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It is not possible for two things to be
fairly united without a third for they
need a bond between them which shall
join them both, that as the first is to the
middle, so is the middle to the last, then
since the middle becomes the first and
the last, and the last and the first
become the middle, of necessity, all will
come to be the same. And being the
same with one another, all will be a
unity.

Plato in Timaeus

For my son.

Never work in passivation or adhesion,
one is too simple, the other is too complex.

K.L. Mittal
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Abstract

The aim of the work presented in this thesis was to investigate whether the adhesion of glues
and lacquers to wood could be studied using dynamic mechanical thermal analysis (DMTA).
This method has been widely used to study interactions in polymer blends, copolymers and in
polymeric composites but very few investigations had been done on solid wood. DMTA has
the ability to give basic information on polymeric structures, which is an advantage over other
test methods for adhesion.

In this thesis pine wood (Pinus sylvestris) and several glues and lacquers have been studied
using DMTA in the tensile mode. Both wood and pure polymers have been studied as well as
polymers that have been polymerised in situ in wood, applied with a brush or as glue between
wooden strips. The adhesion has then been studied and verified using fractography tests
viewed with scanning electron microscopy (SEM). The adhesion has been characterised as
"poor at the cell wall level" when there was a noticeable separation between the adhesive and
the wood substrate as viewed in SEM. If the fracture occurred in the polymer or in wood cell
walls, i.e. not at the interface, and no smooth polymer surfaces could be found, the adhesion
was characterised as "good at the cell wall level".

The primary result was that the interaction as measured with DMTA between wood and
polymers with high interaction and adhesion to wood showed a decrease in glass transition
temperature (Tg) as compared to the Tg of the pure polymer material. Examples of high
adhesion and interaction are the interaction between wood and a hydrophilic acrylate
polymerised in situ from monomeric methacrylates. High interaction and adhesion was also
found for two commercial polyurethane alkyd lacquers. No decrease in Tg was noted for
polymers with low adhesion and interaction with wood. An example of low adhesion is
polymethyl methacrylate (PMMA) polymerised in situ in wood. Low interaction and adhesion
was also observed for a commercial polyvinyl acetate (PVAc) and wood. No change in
interaction could be observed for the PMMA to wood when wood was made more unpolar
(more lipophilic) by acetylation or silylation. The hydrophilic acrylate showed an increased
interaction to silylated wood but unchanged interaction to acetylated wood.

The decrease in Tg for polymers showing high interaction and adhesion to wood is probably
due to an increase of the free volume in the polymer. An increase in free volume can be due to
tensile forces developing during polymerisation, drying or curing of the glues, lacquers and
acrylate polymers.

This thesis shows that DMTA is an interesting method to obtain a basic understanding of
adhesion phenomena and should be of interest for manufacturers of glues and paints and
lacquers, and especially for thermoplastic adhesives. However, further experimental
investigation is needed for the potential to test load-bearing glues.
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1. Introduction
The adhesive forces between two solid materials are generally small because the
intimate contact at the atomic scale that is needed between the surfaces is
usually limited due to surface roughness. This prevents the utilisation of the
available attractive forces since atomically smooth surfaces are impossible to
produce. To decrease this limitation, a liquid adhesive which has the capability
to mould itself and copy the topography of the solid surfaces can be introduced
between the adherends. The same mechanism applies to a lacquered or painted
surface, but here there is only one adherend surface, see Figure 1.

airadherend / wood

adherend / wood adherend / wood
interface

adhesive (paint, lacquer)

gluelineadhesive (glue)

Figure 1: An adhesive can bond two adherends, a glued joint, or be applied on one adherend
as is seen with a lacquer or paint.

Glued bonds are becoming more and more commonly used as a replacement for
welds, riveted joints, joints with screws etc. In wood products, the joining of
wood with glue has been used for thousands of years. One spectacular example
is a glued wooden chest found in the grave of pharaoh Tutanchamon who
reigned around 1350 BC. In the 1760’s-1780’s, when the well known carpenter
Chippendale was making furniture, fish glue was very popular along with high
quality animal glues. Later, bone glue became popular but since it is much more
brittle than many other glues, it gave animal based glues a bad reputation.
Although effective, animal glues have inferior water resistance and are not
always suitable for modern applications such as load bearing structures. The
need for better glues was obvious and in the 20th century the development of
new types of polymer based adhesives started and is still continuing.

1.1. Objective of the research presented in this thesis
There are many methods that can be used to measure adhesion. They are usually
designed for the type of loading that the adhesive will experience; peel off tests
for paint or coat, bending tests for glulam, tensile tests for glued joints, etc. Most
tests give results in the form of a fracture energy or fracture stress. However,
such tests will not reveal information about why the adhesive adheres well, or
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not, to the adherend. Many adhesion theories exist but they are difficult to relate
to practical adhesion tests.

A ‘perfect’ method for measuring adhesion, would give results that contained
information that could be used to modify or change polymeric structures and
additives used in paint, glue or lacquer to obtain stronger and longer lasting
adhesion. Today no such method exists and there is an obvious need to obtain
more explanatory information from adhesion tests to serve as a bridge between
adhesion theories and practical adhesion tests, see Figure 2.

?

Basic adhesion
theories

Practical adhesion tests:
peel off, tensile, fracture tests

Adhesion
to wood

Compatibility

Explanatory
measurements

Figure 2: There is a significant information and knowledge gap between adhesion theories
and practical adhesion measurements.

The work presented in this thesis has aimed to develop a method to fill this gap.
Dynamic mechanical thermal analysis (DMTA) is widely used for investigations
on polymeric structures and compatibility in blends. Only a few attempts 1, 2, 3, 4,

5, 6, 7, 8 have been made to use DMTA to study the interaction between wood and
adhesives. If an interaction between the adhesive and the adherend can be
observed, bonds exist between the polymers in adhesive and adherend. The
degree of interaction between wood and paint, glue or lacquer revealed by
DMTA measurements could be used as a diagnostic tool for predicting long-
term stability. This thesis represents one of the many small steps that must be
taken to reach this goal.
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2. Background

2.1. Requirements on adhesives
Glues are widely used in joints or building materials; for example, glulam
beams, windows, fibre- and particleboards. Mechanical properties, stability and
long-term durability are key issues for glued and coated wood. The latter has
been a concern for research and development for many years since the effective
working life of many glue dependant products often is too short.

Understanding the properties and durability of adhesives exposed to different
climates 9 is becoming more and more important. It is not only the quality of the
adhesion between wood and adhesive that determines the long-term properties
of coated panels and glued wood but also the stability and mechanical properties
of the glue itself. Glues need to have a certain level of cohesive strength to be
able to transfer stresses across the glue line during the entire product lifetime.

The requirements for paints and lacquers are in many ways the same as for
glues. Resistance to weathering and ultraviolet light are obviously important
parameters for paints used outdoors, but mechanical properties such as strength,
modulus and resistance to fracture after cyclic stresses 1 imposed by moisture
changes are equally important. Everyone who has painted their house would like
increased durability so as to lengthen the time needed between repairs or
repainting.

Normally we prefer to paint our houses, in spite of the fact that simply using
untreated wood can in fact be a low cost maintenance option. Untreated wood
erodes very slowly when subjected to weathering if it is protected from
excessive moisture levels 10. The purpose of a coating is therefore both aesthetic
and to protect the wood surface, and needs to form a film without cracks and
pores but that acts as a diffusion barrier for fluids and moisture. Similar
requirements are placed on lacquered wood products such as furniture and
wooden boats.

During the last decade, much attention has been paid to stress phenomena in
organic coatings due to their important role in film cracking, degradation and
delamination. Several factors cause organic coatings to experience stresses; the
film formation process and variation in temperature and relative humidity. These
factors are known to give internal, thermal and hygroscopic stresses. External
mechanical forces are then superimposed on these stresses. In all cases, stresses
arises when the expected motions provoked by these processes are prevented by
coating adhesion to the substrate and/or by the stiffness of polymer segments 11.
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Technical requirements are not the only ones to be considered; users of
adhesives such as glue, paint and lacquers also have practical problems to cope
with. For example adhesives should be environmentally friendly, have gap
filling properties or a specific colour. Sometimes they should dry quickly
sometimes slowly depending on the application. All these properties are
important, but no one is interested in an adhesive if it does not have enough
adhesion strength in a given environment and application.

2.2. The structure of the interface
The surface between the adherend and the adhesive is called the interface, see
Figure 1. Interfaces exist in all paint/wood, lacquer/wood and glue/wood
systems. The weakest part of the interfaces is often the bond between the
adhesive and the wood.

Many demands must be satisfied to achieve a long lasting bond across an
interface. Firstly, the contact area must be as large as possible and the adhesive
should follow the surface roughness of the wood down to molecular dimensions.
Secondly, there must be a certain level of compatibility between the molecules
in the two phases in order for bonds to occur. It is seldom that these
requirements are fulfilled. It has been shown that the glue in particle boards is
very unevenly distributed and actually covers a very small part of the total
surface 12. Even with the relatively controlled gluing of polymer surfaces, which
appear smooth, the interface strength varies considerably over small local areas
13.

The interface between wood and adhesives are much more complicated than the
interface between glued, painted or lacquered metals or polymers due to the
porosity of wood which gives a large, unavoidable roughness to the surface.
Östman 14 showed that the surface roughness, Ra, for wood is about 10 µm. This
surface roughness is around the same as the cell lumen size, or of a double cell
wall thickness in the latewood of softwoods 15. Also, if the lateral resolution of
the surface roughness measurements is increased, a fractal like surface
roughness is observed extending down to molecular dimensions. A monomer,
oligomer or molecule in an adhesive has a cross section characteristic size of
only parts of a nanometer. At that size the small cracks found in wood can add
significantly to the interaction area. For this reason, it is clear that a paint,
lacquer or glue should have sufficiently low viscosity to fill up the surface
roughness and penetrate even small cracks.

2.3. Influence of wood surface properties on adhesion
Many demands are put on adhesives, but it is evident that for a long lasting
adhesion the surface structure of wood is just as important. Factors such as
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surface age, machining operations, structural features and weathering all affect
the adhesion of glue, paint and lacquers to wooden substrates.

When using adhesives with metals, the cleaning of the mating surfaces is very
important, but this is only rarely done to the surface of wood. Wooden panels
are also often exposed to the outdoor climate for shorter or longer periods before
finishing which can lead to severely decreased service life of the finishes 16, 17.
Occasionally, wooden panels can be left outside for months before painting.
Should there be problems, customers will complain about paint quality and not
the quality of the wood or any preparation. Despite the naturally rough surface
of wood, the paint, glue or lacquer being used must be given the best possible
surface to adhere to. The problem is that it is not always clear how to produce
such surfaces and also to make it industrially and economically beneficial to
spend time on surface preparation.

A lot of research has been done on surface preparation prior to gluing. For
metals, the recommended time between the cleaning operation and coating or
gluing can be very short. Newly created or cleaned surfaces have a high surface
free energy and are thus more easily wetted. Chemicals in the air quickly
migrate to these newly created surfaces resulting in deactivation. In wood, there
is also a time aspect of days when extractives migrate from the interior of the
wood structure onto freshly exposed surfaces 18. Some glue manufacturers
recommend a maximum time of three days between finishing a wooden surface,
for example planing, and gluing in order to achieve optimal properties.

Structural wood features such as annual rings and knots affect joint strength.
Adhesion to earlywood is normally higher due to deeper penetration of coatings
19. The adhesion of paint to knots is also more difficult since these are often of
denser wood and have high resin content. The surface often considered when
painting is the tangential/radial surface but in glued finger joint the
characteristics of the transverse surface are also important.

