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Abstract

Blomgqvist, Lars (2016). Laminated Vencer Products: Shape Stability and Effect of Enbanced
Formability on Bond-Line Strength Linnaeus University Dissertation No 247/2016, ISBN:
978-91-88357-13-7. Written in English with a summary in Swedish.

This thesis concerns two aspects of the manufacture of laminated veneer products (LVPs).
The first aspect is related to the possible improvement of the shape stability of LVPs, and
the second has its starting point in the modification of the veneer for enhanced formability
as well as the question of whether and how these modifications affect the bond-line
strength.

LVPs are veneers bonded with adhesive into predetermined shapes, mostly for the
production of furniture and interior fittings. Since any deviation from the intended shape is
a problem for both manufacturer and customer, various studies have sought to evaluate the
influence of different materials and process parameters on shape stability. Parameters
studied have included wood species (beech and birch), an adhesive system based on urea
formaldehyde, the adhesive distribution on the veneer, climate, moisture content and fibre
orientations of the veneers, as well as the orientation of the individual veneers in a multi-
ply-

Manufacturers of LVPs must consider some basic facts about wood in orders adequately to
provide shape-stable LVPs to customers. Wood emits and absorbs moisture in relation to
the surrounding climate, and this can lead to shrinkage and swelling. Such moisture
induced movements differ in the wood’s different directions, and the magnitude is specific

for the species. A thorough understanding of this is the basis for achieving shape-stable
LVPs.

Symmetry is defined in this thesis such that the veneer properties are balanced in the
laminate. This means that opposite veneers on either side of the centre veneer have similar
characteristic. An LVP will become distorted if the veneers are asymmetrically oriented
before the press. Deviation from the desired shape can be small immediately after the
pressing, but it may increase significantly with moisture content (MC) variations.
Asymmetry may result when veneers with different fibre orientations are included in the
laminate or when the veneers are placed asymmetrically. It may also occur if veneers with
different MCs are bonded together asymmetrically. One aggravating factor is that the lathe
checks that are introduced when the veneers are peeled or sliced from the log affect the
shape stability. In 3-ply crosswise-oriented plywood, the veneer surfaces on which the lathe
checks occur should be oriented in the same way for high shape stability.

Based on existing knowledge, the production of shape-stable LVPs requires that the
veneers are conditioned to a uniform MC and sorted with regard to fibre orientation and
the side with lathe checks before bonding. End-user climates should govern the MC of the
veneers and the moisture added with the adhesive during the process. Straight-grain
veneers and symmetry should always be the goal.

Moulding can cause stretching, i.e. strain, of the veneers depending on the curvature of the
mould. To prevent the veneers from rupture, there are various ways to strengthen the
veneers particularly in the transverse direction in which the veneer is weakest. However,
tests have shown that these pre-treatments of veneers for enhanced formability can prevent
the adhesive from penetrating the wood surface. It is therefore important to confirm that
the pre-treatment does not affect the bond-line strength.






Sammanfattning (in Swedish)

Denna avhandling berér tvi omriden inom tillverkning av plan- och formpressade
fanerprodukter. Det forsta avser formstabiliteten hos dessa och om det dr mojligt att
forbittra densamma. Det andra har sin utgingspunkt i modifiering av faner for 6kad
formbarhet och huruvida dessa modifieringar paverkar limfogens styrka.

Plan och formpressade fanerprodukter bestir av faner som sammanfogats med lim till en
forutbestimd form. Metoden anvinds frimst for tillverkning av mébler och inredningar.
Avvikelse frin avsedd form hos produkterna ir ett stort problem for bide tillverkare och
kunder. Orsakerna till avvikelser i form kan relateras till bide materialet och processen men
ocksi till hur produkten anvinds. Studier har genomforts for att utvirdera inverkan av olika
material- och processparametrar pi formstabiliteten hos négra utvalda produkter. De
undersokta parametrarna var trislag (rddbok och bjork), limsystem (baserade pé urea-
formaldehyd), limspridning, klimat, jimviktsfuktkvot, fiberorintering hos faner samt
orienteringen av faner i den specifika produkten.

For att kunden till skiktlimmade produkter ska erhilla en formstabil vara krivs att
tillverkarna tar hinsyn till grundliggande fakta om trd. Detta material avger och tar upp
fukt i forhallande till omgivande klimat, vilket innebir att tri krymper och sviller. Detta
sker dessutom med varierande magnitud i olika riktningar av trdet. Denna variation dr dven
trislagsspecifik. Att ha en forstielse for detta beteende dr grunden for tillverkning av
formstabila triprodukter.

Symmetri definieras i denna avhandling med att faneregenskaperna dr balanserade i
laminatet. Detta innebdr att det motsatta faneret pd vardera sidan av det mittersta faneret i
laminatet har liknande egenskaper. Om faneren sammanliggs och pressas pi ett
asymmetriskt sitt blir produkterna skeva eller kupade. Avvikelsen frin 6nskad form kan
vara liten direkt efter pressningen men kan O6ka avsevirt i samband med
fuktkvotsvariationer. Asymmetri kan uppsti genom att faner med avvikande
fiberorientering ingér i sammanliggningen eller att faneren liggs asymmetriskt. Det kan
dven uppstd om faner med olika jimviktsfuktkvot sammanlimmas pa ett icke symmetriskt
sitt. En forsvarande faktor dr att dven de sprickor som uppstir nir faneren tillverkas genom
svarvning eller knivskdrning inverkar pa formstabiliteten. I en korsvis limmad tre-lagers
plywood ska fanerens sida med sprickor vara orienterad it samma hall f6r hog
formstabilitet.

For att uppni formstabila produkter bér faneren vara konditionerade till en enhetlig
jamviktsfuktkvot och vara ritfibriga, dvs. att fiberriktningen sammanfaller parallellt med
ytornas kanter. Som nimnts tidigare boér édven fanerets sida med sprickor beaktas.
Slutanvindarens, det vill siga kundens, klimat bér styra fanerens méljamviktsfuktkvot som
tillsammans med tillférd fukt frin limmet péverkar produktens jimviktsfuktkvot i
tillverkningsprocessen. Dessutom ska liggningen vara symmetrisk.

