkes and
Mostafa 1978, Fowkes 1987).
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Figure 5 Contact angle measurement

However, the contact angle measurement of a surface is extremely sensitive to
surface roughness and chemical composition. This makes the determination of
contact angle on a wood surface ambiguous and is a source of conjecture in the
application of Young’s equation when calculating the surface energy. Despite
this, it is often measured on wood (Gardner et al. 1991, Scheikl and Dunky 1998,
Shi and Gardner 2001, Šernek 2002, BüyüksarÕ et al. 2011) and used to calculate
surface energy (Wålinder 2002, Gindl et al. 2004) and associated with the formation of adhesive bonds (Hse 1972, Aydin et al. 2006). However, a correlation
between contact angle/surface energy and bond quality is often difficult to find
(Zhang et al. 1997, Nussbaum and Sterley 2002).
2.2.4

Roughness

Generally the roughening of a surface has been shown to improve bonding
(Gent and Lai 1995). Petrie (2000) proposed that enhanced adhesion after
roughening the surface of an adherend may be caused by a) mechanical interlocking, b) the formation of a clean surface, c) the formation of a highly reactive
surface, and d) an increase in contact surface area.
Adhesives frequently form much stronger bonds to porous surfaces than to
smooth ones (Packham 2003). The roughness of wood has frequently been used
as a parameter to predict adhesive bond formation and quality. However, the
measurement of the true topography/roughness taking part in bonding is ambiguous and the optimum surface topography for bonding also varies with adhesives (Baldan 2012). In the case of wood, surfaces that are too rough can be
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detrimental, where the adhesive cannot make intimate contact with the wood
surface (Marra 1992). In the literature contradictions can be found, it has been
shown that the rougher surface of wood can decrease bond strength (Faust and
Rice 1986b, Aydin 2004, DeVallance et al. 2007) or it might not have effect at
all (Neese et al. 2004). Studies have also demonstrated that higher soaking or
peeling temperatures will decrease surface roughness (Lutz 1960; Aydin et al.
2006), then again some studies show the reverse (Corder and Atherton 1963).
The differences between various studies might be explained by the different
wood species and the diverse measurement techniques used or by the variety of
roughness magnitudes measured. There are no clear limits to the surface roughness of wood that affect bonding but, according to Sellers (1985) quoting (Walser and McLauchlan 1977), the maximum roughness depth for acceptable veneer bonding is about 0.5 mm.
The main methods used today to evaluate surface roughness are based on stylus or laser displacement sensors (Sandak et al. 2004, Sandak and Negri 2005).
Typically, the surface roughness of wood has been measured using the stylus
method (Faust and Rice 1986a, Aydin 2004, Aydin and Colakoglu 2005, Aydin
and Colakoglu 2007, Dundar et al. 2008, Bekhta et al. 2014) and parameters
such as Ra - ‘arithmetic mean roughness’, Rz - ‘mean peak-to-valley height’ and
Rmax - ‘maximum individual peak-to-valley height’ have been generally measured (SFS-EN ISO 4288 1998, SFS-EN ISO 4287 1999). However, these parameters are based on a single roughness profile and cannot always adequately characterize the true surface roughness of wood (Sinn et al. 2009). The reason is that
the surface of wood shows irregularities caused by heterogeneities in both machining tools and the cellular structure of wood (Fujiwara et al. 2004, Hendarto
et al. 2006, Gurau et al. 2006, Tan et al. 2012), which cannot always be separated from each other reliably. Moreover, this approach might not adequately
characterize the surface roughness/quality of wood materials relevant to bonding, because of a mechanical weak boundary layer. Stehr and Johansson (2000)
suggested that the wood bond quality is negatively affected by a mechanically
weak boundary layer resulting from wood processing, which can limit adhesive
bond formation with intact wood. It is well known that for good bonding the
adhesive should penetrate into the wood (Kamke and Lee 2007, Modzel et al.
2011), obtain molecular contact with wood polymers (Pizzi 1995) and securely
anchor to the undamaged layer of wood (Frihart 2009).
Evaluating surface roughness/quality by using compression of veneer was
proposed by (Wang et al. 2006a). According to this theory, ‘progressive contact’
area increases nonlinearly with the load applied to the veneer. This reveals the
minimum compression required to achieve adequate contact between veneers
and assist in optimisation of veneer bonding (Wang et al. 2006b).
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Notably, these previously described methods do not take account of the effect
of lathe checks. Rotary cut veneer is known to have lathe checks and these features are commonly at some angle in the veneer (Meriluoto 1965). This means
that their depth or angle cannot be measured with traditional surface roughness
evaluation methods. Unfortunately, there are no surface roughness measurement techniques available which include the effect of lathe checks in bonding.

2.3

Bonding quality assessment of veneer based products

Generally, it has been shown that the veneer surface characteristics correlate
strongly with adhesive bond quality (Koch 1965a, Koch 1965b, Christiansen
1990, Fucheng and Shengquan 2001, Aydin et al. 2006). However, the influence
of the surface properties of the veneer on adhesive bond strength is particularly
difficult to evaluate, because: a) standard testing methods are laborious and
time consuming, and b) there are many material and process parameters that
influence bond strength (Marra 1992).
The quality of the adhesive bond in plywood can be evaluated by testing saw
kerfed specimens in-plane shear (mode II in Figure 6). Though the standard
testing methods in different countries vary, the principle is the same. The
‘pass/fail’ adhesive bond quality criterion in the US standard (PS 1-95 1996) is
linked to the percentage wood failure (PWF) and in the European standard
(SFS-EN 314-1 2005) both PWF and shear strength are used in the assessment
of bond quality. In both standards, hot water pre-treatment of the specimens
prior testing is recommended.