Achieving the optimal structure on machined wooden surfaces is the next
problem. The main machining options are sawing, planing, sanding, abrasive
planing, ablation with laser 20 or cutting with knives. The first three are the most
commonly used and are thoroughly discussed in paper IV. The requirement is to
create a sufficiently smooth surface so that only a thin layer of glue is needed to
fill the gap between mating surfaces. It is also important to have produced a
surface free from damaged wood fibres. Using dull blades when planing can
smear out the wood cells and create damaged surfaces. Sanding with paper with
a small grit size can produce cell debris that is sufficiently small to fill cracks
and cell lumens 21. It is important that the adhesive has an undamaged solid
wood surface to penetrate and adhere to.
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Weathered wood gives poor adhesion due to decreased cohesion in the
outermost cell layers of the wood surface. The use of lacquered surfaces is
normally avoided for outdoor use since most visible and ultraviolet light
penetrates the lacquer and degrades the wood; mainly the lignin. In time this can
cause delamination of the lacquer from the wood surface, or cohesion loss in the
wood. However, a wood surface coated with an acrylic lacquer degrades more
slowly than an uncoated surface 22.
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3. Mechanisms of adhesion
Wetting is of great importance for achieving good interaction and adhesion
between two phases. Wetting can be defined as the extent to which a liquid
makes contact with a surface. When combining wood, which is a solid, with
liquids such as paint, glue and lacquer, the liquids will penetrate the rough
porous surface of the wood to different extents. These liquids subsequently
become solids by different mechanisms, for example drying or cross-linking.
Whilst the wetting behaviour of liquids is of great importance, it has not been
studied in this thesis.

Adhesion is the joining of two surfaces so that stresses can be transmitted
between the phases. Several different adhesion mechanisms have been proposed
23, 24, 25, today the adsorption theory seem to be the most predominant. The
adsorption theory requires intimate contact and the development of physical
forces at the interface, thus providing the basis for the formation of mechanical
interlocking, interdiffusion and chemical bonding. The adsorption theory is
explained below followed by the other mechanisms.

3.1. The adsorption theory
Good wetting to enable the adhesive to spread over the adherend is an essential
fist step in establishing good adhesion. The adhesive will adhere to the substrate
due to interatomic and intermolecular forces (interactions) at the interface.
Binding forces such as Lewis acid-base and dispersion forces are those
considered in adhesion science to describe the interaction mechanisms. The aim
is to match these binding forces to achieve optimum adhesion.

The concept of dispersion forces also includes dipole interaction forces. This is
because the contribution from the dipole component to work of adhesion is
believed to be very low in the condensed phase (solid or liquid). The strong
force existing between molecules with dipole moments is instead attributed to
Lewis acid-base interactions. Hydrogen bonding is also included in Lewis acid-
base interactions 23. Several different methods can be used to calculate the
theoretical work of adhesion; some using the wetting of different sets of liquids
to calculate this property. The determination of the contribution from Lewis
acid-base interactions to the work of adhesion is often done with the method
developed in 1988 by vanOss, Chaudhury, and Good (vOCG) 26. The work of
adhesion (Wa) can be estimated by comparing surface free energy of the
adhesive and the adherend (Dupré’s equation):

Wa = + +γ γ γ1 2 12 [ 1 ]
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Where γ1 and γ2 are the surface free energy of components 1 and 2 and γ12 is the
interfacial free energy. The work of adhesion (Wa) is the sum of the dispersion
(Wa

d) and Lewis acid-base (Wa
AB) work of adhesion, which in turn can be

calculated from surface free energy parameters from reference liquids:

W W Wa a

d

a

AB= + Wa

d d= ( ) + ( ) + ( )+ − − +2 2 21 2

1 2

1 2

1 2

1 2

1 2
γ γ γ γ γ γ [ 2 ]

Where γ1
+ and γ2

+ represent the acidic parameter (electron-acceptor), γ1
- and γ2

-

the basic parameter (electron-donor) and γ1
d and γ2

d the dispersion component of
the surface free energy. Components 1 and 2 are a liquid and a solid
respectively. The surface free energy parameter of solids can be determined with
reference liquids of known γL

 d, γL
 + and γL

 -. Work on measuring Lewis acid-
base parameters has been done on wood that has a predominantly basic surface
character 18, 27.

3.2. More adhesion theories
Factors other than adsorption can play an important role in adhesion, for
example mechanical interlocking, chemical bonding, weak boundary layers,
polymer interdiffusion and electrostatic forces.

Mechanical interlocking theory: The adhesive adheres through keying or
interlocking and by penetrating into pores and cavities. In this case, surface
roughness is an important characteristic of the adherend. This mechanism is
believed to contribute to the quality of adhesion to wooden surfaces but has also
been showed to be important for many other materials 23. However, although
important for wood, mechanical interlocking is strictly speaking not an adhesion
mechanism; at least not viewed from a molecular level. It is only a way to
achieve adhesive bonding in a technological sense.

Theory of weak boundary layers: Close to the surface, a weak boundary layer
(WBL) may be formed which determines the strength of adhesion; even when
fracture appears to have occurred in the interface. The creation of thick
interfacial layers has led to the concept of an interphase. In wood bonding two
different WBLs have been proposed; a chemical WBL and a mechanical WBL28.
The mechanical WBL often results from machining operations. Examples of the
causes of chemical WBL include additives or low molecular weight fractions
concentrated at the interface, a lower or higher degree of crystallinity at the
interface than in the bulk polymer and orientation of chemical groups.

Chemical bonding theory: Chemical bonds formed across an interface increase
the adhesion strength considerably. The bonds considered are primary bonds
(covalent or ionic) rather than secondary bonds such as hydrogen or van der
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Waal bonds which are more related to physical interactions between molecules.
The use of silane coupling agents on glass fibers used in polymer composites
and block copolymers stretching across interfaces are examples of chemical
bonding.

Diffusion theory: Polymer chains can diffuse (move) across the interface
between two different polymers or across a crack within a polymer. This
diffusion is described as reptation; a snakelike movement in the direction of the
chain. The polymer chain can thus form a bridge across the interface where it
contributes greatly to the adhesion strength. An example is the diffusion of
polymer molecules across an interface between polyvinyl chloride (PVC) and
styrene acryl nitrile (SAN) resulting in high adhesion strength, see Figure 3.
Diffusion is promoted in amorphous polymers at temperatures near the glass
transition temperature (Tg) but becomes unlikely if both polymers are not
sufficiently soluble, or are highly crystalline or cross-linked.

Figure 3: A scanning transmission electron microscope (STEM) picture of a thin
ultramicrotomed section of a glue line between PVC and SAN. The solvent used for gluing
was tetrahydrofurane. The width of picture is 3µm. Henrik Lindberg, unpublished results.

The interface can also be strengthened by diblock copolymers consisting of the
two polymers where each polymer type can diffuse into the other. If the chain
length is sufficiently long, the chain will be broken (i.e. chain scission) during
failure, which is similar to the mechanism mentioned in the chemical bonding
theory given above. One example of the use of diblockpolymers is the maleated
styrene-ethylene/butylene-styrene (SEBS-MA) copolymer used as a
compatibilizer in a low density polyethylene/wood flour (PE/WF) composite
system to increase impact strength and elongation at break 7.

Electronic theory: Electrostatic forces exist because of the formation of a
electrical double layer at the interface and contribute greatly to adhesion
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strength. This theory is not widely accepted, since it is believed that the
electrical phenomena often observed during adhesion tests is a consequence of
the test rather than being the cause of high bond strength. Some evidence of the
electronic theory exists but the contribution to the total adhesion strength is
often small 23.

3.3. Methods for measuring adhesion
When the results of experimental or practical adhesion strengths measurements
made with, for example, a tensile test, peel test or wedge test are analysed, the
contribution from the fundamental adhesion mechanism is difficult to estimate.
The experimental values obtained using a method measuring the fracture energy
G, will be dependent on G0 and a term ψ. G0 represents the surface energy and ψ
involves other processes in the adhesion test that absorbs energy, for example
plastic deformation 23 or crack generation 29:

G G= +0 ψ [ 3 ]

G0 is then dependent on the surface energy of the materials and if the fracture
occurs in the interface on WA (work of adhesion) or if it occurs within the
materials on WC (work of cohesion). Practically measured fracture energies are
almost always orders of magnitude greater than WA or WC due to the fact that ψ
is usually much larger than G0. Because of the difficulty of determining ψ, the
practical adhesion achieved depends on the technique used and strengths
obtained using different techniques may not be directly comparable.

3.4. Bonds
Bonds are a central issue in adhesion theory, and a short explanation of the
bonds possibly present in wood adhesion are given below.

Primary bonds

A covalent bond involves the mutual sharing of one or more electron pairs
between atoms. Two (or more) atoms joined by covalent bonds constitute a
molecule. Elements that are neither strongly electronegative nor strongly
electropositive, or that have similar electronegativities, tend to form bonds by
sharing electron pairs. The bond energy 30 for single covalent bonds varies from
about 150 to 570 kJ/mol. The carbon-carbon bond in a polymer chain has a bond
energy of about 360 kJ/mol. For a covalent bond between different atoms the
electron pair might not be shared equally due to differences in electronegativity
and such bonds are sometimes called polar covalent bonds. One example is the
chlorine atom bonded to a carbon atom seen in the polymer polyvinyl chloride
(PVC), see Figure 4. The electron pair in this bond is displaced toward the more
electronegative atom chlorine, which results in the chlorine having a partial
negative charge, a dipole.
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C C

H Cl

H H
n

Figure 4: Structural unit of Polyvinyl chloride (PVC). The term ‘n’ indicates a number of
repeated units.

The transfer of one or more valence electrons from one atom to another forms
an ionic bond. Because electrons are negatively charged, the atom that gives up
the electron(s) becomes positively charged, and vices verse. The ionic bond is a
strong bond with bond energies 31 generally between 600 and 1500 kJ/mol. An
example of an ionic bond is seen in salt, sodium chloride, where sodium
becomes positive Na+ and chlorine negative Cl-. The ionic bond is found in
materials that are composed of both metallic and nonmetallic elements. There
are even ionic polymers that have ionic bonds between the molecules, but these
are not normally used as wood adhesives. The zinc salt of polyacrylic acid
copolymer which is expected to have ionic bonds has a glass transition
temperature of over 400°C, if one exists at all. This material decomposes before
softening. Even at 300°C this polymeric salt has a modulus about three times
that of polystyrene at room temperature and behaves as it were highly cross-
linked due to the strong attraction between ionic groups 41.

Secondary bonds

Covalent bonds, and also to some extent ionic and metallic bonds*, are in
materials science often called primary bonds. There are also other types of
forces that occur between molecules, so called secondary bonds, which are
discussed below.

The most common secondary bond is van der Waals forces, or London
dispersion forces. The location of electrons in a molecule fluctuates and at some
point in time the molecule will have an instantaneous dipole moment. This will
induce a corresponding dipole moment in an adjacent molecule causing an
attractive force between the two. The magnitude of the force depends strongly
on the polarizability of the electrons in the molecules. A larger, more elongated
molecule such as are seen in polymers is more easily polarized 32, which gives
rise to a slightly stronger attractive force. The van der Waals force is often
referred to as the weakest of the secondary forces, but is never the less important
and sometimes the only possible secondary force.

                                           
* Metallic bonds exist between metal atoms and are not discussed here.
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If a molecule has polar covalent bonds the molecule will have a permanent
dipole moment (unevenly distributed electrons) such as that seen in the bond
described earlier between the chlorine atom and carbon atom in PVC. This
creates the possibility of dipole-dipole forces, also called Keesom forces, which
will result in a stronger attractive force than the van der Waals force. There is
also the possibility for a dipole to induce a temporary dipole moment in another
molecule, thus creating Debye or dipole-molecule forces.