Vid formpressning kan faneren utsittas for sidana strickningar, dvs. tojningar, att
bristningar uppkommer. Dirfor finns det olika sitt att forstirka faneren frimst i transversell
riktning ddr faneren dr som svagast. Detta kan ske genom olika bearbetningar och/eller
palimningar. Dessa forbehandlingar av faner for forbittrad formbarhet kan dock hindra
limmet fran att tringa in i triytan vilket tester visat. Darfor dr det viktigt att kontrollera att
forbehandlingen inte paverkar limfogens styrka.
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Introduction

The main materials used in the production of laminated veneer products
(LVPs) are veneers' which are bonded together with an adhesive under high
pressure into a predetermined shape (Figure 1). This process is, in general,
carried out under a raised temperature to shorten the curing time of the
adhesive (Paper IV). The processes used to manufacture such products can be
divided into the following groups depending on the intended shape: plane
pressing, laminated bending (shaping of the veneers in a single direction), and
moulding (shaping of the veneers in a multi-curved shape).

Figure 1 A two-piece mould with laminate between.

LVPs are commonly used for both exterior and interior purposes.
Depending on their use, many of these products are sensitive to variations in
shape. Shape instability can be a significant problem in the manufacture and
use of the assembled product, as any distortion may cause problems such that
the products fail to meet the product requirements (Blomqvist 2013).

' A veneer is a thin sheet of wood. Veneers can be rotary-cut (peeled), knife-cut (sliced) or sawn from a
log or a part of a log. The majority, ca 90%, of veneers are rotary cut (Paper IV).



An example of a typical distortion is shown in Figure 2. Shape stability can be
defined, in a broad sense, as how well the shape of a product is preserved in
use, i.e. in the face of time-related changes in the mode of distortion (Paper
V).

Wood properties limit the formability of wood (Anderson and Earle 1972).
Because of its anisotropy, it is difficult to bend wood in more than one
direction (Marra 1992). Moulding can cause stretching of the veneers as a
result of the mould’s curvature (Navi and Sandberg 2012). In laminated
bending, the smallest radius of curvature and the choice of wood species in
relation to veneer thickness affect the possibility of bending the wood without
problems (Stevens and Turner 1970). Formability can be defined as a
material’s ability to undergo plastic deformation without rupture.

The adhesive must lock the LVP in the desired shape and not soften or
flow under heat or be deformed by loads. Therefore, the development of
thermosetting adhesives has contributed to the development of LVPs (Forest
Products Laboratory 2010; Paper IV). Excellent bond-line strength can be
defined as a bond which is as strong as the materials which have been bonded
together (Forest Products Laboratory 2010).

Figure 2 LVPs are in general sensitive to variations in shape. The figure on the right
has changed its shape relative to the figure on the left. This can be due to
dehydration, which causes the wood to shrink.

Many different material and process parameters interact and are relevant
for the end result. Several of these parameters, necessary for reaching a high
shape stability and an understanding of the effect on the bond-line strength of
enhanced formability, are investigated in this thesis. The work was done in
close cooperation with the industry, and the different parameters have been
sifted out from the various issues that have arisen. Climate tests have been
designed to imitate the customer’s environment. The hope is that the results



will contribute to decision-making in both product development and
production technology. Lowering the amount of rejects reduces the resources
used per delivered unit produced. Thus, productivity is increased as more of
the units produced can be delivered. Reducing the resources used and
enhancing the productivity separately or together enhances the profit margin.
Moreover, it is a way of being responsible with regard to natural resources.

Within the framework of this thesis, the following parameters have been
studied in the area of adhesive systems and veneers: water content of the
adhesive, type of hardener, adhesive filler, adhesive distribution; moisture
content of the veneers, fibre orientation of the veneers, veneer orientation,
loose side versus tight side, veneer orientation, parallel versus perpendicular,
beech versus birch (two common species used in the industry), and the effects
of different veneer modifications on the bond-line strength.

Background

The technologies to produce LVP follow the industrial revolution. The steam
engine and other technical innovations made it possible to efficiently produce
rotary-cut (peeled) and knife-cut (sliced) veneer (Shaykett 2012) in a material-
saving manner without chip forming, which even today appeals to the desire to
better utilize natural resources. However, laminated wood has a longer history
and remains have been found in the tombs of the pharaohs, showing the
earliest evidence of veneer production with sawn veneers (Knight and Wulpi
1927). Canoes and boats had been built with laminated veneers before 1920s.
However, the scarcity of steel during the Second World War demanded new
forms of LVP, especially for boats and aeroplanes (Shaykett 2012). The
intense pre-war application of wood engineering resulted for example, in the
British Mosquito aeroplane constructed of LVP (Figure 3). The planning of
the Mosquito started in December 1939, and the first prototype flew in
November 1940. Approximately 7 785 Mosquito units were manufactured,
and this is considered to be one of the most successful aeroplanes built during
the Second World War (Yorkshire Air Museum 2015). The development of
the moulding process enabled more advanced forms, of which radar domes
with their paraboloid form and plywood tubes are examples (Meyer 1947).
This inspired many furniture designers such as the American designers
Charles and Ray Eames. The Eames couple are probably best known for the
Eames Lounge chair constructed of two pieces of LVPs joined by stainless-
steel tubing (Encyclopaedia Britannica 2015a) (Figure 4). LVP furniture had
its heyday during the 1940s and 1950s. From the beginning of the 1990s, mid-
century design has gained renewed interest, which has contributed to a revival
of LVP furniture (Shaykett 2012).



Figure 3 De Havilland Mosquito DH98 NFII. Photos by courtesy of Yorkshire air
museum (2016).

|

Figure 4 The Eames Lounge chair designed by Charles Eames and Ray Eames. Photos
by courtesy of Herman Miller, Inc. (2016).