Figure 6 Failure modes (adapted from Anderson 2005)
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According to the standards, if the adhesive bond fails in the wood, it will be
most likely accepted. Generally, evaluating the PWF is also very subjective, since
it is commonly done by visual observation and the results are highly dependent
upon the evaluator. It is very hard to objectively measure whether the bond
failed in the adhesive or at the wood/adhesive interface or just under the wood
surface.
In addition, these standard testing procedures have sometimes been altered
in research studies by testing the samples without water pre-treatment prior to
testing bond quality. It can provide useful information about the bonding properties much faster and does not diminish the veneer properties as it does with
water treatment, by swelling and softening the wood and hence could also affect
wood properties during standard testing. DeVallance et al. (2006) tested plywood according to PS 1-95 and did not observe any statistical differences between wet and dry bonds in terms of PWF, though the loads at failure were different. Their conclusion was that bonds do not need to be tested wet. However,
in some cases, under-cured adhesive bonds can give rise to high dry PWF values,
but will delaminate during wet testing (Black and Olson 1947). This finding is
also supported by Chow and Warren (1972), who suggested that PWF shows
under-curing of resin and describes the level of adhesion between veneer and
adhesive and that the shear strength reflects mainly the quality of veneer. The
main objective of wet testing in standard testing methods is to verify whether
proper bonds are formed.
In any of these standards the knowledge about lathe check parameters such as
checks orientation, frequency, depth and angle are not required in the evaluation process and generally have not been taken into account during plywood
bond quality testing. It is commonly known that deep checks should be avoided,
but checks have been taken as a normal consequence of the peeling process.
However, several researchers have noticed that lathe checks affect bond quality
(Koch 1965a, Koch 1965b, Chow 1974, Neese et al. 2004, DeVallance et al.
2006), but due to the lack of knowledge and consensus it is not clear how and
to what extent the checks affect bonding quality.
Lately, interest in this area has increased and several check parameters have
been measured (Korpijaakko 1999, Paáubicki et al. 2010, Denaud et al. 2012, Pot
et al. 2015), but evaluation of their effects on bond quality is still complicated.
One reason is that manipulating processing to produce different check parameters also alters other veneer properties, for example, surface roughness.
A further complication found in the literature relates to whether bonds are
pulled open or closed. During peeling, checks form on the surface curving away
from the knife and move through the veneer at an obtuse angle to the surface.
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When testing according to European Standard EN 314, the results differ depending on whether the checks are pulled open or closed (Marra 1992). It has
been reported that the shear strength of plywood pulled closed results in higher
strength values than when the checks are pulled open, however, the magnitude
of the strength difference varies from 14 up to 94% (Bethel and Huffman 1950,
Koch 1965b, Chow 1974, DeVallance et al. 2006). The variation in strength
might be due to check depth, but in most published reports, the depth of checks
is not measured or presented. DeVallance et al. (2006) found that orientation
did not make a significant difference to PWF and for this reason claimed that in
standard testing less attention should be paid to the issue of check orientation.
However, since SFS-EN 314-2 (1993) takes failure loads into account, the orientation of the checks relative to the testing direction is relevant. One solution to
this problem is to evaluate an equal number of open and closed specimens in
each test (ASTM D906-98 2011). This solution merely reduces the influence of
lathe checks in the final results, rather than truly accounting for, or controlling,
their impact.
Traditional standard bond quality tests on plywood specimens are time consuming and require a lot of test material. Less labour and material is needed for
the automated bonding evaluation system (ABES) (ASTM D7998 - 15 2015),
where the adhesive is cured under controlled conditions in an integrated miniature hot-press, while the lap-shear bond strength is measured within the same
unit after pressing (Humphrey 1993). The advantages of the ABES are that small
and smooth veneer specimens are tested with a small overlap area and in a parallel-ply assembly. ABES was used successfully in studies on the development
of the adhesive bond for modelling the hot-pressing process of panel products
(Humphrey 1997, Jost and Šernek 2009, Stöckel et al. 2010, Costa et al. 2014b)
and in the optimisation of resin formulations (Ferra et al. 2011, He et al. 2012).
The effect of the modification of wood upon bond strength development was
also tested by ABES (Chowdhury and Humphrey 1999, Costa et al. 2014a). However the application of the ABES in the adhesive industry has been treated with
caution, since the results of tests sometimes vary unexpectedly and problems
with repeatability have been found. It could be affected by the sensitivity of the
device, picking up undefined properties of the surface affecting in bonding, but
this has not been systematically studied so far.

2.4

Summary of background

There are many adhesion theories but a clear understanding of their applicability to wood has not been developed yet. The main reason is that wood is an
anisotropic material with a heterogeneous structure. Moreover, from the literature it is known that the evaluation of veneer bond quality is complex and many
factors affect it. Hence, many veneer parameters e.g. lathe checks have not been
taken into the account in standard testing methods and also not thoroughly covered in the available literature.
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Looking at the physical characteristics of the wood surface in bonding brought
about by heating, the main factors are related to material softening. Lathe
checking and surface roughness are noted generally to decrease at higher heating temperature, but their effect on bonding quality have not found consensus
in the available literature. One of the reasons could be in fact that the evaluation
methods used for roughness are not able to detect the depth of lathe checks and
the integrity of the surface, which probably has a significant effect on bonding
quality.
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3. Materials and methods

This chapter discusses the materials and the methods used to evaluate the surface properties of veneer and bonding quality.

3.1

Wood material, origin and processing

It is extremely important to secure raw material with known history and
origin. Descriptions such as “standard wood material was used” or “material
was obtained from the same dealer” are encountered in the literature and provide little information about the wood. All the processes used in wood material
handling have their own and specific effect on material properties, starting from
wood growth conditions and felling season to veneer conditioning and manufacture of the final product and so in this work great care was taken to ensure
that the source of the raw material used was known and controlled.
In this study all wood material was freshly felled from the same area in different seasons and conditioned in a similar way until further processing. Silver
birch (Betula pendula Roth) trees were felled at the end of February, May and
September in Rusutjärvi, southern Finland. Material without visual defects was
selected for the research.
Trees were sectioned into logs nominally 1.2 m in length and completely immersed in water tanks heated to either 20ºC or 70ºC. The core temperature of
the logs was monitored by embedded thermocouples during soaking. The log
cores were kept at the target temperature for at least 12 h. Then the logs were
rotary cut on an industrial scale lathe (cutting speed 100 m min-1, knife bevel
angle 21°, compression rate 10%) manufactured by the Raute Corporation
(Model 3HV66; Raute Oyj, Lahti, Finland) into veneer with a nominal thickness
of 0.8 mm (except in paper I, where the thickness was 2 mm). The veneer was
visually inspected and specimens were cut from the veneer ribbon with dimensions of approx. 900 mm by 400 mm, free from obvious defects such as knots
or sloping grain. The veneers were subsequently dried at 160ºC in a laboratory
scale veneer dryer (Raute Oyj, Lahti, Finland) to achieve an average MC of 6%.
Prior to all testing, the veneers were conditioned to constant mass at 20ºC and
65% RH. All measurements conducted in this thesis and papers were exclusively
carried out on birch sapwood.
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3.2

Adhesive and bonding process

In the present study the only adhesive used was a liquid phenol-formaldehyde
(PF) resin (Prefere 14J021, Dynea Chemicals Oy, Hamina, Finland) with 49%
solids content.
3.2.1

Bond formation – ABES

Matched specimens, 20 x 117 mm2, were cut from the conditioned veneer
sheets. Liquid PF resin was applied by a micropipette (HandyStep electronic,
BRAND GMBH + CO KG, Wertheim, Germany) to an area of 5 x 20 mm2 at one
end of the veneer specimens to give a resin spread rate of ~100 g m-2. This
spread rate for PF resin is lower than that applied industrially, however, as was
noted by Piirlaid (2011), this spread rate is optimum when used in conjunction
with ABES as there is a risk that at any higher spread rate, the resin will be
squeezed out from the bondline. After adhesive application, the veneer-resin assembly was placed in the ABES equipment (Adhesive Evaluation Systems, Inc.,
Corvallis, Oregon, USA) and hot pressing started almost immediately. The assembly time for specimens was approx. 5 s. Shear strength was measured after
various pressing times ranging from 20 to 200 s. The platen temperature was
130°C and press pressure was 2.0 MPa. The bonds were not cooled prior to
strength testing. At least 7 bonded specimens were tested for each substrate type
and pressing time.
3.2.2

Plywood manufacturing

The plywood was bonded with the same PF resin (Prefere 14J021, Dynea
Chemicals Oy, Finland). A mixture of the adhesive was prepared 2 h prior to
spreading. The spread rate of the adhesive on the veneer sheets was 155 g m-2.
The 7-ply plywood was produced in a laboratory hot press. After lay-up, the panels were pre-pressed for 8 min at 0.8 MPa prior to hot pressing. The hot press
time was 7 min, the platen temperature 128°C and press pressure 1.8 MPa. In
total, 18 panels were produced. Following hot pressing, the panels were hot
stacked and finally conditioned at 20°C and 65% RH for one week prior to machining the specimens. The specimens were produced according to SFS-EN 3141 (2005).