A special case of the dipole-dipole force is called a hydrogen bond, which has a
typical bond energy 30 of 20-40 kJ/mol. Very strong dipole-dipole interactions
occur when hydrogen atoms are bonded to small, strongly electronegative atoms
(O, N or F). Because of its small size and partial positive charge, the hydrogen
atom can link electronegative atoms such as oxygen. The hydrogen bond is
important in wood adhesion as there are a lot of hydroxyl groups (-OH) on the
wood polymers and many polymers used in wood adhesives also contain
hydroxyl groups.

As always in science there are different ways of grouping things. The usage of
certain terminologies varies, which can be confusing. In a lot of the literature,
van der Waals forces are defined as being intermolecular attractive forces not
resulting from ionic charges. In this case, “van der Waals forces” is a collective
term for London dispersion forces (ie the specific definition of van der Waals
forces given above) as well as dipole-dipole and dipole-molecule forces.
However, hydrogen forces are generally not included in this common
broadening of van der Waals forces.
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4. The structure of softwood
Softwoods consist primarily of tracheids, which are on average 2-4 mm long
hollow cells with tapered ends, with radial and tangential dimensions of 20-40
µm. About 5% of the volume of softwood is taken up by ray cells; short cells
oriented in rows from the pith towards the bark 33. Figure 5 shows longitudinal,
radial and tangential directions together with the three different surfaces. On the
radial surface bordered pits are visible.

Figure 5: Scanning Electron Microscopy photograph of the cell structure of Scots Pine (Pinus
Sylvestris) showing the three different surfaces and directions.

Wood from temperate zones is usually built by annual rings, first earlywood,
and at the end of the growth season a transition to latewood. In earlywood the
cell walls are thinner and the lumen, which is the void in the tracheid, is larger.
Latewood is a lot denser since the density of the cell wall 15 is constant at about
1.5 g/cm3. Figure 5 illustrates the transition between earlywood from the upper
left corner to latewood down to the right.

Tracheids consist of a polymeric fibre composite containing the polymers
cellulose, hemicellulose and lignin. Cellulose forms crystalline fibres which are
surrounded by amorphous lignin and hemicellulose. Several different layers
with different fibre directions form the cell wall, see Figure 6.
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Figure 6: Schematic structure of the wood cell wall showing its different layers. Cellulose
fibrils are oriented in different directions from the cell axis, as stated in the figure for the
different layers.

Extractives are compounds that can be extracted from wood using various
solvents. They are often of low molecular mass, less than 500 g/mol, and can be
categorised into many groups, for example fatty acids and terpenes, according to
their chemical composition. Extractive compounds are traditionally extracted
with acetone but the nomenclature varies. Water soluble compounds, such as
salts, pectins and starch also present in wood, are also sometimes included in
extractives.Scots pine heartwood generally contains 12% extractives, while its
sapwood contains about 4%. The strength of wood is not generally considered to
be dependent on any extractives present. One of the functions of extractives is to
defend against biological attacks. Extractives can migrate to newly machined
surfaces causing the surface to have less than optimal properties for forming
high strength joints (See section 2.3 above).
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5.  Polymer properties measured using DMTA
One way of characterising solid materials is to divide them into metals, ceramics
and polymers. In this categorisation, wood would be considered a polymeric
composite material made up of several different polymers. The glues, paints and
lacquers applied to wood have, in most cases, polymeric binders. Polymeric
materials have a special behaviour that metals and ceramics do not; they are
viscoelastic materials. This means that they have both solid properties (elastic)
and liquid properties (viscous). If a stress is applied to a polymer it will result in
a certain strain, but in time, this strain will increase, this is known as creep. This
phenomenon is due to the viscoelastic nature of polymeric materials. The
amount of creep varies in different polymeric materials, and factors other than
viscoelasticity can also contribute to creep deformation.

The viscoelastic properties of a polymer change considerably with temperature.
Viscoelastic materials experience relaxation transitions associated with
molecular mechanisms. These transitions mark a change in mechanical and
other properties and are referred to as the glass transition temperature (Tg),
which is normally associated with amorphous material, and the melting point
(Tm) in crystalline polymers. Polymers also exhibit, so called secondary
relaxations. Figure 7 shows examples of the change in shear modulus for
different polymers over the temperature interval polymers are typically used in.
Amorphous polymers such as PVC are used below their Tg, whilst semicrystal-
line polymers such as nylon can be used below or above their Tg but conside-
rably below their Tm. Cross-linked rubber materials are used above their Tg.

Figure 7: Shear modulus vs. temperature for three different types of polymers. The
temperature interval at which these polymers are used is marked with (•-•-•-•-•). PVC is an
amorphous polymer, Nylon 6 is semicrystalline and Natural rubber is lightly crosslinked.
Based on Figure 4.21 in N. G. McCrum et al. 34.
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The DMTA apparatus

One of the most powerful methods used to investigate the viscoelastic properties
of polymeric materials is Dynamic Mechanical Thermal Analysis (DMTA). This
technique applies a very small sinusoidally varying strain to a test piece at a
constant frequency whilst the temperature is increased at a constant rate. The
stress is measured and three different moduli are calculated; storage modulus E',
loss modulus E", complex modulus E* and a loss factor (tanδ). These are
explained below.

In this work, a DMTA MkIII from Rheometric Scientific has been used. Typical
settings used were a dynamic average strain of 0.02-0.05%, frequency 1 Hz and
a temperature increase of 2°C/min. Several different sample holders are
available for this apparatus, see Figure 8. The tensile mode used in this work
was chosen over the bending modes since the strain is approximately constant in
the specimen.

Figure 8: Sample holders that can be used with a DMTA MkIII from Rheometric Scientific,
based on figure from Wetton et al. 35.

5.1. Theory of measurements with DMTA
A characteristic of DMTA analysis of viscoelastic materials is that the applied
strain is not in phase with the stress but lags behind by a phase angle δ, see
Figure 9. This results in the existence of a loss modulus (E''). Both viscoelastic
and non-viscoelastic materials exhibit a so called storage modulus (E').

The sinusoidal stress curve shown in Figure 9 can be considered to consist of
two components: one in phase with the strain and the other 90° out of phase.
One way to explain this is to look at a purely elastic and a purely viscous
material. Consider the response of elastic and viscous materials to an imposed
sinusoidal strain, ε:

ε ε ω= ( )0 sin t [ 4 ]

Where ε0 is the amplitude, t time and ω the angular frequency (rad/s). For a
purely elastic body, Hooke's law is obeyed, and the stress is:
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σ ε ω= ( )G t0 sin [ 5 ]

Where G is shear modulus. It is evident that stress and strain are in phase. Now,
consider a purely viscous fluid. From Newton's law the shear stress is given by:

σ η ε= ⋅ d dt [ 6 ]

Which gives:

σ ηε ω ω= ( )0 cos t [ 7 ]

Where η is the viscosity. In this case the shear stress and the strain are 90° out
of phase 36. Viscoelastic materials can be considered as having a combination of
elastic and viscous properties with the stress and strain out of phase by an angle
δ which is less than 90°.

Figure 9: Phase angle difference between sinusoidally varying strain (ε) and
stress (σ) at an applied frequency (f).

The angle δ varies considerably with temperature. The common polymer
Polymethyl methacrylate (PMMA) (See paper II, figure 3) has a tanδ of 0.068 at
room temperature which is equivalent to an angle of 3.9°. In the glass transition
region (around 130°C) tanδ increases to 1.6 or 58°, indicating the increased
influence of liquid properties but whilst maintaining a substantial proportion of
elastic properties.

Two different moduli can be defined to describe the properties of viscoelastic
materials: elastic modulus or storage modulus E' (with stress and strain in phase)
and loss modulus E'' (with stress and strain 90° out of phase). These moduli
have the well-known relationship shown in Figure 10, where tanδ is termed the
loss factor and E* the complex modulus. The loss modulus can be explained as
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an energy loss and is transformed into heat in the material. For bulky materials
experiencing large deformations at high frequencies, such as rubber dampers,
this heat increase from the energy loss can be substantial.

E''

E''

E*

E'

E'
tan

E*=E' + iE''

=

Figure 10: Dynamic mechanical relationship between: Storage modulus E', loss modulus E",
complex modulus E* and loss factor tanδ.

5.2. The use of DMTA in polymer research
DMTA gives information about molecular mobility and damping characteristics.
It is widely used to determine, for example, the composition of copolymers and
compatibility of blends, the degree and heterogeneity of cross-linking or the
influence of crystallinity. Some examples of these are given below. DMTA has
also been used to study factors not addressed here, such as molecular
orientation, thermal history and Tg dependence on molecular weight. There are
numerous references that provide an extensive view of dynamic mechanical
measurement for the interested reader 35, 37, 38, 39, 40, 41.

Copolymers and blends

The mechanical properties of polymer blends, block copolymers or graft
copolymers are determined primarily by the mutual solubility of the two
homopolymers. The properties of a mixture are close to that of a random
copolymer for complete solubility of the homopolymers. This can be studied
with DMTA where a blend, block or graft copolymer with low solubility results
in two Tg peaks close to those of the respective homopolymers. In a random
copolymer which will show a single Tg peak, have the monomers through
polymerisation been bonded and forced to interact.

Cross-linking

DMTA can be used to study the effect of cross-linking. When a polymer is
cross-linked, covalent bonds are formed between the polymer chains which
brings them closer together. This reduces the free volume and causes an increase
in the glass transition temperature, see Figure 11. One of the ways of
determining the glass transitions is to use the peak temperature of the loss factor
(tanδ). An increase in cross-linking agent from 2% to 4% increases Tg. The
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storage (or elastic) modulus decreases when the temperature increases and
shows a substantial drop at Tg for lightly cross-linked materials such as rubbers.
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Figure 11: Storage shear modulus and loss factor, both on a logarithmic scale, vs. temperature
for a phenol-formaldehyde resin crosslinked with hexamethylene tetramine at stated
concentrations. Based on Figure 9.3 from Ward and Hadley 42.

Another effect of cross-linking is to cause a broadening of the loss factor peak,
to the extent that very highly cross-linked materials have no glass transition at
all since the motion of long segments of the main chain is not possible. This can
also be seen as a decrease in the amount by which the storage modulus
decreases at Tg 42.

Plasticization

Plasticizers, which are relatively low molecular mass organic materials, are
added to rigid polymers to soften them. Plasticizers lower the glass transition
temperature and also broaden the peak width (see paper II figure 15). Poorer
plasticizers broaden the peak more than good ones 42.

Water can also act as a plasticizer in many polymer materials. An example is
shown in Figure 12, where an increase in water content by about 4% in an
aromatic poly(amide imide) decreases Tg from about 290°C to about 205°C.
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Figure 12: Loss modulus curve showing the effect of moisture content on glass transition of
an aromatic poly(amide imide). Figure from Chartoff 43.

Crystallinity

The influence of the degree of crystallinity can also be studied using DMTA.
Figure 13 shows the storage modulus and loss modulus for PET, Polyethylene
terephthalate. The lowest degree of crystallinity (5%) shows a severe drop in
storage modulus at about 80°C, which is associated with the glass transition
temperature. This is also called the α-relaxation. When the crystallinity
increases the α-relaxation broadens and the glass transition temperature
increases. This is due to the remaining amorphous components experiencing
restriction of motions in the long-range polymer segments.

Secondary relaxations

The glass transition temperature is the major transition for amorphous polymers.
Below Tg some amorphous polymers may have so called secondary transitions
which are localised molecular movement often coupled to side group motions.
Semicrystalline polymers often have several relaxation peaks originating from
Tm, Tg and short segmental motions. Secondary transitions can also be a result
of plasticizers and moisture coupled to polymers. The secondary transition in
PET, see Figure 13 (β-relaxation), is interpreted as movement in the COO main
chain segments 37.
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Figure 13: Storage modulus E' and loss modulus E'' as a function of temperature at 138 Hz for
PET at different degrees of crystallinity (  5%; ∆ 34%; O 50%), the melting temperature of
crystalline PET is 260°C 37. Based on Figure 9.8 from Ward and Hadley 42.