The technology of producing LVP has high economic value, evidenced by
the large volume of popular chairs made with laminated veneers. For example,
more than 5 million units of the “Seven” chair designed by Arne Jacobsen and
produced by Fritz Hansen, Ltd., have been sold since 1955 (Figure 5), and
more than 60 million units of the “Podng” or “Poem” chair designed by
Noburo Nakamuro for IKEA of Sweden Ltd., have been sold since 1977
(Blomgqvist 2013) (Figure 6). LVPs combine strength, lightness and durability
(Meyer 1947), and their use has extensive possibilities for designs beyond
what would be possible with solid wood (Stevens and Turner 1970; Blomqvist
2013). In addition, the wood material is perceived to be climate-smart (Rowell
2013; Bergman et al. 2014).

Figure 5 The Seven chair designed by Arne Jacobsen. Photos by courtesy of Republic
of Fritz Hansen (2016).

Figure 6 The Poding chair designed by Noburo Nakamuro. Photos by courtesy of IKEA
(2016).



Parameters

Symmetry is defined in this thesis such that the veneer properties are balanced
in the laminate. This means that opposite veneers on either side of the centre
veneer have similar characteristic.

A stable moisture content (MC) is an important parameter in shaping stable
wood (Suchsland 2004). Changing the wood’s MC is also a trigger for low
shape stability in combination with divergent fibre orientation and other
asymmetries (Paper I, and II). The wood should therefore stay in a stable
climate to be shape-stable. According to Eliasson (2014), high shape stability
is also a prerequisite for more automated production.

The relative humidity (RH) indoors can vary from 15 to 80% in southern
Sweden through the year (Paper IV). Since wood strives to achieve an MC in
balance with the surrounding climate, it will swell and shrink (Suchsland
2004). Swelling of the cells is dependent on the wood’s fibre saturation point
(FSP), and shrinkage begins just below the wood’s FSP. The FSP is the state
when the cell wall is saturated with water, but no free water exists in the cell.
Since the water above the FSP is free water in the voids, the free water does
not contribute to further expansion (Kollmann and Co6té 1968).

Wood can be described, in chemical terms, as a three-dimensional
biopolymer” composite consisting of a network of cellulose, hemicellulose
and lignin with minor amounts of extractives and inorganic material.
Cellulose, hemicellulose and lignin are all thermoplastic and they are the
building blocks of micro-fibrils, which in turn are the basic components of the
cell wall layers forming the wood cells. The underlying reason why wood
changes dimensions with changing MC is that the cell wall polymers contain
hydroxyl and other oxygen-containing groups, which attract moisture through
hydrogen bonding (Rowell and Ellis 1984).

The directions in wood are (see Figure 7): longitudinal (parallel to the axis
of the stem), radial (perpendicular to both the growth rings and the axis of the
stem), and tangential (tangential to the growth rings). This anisotropy also
affects wood surface wettability, although different types of wood exhibit
differences in this property (Rowell 2013). Wood has different properties in its
different directions, with respect to for example shrinkage, swelling, stiffness,
strength and elasticity. These properties are also affected by the level of MC
(Kollmann and Coté 1968). The addition or removal of water below the FSP
has a pronounced effect on almost all wood properties, whereas the addition or
removal of water above the FSP has almost no effect on any wood properties
(Kollmann and Coété 1968). The mechanical properties are influenced by the
glass transition temperature (7g) (Van de Velde and Kiekens 2002), which

% A biopolymer is a polymeric substance occurring in living organisms (Oxford Dictionaries 2016a).
A polymer is a macromolecule that is formed by polymerisation of smaller units (Oxford Dictionaries
2016b).



marks the border between the brittle glassy state (below 7g) and the soft
rubbery state (above Tg) (Navi and Sandberg 2012). Above the Tg, the
mechanical properties can degrade considerably. Below the 7g, the flexibility
of indefinite polymers is low as no segmental motion can occur in the polymer
(Van de Velde and Kiekens 2002). In wood, the Tg occurs in the vicinity of
180 to 200°C in the dry state (oven-dry), but it is significantly lower in the
moist state. This makes it possible to shape moist wood at temperatures
between 90 and 120°C (Navi and Sandberg 2012). Softening for the peeling
and slicing of veneers is often done at temperatures around 90°C with moist
logs.

/Tangential direction

Tangential section\ / -
> _— /

X _

// Radial section
//

S

Figure 7 The principal directions and principal sections of wood (Blomgvist 2013;
Paper 1V).

In LVP bonding, the target temperature is often 90-110°C with dried
veneers. When resistive heating is used, it is relatively easy to achieve a
uniform temperature. When dielectric heating (high-frequency heating) is
used, such uniformity is however not easy to achieve, since the heating can be
uneven with peaks and a smoothing period after the high-frequency heating is
turned off is required to equalize the temperature and ensure that the
temperature is sufficiently high in the entire bond-line for curing. This means
that the LVP may have achieved relatively high temperatures in some regions
in time for bonding.

When wood is bonded with an adhesive, the wood is also wetted (River et
al. 1991). This means that the wood’s ability to absorb moisture is utilized in
the gluing process. Although the absorption ability is problematic, the gluing
process is dependent on the wood’s ability to absorb moisture. According to
the Forest Products Laboratory (2010) and Marra (1992), the wood surface
must be both wetted and penetrated by the adhesive to achieve a strong bond-



line. The purpose of the adhesive is to transmit and distribute the load between
the components to be joined. If the adhesive has either dried or cured too
much before pressing it does not wet the opposite surface, and this results in a
thick and weak bond-line. However, the adhesive layer has to be thick enough
to avoid over-penetration when pressure is applied. If the surface is over-
penetrated, the bond-line becomes meagre and weak (Forest Products
Laboratory 2010).