3.3
3.3.1

Testing and material evaluation
Wettability

Contact angle measurements were performed on a CAM 200 Goniometer
(KSV NIMA, Espoo, Finland) with de-ionised water (SFS-EN 828 1998). The
water droplet volume was ~10 μl. Contact angle was measured at intervals of
120 ms for the first second and then every 5 s thereafter up to maximum of 70
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s. At least 30 contact angle determinations were made at different locations on
the veneer surface for each group.
3.3.2

Roughness, Topography

A Mitutoyo Surftest 402 was used to evaluate the roughness of the veneer surface across the wood grain. The cut-off length was 2.5 mm, sampling length was
12.5 mm and the detector tip radius was 5 μm in the surface roughness measurements (SFS-EN ISO 3274 1998, SFS-EN ISO 4287 1999).
Roughness parameters Ra, Rmax and Rz were obtained. Where, Ra - the arithmetic mean deviation of the profile, Rmax - the maximum two point height of the
profile and Rz – the height of the profile irregularities in ten points (SFS-EN ISO
4288 1998).
3.3.3

Lathe checks depth

All specimens used in the lathe check depth measurements (LCD) were treated
with the textile dye “Tulip red” (Dylon, UK) on one side so as to make the checks
visible under an optical microscope. The LCD was measured using a stereo microscope (Wild MZ8, Leica, Wetzlar, Germany) and National Instruments, Vision Assistant 7.1 image processing software.
Veneers: The checked side (loose side) of the veneer sample was dyed with
textile dye. After dyeing, the specimens were conditioned at 20ͼC and 65% RH
for 12 h. The veneer specimens were cut across the grain direction (20 mm) to
reveal the checks in the transverse direction. The depth of all checks (Figure 7)
in the specimens was measured and the average check depth percentage (%) was
calculated (Eq. 2) for each group.
LCD=a/b×100 [%]

(Eq. 2)

Where, a) is the depth of the lathe check and b) is the thickness of veneer.

Figure 7 Overview of veneer lathe check depth (LCD) measurement (Paper III)
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Plywood: Prior to bonding quality testing, the checks depths of each EN 314
test specimen were measured in the region where failure would occur (Figure
8).

Figure 8 Visualisation of the region of failure in EN314 specimen (adapted from Paper I)

All plywood specimens were treated with the textile dye on one side of test
specimen (EN314). To reveal the checks, a slice approx. 0.5 mm thick was removed from the coloured side by sawing. The depths of all checks occurring between the saw kerfs were measured and the average check depth was calculated
for each specimen (Eq. 2). This method was developed and used by the authors
in Paper I. The method significantly improves the correlation between the bonding strength of plywood and lathe check depth.
3.3.4

Veneer surface integrity

A standardised testing method for integrity did not exist, but during the study a
method was developed to evaluate the integrity of the veneer surface. Veneer
surface integrity was tested with a Huygen internal bond tester (model 1314,
Huygen Corporation, Wauconda, IL USA). This form of internal bond tester is
generally used to produce a high speed Z-direction rupture in paper and paperboard. In this study, the veneer was fixed between a stainless steel sample base
and an aluminium angle using the double-sided tape (P-02, Nitto Denko Corporation, Osaka, Japan) by applying a constant pressure of 0.12 MPa for 5 s.
After pressing, a pendulum, held in a horizontal position by an electro-magnet,
was released striking the vertical leg of the aluminium angle separating the tape
from the veneer (Figure 9) and allowing observation to be made of the attached
wood particles on the tape surface, which had an area of 25.4 x 25.4 mm. The
loading was applied along the grain to avoid complications due to the opening
or closing of lathe checks.
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Figure 9 Sample preparation for integrity testing and separation of tape from the veneer surface
(adapted from paper III)

Fluorescence microscopy was used to evaluate the quantity and size of loose
particles on the veneer surface. Therefore, one side of the veneer surfaces was
dyed with a 1% solution of acridine orange before surface integrity testing (see
previous section). After testing, fluorescence images of the particles adhering to
the tape were obtained using a Leica DMLAM (Leica Microsystems GmbH,
Wetzlar, Germany) light microscope modified by installing a TV zoom lens and
removing the objective. A Leica DC300 colour digital camera captured the images and processing was done in the Leica Application Suite software. The specimens were illuminated with a blue LED (wavelength 470 nm) and the Leica L4
filter set was used. Image analysis was carried out on the images obtained (6 x
6 mm2) using MATLAB 2013b software. The wood showed up as bright particles, allowing the number and size of the fragments to be calculated based on
the number of pixels. To improve the consistency of the results, only the earlywood regions were included in the analysis presented here.
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3.3.5

Scanning electron microscopy

For scanning electron microscopy (SEM), veneer samples 5 x 5 x 0.8 mm3 were
mounted on aluminium stubs with silver double sided sticky tape and gold
coated using a Denton Desk-1 sputter coater (Cherry Hill, NJ). The samples
were examined and photographed at 10 kV at a working distance of 12 mm with
a LEO EVO40 SEM (Carl Zeiss SMT Inc., Thornwood, NY) at 72-1000 x magnifications.
3.3.6

Colour measurements

The colour of the dry veneer surface was evaluated with a spectrophotometer
(Spectrolino, Gretag-Macbeth AG, Regensdorf, Switzerland). The earlywood of
birch was chosen for colour evaluation to minimize the measurement deviation.
The CIELab space system was used to express the colour of the veneer surfaces. This system consists of three parameters L*, a* and b*, where L* represents lightness (0 = black / 100= white), a* is the colour coordinate for greenness and redness (-60= green, 60 = red) and b* is the coordinate for blueness
and yellowness (-60 = blue, 60 = yellow).
3.3.7

Plywood bond strength

Plywood bond quality was evaluated using the following standards SFS-EN
314-2 (1993), SFS-EN 314-1 (2005) and SFS-EN 314-2 (1993). Half of the specimens were tested according to (SFS-EN 314-1 2005) by treating them according
to class 1 (soaking in water at 20±3°C for 24 h) and the other half of the samples
were tested without prior soaking. Additionally, shear strength was measured
with the checks being pulled open (Figure 10a) and pulled closed (Figure
10b).

Figure 10 Visualisation of lathe check direction in plywood testing. a) Middle ply with lathe checks
pulled open. b) Middle ply with lathe checks pulled closed (adapted from paper I)

In such a manner, four groups of test samples were prepared: a) water soaked
samples with open lathe checks, b) water soaked samples with closed lathe
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checks, c) dry samples with open lathe checks and d) dry samples with closed
lathe checks. Shear testing was performed on a Zwick universal tester (type
147570). Percentage wood failure (PWF) was determined visually and automatically by means of a digital camera and image processing software.
3.3.8

Data analysis

The significance of the differences between the means of the different treatments was evaluated by analysis of variance (ANOVA). Differences among
means were compared and segregated by Tukey’s test (P < 0.05).
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The effect of lathe checks on bond quality testing was studied in order to bring
about an understanding of a problem that had hitherto not found consensus: i.e.
what role do checks play in plywood bond quality testing and how does the
depth of the checks affect the strength and percent wood failure (PWF)? This
was followed by an evaluation of the effect of heating temperature on veneer
surface properties and finally the effect of log heating on veneer-adhesive bond
quality.