5.3. The use of DMTA in wood research
Viscoelastic investigations on wood using DMTA and similar techniques have
mainly concentrated on understanding the structure of cellulose, hemicellulose,
lignin and the different extractives found in wood and/or the effect of moisture
on key properties. Whilst there are some similarities between different wood
species, few articles cover more than a few species. Birkinshaw et al.
investigated the difference between ten different softwoods and hardwoods 44

and measured how the dynamic mechanical properties change with γ irridation
and with brown- and white rot fungus 45. In the case of fungal attack, the
dynamic modulus falls more quickly than the modulus measured using static
three point bending, showing the dynamic measurements higher sensitivity to
molecular changes. Obataya and Norimoto 46 showed the dependence of the
storage modulus and loss factor on water extractable molecules in cane. A loss
factor peak associated with sugars disappeared after water extraction and
reappeared after impregnation with sugars.

The great variation in glass transition temperatures for the principle components
of wood under varying levels of moisture is showed in a review article 47. Data
was obtained for isolated cellulose, hemicellulose and lignin, however, the
extraction process most probably change the structure of the components.
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Salmén 48 showed that the transition in the vicinity of 100°C in water saturated
Norway spruce was most probably due to the Tg of in situ lignin. A lower Tg for
lignin was found by Kelley et al. 49 , who measured the viscoelastic properties of
Sitka spruce and sugar maple and showed two distinct relaxation peaks (α1 and
α2 in Figure 14), which were attributed to lignin and hemicellulose. The
existence of two different Tg peaks associated with in situ polymers in wood
show the immiscibility of lignin and hemicellulose.

Figure 14: DMTA measurement on solid spruce wood at moisture contents rising from 5% to
30% showing the loss factor (tanδ). Peak α1 was thought to be the Tg of lignin, peak α2 the
Tg of hemicelluose and peak β the site exchange of water. From Kelley et al. 49.

Many researchers have also made dielectric experiments on wood. Dielectric
measurements give similar information and some of the relaxation peaks can be
compared. Dielectric measurements, like DMTA, can be used to study the
molecular structures of wood and wood-water interactions. For example, Maeda
and Fukada 50 compared piezoelectric, dielectric and mechanical measurements
and observed good correlation between the relaxation peaks observed. Kabir et.
al 51 presented a study on how the grain direction and moisture content affect
dielectric properties. The difference between the behaviours of moisture
adsorbed on wood and WPC was investigated by Handa et al. 3.

5.4. Glass transition temperature
The most important relaxation process in amorphous polymers is seen at the
glass transition temperature, Tg. Several examples have been given above. At
this temperature the polymer changes from a relatively hard and glass-like
material to a soft and rubber-like material. For a typical amorphous polymer the
storage modulus decreases by three orders of magnitude at Tg. If the polymer is
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cross-linked, semicrystalline or reinforced, the decrease of storage modulus at
Tg is generally lower.

The chemical structure of the polymer affects Tg. Stiffness of the main chain,
large rigid side groups and molecular polarity increases Tg whilst long aliphatic
side chains lower Tg. Backbone symmetry and tacticity can also affect Tg 41.

The glass transition temperature can be defined on the basis of dilatometric
measurements, which provide stress and frequency independent information
about Tg (See Figure 15). When the specific volume of the polymer is measured
against temperature, a change in slope is observed at a temperature which is
characteristic for each polymer, by extrapolating the straight lines Tg can be
determined. When dilatometric measurements are carried out with a very slow
rate of temperature increase, Tg approaches a constant value 42. Since Tg is a
time independent property, dynamic mechanical measurement techniques are
not suitable for determining Tg but are an appropriate and powerful method to
determine changes in Tg.
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Figure 15: The volume-temperature relationship for a typical amorphous polymer. The
specific volume is the same as the inversion of density.

Figure 15 shows schematically the difference between the total volume divided
into volume actually occupied by polymer molecules and the free volume. Free
volume for wood materials is related to the solid wood polymers and extractives,
it is not related to the void volume due to lumens and pores. The free volume
can be said to describe how tightly the polymer chains are packed together. A
large free volume indicates a more loosely packed structure. Free volume is thus
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used for polymers the segment-size voids that exist between polymer chains 37,

42. Mechanical relaxation times depend on temperature largely through their
dependence on free volume.

The temperature at which the glass transition occurs depends on the free
volume. At Tg the mobility of the polymer chain is greatly increased when the
free volume is increased and movement in the long main-chain molecules
become possible, See Figure 15. The frequency used when making the
measurement is important; a higher frequency moves relaxations to higher
temperatures. There is a relaxation time for molecular movement at a certain
temperature. When that time is the same as the applied frequency of the
measurement, high losses in the material are observed, i.e. a peak in loss
modulus (E'') and loss factor (tanδ).

The glass transition temperature (at a constant frequency) for a given polymer
can be changed using copolymers, blends or plasticizers. The effect of these on
the glass transition temperature can be calculated with the well-known equation:

1 1
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2T

w

T

w

Tg g g

= + [ 8 ]

Where Tg is the glass transition of the “mix”, w1 and w2 are the weight fractions
of the two constituents having glass transition temperatures Tg1 and Tg2. This is a
generalised equation 43 but give sufficiently accurate results for many polymers.
The presence of a plasticizer or moisture will approximately decrease Tg in the
same way.

5.5. Stress related changes in Tg
As already mentioned, a change in the free volume will cause a change in the
glass transition temperature. Decreasing the free volume will increase Tg and
vice versa. There are several ways of changing the free volume, one is to use
copolymerization or blending with plasticizers, to chemically bond polymer
chains through cross-linking or the application of stresses. The mechanism by
which tensile stresses decrease Tg is central in this thesis. Very few
experimental results have been published concerning the effect on Tg of applied
stresses or pressures. These are discussed below.

McKinney and Belcher 52 found an increase in the glass transition temperature
of polyvinyl acetate by about 20°C when the applied pressure increased from 0
bar to 981 bars (98MPa) at a frequency of 100 Hz, see Figure 16. Data was
obtained using a dynamic compressibility chamber which measured the
compressibility, or compliance (B*), and its real (B') and imaginary (B'') parts.
The explanation given for the increase in Tg was a decrease in free volume.
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McCrum et al. 37 gave the following explanation to the phenomena seen in
Figure 16:
“… This effect is opposite to that observed by the addition of plasticizer and
must be attributed to the increased hinderance to molecular motions caused by a
decrease in fractional free volume.”
For all three pressures shown in Figure 16, it can also be seen that the relaxation
region shifts to higher temperatures at increased frequency, as it should.

Figure 16: Plots of loss compliance vs. temperature for PVAc (Polyvinyl acetate) at several
frequencies (f) and static pressures (P). From McKinney and Belcher 52.

Chartoff investigated the effect of pressure on the Tg of Polystyrene (PS). The
results shown in Figure 17 were obtained isobarically using a pressure-volume-
temperature (PVT) apparatus 43. Tg can be seen to increase from a value of
about 100°C at an applied pressure of 0 MPa to Tg at 160°C at 200 MPa. For the
polymer Polyetereterketon (PEEK) similar data measured with the PVT
apparatus indicated an increase in Tg from 152°C at atmospheric pressure (P= 0
MPa) to a Tg of about 270°C for an applied pressure of 200 MPa 53. No specific
explanation was given by the authors, but the likely explanation is, as above, a
decrease in free volume causing an increase in Tg.
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Figure 17: Pressure-volume-temperature data for polystyrene showing the pressure
dependence of Tg, in R. P. Chartoff 43.

One example of a decrease in Tg being attributed to increased adhesion has been
found (Chartoff 43, 54). The investigation concerned the adhesion of graphite
particles to polyisobutylene polymer. The two curves shown in Figure 18 are for
untreated graphite platelet particles and for particles treated with silane coupling
agents to create strong adhesion. Normally there is poor adhesion between
graphite and the matrix polymer. The silane treatment creates strong adhesion
and the Tg damping peak temperature decreases. The stronger adhesion between
the matrix and silane treated filler was shown with SEM fractography. The
curve for the material with the silane treated filler have a relatively narrow loss
dispersion peak compared to that for the untreated filler 43, 54. This is the same
phenomena that is interpreted in this thesis as an increase in free volume due to
isostatic tensile stresses developing during curing.

Figure 18: Dynamic mechanical analysis data for the glass transition region in
polyisobutylene compounded with platelet graphite particles; silane treated (T) and untreated
(U). From R. P. Chartoff 43, 54.
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6. Material and methods

Material

The wood species used in all DMTA measurements presented in this thesis is
conventionally dried Scots Pine (Pinus sylvestris). The samples used were taken
from sapwood with a dry density of about 0.5 g/cm3 (See Paper I). The
acetylated pinewood had acetyl content of 21% and was kindly provided by Pia
Larsson Brelid at Chalmers University in Gothenburg, Sweden.

The glues, lacquers and acrylate monomers were used as according to the
description by the manufacturers. The acrylates, PVAc glue without hardener
(also called white glue) and the two polyurethane-alkyd lacquers are described
in papers II-III.

The EPI (emulsion polymer isocyanate) glue used was Cascolit 1984 with 10%
hardener 1993 obtained from Casco Products AB, Box 11538, 100 61
Stockholm, Sweden. This is a waterbased dispersion of styrene-butadiene
copolymer with a MDI type isocyanate hardener (methylene diphenyl
diisocyanate). It is approved to EN 204 D4 and Watt 91. The PVAc glue used
was Cascol 3335 with 6% hardener 3387. Again, sourced from Casco Products.
This is a water based dispersion of polyvinylacetate polymer with an aluminium
nitrate hardener. It is approved to EN 204 D4. During curing carbon dioxide was
formed as a by-product, causing some foaming of EPI and PVAc glue.

When gluing wood using EPI and PVAc with hardener, a clamping pressure of
1MPa was applied for 40 min in room temperature. The wooden samples had
been planed on the tangential surface to a thickness in the radial direction of 1.2-
1.3 mm. The wood was conditioned before gluing in 65% RH at 21°C. Three
wood pieces were glued together with two glue joints of approximately 150 g/m2

glue applied per joint. Specimens of the pure glue were obtained by spreading a
single layer of glue on a plate of polytetrafluorethylene (PTFE) and drying in
room temperature.

The melamine urea formaldehyde (MUF) resin used was prepared in the
laboratory according to the formulation reported in Pizzi 55 with a ratio (M+U):F
of 1:1.9. The resin was prepared to a degree of advancement defined by a water
tolerance of 130%. It was used as manufactured with a solid content of 59% and
a viscosity of 0.5 Pas at 20 rpm measured in RT. The hardener used was 5% by
weight of 98% formic acid, giving a pH of 5-6 and a pot life at room
temperature of 3.5 hours. The resin was prepared by Milena Properzi at
ENSTIB, Epinal, France. Pure glue specimens for DMTA were obtained by
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mixing the glue in an aluminium cup, allowing it to harden and then sanding
down slightly to a thickness of 1mm.

The phenol resorcinol formaldehyde (PRF) glue was obtained from Casco
Products. Wood samples were conditioned at 20°C and 65%RH. A single layer
of ca. 250g/m2 of 100 weight parts of Cascosinol 1711 mixed with 15 parts of
Hardener 2520 were spread on the tangential surfaces. After an open time of 14
minutes, the samples were joined and pressed at 30°C at 1MPa for 2.5 hours
(The minimum time required for the glue to cure at 30°C was 2 hours.) Pure
glue samples were obtained by spreading a layer of glue on a PTFE plate and
curing it for 3 days at 30°C. The specimen was then sanded down slightly to a
thickness of 0.8 mm.