The properties of wood can be modified to reduce the total volume of
shrinkage and swelling. This can be done both mechanically and chemically.
In the first case, cross-bonding layers of wood are used. This technique is
applied in for example plywood (Suchsland 2004). In the second case, wood
can be modified by, for example, a reaction with the polymer hydroxyl groups
(Hill 2006). After chemical modification of the three-dimensional biopolymer
composite, i.e. wood, a new biomaterial is achieved. Heat treatment (which
can be considered to be a thermal modification), furfuralation (wood + furfural
alcohol), epoxidation (wood reaction with oxiranes), and acetylation (wood
reaction with acetic anhydride) are examples of chemical modifications
(Rowell 2013). These chemical modifications alter and reduce the wood’s
ability to absorb moisture. In the case of heat-treated wood, this is achieved at
the expense of a loss of strength (Hill 2006; Rowell 2013). Acetylation of
wood makes it more water repellent (hydrophobic), but this impedes bonding
(Rowell 2013). Epoxidation also reduces the bond strength, due to the wood’s
lower moisture uptake capacity (Rowell and Ellis 1984).

Research questions

The foci in this thesis are the shape stability of LVPs and how measures to

enhance formability can affect the bond-line strength. The work has been

based on the following research questions:

e What is the underlying reason for distortion and poor shape stability?

e Is it possible to identify factors that have a particularly strong impact on
shape stability?

e s it possible to limit the problems of poor shape stability under industrial
conditions, and if so, how is it possible to achieve this in practice?

e [s the bond-line affected by methods to strengthen the veneer from rupture
by enhancing the formability, and if so, how does it work?



Aim and objective

The aim of the thesis has been to understand what causes rejected LVPs with
low shape stability, as well as how pre-treatments for enhanced formability
affect bond-line strength. By extension, the objective has been to rank
parameters with the greatest impact and describe how they can be adjusted and
adopted to contribute to reducing the occurrence of unacceptable products.

Limitations

Only selected material and process parameters were studied (see the
introduction), and this means, of course, that there is a risk that some
important parameters have been missed. For instance, it is well known that
distortion and shape stability differ between species, but in the work described
in the appended papers only beech and birch have been studied.

When the veneer’s fibre angle has been controlled, this has been done only
in the plane of the veneer. Conical angles in the thickness direction of the
veneer and the angle of the S2 layer in the cell wall have not been considered.

The applied pressure has been calculated from oil pressure, piston area and
surface area. The applied pressure was controlled by sensors for tests reported
in Paper III. The reason for not using these sensors in all the tests was due to
the sensors’ inability to withstand the temperature used for the other tests or to
handle the high-frequency heating used in the tests reported in Paper II.

Climatic cycling has been done by varying the relative humidity (RH) in
combination with a constant temperature. This means that the influence of
temperature variations has not been investigated.

The climates chosen for the climate cycling are based on measurements
made in southern Sweden (Paper IV) regarding low and high target moisture
contents (MC).

The shape measurements were made on unloaded products.



Overview of appended papers

Paper I is based on underlying studies found below, under heading: Reports
in Swedish. Results from research projects regarding adhesive systems gave
input to subsequent investigations of veneer-related properties. The work was
based on practical experiments the purpose of which were to reduce the
number of rejects. Discussions on the results of one test led to the next test.
Paper I focused on how material and process parameters influence the shape
stability of LVPs. Four aspects were investigated: (1) choice of adhesive
system, (2) adhesive distribution, (3) moisture content of veneers, and (4) fibre
orientation of veneers. The distortion of the product, a seat shell of beech or
birch, was determined in production and after the shells had been subjected to
alternating relative humidity to simulate conditions that may arise when the
final product is in use.

The results show that both material and process parameters have a clear
influence on the shape stability, and that it is possible on an industrial level to
influence the degree of distortion and the shape stability by controlling some
key parameters.

This study concludes that the key parameters for good shape stability of
LVPs are fibre orientation in the veneers and between veneers, in combination
with moisture content variations. This was especially evident when the
principle of symmetry was not followed.

In the tests where species were compared, beech showed a poorer shape
stability than birch.

Paper II expands on the part of Paper I which examines the impact of the
fibre orientation of the veneers on the shape stability.

The distortion of the product, a shelf of birch, was determined in
production and after the tested shelves had been subjected to alternating
relative humidity to simulate conditions that could arise when the final product
is in use.

The results show the well-known fact that differences in fibre orientation
of the veneers in the laminate influence the shape stability of the product and
that it is possible to reduce the degree of distortion and improve the shape
stability by controlling the fibre orientation. The results of this study also
show how the abnormal placement of veneers in the LVPs influences the
degree of distortions, that two similar abnormally oriented veneers are better
than one abnormal veneer, and that two opposing abnormally oriented veneers
are the worst. Using this basic knowledge, some improvements in the
production of LVPs are suggested.
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Paper III is based on laboratory studies together with literature studies and
discussions with researchers. It was developed from the hypothesis that lathe
checks, which occur when a veneer is peeled or sliced, change the swelling
and shrinking in the veneers. An underlying unpublished preliminary study of
the influence of different surface pressures gave support to the idea for this
study. In both studies the outcome was that the result was affected by the
orientation of the lathe checks.

The paper is a study of how the orientation of one veneer in relation to the
orientation of the other veneers in a laminate influences the shape stability of a
three-layer, plane-laminated panel. The orientation of the veneer in this case
may be: (a) in-plane rotation, i.e., all three veneers in the same direction or the
middle veneer cross-wise, or (b) out-of-plane rotation, i.e. orientation of the
loose side of the veneers.

During peeling, one side of the veneer becomes much more cracked than
the other as a result of the peeling process (e.g. Koch 1964). The cracked side
of the veneer is called the ‘loose side’ or ‘back’ and the opposite side is the
‘tight side’ or ‘face’. Paper III presents an understanding of how the
orientation of an individual veneer in the laminate affects the shape stability.
The tests were carried out on plane-pressed laminates of beech. The results
showed clearly that the orientation of the veneers influences the shape
stability.

The conclusion of the study is that a 3-ply cross-laminated plane-pressed
veneer product should have all the veneers oriented in the same direction
according to the processing of the veneer (loose or tight side) in order to
achieve a good shape. This is not the orientation commonly used in the
industry today.