4.1

Lathe checks and their effect on bonding quality evaluation

The aim of this work was to evaluate the effect of lathe check depth and check
orientation on failure stress and PWF according to EN 314. At present, there is
no robust understanding of how the depth of checks affects the bonding quality
of plywood. Also, there is a lack of consensus as to the role that both the PWF
and the shear strength values play in the determination of bond quality. This is
a difficult question to address experimentally because it is practically impossible
to peel veneer with different check depths and yet keep all other veneer parameters that affect bonding constant. In the past, evaluating the effect of checks
on bonding quality was studied by impregnating the veneer with resin (Chow
1974) to different extents, however the existence of resin on the veneer surface
and the extent of resin penetration will affect bonding quality by further adhesive penetration and changed surface physio-chemical properties, as well as
changing the mechanical properties of the substrate. Different lathe check
depths (LCD) could also be obtained by using different peeling settings (Siimes
and Liiri 1951), but this will also affect veneer roughness and other lathe checks
properties, such as frequency and angle.
This lack of understanding inspired the author to conduct the study described
in Paper I. In Paper I the effect of LCD on bond quality was successfully evaluated by standard testing method. For this study the freshly felled birch (Betula
pendula Roth) logs were soaked in a water tank at 20°C for 48 h prior to rotary
peeling. In the peeling process the target thickness of the veneer was 2 mm and
the average depth of the lathe checks was 50%. Following peeling, the veneers
34

Results and discussion

were dried at 160 °C and after drying and conditioning, both sides (tight and
loose) of the veneer were sanded to different depths to obtain three different
groups of veneer with LCDs nominally 25, 50, and 75% of the veneer thickness
(Figure 11). The final thickness of the veneers after sanding was 1.4 mm.

Figure 11 Schematic representation of the three veneer groups to control check depth. Shaded
area is the final veneer after sanding (adapted from Paper I)

In this way, individual veneer sheets with actual LCDs ranging from 30 to 90%
of the veneer thickness were obtained and the other check parameters such as
check frequency and check angle were kept ostensibly the same.
The surface properties of the veneer after sanding were evaluated by contact
angle measurements, which provide reliable information about the surface wetting properties (Collett 1972, de Meijer et al. 2000, Nussbaum and Sterley 2002,
Wålinder 2002, Sinn et al. 2009) and is often used as a screen for the ability of
wood to form a strong adhesive bond (Marian and Stumbo 1962, Frihart 2004).
Table 1. Veneer surface wettability measured in different groups after 60 s of water contact (Paper

I)

Side of veneer
Tight

Loose

Depth of lathe checks (%)

Average and SD of contact angle (°)

25

85.4 (19.86)

50

86.3 (10.42)

75

100.9 (11.57)

25

104.6 (7.96)

50

94.5 (14.38)

75

67.3 (20.39)

The results of the contact angle measurements (Table 1) indicate that there
was no notable difference in the wettability of the veneer specimens after sanding. This indicates that sanding produces surfaces with similar characteristics.
However, the wetting of veneer on the loose side was slightly greater in the case
of deeper (75%) lathe checks (Table 1). This can be explained by the more severe
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checks allowing water to penetrate much more deeply, but less uniformly into
the veneer.
After plywood manufacturing and prior to bond quality testing, the true LCD
of all specimens used in bonding quality testing were measured. This test design
(described in ‘Materials and Method’ chapter) made it possible to achieve the
best comparability of LCD and bond strength results, since both values are obtained from the same specimen.

4.1.1

Bond strength

Lathe check depth was found to have a strong influence on the measured shear
strength when the checks were pulled open since the shear strength dropped by
approximately 40% when the check depth increased from 40 to 80% (Figure
12).
7
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Figure 12 Shear strength values of plywood tested under dry and wet conditions pulling checks
open or closed (adapted from Paper I)

On the other hand, when the checks were pulled closed, limited strength loss
was noted over the same interval. As shown in (Figure 12), the strength difference observed in the different pulling modes is mainly affected by the depth of
the checks. The shallower the checks, the smaller the difference between the
open and close pulling modes. These results also explain the differences in open
and closed strength values presented by other authors (Bethel and Huffman
1950, Koch 1965b, Chow 1974, DeVallance et al. 2006), who did not measure or
record the depth of checks in their study. The results also show that the soaking
of the specimens prior to testing, required in standard testing, universally lowered shear strength values. It is also well known that higher moisture content in
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wood will lower its strength properties (Siimes 1967, Gerhards 1982). This does
not automatically mean that the bond quality of these samples is unacceptable
as all samples still met the requirements of SFS-EN 314-2 (1993). Both soaked
and dry specimens with the checks pulled open exhibited decreasing shear
strength with increasing LCD. This is also in agreement with previously presented results by Korpijaakko (1999) and Marra (1992), which showed that shallower checks are less detrimental to the strength properties of plywood.
In this study, no samples failed the standard requirements of SFS-EN 314-2
(1993), which requires as a minimum 1 MPa wet strength with no PWF requirements. However, there is some probability that the 1 MPa threshold would not
be achieved in the case of a low quality veneer with deep checks pulled open, as
the trend line in Figure 12 for soaked specimens tested with the checks open
already approaches the 1 MPa limit.

4.1.2

Percent wood failure

Percent wood failure (PWF) is another criteria used commonly in standard
testing to evaluate plywood bond quality. In this study, PWF was evaluated in
two different ways; firstly by visual inspection and secondly by computer-based
image analysis. As may be seen from Figure 13, the results vary depending on
whether the specimens had been tested dry or wet.

Percentage wood failure (PWF) (%)