Silylation of wood

Silylation was performed in a 30 ml E-glass bottle. HMDS (1,1,1,3,3,3-
hexamethyldisilazan) 0.6ml and TMSC (trimethylsilan chloride) 0.3 ml were
mixed in dry pyridine (12ml). Nine ovendry (103°C for 6h) pinewood
specimens (30x3x3 mm in length x radial x tangential direction) were silylated.
The warm wood pieces were added to the silylation solution and put in a
desiccator under reduced pressure for 3h to submerge the wood pieces and
enable penetration into wood. After 3 hours the bottle was sealed with glass cork
and silylated for further 21 hours. The samples were rinsed repeatedly in dry
99.5% acetone, left in acetone for 5 days and finally dried at 50°C in reduced
pressure. The weight of the wood specimens was 1.0493g before and 1.1289g
after silylation giving a weight increase of 8%. Wood pieces were left in
laboratory for a day, then impregnated in PMMA or hydrophilic acrylate using
reduced pressure in a desiccator and cured in 60°C for 63 h. The curing was
made in small glass tubes of length 30 mm and diameter 5 mm with plastic
corks having teflon sealing (polytetrafluor ethylene) and thin teflon film
separating the wood pieces.

Several unsuccessful experiments with silylation were made showing no weight
increase. The conditions for these are given below to give further guidance on
silylation of wood. Pine wood specimens, 3g (size as above) were dried in
103°C and put in a solution of 18g of TMSA (N-trimethyl-silylacetamid) in 180
ml of 99.7% tetrahydrofuran (THF) degassed in a desiccator with reduced
pressure. Reduced pressure was applied for 1h and sealed bottle then left in
room temperature for 24h. Wood pieces were then transferred to a degassed
solution of 9g TMSA in 90 ml of THF in reduced pressure for 30min and left
sealed for 24h. The wood pieces were then washed repeatedly in 99.7% ethanol,
for 4 hours and dried in room temperature. The PMMA specimens measured in
DMTA showed double loss factor peaks. The same silylation procedure where
washing in ethanol for 6 hours was followed by washing in water for 24 hours
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gave no double peaks in PMMA with DMTA analysis but also no apparent
change in viscoelastic properties as compared with polymer impregnated
unsilylated wood. The latter silylation gave a decrease in oven dry weight of 4-
4.5% for silylated wood. Similar silylation as above with HMDS in etylacetat
followed by washing in acetone gave an oven dry weight loss of 6.9%.

Dynamic mechanical thermal analysis

The viscoelastic properties in this thesis have been investigated using dynamic
mechanical thermal analysis (DMTA); a DMTA MkIII from Rheometric
Scientific. Typical settings used were a dynamic average strain of 0.02-0.05%, a
frequency of 1 Hz and a temperature increase of 2°C/min.

The force was applied in tensile mode (See Figure 19). This mode was
originally chosen so that the whole specimen would experience approximately
the same strain. If bending had been used instead (See Figure 8) the strains
would differ within the specimen. For example, if a wood specimen coated on
the top and bottom surfaces with lacquer is tested in bending, the lacquer would
experience higher bending strains than the core of wood. This would be an
obstacle when estimating the contribution to the viscoelastic response of the two
materials (wood and lacquer).

Fixed

Figure 19: Set-up in the DMTA used for testing in tensile mode. The upper clamps are fixed
while the lower ones are moved up and down with a sinusoidally varying strain amplitude.

The dimensions of the specimens that can be tested are limited by the force that
can be exerted by the DMTA apparatus. The length of the specimens and the
applied deformation amplitude give the dynamic strain which has been held at
0.02-0.05% in this work. In Table 1 a summary of the sample dimensions used
is presented. For the measurements presented in Paper I, the strain was applied
in the radial or tangential direction of the wood. For all other measurements the
strain was applied in the tangential direction with the clamps applied at the
transverse surface.
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Table 1: Specimen dimensions (mm) used for the DMTA tests.

Length Width Thickness
Wood (Paper I) 12-24 (R, T) 3 (R, T) 1.5 (L)
Wood with polyurethane alkyd
lacquer (Paper II)

12-20 (T) 2-3 (R) 1-2 (L)

Polyurethane alkyd lacquer (Paper
II)

15 5 0.3

Wood with acrylate polymers
(Paper II)

18-20 (T) 2-3 (R) 1-2 (L)

Acrylate polymers (Paper II) 18-20 2-3 1-2
Wood with white glue (Paper III) 23 (T) 4 (R) 3 (L)
White glue (PVAc) (Paper III) 12 8 0.3-0.4
Wood with cross-linked PVAc 16 (T) 3.5-3.7 (R) 3.0-3.6 (L)
Cross-linked PVAc glue 22 4.1-5.1 0.6-0.8
Wood with EPI glue 16 (T) 3.2-3.3 (R) 3.0-3.7 (L)
EPI glue 22 5.1-5.5 0.30-0.41
Wood with PRF glue 22 (T) 4 (R) 3 (L)
PRF glue 22 5 0.8
MUF glue 22 4 1

The direction of wood, L- longitudinal, R- radial and T- tangential is shown in parenthesis.
The data for acrylate polymers also apply for silylated and acetylated wood impregnated with
acrylates.

Mechanical testing in single and double overlap

The single- and double overlap tensile tests described in paper IV were
performed using an Instron 4467 with a speed of 4 mm/min some 7-10 days
after gluing. The specimens used were clear wood of Scots Pine (Pinus
sylvestris) and Beech (Fagus sylvatica). Specimens were circular sawn, sanded
by hand and rotary planed to 115 x 25 x 3 mm (length · width · thickness). Two
pieces were used for the single overlap tests and three pieces for the double
overlap tests. The glued surfaces were not purely tangential and an angle of at
least 30° between the surface and the tangential direction was maintained. The
glue used was MUF produced in the laboratory. Surfaces for gluing were 46-96
hours old, being conditioned at 20°C and 65% relative humidity (RH). An
excess of glue was spread on both surfaces of the glue joint, then assembled to
give a bonded overlap of 25 x 25 mm. The joint was then clamped with a
pressure of 0.5-0.7 MPa for 22-38 hours followed by storing at 20°C and 65%
RH.
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7. Results and discussion
The results of this thesis work are summarised below. Most of the results have
been published in articles but some additional, inconclusive, results concerning
glues have been included for the benefit of researchers who wish to use this
methodology for further studies on adhesion.

The work showed that:

• Wood shows different viscoelastic behaviour in radial and tangential
directions. (Paper I)

• A loss factor peak for the tangential direction in wood was found at around
zero degrees Celsius. This may originate from the cellular structure of wood.
(Paper I-II)

• A decrease in glass transition temperature was noted for polymers with high
interaction and adhesion to wood. (Paper II-III)

- Examples of high adhesion and interaction were seen between wood
and a hydrophilic acrylate polymerised in situ from monomeric
acrylate esters. (Paper II)

- High interaction and adhesion were seen for two similar commercial
polyurethane alkyd lacquers applied to wood. The Tg of the lacquers
decreased when combined with wood, i.e. when applied to the
tangential or transverse surfaces. (Paper II)

• No decrease in glass transition temperature was noted for polymers with low
interaction and adhesion to wood.

- An example of a low adhesion polymer is polymethyl methacrylate
(PMMA) polymerized in situ from monomeric methyl methacrylate.
(Paper II)

- Low interaction and adhesion was observed for a commercial
polyvinyl acetate (PVAc) glue (white glue) to wood. No change in Tg
was observed when the glue was combined with wood. (Paper III)

• No change in interaction could be observed for PMMA to wood when the
wood was made more unpolar (more lipophilic) by acetylation or silylation.
The hydrophilic acrylate showed an increased interaction with silylated wood
but unchanged interaction with acetylated wood.
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• It was difficult to obtain conclusive results concerning the viscoelastic
properties of commercial chemically cross-linked glues. The materials tested
were PVAc with a cross-linking agent, emulsion polymer isocyanate (EPI),
phenol resorcinol formaldehyde (PRF) and melamine urea formaldehyde
(MUF).

• The influence of the physical wood surface on joint strength was also studied
using a standard tensile test on beech and pine glued with MUF (melamine
urea formaldehyde) and measured with single and double overlap tensile tests.
Highest strength was found for sawn surfaces, decreasing strength was found
in the following order: sawn, sanded, planed. (Paper IV).

The use of DMTA for measurement of the interaction and adhesion between
polymers and wood is primarily of interest for manufacturers of glue, paints and
lacquers to enable them to develop more durable adhesives. The commercial
materials investigated so far indicated that this method is primarily suitable for
thermoplastic or slightly cross-linked adhesives. Strongly cross-linked materials,
such as many glues used for structural bearing purposes, do not have the glass
transition peaks this method requires.

Adhesion has also been studied on fractograhy specimens using scanning
electron microscopy (SEM). In these studies adhesion was characterised as
"poor at a cell wall level" when there was a noticeable separation between the
adhesive and the bulk wood. The penetration of adhesive from the wood surface
into voids in the wood, so called mechanical interlocking, also contribute to the
joint strength in an adhesion test but is not in itself a sufficiently strong adhesion
mechanism to ensure long term stability. If the adhesion observed using SEM
was primarily through mechanical interlocking, the adhesion was characterised
as “poor at a cell wall level.” If the fracture occurred in the polymer or in wood
cell walls, i.e. not at the interface, and no smooth polymer surfaces could be
found, the adhesion was characterised as "good at a cell wall level".

The interaction measured using DMTA requires an intimate contact between the
wood and adhesive through primary or secondary bonds. If no contact is present,
the polymers will show the same loss factor peaks as the pure material. With
only mechanical interlocking, the kind of intimate contact necessary for
interaction to occur and for the adhesive to experience tensile stresses is not
present.

Paints have not been investigated in this work; primarily due to the presence of
high amount of pigments. However, there is no reason why paints could not be
successfully studied using this technique.
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Successful investigations were made on one thermoplastic glue (polyvinyl
acetate, PVAc) and two polyurethane alkyde lacquers (slightly cross-linked).
PVAc is a very common glue for indoor use and the lacquers tested are intended
mainly for outdoor use, for example in boats. However, analysis of phenol
resorcinol formaldehyde (PRF) glue or melamine urea formaldehyde (MUF)
glue were less successful probably due to high degree of cross-linking that these
materials exhibit. An EPI-glue, which is based on a styrene-butadiene
copolymer with isocyanate cross-linking agent, and a cross-linked PVAc-glue
gave inconclusive results. It must be pointed out that reference to pure polymers
in these investigation is to specimens made from commercial glues. These glues
contain more components than stated in the information sheets and these
additional chemicals and pigments may influence the results.

7.1. DMTA on wood, Paper I
An initial study (Paper I) of DMTA measurements on wood was made to
characterise the viscoelastic properties of Scots pine (Pinus sylvestris). This was
necessary to obtain background knowledge about how to differentiate the
response of the wood from that of the applied glue or lacquer and to see if there
was a special response for composite (i.e. wood:glue, wood:laquer) material
originating in the interface. One of the results was an increased understanding
that variation in biological material gives rise to significant scattering of the
measurement results. There was also a problem with the noise level of the loss
factor, which was only slightly above background noise, and measurements had
to be repeated several times on the same specimen to achieve good results. It
was evident at this stage that the research would concentrate on the behaviour of
the glue or lacquer and their behaviour when combined with wood.