Paper IV, which is a review article, combines the results from Papers I, II and
IIT with more extensive literature studies. It identifies several important factors
that influence shape stability. The conclusions from Papers I, II and III are
included in the study.

Based on existing knowledge of how to produce shape-stable LVPs, the
veneers should be conditioned to a uniform moisture content (MC) and sorted
with regard to fibre orientation and to the loose or tight side of the veneer
before bonding. End-user climates should govern the veneers’” MC taking into
consideration moisture added through the adhesive during the process.
Straight grain veneers and symmetry should always be sought.

The review reveals several areas that need to be further clarified in order to
achieve a shape-stable LVP, for example the influence of adhesive, the
distribution of pressure, temperature, stresses and strains during moulding, and
the development of numerical methods to better predict the final shape.

11



Paper V deals with the effect of enhanced formability on bond-line strength.
The lack of formability of wood materials is a problem, as mentioned in the
introduction. An initial study to enhance the formability and thereby mitigate
cracking was carried out. Samples of a multi-curved seat shell were moulded,
and regions with high stretching were visually checked for ruptures and cracks
(Blomgqvist et al. 2014a). That study (see Figure 8) combined with a study of
how different modifications affect the bond-line strength and a smaller study
concerning adhesive penetration were carried out and presented (Blomqvist et
al. 2014b). The bond-line strength was tested by a tensile shear strength test
(Figure 9). Adhesive penetration was tested on a shelf with recurrent shapes
and visually checked, as shown in Figure 10 (Blomqvist et al. 2014b). The
study that focused on the adhesive bond strength was deepened by climate
cycling of samples and light microscopy studies to gain an understanding of
the cause of failure with time in the tensile shear strength test (Blomqvist et al.
2014c).

The three conference reports, Blomqvist et al. (2014a, b and c), laid the
foundation for the development of Paper V regarding bond-line strength. The
study by Blomgqvist et al. (2014c) was followed up in Paper V by a statistical
analysis, and a more dependable analysis of the cause of failures. Scanning
electron microscopy (SEM) was used to study the micro-structure of the bond-
line zone. Paper V explores how different methods of increasing the
formability of veneers affect the veneer-to-adhesive bond strength.

Figure 8 Surface veneer of the tested seat shell. The symmetry line indicates the region
with extensive stretching of the surface veneer (oak) during moulding.
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Figure 10 a) The tested shelf, with arrows indicating where the stretching of the veneer
was critical. Examples of the tested shelf with: b) pre-pressed surface veneer,
¢) densified surface veneer, and d) unmodified surface veneer—all made of

ash.
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A major problem in the manufacture of three-dimensional LVPs is damage
due to stretching and/or buckling of the veneer. To reduce or eliminate this
problem, veneer densification or the addition of a strengthening layer to the
veneer can be a possibility. To study how veneer modification influences the
veneer-to-adhesive bond strength, three methods of modification were studied
in relation to an unmodified reference veneer: (1) densified veneer, (2) veneer
pre-bonded with paper and hot melt adhesive (HMA), (3) veneer pre-bonded
with non-woven polypropylene (NW) fabric glued to the veneer with (a) a
urea formaldehyde (UF) adhesive, (b) a mixture of UF and polyvinyl acetate
(PVAc) adhesive, and (c¢) a PVAc adhesive.

Densification, pre-bonding with paper, and NW with a UF/PVAc adhesive
mixture resulted in a slight or no decrease in strength of the bond-line
compared to the reference. NW glued with UF or PVAc adhesive showed a
considerable reduction in the strength of the bond-line. Climatic cycling had
no significant influence on the bond strength.
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Materials and methodologies

The main materials used in the production of LVPs are veneers and adhesive,
as already mentioned in the introduction.

Adhesive

Today, most LVPs produced industrially are bonded together by adhesive
systems which involve chemical hardening. This means that chemical
processes bond the adhesive molecules in chains (interlinked) and that the
adhesive cannot re-emulsify. In all the tests included in this thesis, a urea
formaldehyde (UF) adhesive system from Casco Adhesives, Inc., Sweden, was
used.

Urea is a solid crystal obtained from ammonia and formaldehyde is
produced from methane. Formaldehyde is a highly reactive gas with toxic
emissions. An adhesive based on urea and formaldehyde, which was
transparent, thermosetting, and hard, was patented in the early 1920s by
German and British chemists (Encyclopaedia Britannica 2015b).

In the investigations presented in Paper V, a polyvinyl acetate (PVAc)
adhesive, which dries physically, and a hot melt adhesive were also used for
pre-bonding of samples.
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Beech versus birch

In the various studies included in this thesis veneers from either beech (Fagus
silvatica L.) or birch (Betula pubescence Ehrh.) have been used. The reason
for this is that these wood species are the most prevalent in the industry which
was studied. One significant difference between these two wood species is that
beech shrinks more than birch in the tangential direction (Thunell and Perem
1952), Table 1. This is of interest since the degree of distortion is affected by
shrinkage and swelling (Suchsland 2004).

Table 1 Shinkage properties of beech and birch (Perem and Thunell 1952).
Shrinkage from Fibre Saturation Point to 0 % MC (%)
Radial Tangential Longitudinal
Beech 5.8 11.8 0.3
Birch 5.3 7.8 0.6

To carry out simulations of moisture-induced shape distortions, values of
material properties influencing such distortions are required. However, for
birch such values are not easily available. Blomqvist et al. (2015) used
stiffness parameters based on data presented by Dinwoodie (2000), shrinkage
parameters based on data presented by Boutelje and Rydell (1995), and
mechano-sorption values based on data presented by Ormarsson (1999) for
Norway spruce since data was limited for birch.

Enhanced formability of veneers

The formability of veneers can be enhanced. Veneers can be formatted by
removing “unnecessary parts” of the veneer in areas prone to stretching and/or
buckling while moulding. A fabric, mesh, paper, or other material can be pre-
bonded to the back of the veneer to strengthen it in the transverse direction, a
method often used for the visible, outermost veneers of thin or brittle veneers
(Paper V). A ‘3-D veneer’ can be formed three-dimensionally. The most well-
known way to produce 3-D veneer was developed by Reholz GmbH and later
introduced onto the market (Miiller 2006). Veneers can be modified either
chemically or thermally (Navi and Sandberg 2012). Traditionally, the use of
heat and moisture has been the most common way to soften wood and make it
more amenable to shaping (Paper V).