100
90
80
70
60
50
40
30
20
10
0
Closed

Open

Dry

Dry

Closed

Open

Soaked Soaked

Visual evaluation

Closed

Open

Dry

Dry

Closed

Open

Soaked Soaked
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Figure 13 Percentage wood failure (PWF) evaluated by different methods. Error bars represent
one standard deviation (adapted from Paper I)
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Visual evaluation is extremely subjective even for experienced evaluators; it is
very difficult to distinguish between wood cohesive failure and adhesive failure
when failure is very shallow and only a thin layer of wood fibres is left on the
failure surface. Nevertheless, the visual evaluation clearly shows that the PWF
is smaller when pulled open than when pulled closed.
There were no statistical differences in the PWF tested wet or dry for pulling
in the same direction. Similar results were also obtained by DeVallance et al.
(2006), who did not observe any statistical differences between wet and dry
bonds in terms of PWF. DeVallance et al. (2006) concluded, that bonds do not
need to be tested wet, and the less laborious dry test could be used in future. On
the other hand, dry testing does not detect under-cured or over-penetrated
bonds. In the case of fully-cured bonds, the difference between wet and dry PWF
is not statistically significant according to DeVallance et al. (2006), but with under-cured resin notable differences may be observed (Black and Olson 1947). In
some cases, under-cured adhesive bonds can give rise to high dry PWF values,
but the bonds will delaminate during wet testing (Black and Olson 1947).
Computer-based image analysis of dry specimens gave similar results to the
visual observations. However, when tested under wet conditions there were no
statistical differences. Generally it is very difficult to evaluate the PWF of wet
plywood specimens, especially if only few wood cell layers are present on the
failure surface. In many cases, it could still be considered as a wood failure. Water treatment makes wood cells more “transparent” and the dark brown phenolic resin will easily shine through the wood cells. This also may explain the
contradictory results reported in the literature in the evaluation of the PWF
(Chow and Warren 1972, Chow 1974, Neese et al. 2004, DeVallance et al. 2007).
As noted, the observed PWF was influenced by whether the samples were
tested open or closed (Figure 14). When tested open, the failure zone moves
closer to the bondline and only a small amount of wood fibres are present in the
failure surface (Figure 14b). Sometimes this shallow wood failure is interpreted as adhesive failure because of the problems described in the previous
section. Samples pulled closed fail mainly along a line delineated by the cracktips of lathe checks (Figure 14a). In this case, the failure zone is clearly further
from the bondline, resulting in the smaller differences observed between the
visually and by automated evaluation methods.
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F

F

F F

Figure 14 Representative plywood specimens tested according to SFS-EN 314. a) Deep lathe
checks pulled close. b) Deep lathe checks pulled open. On both a) and b), upper and lower images represent counterparts with PWF and the middle image represents side view of test specimens. The arrows show the direction of applied force (F). The LCDs on a) and b) images are
approximately 80%

The relationship between the PWF of specimens and LCD measured by automated image analysis presented in Paper I, clearly shows that there is no correlation between PWF and LCD under any conditions. This is also confirmed by
the results obtained by Koch (1965a).
4.1.3

Failure mechanisms

The plywood failure mechanisms were observed under a microscope during
testing. Figure 15a demonstrates, that pulling the checks open leads to a localized mode I (Figure 6) failure type resulting in the middle ply “rolling” off from
the bondline. Thus, the strength of the wood and the presence and depth of the
checks most probably affects bond strength, since localized opening mode, rather than shearing mode, loading conditions prevail. However, as indicated in
Figure 15b, specimens that are pulled closed fail primarily due to global inplane shear (Figure 6), resulting from the propagation of fracture within the
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veneer itself. Similar failure modes could be observed also on Figure 14a and
Figure 14b.

a)

b)

Figure 15 Deep lathe checks. a) Plywood failure when pulled open. b) Plywood failure when
pulled closed. The loose sides of the tested veneers are at the bottom (adapted from Paper I)

It is not surprising, therefore, that the observed strength is almost independent of check depth (Figure 12) when the checks are pulled closed. When pulled
open, on the other hand, the wood on either side of the check moves in opposite
directions (i.e. a shearing action occurs), inducing the localized mode I loading
conditions at the bondline (Figure 14b, Figure 15a). This would suggest that
larger checks would allow an easier movement and thus provide a mechanism
explaining the lower failure load.

a)

b)

Figure 16 Shallow lathe checks. a) Plywood failure when pulled open. b) Plywood failure when
pulled closed. The loose sides of the tested veneers are at the bottom

This hypothesized mechanism would also support the observations of Korpijaakko (1999), namely that a few large checks are more detrimental to bond
strength than many small checks. This mechanism also explains why shallow
lathe checks pulled open (Figure 16a) approach the value of specimens pulled
closed in Figure 12. Shallower checks are less effective at instigating mode I
failure (Figure 16a) and therefore specimens with shallow checks pulled open
behave very much like specimens pulled closed (Figure 16b).
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Against this background, the large scatter in the published data and some apparently contradictory findings are not surprising. The reported findings not
only confirm the importance of minimizing the depth of lathe checks for product
quality, but also demonstrate how check depth could influence a standard bonding quality test, such as SFS-EN 314 which was designed mainly for testing adhesive properties and evaluating adhesive cure. As demonstrated, lathe check
depth has a very large impact on the results of tests carried out according to EN
314. Due to the problems associated with lathe checks, further studies described
in this thesis used an alternative method, the automated bonding evaluation
system to evaluate the bonding quality.

4.2

Effect of soaking on veneer quality

In the previous section the effect of LCD on bond strength was discussed and
it was concluded that the results from standard testing methods for evaluating
plywood bond quality are highly dependent on LCD. In this section the effect of
soaking temperature on veneer surface properties affecting bonding quality will
be discussed.
4.2.1

Lathe check depth and veneer surface roughness

Given that lathe checks can weaken the wood veneer macroscopically and have
a remarkable effect on bonding quality, the presence of checks and their characteristics was used as the first level of examination to assess the effect of soaking. The results show that the LCD of veneers from logs soaked at 20°C was
23.7% of veneer thickness versus 16.0% for veneers from logs soaked at 70°C
(Table 2). According to the data analysis, the groups were statistically different,
suggesting that soaking temperature does have an effect on LCD, even though
the veneer used in this study was only 0.8 mm thick and the measured check
depths relatively shallow.
Table 2. Effect of soaking temperature on the roughness and lathe checks depth of veneer (Paper

III).
Sample
codes
20T
20L
70T
70L

Soaking
temp. Veneer
LCD (%)
(°C)
side
20
Tight
Loose 23.7a (6.5)
70
Tight
Loose 16.0b (3.8)

Average roughness values (μm)
Ra
7.44a (1.44)
9.19b (2.32)
7.99a (1.17)
7.99a (1.42)

Rmax
62.32a (9.95)
67.30b (11.35)
64.62a (10.23)
63.54a (11.87)

Rz
48.25a (6.80)
53.34b (8.27)
51.36a (6.13)
48.66a (7.15)

Though the logs soaked at 20°C and 70°C were peeled under the same conditions, the LCD was significantly lower in veneer peeled from logs soaked at 70°C.
As discussed in Paper I, during plywood bonding quality testing, deep lathe
checks can initiate mode I failure. This finding suggests that reducing the LCD
by heating logs before peeling could have a direct benefit in terms of plywood
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strength by minimising the initiation of glue line failure under opening mode
(mode I).
Moving to the finer disruption of the wood surface that occurs on both sides
of the veneer, the roughness parameters show similar values for most surfaces,
with the only exception being on the loose side of veneer from logs soaked at
20°C, where the roughness values were higher (Table 2). The roughness values
of all other surfaces were indistinguishable.
Observations show that the stylus method was the least useful of the methods
employed here, because it was difficult to understand where the roughness originated. Another problem with traditional roughness measurement techniques is
that they are not able to distinguish loosely attached particles adequately from
the intact surface. As was demonstrated in Paper I, adhesive does not ‘heal’ the
checks and does not fully fill them. Thus, lathe checks form potential loci of failure in plywood products and the expected correlation between roughness and
bond strength will be weak.
4.2.2

Veneer surface morphology

To visualise the actual veneer surface a scanning electron microscope (SEM)
was used. SEM showed evidence that more disrupted wood cell wall elements
exist on the surfaces of veneer peeled from logs soaked at 70°C (Figure 17b, d,
f). These differences are mainly visible at lower (72-100x) magnification (Figure 17) and could not be easily distinguished at higher magnification (300 1000x) (Figure 18), because of the smaller field of view inherent at larger magnification.
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Figure 17 Effect of soaking temperature on the topography of veneer (loose and tight side) (from
Paper III)