Wood is a complex porous hygroscopic semi-crystalline material, its modulus of
elasticity, like other viscoelastic materials, also decreases with increasing
temperature, see Figure 20. During measurement from 0° to 80°C the storage
modulus (E') was seen to decrease in the radial direction by 20% and in the
tangential direction by 28%. Several small decreases in E' with corresponding
loss factor peaks (α, β, γ) can be seen in the interval presented in Figure 20. The
storage modulus E' differs between the radial and tangential direction in
pinewood, but has approximately the same levels as in static measurements of
Young's modulus in pine 15. Several different explanations for the difference
between radial and tangential directions have been proposed. In the tangential
direction, early and late wood are parallel, but in the radial direction they are
serial. This would imply a lower modulus in the radial direction governed
principally by the modulus of early wood. However, this is not the case and the
difference observed has instead been largely explained by the stiffening effect of
ray cells in the radial direction 56; primarily their effect on modulus in early
wood in the radial direction 57. An alternative explanation is that the different
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modulus in the early wood seen in the two directions 58, explained by Watanabe
at al 59, is due to the cell shapes in coniferous wood which result in different
bending deflection in the two directions. In the radial direction, due to a strong
degree of cell alignment, the macroscopic strain is primarily achieved by local
strain in the cell walls, whereas in the tangential direction the macroscopic strain
is mainly by cell wall bending.
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Figure 20: DMTA measurement of Scots Pine (Pinus sylvestris) with a moisture content of
approximately 7%. Tensile force was applied in the radial (—) or tangential (·····) direction of
the wood. The storage modulus and loss factor are displayed as function of temperature. The
measurements are those presented in Paper I 60.

The loss factor γ-peak at -70 to -90°C in Figure 20 is a secondary transition from
methylol side groups (-CH2OH) with coupled water molecules 3, 50. It was found
(Paper I) that the loss factor peaks in radial and tangential direction also appear
at slightly different temperatures. For wood with 3% moisture content the stiffer
radial direction has a 5 to 17°C lower γ-peak temperature than the tangential
direction (see Table 1 in Paper I). However, Salmén 61 showed a loss modulus
peak E'' at 5-10°C lower temperature for the transverse direction compared to
longitudinal direction in water saturated Norway spruce. Hoffmann et. al 62

showed a dielectric loss peak in wood at about -80°C for the tangential direction
and at about -60°C for the longitudinal direction. Theocaris et. al 63 showed a
loss modulus peak in a unidirectional glass fibre/epoxy composite at 160°C in
the tangential direction and at 180°C in the longitudinal direction. The results
obtained in the present work are contradictory to the results of other researchers
mentioned above for wood and composites where the stiffer longitudinal
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direction has a higher transition temperature. This discrepancy remains
unexplained and needs to be studied further.

A new loss factor peak was found, the β-peak, at around 0-10°C in the
tangential direction. This peak has not, to the authors knowledge, been noticed
before. The peak was distinct in all tangential specimens but as can be seen from
Figure 20, is almost absent in the radial direction. Some radial specimens,
however, display a tendency towards a peak at this temperature. The origin of
this peak is not clear. In Paper II it is suggested that the origin of the peak is
from bending of the wood cell walls since it decreases in height when the
structure is filled with polymers, see Figure 21. The cellular structure of
coniferous wood is different in the two transverse directions where the
macroscopic strain is more likely to give cell wall bending in the tangential
direction.
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Figure 21: A DMTA measurement showing a loss factor peak in wood at around 0°C. The
peak is just visible in wood painted with a polyurethane alkyd lacquer (PUR1) on the
tangential or transverse wood surface but the peak cannot be distinguished when wood is
impregnated with PMMA. Results from Paper II.

The loss factor α-peak at 40-60°C is most likely due to the glass transition for
moist hemicellulose 49. The assignment of the α-peak in this work is difficult
since the wood specimens were subjected to a decrease in moisture content as
the temperature increased above 0°C. The glass transition for lignin and
cellulose at higher temperatures is thoroughly reviewed by Klason and Kubát 64.
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7.2. Interaction and adhesion methodology, Paper II
The methodology is based on finding a loss factor peak (of a glass transition)
that does not appear at the same temperature for the pure polymer compared to
the polymer applied to wood. Studies of pure polymers and polymers in wood
which reveal changes in Tg due to high levels of adhesion have not, to the
authors knowledge, been reported before. These results indicate that DMTA can
be used to evaluate bonding between wood and wood adhesives at a macro
molecular level. For measurements where the transition temperature for the
polymer applied to wood were lower, it was argued that the high level of
interaction and high adhesion at a cell wall level were the cause. This is most
likely the result of the shrinkage of the polymer system being hindered during
drying and/or polymerisation of polymers in contact with the wood. The basic
idea is that polymers adhering to cell walls were prevented from shrinking
whilst polymers not adhering were free to shrink. Where shrinkage was limited,
i.e. in the case of high levels of adhesion, the polymer is subjected to tensile
stresses resulting in a decreased glass transition temperature. No change in the
glass transition between pure polymer and polymers on wood indicated low
interaction and adhesion. The results and conclusions concerning interaction
obtained from the DMTA measurements have then been complemented and
strengthened by fractography investigations of adhesion at a cell wall level using
SEM.

In the DMTA studies, two acrylate polymers were used as model polymers to
study interaction. The polymers chosen were selected for their assumed low and
high adhesion to wood. The high adhesion polymer was a commercial grade
developed for impregnation of electron microscopy specimens, and having high
adhesion to biological materials. This material is called Unicryl and is a
hydrophilic acrylate consisting of four different types of methacrylate
monomers. The low adhesion polymer (here excluding mechanical interlocking)
was PMMA which is also an acrylate, known to exhibit poor adhesion to wood
at the cell wall level.

Both polymers were impregnated into the wood as monomers with a benzoyl
peroxide catalyst and polymerised in situ. A micrograph of a fractured wood
sample impregnated with PMMA is presented in Figure 22, and shows a rod of
PMMA filling the cell lumen. The arrows indicate a cast of a bordered pit and
the clear gap between the PMMA rod and the wood cell wall substance, which
indicate low levels of adhesion at a cell wall level.
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Figure 22: SEM micrograph of a fractured sample of PMMA impregnated wood, showing a
rod of PMMA with a cast of bordered pits and a clear gap between PMMA and wood. The
micrograph is a composite of three pictures, the middle one from Paper II.

DMTA measurements of the two polymers impregnated in wood or as pure
polymers are presented in Figure 23-24. The hydrophilic acrylate has a 10°C
lower Tg when impregnated in wood compared to the pure polymer. The result
for PMMA was a 0 to 4°C lower Tg for PMMA in wood. No change in Tg was
observed over repeated measurements of the same specimens. A DMTA
measurement can be considered as a type of heat treatment of the material and if
the wood samples had lower Tg due to the presence of low molecular
compounds plasticizing the system this would have been seen.
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Figure 23: Storage modulus and loss factor of hydrophilic acrylate, on its own and
impregnated in wood. The results are from Paper II. The polymer impregnated in wood has a
Tg of 96°C and alone a Tg of 106°C.

The decrease in Tg observed for the hydrophilic acrylate polymerised in situ in
wood is due to a higher free volume. It is suggested that this higher free volume
is the result of tensile forces and not due to plasticizion (Paper II and III). In
Paper II micrographs of fracture surfaces are presented that show a high level of
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adhesion between wood and hydrophilic acrylate but very low adhesion between
PMMA and the wood cell wall. The adhesion for PMMA and an acrylate ester
called PHEMA (polyhydroxyethyl methacrylate) to wood were studied using
SEM by Kawakami et al. 65. They too found low adhesion for PMMA and
higher adhesion for PHEMA to wood cell walls. PHEMA is of the same
hydrophilic acrylate type used in the present work.
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Figure 24: Storage modulus and loss factor of PMMA, on its own and impregnated in wood.
The results are from Paper II. PMMA in wood has a Tg of 127-129°C and pure PMMA a Tg
of 129-131°C.

Polymers, glues and lacquers solidify in different ways. They can be
polymerized from monomers or oligomers such as PMMA and the hydrophilic
acrylate. Drying can also be a physical process due to solvent evaporation, for
example water evaporation from PVAc glue. In the polyurethane alkyd lacquer
solvent evaporates and the chain length of the polymer in the lacquer increases
and/or possibly cross-linked by auto-oxidation. All of these processes result in
shrinkage, due either to evaporation of solvents or to chemical reactions bonding
molecules closer together.

The acrylates used in this work shrink during the solidification process. If the
polymer is adhering to the cell wall structure of the wood during solidification it
must be somewhat restrained from shrinking. This behaviour probably occurs
during the later stages of polymerisation when the chain length becomes
sufficiently long. The restrained shrinking will then result in tensile stresses
occuring in the polymers. In the DMTA measurements this will be observed as a
decrease in Tg due to the higher free volume induced by the tensile stresses.
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Surface free energy parameters as an explanation of the adhesion to wood for
acrylates.

The more hydrophilic acrylate is, according to the manufacturer, largely
hydrophilic and contains four monomeric methacrylates. These are probably
similar in structure to the polyhydroxyethyl methacrylate (PHEMA) shown in
Figure 25, which is a more hydrophilic structure than PMMA.
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Figure 25: Structural units of two acrylate polymers: Polymethyl methacrylate (PMMA) and
polyhydroxyethyl methacrylate (PHEMA).

These types of acrylates polymerized in situ in wood have also been studied by
Kawakami et al. 65. When they investigated PMMA using SEM, they found that
a certain amount of void space existed between the wood and the PMMA
indicating low adhesion. When studying samples of wood impregnated with
PHEMA they found that the void appeared instead within the polymer and that
no voids between polymer and wood could be observed. This suggests better
adhesion of the polymer PHEMA to the inner surface of wood cell wall.

The current leading theory in adhesion science with Lewis acid-base interactions
point to a high joint strength between wood and PHEMA. As a polymer
PHEMA has an unusually high acid-base surface free energy parameter
(γS

AB=10.4), see Table 2. More importantly, PHEMA also has a high acidic
surface free energy parameter (γS

+=2.1) which by interacting with the basic
surface free energy parameter (γS

-) of wood, could result in high work of
adhesion (Wa, see adsorption theory). The Lewis acid-base theory of
fundamental adhesion can therefore explain why the PHEMA bond to wood is
much stronger than that of PMMA. (PMMA has γS

AB and γS
+ equal to zero.)

The school of hydrophilic/ hydrophobic interactions also suggests that there is a
good possibility of a strong interaction between the acrylate polymer PHEMA
and wood since PHEMA is a rather hydrophilic polymer. It may thus be
compatible to wood since cellulose and hemicellulose are also hydrophilic
polymers.
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Table 2: Surface free energy parameters γS (mJ/m2) of different solid (s) polymers.

γS γS
LW γS

AB γS
+ γS

-

Pine heartwood
Pine sapwood
PMMA
PHEMA
PS
PE

44.3
38.2
39-43
50.6
44.9
33

37.5
32.4
39-43
40.2
44.9
33

6.7
5.8
0
10.4
0
0

0.5
0.2
0
2.07
≈0
0

21.8
38.5
9.5-22.4
13.1
1.33
0.1

The data on freshly cut Scots pinewood is from Wålinder 18 and the remaining polymer data
from Pizzi 23 (p.108). The surface free energy parameters are γS

LW for Lifshitz-van der Waals
forces, i.e. dispersion forces and γS

AB for Lewis acid-base parameters with an acidic (γS
+) and

a basic (γS
-) parameter calculated as: γ γ γS

AB
S S= + −2  and γ γ γS S

LW
S
AB= +

The fundamental adhesion to wood for PMMA should be lower than for
PHEMA based on the Lewis acid-base (AB) parameters, since the dispersion
parameter (γS

LW) is similar for these two acrylates. By comparing the surface
free energy parameters shown in Table 2, it can be seen that γS

AB equals zero or,
more importantly, γS

+ equals zero which would give a low acid-base interaction
between PMMA and wood.