There are interesting approaches in the area of veneer modification for
enhanced formability. Pfriem and Herold (2015) have described a one-
sequence method in which veneers are impregnated with a mixture of furfuryl
alcohol and maleic anhydride, and are then moulded, bonded, and fixed by
polymerisation at the end of the sequence.
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Methodology to study shape stability

In this work, three different types of products have been studied regarding
shape stability: a seat shell (Paper I), a shelf (Paper II) and a plane
construction (Paper III). Different modes of distortion have been defined and
determined based on future use and the consumer environment.

For the shell, position and twist were used to define the shape of the
product (Figure 11).

Position was defined according to the mould. If the shell was wider, i.e. the
angle between the seat and back was greater than that of the mould, the
distortion was positive (+) and if the angle was smaller, the distortion was
negative (-).

Twist is the situation when the four corners of a quadrangle are no longer
in the same plane (Forest Products Laboratory 2010). A gauge was
constructed to measure the position and twist of the seat shell. The shell was
placed on three reference points in the gauge, these points being positioned in
the seat area of the shell, and measurements were made at two points 235 mm
apart on the back of the shell (Figure 12). For each of the two measurement
points, the distance to the gauge was determined. The position was calculated
as the average of the two distances, whereas the twist was determined as the
difference between them. The accuracy in the deformation measurements was
about 0.1 mm.

235 mm

. Twist

Position

Figure 11 Definition of distortion of a moulded seat shell.
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Figure 12 Determination of distortion of seat shells. a) Side view of the gauge (1) in
position for measuring the seat shell (2). b) Back, side and a firee view of the
gauge showing the positions of the fix points (3), and locations for position
and twist measurement (4a and 4b). Length measurements in mm.

In the case of the shelf, position, twist and cup were used to define the
shape of the product (Figure 13). Cup is the name given to the phenomenon
where there is a deviation from a straight line across the width of a surface
(Forest Products Laboratory 2010). A gauge was constructed to measure the
position, twist and cup of the shelf. Position and twist was calculated in the
same way as for the seat shell, using two measurement point positioned at a
distance of 567 mm from each other (Figure 13). Cupping was determined as
the distance between a straight line drawn between the two earlier mentioned
measuring points and a third measuring point between them (Figure 14) The
accuracy in the deformation measurement was about £0.1 mm.

e 4
| 2555mm  Twist
: |

Figure 13 Definition of distortion of a moulded shelf.
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Figure 14 Definition of measuring of cup.

For the plane construction, cup and twist were used to define the shape of
the product. Cup was measured as the height of the arc at the centre of the
construction. Twist was measured as the difference between two points
(Figure 15). The twist of the plane construction was measured by holding
down two corners and measuring the difference in height between the two free
corners. This method was chosen to reduce the influence of cupping on the
measure of twist. Typically three corners would be held down to measure the
twist at the fourth free corner. The accuracy in the deformation measurement
was about 0.1 mm.

T,

Figure 15  Definition of distortion of a plane-pressed laminate.

To simulate the shape stability of products in an end-user environment, the
tested samples were exposed to variations in relative humidity, where the low
and high humidity levels were chosen to simulate the levels to which the
product can be subjected in use. The samples were weighted to confirm that
the equilibrium moisture content (EMC) in relation to the surrounded climate
had been reached.
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Methodology to study the effect of enhanced
formability on the bond-line strength

To be able to produce more advanced LVP shapes, the formability of veneers
needs to be enhanced. This can be done in several ways, and the way in which
this affects the adhesive bond must be taken into consideration in the choice of
method. In Paper V, a tensile shear strength test was used to study the bond-
line strength in samples where one of the two veneers was modified to
increase its formability. The test was a single lap-joint test according to EN
205 (2003), but with modified dimensions (Figure 16). To avoid failure in the
wood material during the test, the unmodified parts of the samples were
strengthened with paper glued onto the outer parts of the samples with hot-
melt adhesive.

The test was performed in an automated bonding evaluation system
(ABES) machine, seen in Figure 9 (Adhesive Evaluation Systems, Inc.).
Pressure, pressing time, temperature, duration, cooling time and force were
controlled by the ABES for samples tested directly in a sequence. Other
samples which were climate cycled were removed from the ABES after
pressing and replaced in the ABES in time for the tensile-shear test.

Other samples were bonded together to study the bond-line zone without
subjecting them to the tensile-shear-strength test. The micro-structure of the
mentioned zone was studied in a scanning electron microscopy (SEM).

0.4 (0.2 densified) Unit mm

Figure 16 Sample with detailed views describing the thickness and the overlap.
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Results

Shape stability

Of the parameters studied, it was clear that fibre orientation and moisture
content variations were the main reasons for the distortion and poor shape
stability of laminated veneer products (LVPs). The distortions directly after
moulding were in general small, but the distortions increased after the
products had been subjected to variations in relative humidity (Paper I).

The shells with a symmetrical structure showed a low twist after moulding
and during climate cycling. Laminates with two veneers with the same fibre
deviation symmetrically oriented in the laminate resulted in less twist than a
single veneer with the same fibre deviation placed at the corresponding
location, while two veneers with the same fibre deviation asymmetrically
oriented in the laminate gave a twist that was more than double that of a single
veneer. Divergent veneers inside the laminate led to less distortion than
divergent outermost veneers (surface veneers) (Figure 17) (Paper II).

Another observation was that a fibre deviation in the longitudinally
oriented veneer affects twist, while a deviation in the transversally oriented
veneer led to cupping, to a greater extent. However, the effect of the
transversally oriented veneer was only tested to a limited extent, as shown in
Figure 17 (Paper II).