However, higher magnification shows more clearly a flatter surface in the veneers which were prepared from logs soaked at 20°C (Figure 18a, c, e). In
contrast, higher soaking temperature causes the cell wall elements to fail, resulting in a more ‘hairy’ surface structure (Figure 18b, d, and f).
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Figure 18 Effect of soaking temperature on the topography of veneer (loose side) (from Paper III)

Low magnification SEM images suggest qualitatively different surfaces as a
function of soaking temperature, whilst the stylus technique did not pick up
these differences.
SEM generally provides a useful way of imaging a fracture surface and gives
valuable information about wood surface quality (Harada et al. 1968, Bekhta et
al. 2014), however, it is not possible to identify or quantify the particles that are
loosely attached. This means that it does not give adequate information about
the weak boundary layer and the integrity of the wood surface, which might possibly affect bonding quality. Currently, there is no standard procedure or adequate technique available for measuring the integrity of wood surfaces.
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4.2.3

Integrity of veneer

To evaluate the role of the loosely attached particles observed by SEM on bond
quality, an integrity test was developed. This integrity test evaluates the amount
of wood particles that are loosely attached to the surface. The integrity of the
attachment between the surface particles and the bulk veneer was evaluated by
pulling an adhesive tape off the veneer and evaluating the quantity and size of
particles attached to the tape that had been briefly and lightly brought into contact with the wood surface prior to removal.
The results of the integrity test show that deep lathe checks appear to facilitate
the removal of large bundles of fibres from the surface (Figure 19a, b). Not
surprisingly, deeper lathe checks resulted in larger bundles of loose particles
being removed. If an adhesive fails to ‘heal’ these checks by flowing deeply into
them, they could form the locus of failure as described in Paper I.

Figure 19 Effect of soaking temperature on loosely attached particle size and quantity on veneer
surfaces from the integrity test (visualized with fluorescence microscopy) (from Paper III)

The tape pulled off from the loose side of veneer, which was produced from
logs soaked at 20°C (Figure 19a) contains much larger wood particles than any
of the other surfaces, though there are some large particles on the surface of the
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loose side of veneers peeled from logs soaked at 70°C (Figure 19b). Poorly attached particles on the loose side of veneer produced from logs soaked at 20°C
form 7.8% of the surface area, whilst for the loose side of veneer peeled from
logs soaked at 70°C it was half this value at 3.6% (Figure 19). The sizes of particles on the tight sides of the veneers look very similar in Figure 19.

Figure 20 Effect of veneer side and soaking temperature on particle size and quantity results
from the integrity test. Histograms showing number of particles in each size range a) veneers
peeled at 70°C have large number of small particles on both faces; b) medium size wood fragments are more common on loose side of veneers; c) large wood fragments are characteristic of
the loose side of veneer peeled at the lower temperature; d) perspective of particle size in a) and
b) histograms (from Paper III)

However, there are twice as many of the smallest particles on the surfaces of
veneer produced from logs soaked at 70°C compared to 20°C (Figure 20).
Whilst large, weakly attached particles were almost exclusively seen on the loose
side. The loose side also had more debris of every size than the tight side. According to Figure 20, the particles could be divided to three classes, where Figure 20a shows mainly the smaller particles formed by the disruption of cell
wall and forming the ‘hairy’ surface structure, these particles are generally less
than 0.005 mm2. Large particles (Figure 20b, c) are formed by pulling off the
weakly attached lathe checks and their size is generally greater than 0.045 mm2.
It should to be mentioned that the area of the largest loosely attached particles
depends mostly on the area used in evaluation; the greater the area the larger
the maximum particle size.
The integrity test appears to confirm the differences in the amount of very
small loosely attached material shown by SEM. The smaller number of off-axis,
partially attached fibres suggests more brittle wood cleavage on veneer produced from logs soaked at 20°C, compared to the tearing action on veneer at the
higher temperature characteristic of ductile failure. This tearing at higher temperature will cause cell wall elements to fail and produce surfaces with a ‘hairy’
structure and larger surface area. The larger surface available for interaction
with the adhesive could potentially yield a stronger bond (Marra 1992) espe-
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cially if the extra surfaces are well connected to the underlying veneer. In contrast, a loose surface could be expected to degrade bond quality. However, it is
unlikely that the small loose particles observed with SEM and the integrity test
will be as detrimental to bond quality as much as the large fibre bundles shown
on loose side of veneers. This is because the adhesive easily gets behind the small
loose particles, effectively reattaching them to the underlying veneer. Adhesive
must flow a much longer distance, however, to get behind large fibre bundles,
leaving open a higher likelihood that these regions will remain weak even after
bonding.

4.3

Effect of soaking on bond quality

In Paper I it was shown that lathe checks have a dramatic effect on the bond
strength of plywood evaluated according to the standard testing method. In Paper III the effect of soaking temperature on veneer surface properties was discussed and it was shown that soaking temperature also affects check depth. In
that light the effect of soaking temperature on bond quality could be overruled
by checks and other changes caused by soaking might be not noted. In this section, the effect of soaking temperature on bond strength evaluated using the
ABES technique is discussed. Using ABES avoids the impact of lathe checks,
especially when the measurements are done only on the tight side of veneer.
By eliminating the effect of checks, other interesting questions can be addressed. One of these questions is, does the felling season of the tree affect the
bonding quality? Indications to support this hypothesis can be found from previous studies where several researchers have reported that felling season affects
the chemistry of the wood surface in silver birch (Betula pendula Roth) by influencing the concentration of phenolic compounds and other compounds with
low molar mass (Mononen et al. 2002, Mononen et al. 2004, Möttönen et al.
2004, Luostarinen and Möttönen 2009, Yamamoto et al. 2013). As these compounds reduce surface wettability (Plomley et al. 1976), the felling season might
affect bonding.
4.3.1

Joint effect of felling season and soaking temperature

How variations in veneer processing operations affect bond strength development have not yet been tested by the ABES method. The aim of the present section was to gain more insight into the complex process of plywood production.
In particular, the effect of the felling season of trees and log soaking temperature
on bond strength were evaluated by means of the ABES method.
The effect of soaking is clearly visible in the plots of bond strength vs. felling
season. Figure 21a shows that felling season has an effect on strength when
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logs are soaked at 20°C, but soaking at 70°C leads to more uniform strength
results overriding the effects of felling season. The results also show that the
winter felled logs are most susceptible to the effects of soaking temperature.
Statistical analysis shows that the seasonal differences are only significant
within the wood material soaked at 20ºC. Also the results from contact angle
measurements supported the statement what veneers from logs soaked at 70ºC
have more uniform wettability (Figure 21b) independent of the felling season.
There is a strong correlation between contact angle and bond strength. The reason for this very strong correlation might be partly due to the fact that the assembly time was short; hot-pressing started immediately after adhesive application and the adhesive did not have time to penetrate into the surface as in
industrial applications. This kind of test procedure highlights the role of the surface physio-chemical properties and decreases the role of deep adhesive penetration on bond strength development.