7.3. DMTA measurements on silylated and acetylated wood

Experiments with silylation of wood

The interaction and adhesion methodology presented would benefit from more
experimental studies of its validity. It is of interest to study whether a change in
the chemical properties of wood would move the glass transition peaks for
PMMA and the hydrophilic acrylate. Silylation chemicals can be used to react
with hydrophilic hydroxyl groups in wood and replace them with hydrophobic
silyl groups, see Figure 26.

Zollfrank investigated silylation of wood (beech and fir) with several types of
silylation chemicals. He showed that N-(trimethylsilyl) acetamide (TMSA) 66

penetrates solid wood and FTIR (fourier transformation infrared spectroscopy)
spectra showed that the basic wood parameters were not changed. Penetration
into the inner surface of wood as viewed by FTIR and SEM-EDX (SEM-energy
dispersive x-ray spectroscopy) was also found for silylation with TMSC
(trimethylsilyl chloride) in pyridine and THF (tetrahydrofuran) 67.
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Figure 26: Top: Reaction of wood hydroxyl group with N-(trimethylsilyl) acetamide (TMSA)
resulting in a silyl group and the by-product acetamide. Bottom: Trimethylsilyl chloride
(TMSC) reacts with hydroxyl groups giving hydrochloric acid as a by-product.

In this work (unpublished) two types of silylation chemicals have been used,
penetrating the wood according to Zollfrank. However, in the present work,
silylation with TMSA gave no weight increase in the wood. Furthermore
appeared double loss factor peaks in the PMMA impregnated specimens. The
double peaks appeared when the silylated wood specimens were washed with
only ethanol, the same washing procedure as used in the method from Zollfrank.
If the specimens were thoroughly washed with both ethanol and water, the
double peaks disappeared. No change in loss factor peaks could be observed
compared with untreated wood.

Silylation of wood with HMDS (hexametyl disilazan) and TMSC in pyridin
followed by washing in acetone gave an apparent weight increase of 8%. It was
difficult to know the homogenity of the wood silylation but it is reasonable to
assume the highest degree of silylation would be at lumen and outer surfaces.
The wood samples were then impregnated with methyl methacrylate and the
hydrophilic acrylate and polymerized in situ in wood. The elastic modulus and
loss factor for pure polymer (specimen 1&2) polymerized in the same glass
bottle as silylated wood had loss factor peaks at 138-139°C, see Figure 27. A
reference specimen had a loss factor peak at 130°C. The specimens had been
manufactured in exactly the same way at the same time from the same monomer
mix, only the presence of silylated wood differed. The temperature difference
was significant and not readily explainable.
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Figure 27: Storage modulus and loss factor for PMMA polymerised near silylated wood,
specimen 1 with Tg=138°C and specimen 2 with Tg=139°C, . Reference specimen of PMMA
not in contact with the wood has a Tg of 130°C. DMTA measurements were made 12-14 days
after polymerisation.

Wood specimens impregnated with PMMA had loss factor peaks at 134-136°C,
(see Figure 28) with a corresponding decrease in storage modulus. This was
slightly lower than for pure PMMA polymerized in the presence of silylated
wood which had a Tg of 138-139°C. However the latter result are uncertain as
several other experiments (unpublished) with different solvents and silylation
chemicals show a great scattering of Tg for PMMA. The loss factor peak
temperature for the polymer specimens of PMMA ranged from 131°C to 142°C
(6 specimens) and for PMMA in wood from 129°C to 135°C (10 specimens).
None of these other experiments had shown any weight increase in the wood
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after silylation. This scattering in loss factor peak temperature makes it difficult
to draw conclusions from the silylation experiments on PMMA.
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Figure 28: Storage modulus and loss factor for PMMA polymerised in situ in silylated wood,
specimen 1 with Tg= 136°C and specimen 2 with Tg=134°C. DMTA measurements were
made 12-14 days after polymerisation.

DMTA measurements were made on wood silylated with TMSC and HMDS in
pyridin and then impregnated with the more hydrophilic acrylate. The loss factor
peak for the pure polymer (specimen 1 and 2) was at 105-111°C, see Figure 29.
The modulus and loss factor curve for specimen 1 was very similar to those for
hydrophilic acrylate polymerised together with untreated wood (Figure 23).
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Figure 29: Storage modulus and loss factor for hydrophilic acrylate polymerised in presence
of silylated wood. Loss factor peak temperatures for specimen 1 at 105°C and at 111°C for
specimen 2. DMTA measurements were made 14-17 days after polymerisation.

Hydrophilic acrylate impregnated in wood had a peak at 84-87°C (see Figure
30) which was about 20°C lower than pure polymer but also about 10°C lower
than previous results concerning interaction with unsilylated wood (Paper II).
The results point to a strong interaction between the hydrophilic acrylate and the
less hydrophilic silylated wood. Silylation of wood most probably gives the
wood cell wall even better properties to enable it to interact with the hydrophilic
acrylate.
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Figure 30: Storage modulus and loss factor for hydrophilic acrylate polymerised in situ in
silylated wood. Loss factor peak temperatures for specimen 1 was at 84°C and at 87°C for
specimen 2-3. The DMTA measurements were made 14-17 days after polymerisation.

Experiments with acetylated wood

The hydrophilic properties of wood can also be changed with a process called
acetylation. With this process, the hydroxyl group is replaced with a more
hydrophobic acetyl group, see Figure 31. The acetyl group is less hydrophobic
than the silyl groups described above.
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wood OH + C O C CH3
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Figure 31: During acetylation wood hydroxyl groups reacts with acetic anhydride to form
acetyl groups on the wood with acetic acid as a by-product.

Tests were made with acetylated wood impregnated with PMMA and
hydrophilic acrylate to study whether acetylation gives rise to a change in loss
factor peaks. No change in Tg could be observed between pure PMMA and
PMMA polymerised in situ in acetylated wood. The loss factor peak
temperature was at 131°C, the same level as observed for PMMA in untreated
pinewood but, as for silylated wood, the pure PMMA polymerised in the
presence of acetylated wood showed an unexplained and rather high loss factor
peak temperature of 137°C. The uncertainty of the peak temperature makes it
impossible to draw any conclusions about the interactions between PMMA and
acetylated wood.

Acetylated wood was also impregnated with the hydrophilic acrylate. The loss
factor peak temperature of 94°C observed for the polymer impregnated wood is
comparable with other measurements on hydrophilic acrylate impregnated in
situ in untreated wood namely at 96°C (Paper II) and in wood silylated in
different ways between 91-96°C (5 specimens). The loss factor peak
temperature for pure hydrophilic acrylate was 108°C which can be compared, as
above, with values of 101° to 111°C observed in other experiments. The loss
factor peak temperature suggests no change in the level of interaction between
the hydrophilic acrylate and wood when wood is acetylated.

The height of tanδ at the peak temperature for both PMMA and hydrophilic
acrylate in wood was considerably lower than for impregnated specimens of
silylated or untreated wood, see Figure 32. The height of the loss factor peak
was about 0.15 for the former, but for other measurements the level was closer
to 0.2. There was also an indication of the beginning of a second loss factor peak
since the loss factor levels increased after the peak shown in Figure 32. This
increase in tanδ level was not observed for the acetylated wood which showed
an increase in tanδ level, see Figure 32, but not to a degree that could explain the
increase of the impregnated specimens. Complementary analysis might show an
interaction between acetylated wood and the acrylates (PMMA and hydrophilic
acrylate).
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Figure 32: Storage modulus and loss factor for acetylated wood, alone or impregnated, and in
situ polymerised with PMMA or hydrophilic acrylate. Specimens were conditioned at
33%RH. DMTA measurements were made 22-23 days after polymerisation.

7.4. DMTA measurements on polyurethane alkyd lacquer, Paper II
The results from DMTA measurements point to a high level of interaction and
adhesion between wood and polyurethane alkyd lacquer. These results were
based on two similar commercial lacquers (PUR1, PUR2) from different
manufacturers (Paper II) normally intended for use on wooden boats. They dry
by solvent evaporation and are cross-linked by auto-oxidation.

Specimens of pure lacquer and wood applied with lacquer were studied using
DMTA. The storage modulus of the two lacquers, PUR1 and PUR2, was seen to
decrease by almost three orders of magnitude around the glass transition
temperature of 57°C and 60°C. The glass transition temperature was lower for
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lacquer on wood compared to pure lacquer, Table 3, indicating interaction
between the wood and lacquers. After a heat treatment, see Table 3, the
difference in Tg was even more significant with a ca. 10°C lower Tg for lacquer
on wood. Both lacquers showed the same behaviour and had similar DMTA
curves. When studying fractography specimens using SEM, good adhesion at
the cell wall level could be observed. This points to a high interaction and
adhesion between the wood and the investigated polyurethane alkyd lacquers.
This again supports the use of DMTA as a tool for adhesion studies.

Table 3: Glass transition temperature as measured using DMTA at 1Hz for two polyurethane
alkyd lacquers (PUR1 and PUR2) as pure lacquers and with wood.

Pure lacquer, Tg (°C) Lacquer with wood, Tg (°C)
PUR1, untreated *
PUR1, heat treated ∆

PUR2, untreated *
PUR2, heat treated ∆

57
76
60
74

50-54
66
52-54
62

* Dried at room temperature or at 35°C. ∆ Dried at 80°C for 48h.

7.5. DMTA measurements on white glue (PVAc), Paper III
Low interaction and adhesion were found between wood and polyvinyl acetate
(PVAc) glue, also called white glue, studied in Paper III. PVAc is common
wood glue for indoor applications and is based on a dispersion of PVAc in
water.

Pure glue and glued wood were tested using DMTA. Measurements of four
specimens of pure glue gave a Tg of 37.6±0.6°C. One specimen stored one year
and dried at 103°C for 48 hours had a Tg of 38.5°C. Wood glued with PVAc
had a loss factor peak, originating from the PVAc, at 39-40°C. The temperature
interval used in these experiments was from room temperature to 80°C.
Repeated measurement showed no increase of Tg. No significant difference
between the Tg of glue and of glued wood were observed, indicating a low level
of interaction between the wood and PVAc glue.

SEM fractography of the glued wood confirmed the low adhesion at a cell wall
level. Figure 33, shows two rods of glue that have been drawn out of the cell
lumen of the transverse surface of wood on the opposite side. The double cell
wall is no longer present between the rods. The rods show a smooth surface and
in a similar photo presented in Paper III, a cast of bordered pits can be seen on a
rod, indicating close contact between the wood cell wall and the glue but with
very low adhesion at a cell wall level. The low interaction observed using
DMTA was verified by low adhesion at a cell wall level viewed using SEM.
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Figure 33: SEM micrograph of the fracture surface of two transverse wood surfaces glued
with PVAc, showing two protruding rods of glue. The picture was taken at the same time as
similar micrographs presented in Paper III.

7.6. DMTA measurements of cross-linked PVAc glue
A DMTA study was made of cross-linked polyvinyl acetate glue (unpublished).
A graph of the loss factor and storage modulus for the glue is presented in
Figure 34. The storage modulus decreased one order of magnitude and two loss
factor peaks (α and β), corresponding to the modulus decrease, can be seen.
Specimen 1 was probably not fully dried since a large increase in storage
modulus was also seen above 80°C where the specimen might be dried or
postcured. Measurements with two weeks longer drying times (specimen 2)
showed a peak at the same temperature and a clear α-peak. In samples stored for
three years, the peaks remained at the same temperatures but the β- peak
increased in height. The decrease in modulus was smaller for the cross-linked
PVAc than for thermoplastic PVAc (Paper III) which showed a decrease of two
orders of magnitude at the glass transition. This is the normal behaviour of a
cross-linked system.