A variation in the climate in which the laminated products are stored can
lead to large distortions, as shown in Figure 17, although the veneers were
well-conditioned to the same MC before moulding. Variations in the MC of
the products release internal tensions and distortion occurs. In general, the
shape of an LVP is sensitive to changes in MC, but if the veneers are not well
conditioned before moulding, distortion may occur even if the products are
stored in a very stable climate, as shown in Figure 18 (Paper I).
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12

Cup (mm/567 mm)

20°C/20 % RH 20°C/90 % RH 20°C/20 % RH

41 89 Days 103
-¢-1 22 43 -4 x5 —6

Orientation of lengthwise (L) and transverse (T) veneers seen from
“front to back” are L1-T2-L3-T4-L5-T6-L7.

Group number 1 have no deviation in fibre orientation.

Groups 2—6 have veneers with different fibre orientation. Group number:
2. L7=+7°, 3. L1=-7°, L7=+7°, 4. L1=+7°, L7=+47°, 5. L5=47°, 6. T6=+7°

Figure 17

Changes in distortion parameters with time of a seven-ply veneer exposed to
different climate conditions. a) Mean position, b) twist, and c¢) cup in shelves
of birch manufactured with veneers with different fibre orientations. The
rectangles in the figures indicate fibre directions in veneers. The results are

from Paper II.
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Figure 18 shows the position and twist for seat shells of birch with
different MCs in some of the veneers in the assembly. Immediately after
moulding, there were only small differences in position and twist in the
different groups. After 13 days of conditioning at a constant climate, however,
the seat shells with the most asymmetric MC profile exhibited a substantial
change in position and an increase in twisting, i.e. poor shape stability. The
shells with all the veneers at the same MC or with only one or both of the
outermost veneers at a higher MC showed only a moderate change in shape
during storage (Paper I).

The results indicate that, if the veneers are well-conditioned before
moulding, the distortion of the moulded assembly in use is reduced, and that a
high MC in several of the veneers in the assembly can lead to considerable
distortion after moulding, especially when the moisture is asymmetrically
distributed in the assembly. However, a high MC in surface veneers do not
cause any significant distortion, see for example groups 2 and 3 in Figure 18.

6 _
=57
£
€ 4 +
£ &
N
5 3
s
o B2
= —aA
P e———
21°C/43 % RH 21°C/43 % RH
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0 Days 13 0 Days 13
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a) b)
Group number:
1. all seven veneers with 5 % MC
2. 5 veneers with 4% MC and surface veneers with a slightly higher MC (7 %)
51 the veneer closestto the concave side of the seat shell with 19 % MC and the
rest of the veneers with 5% MC
4. 3 veneers with 19 % MC closest to the seat shell on the concave side and

4 veneers with 5% MC

Figure 18  a) Mean position and b) twist as a function of time in seat shells of birch
manufactured with veneers having different moisture contents and exposed to
a constant climate. Results from Paper 1.
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Crosswise in-plane orientation of the veneers gives the best shape stability,
as is a well-known fact both in the literature and in practice. This principle of
veneer orientation is commonly used for example in plywood. In Paper 111, it
was shown that the orientation of the loose side of the veneer also affects the
shape stability. The highest shape stability have LVPs in which the veneers are
crosswise in-plane oriented with regard to fibre direction and with the loose
side of the veneers oriented in the same way, upwards or downwards, with
respect to the lathe checks on the loose side (group 1 in Figure 19). In contrast,
the lowest shape stability has the LVP in which the veneers are parallel in-
plane oriented with regard to fibre direction with the loose side of the veneers
oriented in the same way (group 2 in Figure 19) (Paper III). The result of the
tests presented in Paper III clearly shows that the orientation of the loose side
has a considerable influence on shape stability.

In the comparison between the two investigated species, birch was more
shape-stable than beech (Paper I). This is consistent with the values for
shrinkage in the tangential direction reported by Thunell and Perem (1952).
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Group number:

1. loose side down for all veneers and the middle veneer with a perpendicular fibre orientation
2. loose side down and all veneers parallel

3. loose side down except for the bottom veneer and all veneers parallel

4. loose side down except for bottom veneer and middle veneer perpendicular

Figure 19 a) Mean cupping and b) mean twist as a function of time in three-layer plane-
press laminates with different orientations of veneer exposed to different
climates. Results from Paper I11.
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Bond-line strength

Shear strength tests were carried out to study the effects on the bond-line
strength of different methods of enhancing the formability. The results showed
that the bond-line strength was not influenced by densification, pre-bonding
with paper without climate cycling, or pre-bonding with a non-woven (NW)
polypropylene fabric using a mixture of UF and PVAc. The bond-line strength
was however considerably lower than in the reference for a veneer
strengthened with NW pre-bonded solely with UF or PVAc adhesive, as
shown in Figure 20 (Paper V).

Shear strength (MPa)
[+

2

0
1A 1B 2A 2B 3A 3B 4.1A 4.1B 4.2A 4.2B 4.3A 4.3B

Group number:

1k

2,
3.
4

unmodified veneer as reference

densified veneer

veneer pre-bonded with paper that included a HMA

veneer pre-bonded with non-woven polypropylene fabric (NW) glued to the veneer with a:
4.1. UF

4.2. 50/50 UF and PVAC

4.3. PVAc

Figure20  Mean bond-line shear strength A) Samples not exposed to climate cycling,

and B) samples exposed to climate cycling. Results from Paper V.
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The climate cycling changed the type of failure especially for the group
with densified veneer and the group with veneer pre-bonded with paper. One
reason was that the densified veneer teased to swell to its former thickness and
the paper swelled during the climate cycling. Veneer strengthened with NW
pre-bonded with UF or PVAc adhesive had a weak bond-line, since the pre-
bonding interferes with the bonding between the veneers, shown in Figure 21
(Paper V).

The NW filled with UF is a darker
shade of grey in the SEM than the
veneers. The cracks in the bond-line
indicate  low  adhesion  between
adhesive and veneer.

The NW pre-bonded with a mixture of
UF and PVAc. The penetration in the
bond-line and the adhesion appear to
be very good.