Figure 21 The effect of felling season and soaking temperature on bond strength development
(a) and contact angle (b). a) Bond strength was measured after 160 s of pressing by means of
ABES. b) The contact angle of a water droplet was measured after 70 s contact time (from Paper
II)

The different wetting behaviour and bond strengths obtained from material
felled in different seasons are likely due to the changing quantity and character
of the metabolites found in different seasons. In autumn and winter felled birch,
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the material contains more starch and other extractives as an energy reserve
(Piispanen and Saranpää 2001, Mononen et al. 2004). These extractives migrate
to the wood surface during the drying process leading to a reduction in wettability (Christiansen 1990).
The results clearly demonstrate that felling season can have a significant influence on bond strength, depending upon the soaking temperature employed,
if the ABES method is used for evaluation. For reliable measurements, there is
a need to know the origin and processing history of the veneers. Unfortunately,
in most reported studies based on ABES, the origin of the material and preparation process is unknown or not reported, which casts doubt on the comparability of the findings.

4.4

Soaking temperature vs. peeling temperature

Whilst it has been shown that the soaking of logs affects many veneer properties (Paper III) and their bonding characteristics (Paper II), the mechanism
behind the bond strength increase is not fully understood. What makes comprehension of the mechanism more complex is the fact that it is generally not clear
what effects soaking has on the wood and the peeling process. On the one hand,
soaking raises the temperature of the wood material during peeling, which is
generally assumed to be the same as the temperature of the soaking water. Often
this assumption is correct since normally cooling a log takes more than 12 h and,
since peeling usually takes place more-or-less directly after soaking, it can be
assumed that the temperature of peeling is the same as the temperature of soaking. Simply the temperature of peeling will therefore have an effect on the ‘quality’ of the veneer surface, since peeling may take place above the glass transition
temperature (Tg) of the structural polymers in the wood cell wall. On the other
hand soaking for extended periods, affects the material properties of wood in a
different way resulting in, for example, a change in the chemistry of the veneer
(Yamamoto et al. 2015c). It is also known that the cooling or heating of logs
takes at least 6-48 hours depending on log temperature and diameter. This
means that in industrial veneer production process logs might have different
temperatures prior to peeling, but generally the variation should not be dramatic, if logs proceed from soaking to peeling in less than an hour. However, if
the delay is much longer and/or the ‘time-temperature’ relationship (see section
2.1.1) is used, the temperature of the log during peeling will be lower than the
temperature of soaking. Clearly then, it is difficult to separate the contributions
made to bonding arising simply from the ‘softening’ of the wood during peeling
compared to the changes in the surface of the veneer caused by the prior soaking. This might then lead to the misconception that the softening of material
during peeling plays the main role in determining veneer quality and bond
strength increase.

49

Results and discussion

However, it is still unclear which aspects contribute the most to the surface
properties of veneer that subsequently affect bonding. Is it the temperature during soaking, which could have an effect on wood chemistry or is it the temperature during peeling, which softens the wood and affects surface physical properties?
To test this hypothesis, a study was conducted where all logs underwent soaking at 70°C prior to peeling, irrespective of the eventual peeling temperature
(20°C or 70°C). Inspired by the felling season results, all material used in this
study was felled in winter to highlight the differences on veneer surfaces after
the soaking process.
However, since soaking at elevated temperature has the effect of altering the
chemical properties of the wood material of the log (Yamamoto et al. 2015c), it
might be expected that the reactions that are initiated by the higher soaking
temperature should have occurred in logs that were subsequently cooled before
peeling as well as in those that were peeled directly after soaking at 70°C. In this
way it would be expected that similar chemical changes, brought about by soaking, would have occurred in all logs but, due to the different peeling temperatures, the physical properties of the material and its topography would most
likely be affected by the material softening that occurs at higher temperature.
4.4.1

Comparison of veneer surface properties

The similar chemistry of the surfaces of veneer produced from logs soaked and
peeled at 70°C (hereinafter referred as ‘hot’) and log soaked at 70°C and peeled
at 20°C (hereinafter referred as ‘cold’) is suggested by the colour measurements.
As may be seen from Table 3 and Figure 22, the colour of the veneer surfaces
from both the ‘hot’ (Figure 22b) and ‘cold’ (Figure 22c) peeled logs are similar, but they are remarkably different from the colour of veneer which was produced from logs soaked and peeled at 20°C.

Figure 22 Photos of veneers showing the effect of soaking temperature on the colour of the veneer surface: a) soaked and peeled at 20°C, b) soaked and peeled at 70°C (hot), c) soaked at
70°C and peeled at 20°C (cold)
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The lightness (L*) values are respectively 74.6 and 74.1 and the colour coordinate b*, which shows yellowing, is also similar being 19.06 and 19.13 on the ‘hot’
and ‘cold’ peeled surfaces respectively. According to the results obtained from
the colour measurements, there are no statistical differences in colour values
between ‘hot’ and ‘cold’ peeled veneer surfaces. It is important to note that the
colour of the ‘hot’ and ‘cold’ peeled surfaces is lighter and less yellow than veneers that were produced from material that was soaked and peeled at 20°C
(Figure 22a). Yamamoto et al. (2015c) proposed that proanthocyanidins are
responsible for colour changes caused by soaking as these are considered to be
thermolabile at 70°C or higher.
Table 3. Veneer surface properties and bond strength values (Paper IV).

Hot:
Soaked and
Peeled at 70°C
(Paper IV)

Sample Codes

Cold:
Soaked at 70 °C
and Cooled to
20°C (Paper IV)

Soaked and
Peeled at 20°C
(Paper II)

L*
CIELab* colour coordia*
nates

74.63 (2.50) A

74.11 (1.63) A

72.92 (0.99) B

3.97 (0.88) A

3.99 (0.97) A

3.56 (0.43) A

b*

19.06 (1.07) A

19.13 (0.99) A

28.53 (1.01) B

71.70 (12.72) A

70.22 (11.95) A

62.32 (9.95) B

60.83 (9.01) A

55.65 (9.33) A

48.25 (6.80) B

Rmax
Average roughness
values (μm)

Rz
Ra

Contact angle (°) 1
Bond strength (MPa) 2

9.64 (1.64) A

9.30 (1.79) A

7.44 (1.44) B

31.19 (10.88) A

54.52 (9.91) B

101.31 (4.17) C

6.28 (0.37) A

5.43 (0.46) B

3.94 (0.36) C

A, B, C indicate significantly different groups using Tukey’s test at Į=0.05.
1) Contact angle at 46 seconds
2)
Bond strength taken after 180 seconds of pressing

Cooling the logs prior to peeling did not have an effect on the surface roughness, measured by stylus (Table 3). The roughness parameters are similar on
both surfaces and statistical differences do not exist between the surfaces of veneer which have been peeled after cooling or when hot. The Ra values on the
‘cold’ and ‘hot’ peeled surfaces are respectively 9.30 μm and 9.64 μm.
The SEM micrographs show very similar features on both ‘hot’ (Figure 23b)
and ‘cold’ (Figure 23a) peeled veneer surfaces and significant differences could
not be observed. Unfortunately with SEM it was impossible to evaluate any
quantitative differences on these surfaces, but it is most likely that a slightly
greater quantity of very fine particles were present on the surface of veneer
which was peeled from ‘hot’ logs.
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Figure 23 Representative SEM micrographs of veneer surfaces a) cold: soaked at 70°C and
cooled at 20°C prior peeling, b) hot: soaked at 70°C and peeled at 70°C. (Paper IV)

This observation is supported by the integrity test results, where the number
of loose particles is slightly greater on the veneer peeled ‘hot’ than on veneer
peeled ‘cold’ (Figure 24).