The NW pre-bonded with PVAc. The
penetration and adhesion of the
adhesive in the bond-line was low, as
shown by the openings in the bond-
line.

Figure 21~ SEM micrographs showing cross sections of the bond-line zone for samples
pre-bonded with NW. Results from Paper V.
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Discussion

The work and the results presented in this thesis contribute to the
understanding of what causes LVP rejects and thereby contributes to their
reduction. The results make clear that it is possible to improve the shape
stability of LVP and to predict whether the methods used to enhance the
formability of the veneers will provide excellent bond-line strength. However,
much remains to be done to gain a deeper understanding.

Regarding shape stability, the most important of the studied parameters is
fibre orientation in combination with moisture content (MC) variations in the
LVP. Distortion is generally small directly after moulding, but after the LVPs
have been exposed to variations in RH, the distortion increases, depending on
the RH of the air surrounding the product. Since the climate in most
surrounding areas varies considerably over the year it is difficult to
recommend a specific MC. In any case, it is however important that the core
veneers in the laminate are conditioned to the same MC, as different MCs in
the veneers in the laminate lead to asymmetry, as shown by the results of this
work. It is important to condition the veneers to a MC, so that they, together
with the water added with the adhesive, have a target MC representative of the
end-user’s environment.

The fibre orientation should always be straight grain and the veneers
should always be assembled symmetrically to give the highest shape stability.
However, it is difficult to have full control of the veneers since trees are not
symmetrical cylinders. This makes it virtually impossible to produce a veneer
that is parallel to the grain, both on its face and throughout its thickness; the
orientation of peeling also plays a role. This means that it is important to have
a knowledge of the final requirements and have a good working relationship
with the veneer supplier.

Symmetry should always be sought in the production of LVPs. It is
incorrect to try to compensate for one deviation fault with the opposite fault,
as that may lead to asymmetry and lower the shape stability.

The methods used to measure shape stability were time-efficient but built
on simplistic methods to obtain data relating to predetermined shape disorders.
However, the methods yielded sufficient information for the aim of this thesis.
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A more comprehensive measurement method than those used in Papers I-111
was tested to digitize geometries with a combination of 3D-coordinate
measurements and optical scanning (Blomqvist et al. 2011). The method
would be useful for more detailed studies and for evaluating simulation
models. More extensive experimental results are needed to ensure a good basis
for simulations, especially in the area of material data concerning wood
species. Blomqvist et al. (2015), for example, had problems finding mechano-
sorption data for birch.

Several areas need to be further clarified in order to achieve shape-stable
LVPs; for example, the influence of adhesive; the distribution of pressure,
temperature, stresses, and strains during moulding; and the development of
numerical methods to better predict the final shape (Paper IV). Some of the
challenges lie in the design of the tests, the measurement parameters, and the
control of materials and processes. The design of the tests requires control of
several crucial components, and the perspective from which the tests are
designed must be clarified. Wood is a poorly defined material, which means
that it is difficult to control. In Paper V, formability has been used solely as a
basis for studies on the effect of the bond-line strength. In the conference
reports that present these studies, the stretching of the surface veneer and the
penetration of adhesive into surface veneers has been examined (Blomgqvist et
al. 2014a—c). It would be of great interest to the industry and academia to
study the conditions of formability and to further investigate methods to
enhance formability in order to be able to produce more advanced shapes to
compete with materials other than LVPs. This area opens up for studies on
veneer properties and mould tools design.

An initial test to investigate whether uneven surface pressure while
moulding affects the shape stability has been performed in the context of this
thesis. The setup was similar to that described in Paper III. The study, which is
unpublished, revealed no significant differences. A new study has been
prepared, in which other aspects of pressure will be analysed to determine, for
example, whether a reduction in the pressure before full curing has been
reached affects the shape stability. Further, samples of another shape will be
used, and the samples will be bent instead of plane-pressed.
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Conclusions

The results of the work presented in this thesis show that it is possible to
improve the shape stability of LVPs if an in-depth understanding of the
materials and process parameters can be implemented in the manufacturing
process. To achieve shape stability of LVP, it is desirable

to set requirements and control the veneers with regard to the fibre angle
and equilibrium moisture content (EMC),

to plan warehousing, before and during production, of the veneers and
ensure conditioning,

to condition the veneers to an MC which together with the added moisture
from the adhesive used in the process matches the climate in which the
final product will be used,

to consider the orientation of the veneers regarding fibre orientation, the
side of the veneer (loose versus tight side) and the species, and

to seek symmetry at all times.

When veneers are treated to enhance formability, it is important to check

that the treatment does not prevent the adhesive from penetrating the wood
surface or otherwise weaken the bond-line. Therefore, the bond-line strength
in constructions which include the pre-treatment of the wood surface should
always be controlled.
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Future work

For the continuing improvement of LVPs, the following issues have a high

priority:
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The development of material data to provide a better basis for simulation
models (in the Beech versus birch chapter; in the Discussion chapter).

The choice of the MC of the veneer and the added moisture from the
adhesive affects the customer experience since it affects how the LVP will
shrink and swell in the environment in which it is placed (Papers, [-IV).
This is an example of how decisions made during the production of LVPs
affect customer experience. The extent to which choices in the processes
affect the customer experience of the product needs further study.

The development of adhesives in relationship with the bonding ability of
the wood surface to achieve good adhesion (Paper IV) in harmony with
both the internal and external environments.

How stress and strain affect the formability. This issue merits exploration
in order to determine whether the design of moulding tools can be
improved (Paper V).

The effect of uneven contact pressure. The literature indicates that the
applied pressure influences the shape stability. This merits exploration in
order to determine whether the design of the moulding tools can be
improved (Papers I and IV).

The development of prediction methods (Paper IV) useful for the industry.
High shape stability is a prerequisite for more automated production
(Eliasson 2014; in the Parameters chapter). With regard to improvements
to facilitate a more automated production, there is a need to explore
whether there are other ways of dealing with the determination of the
material.
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