Figure 24 Effect of log heating on loosely attached particle quantity and size on veneer surface.
(Paper IV)

Surface wettability measurements indicate obvious differences between veneer surfaces peeled ‘hot’ and ‘cold’, respectively 31.2° and 54.5° (Table 3). Both
curves show clear differences at all times from 0 to 46 s (Figure 25), and the
differences are statistically significant (Table 3).
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Figure 25 Effect of log heating on wettability (from Paper II and IV)

Moreover, the contact angle on veneers obtained from cooled logs was lower
(54.5°), than the contact angle (101.3°) on veneers produced in similar manner,
except that the logs were soaked and peeled at 20°C. These results clearly show
that the wettability of veneer surfaces in which the material was soaked at 70°C
and peeled at either 20°C or 70°C (‘hot’ and ‘cold’) is much better than when the
veneer surfaces are produced from logs soaked and peeled at 20°C. Also the differences in contact angles between ‘hot’ and ‘cold’ are statistically significant
and differences in bond strength could be expected.
Surface analysis of roughness, colour, contact angle and integrity show that
the cooled surface is much more similar to the surface obtained from logs
soaked at 70°C and peeled hot, than to the surface which was obtained from logs
soaked and peeled at 20°C.
4.4.2

Comparison of bond strength development

The bond strength values did drop slightly on veneers which were peeled from
the cooled logs (Figure 26), but the results are generally still much higher (5.43
MPa) than values for veneers from logs which were soaked and peeled at 20°C
(Paper II), where the average bond strength was only 3.94 MPa after 180 s
pressing.
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Figure 26 Effect of log heating on bond strength development (adapted from Paper II and IV)

Bond strength development on the cooled surface is closer to the bond
strength development on material from logs soaked at 70°C and peeled hot than
to the surface which was obtained from wood soaked and peeled at 20°C.
The results of the study show that the temperature history of a birch log prior
to peeling is an important factor which will contribute to veneer properties and
bond strength. The results also demonstrate that the peeling temperature has
much less effect on bond strength than was expected and that material softening
arising from the elevated peeling temperature did not have a remarkable effect
on the surface roughness or topography of the tight side of the veneer. The study
suggests that soaking temperature not only causes softening of the material in
the peeling process, but also causes irreversible chemical changes in the wood
material which subsequently affects bond strength development.
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The procedure developed to evaluate the effect of lathe checks on plywood
bonding quality showed that check depth and pulling direction have a strong
influence on the measured shear strengths of plywood tested according to SFSEN 314, even though this is a test for adhesive bonding and not intended to
measure wood quality. As lathe check depth increased from 40 to 80%, plywood
shear strength decreased by approximately 40% when the specimens were
tested open. In contrast, check depth had almost no effect on strength when
plywood was tested with the checks being closed.
Failure when testing closed involved a predominantly mode II (in-plane
shear) mechanism, whereas testing open involved more of a mode I (opening)
failure, especially with deeper checks. Shallower checks are less effective at instigating mode I failures and therefore specimens with shallow checks pulled
open behave very similarly to specimens pulled closed.
Testing open resulted in failure very close to the bondline, giving the perception of a low percent wood failure, even though the wood was failing. In contrast,
specimens tested closed failed across the tops of the lathe checks, and much
deeper in the veneer.
This series of studies clearly show that lathe checks can have a major impact
on veneer bonding, and suggest that controlling them could result in much
lower variability in wood bonding tests, allowing researchers to more easily
identify other factors influencing bond quality e.g. felling season and soaking
temperature. Both, felling season and log soaking temperature were found to
significantly affect wettability and adhesive bond strength with a phenol-formaldehyde resin using the automated bonding evaluation system.
This study also indicated that soaking temperature not only caused the softening of material in the peeling process, but also caused irreversible changes in
wood material which subsequently has effect on bond strength development.
Furthermore, the temperature history of the log prior peeling is an important
factor which will contribute to veneer properties and bond strength. The results
of the study also show that the soaking and peeling of veneer at higher temperature will decrease the lathe checks depth.
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Furthermore, the interpretation of adhesion data obtained by automated
bonding evaluation system should be treated with caution in situations where
the veneer properties and history are not fully known. Assuming that veneer is
a homogenous substrate might lead to a misinterpretation of results obtained
by the automated bonding evaluation system. The results of the study show that
the winter felled logs are most susceptible to the effects of soaking temperature
and soaking birch at low temperature leads to remarkable variation in the results caused only by seasonal variation. When paying attention to the aforementioned issues, the automated bonding evaluation system was found to be very
useful for evaluating the impact of veneer production variables or the wood
properties on the bonding process.
The surface integrity measurements technique developed in this study seems
to be very useful in evaluating the quality of veneer surfaces e.g. the weak
boundary layer, which in turn affect adhesive bond formation and performance.
The advantage of the integrity test is that it evaluates the particles loosely attached to surface, which could act as a locus of failure in the bondline and cannot
be evaluated by roughness techniques. The integrity test also showed that large
fibre bundles, originated from deep lathe checks were easily removed from the
loose side of the veneers peeled at low temperature. Observation by scanning
electron microscope and surface integrity testing revealed that the lower soaking and peeling temperature causes a more brittle failure type and fewer small
particles on the surface. In contrast ductile failure and many more small particles were identified on the material soaked at the higher temperature. Furthermore, these small particles and ductile failure suggest that the effective surface
area in the bonding process could be increased and the adhesive can easily get
behind these small particles preventing them from forming a locus of failure as
deep lathe checks could do.
Finally, to improve bonding quality of plywood the effect of checks should be
minimised and the integrity of veneer improved. While the bonding quality of
plywood is driven by the uncontrolled effects of lathe checks, further development of bonding and new adhesive concepts will be complicated. According to
Bikerman (1967), there is no point in achieving high adhesion if the cohesion
somewhere else in the composite is low.
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6. Outlook

Prospective research effort should focus on improving the integrity of veneer
by monitoring the rotary cutting process and lathe check parameters, such as
frequency, angle and their formation. The results of the integrity test clearly
show that this method could be developed further, by more precise control of
the testing process and studying the different factors affecting the results, such
as the direction of testing, tape fixing pressure, pulling rate etc.
Additionally, the results show that the temperature of soaking and felling season has a remarkable effect on bond strength, regardless of the surface physical
properties obtained. This indicates that soaking and felling season initiate/affect physio-chemical processes which are not well known, and further study in
this area will be needed.
Standardisation organisations should consider revisions to the standards assessing plywood bonding quality to take into account the effect of lathe checks
and their influence on bonding quality.
The potential industrial benefits of the results obtained suggest that without
new investments or remarkable changes to current processes, plywood bonding
quality could be improved. Using higher soaking and peeling temperatures
should lower the lathe check depth, improving integrity and surface physiochemical properties, such as wettability and roughness, subsequently improving
bonding quality. Furthermore, improved integrity and wettability could allow a
shortening of the bonding process and a lowering of the resin spread rate.
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