The β-peak in Figure 34 was most probably the glass transition for PVAc,
having a Tg of 30-32°C and an activation energy of 234kJ/mol (as calculated
from measurements at frequencies of 1, 10 and 50 Hz). The data was similar to
literature data on the polymer polyvinyl acetate 37, which has a Tg of 28°C, and
activation energy of 251kJ/mol. The increase in height of the β- peak for longer
storage times for these two PVAc glues were also similar with a starting height
of 0.6 increasing to 1 for the thermoplastic PVAc and to 0.8 for the cross-linked
PVAc.
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Figure 34: Storage modulus and loss factor for a cross-linked PVAc glue (polyvinyl acetate).
Specimen 1 stored for 24 days before testing, specimen 2: 36 days and specimen 3: 3 years.

The origin of the α-peak appearing at about 80°C for the pure glue sample is
unknown, see Figure 34. This peak was barely visible in measurements of glued
wood. A similar α-peak could be seen at 70°C for the thermoplastic PVAc glue
(Paper III) but the peak disappeared after drying times exceeding eight days.
The origin of the α-peak is not clear, but would be interesting to investigate
further.

DMTA measurements of glued wood showed a clear loss factor peak at 40-43°C
coinciding with a drop in storage modulus, see Figure 35. No significant
difference could be observed between measurements made on glued wood
specimens with drying times of a few days to a specimen stored for three years.
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The glass transition temperature increased from 30-32°C for the pure glue to 40-
43°C for glue in wood. This increase in Tg was unexpected and has no obvious
explanation. It is possible that the water soluble cross-linking agent might
promote cross-links not only between PVAc chains but also between PVAc
chains and wood. If the PVAc was cross-linked to the wood cell wall, it would
experience decreased mobility which should increase Tg. This mode of increase
in Tg for adhesives interacting with wood was originally expected when this
research was started since an interaction with wood polymers having high Tg's
would increase the Tg of the glue polymers.
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Figure 35: Storage modulus and loss factor of wood glued with a cross-linked PVAc glue
(polyvinyl acetate). Glued wood specimen 1 stored for 4 days before testing, specimen 2 and
3 stored for 5 days and specimen 4 stored for 3 years. All specimens were conditioned at 33%
RH before measurement.
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Other possible explanations for an increase in Tg, which is due to a decrease in
free volume, could be a higher degree of cross-linking in the glue or
compressive stresses acting on the glue. A higher degree of cross-linking
between the PVAc chains in glue in wood compared to pure glue implies a
higher degree of cross-link agent for glue in wood, which is most improbable. It
is known that glue shrinks during drying and curing and this should rather lead
to tensile stresses and not compressive stresses.

The great difference in interaction with wood for the two PVAc glues was
remarkable. For the thermoplastic PVAc glue no increase (or only a few
degrees) of Tg was observed for glued wood but for the cross-linked PVAc glue
Tg was increased by about 10°C. Unfortunately no SEM investigations have
been made on wood glued with cross-linked PVAc to study whether it shows a
visibly improved adhesion to wood at a cell wall level.

7.7. DMTA measurements on EPI glue
A DMTA study was made on EPI glue (unpublished), it was not possible to
draw any conclusions regarding the interaction between the wood and glue. The
EPI glue is an emulsion polymer isocyanate, in this case a styrene-butadiene
copolymer with an isocyanate cross-linking agent.

The storage modulus of pure glue specimens decreased by slightly more than
one order of magnitude from 30 to 180°C, see Figure 36. The loss factor shows
a series of peaks and it is possible to distinguish peaks at 60°C, 80°C and 140-
160°C. There was considerable scattering between measurements, even though
the specimens were from the same glue mix and cut side by side. If the results
had been repeatable, some information could probably have been extracted
through deconvulation of the peaks into individual peaks. No such effort was
made because of the scattering in the results. No easy explanation has been
found as to why the specimens showed so much scattering in their viscoelastic
properties.

The presence of several loss factor peaks for the EPI glue was probably from the
styrene-butadiene copolymer. The EPI glue is a copolymer consisting of two
different polymers with different glass transition temperatures; a polybutadiene
with a Tg below zero and polystyrene with a Tg of 100°C. A random copolymer
could be designed to give a Tg somewhere between the two homopolymers
glass transition temperatures. The three peaks appearing in the DMTA
measurements probably result from a mix of different styrene-butadiene
copolymers.
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Figure 36: Storage modulus and loss factor for EPI glue. The time between curing and
measurement using DMTA was 28, 32, 35, 38, 39 days and 3 years for specimens 1 through 6
respectively.

Wood glued with EPI was also measured using DMTA and showed a loss factor
peak at about 80°C, see Figure 37. This peak most probably was not from the
wood, see Figure 37. Even though wood shows a peak at around 60-70°C the
measured glued wood had a significantly higher loss factor level. It is interesting
to note the appearance of only one loss factor peak in the glued wood
specimens, originating from EPI glue, which differs from the three peaks
observed for the pure glue. No explanation for this can here be presented. There
was no possibility to draw any conclusions concerning the interaction and
adhesion between wood and EPI glue from this DMTA study, mainly due to the
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large scattering of the results, but also because of the uncertainty related to the
peaks in the pure glue with which to make comparisons.
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Figure 37: Storage modulus and loss factor for four specimens of wood glued with EPI
(WEPI1 to 4). The time between curing and measurement using DMTA was four days for
specimens WEPI1 and 2. For specimen WEPI3 and 4 the time was 3 years. Wood and glued
wood were conditioned at 33% relative humidity before measurement.
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7.8. DMTA measurements on PRF and MUF glue
Phenol resorcinol formaldehyde (PRF) glue and melamine urea formaldehyde
(MUF) glue are two types of glues approved for load-bearing timber structures
such as Glulam. Whilst there is a possibility that these glues could be studied
using the present DMTA technique, they revealed themselves to be unsuitable
for this test method and no interaction behaviour could be estimated from some
limited preliminary studies (unpublished results).

The PRF glue is a cross-linked polymer giving characteristic brown gluelines.
Pure glue and wood glued with PRF were studied using DMTA, see Figure 38.
The storage modulus was observed to decrease by about one order of magnitude
up to 150°C where there was a small increase in modulus. Such an increase can
often be due to post curing reactions which results in higher modulus but
degradation probably also occurred during measurement to 190°C since the
specimen lost 4% in weight and shrank by 2% in length. There was a
corresponding loss factor peak at 152°C which might have been a glass
transition peak. In highly cross-linked polymers the Tg peak is not always
especially clear, but here it was easily observed. In a second measurement of the
same specimen, the peak had moved to above 200°C, see Figure 38, due to the
heat treatment a specimen is exposed to during a DMTA measurement.

When studying wood glued with PRF, see Figure 38, no loss factor peak
corresponding to PRF glue could be observed within the measured temperature
range. The loss factor had increased from 0.045 at its lowest (at 130°C) up to
0.06 at the end of measurement at 190°C which indicates the beginning of a loss
factor peak most probably originating in the wood. The PRF glue should be
observable in these glued wood specimens when compared with levels seen in
cross-linked PVAc having two gluelines of 150g/m2 and a loss factor peak up to
0.6. A peak from PRF should be seen since the specimen had similar dimensions
with one glueline of 250g/m2 and a loss factor peak of up to 0.3. The thickness
of the glueline has not been studied.
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Figure 38: Storage modulus and loss factor of PRF (phenol resorcinol formaldehyde) glue
and pine wood glued with PRF. Glue and glued wood were stored for one month before
testing, the re-run was made on the same specimen after one day. The wood specimen as well
as the glued wood were conditioned at 33% relative humidity before measurement.

MUF glue gives light gluelines. A laboratory made MUF glue was tested using
DMTA. The storage modulus decreased by two orders of magnitude and the loss
factor showed a promising loss factor peak, see Figure 39. Unfortunately,
specimens fractured during analysis and bubbles were formed within the
specimens during measurement. The weight loss was more than 25% in this
measurement to 160°C and the specimen became very brittle. The MUF glue
used here could not be analysed but measurement may be possible on
commercial MUF glue.
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Figure 39: Storage modulus and loss factor of melamine urea formaldehyde (MUF) glue. The
glue had been stored at room temperature for eight months before testing.

7.9. Influence of surface structure on adhesion, Paper IV
The chemical structure and properties of the adhesive and adherend are
important, as has been discussed earlier in this thesis, but the physical structure
of the adherend also influence the practical joint strength. Researchers of
adhesion have long discussed the importance of mechanical interlocking on
bond strength, especially with porous materials as wood is interlocking
considered an important factor. A recent study of adhesion of glue to steel show-
ed that surface structure of non-porus materials also affects joint strength 68.

Many studies have been made on the structure of machined wood 69, 70, 71, 72, 73, 74,

75 but no article has been found which compares the comparative effects of the
three most common wood surfaces, sawn, sanded or planed, on joint strength.
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Such a comparative test was carried out on beech and pinewood (Paper IV)
where the testing of joint strength was done using fracture tests on single and
double overlap joints (SJ and DJ) in tension. The wood pieces were glued with
laboratory made melamine urea formaldehyde (MUF) glue. For the beech
samples, no apparent difference could be observed in the failure stress for the
two types of joints but for pinewood the failure stress was significantly higher
for the DJ test. The SJ test gives higher peeling stresses than the DJ and it is
clear that pinewood was the most susceptible to the effects of this.

For the beech samples, the sawn surfaces gave the highest failure stress and
percent wood failure, followed in order of decreasing strength by the sanded and
planed surfaces respectively. Scanning electron microscopy of the as-machined
beech surfaces showed that the planed surface had a smeared appearance whilst
much debris from torn wood cell walls was found on the sawn and sanded
surfaces but not on the planed surface. Microscopic investigation of gluelines
showed no apparent difference between the sawn and planed surfaces as far as
penetration depth into fibres and vessels was concerned. However, the sanded
surfaces had much smaller glue penetration depth into vessels. The differences
found were difference in depth of penetration and presence, or otherwise, of
debris on the machined surfaces, see Table 4. The sawn surface had both debris
and high penetration, the sanded surface had debris and low penetration and the
planed surface small amounts of debris and high penetration. Further studies are
required to investigate whether the presence of debris serves a useful purpose,
such as acting as a reinforcement to the glue.

The pinewood showed the same trends as were noted for the beech wood with
highest failure stress for the sawn sapwood, followed in decreasing order by the
sanded and planed surfaces. Unfortunately, very few planed sapwood specimens
were tested but, supported by the findings for beech, it was clear that the planed
pinewood gave the lowest failure stresses. No microscopy study was made on
the pinewood.

Table 4: Schematic representation of results of fracture tests and microscopy investigation of
glued beech wood and machined beech wood surfaces.

Joint strength Percent wood
failure

Debris Penetration
depth

Sawn + + + + + + + + + +
Sanded + + + + + + +
Planed + + + + +

+ A high score indicates higher joint strength, high percent of wood failure, an abundance of
debris and/or large penetration depth of glue into wood vessels respectively.
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8. Future work
The use of DMTA for measurements of adhesion of polymers to wood is at
present at a research level and there is a long way to go before it can be used as
a standard technique for the control and evaluation of adhesion. The results,
however, indicate that the technique is worth further exploration.

It would be very interesting to work more closely with a paint or glue
manufacturer so that the details of commercial formulations could be obtained
and to use DMTA measurements to help investigate the possibility to improve
adhesion through formulation changes.

Another interesting research area would be to work with thermosetting glues
with sufficiently distinct glass transition peaks to perform measurements.

The DMTA measurements in this thesis were made on softwoods and it would
be interesting to test the technique on hardwoods as well. The cellular structure
of hardwoods is quite different with the dimension of vessels being much larger
than in softwood tracheids whilst the hardwood fibres are much smaller. This
dimension divergence might well produce different results for hardwood than
for softwood when using the DMTA adhesion methodology.
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Wood is a complex cellular structure with different properties in the radial and tangential
direction. Many researchers have measured dynamic properties in the longitudinal
direction and a few in the radial direction but very little data can be found in the literature
on dynamic mechanical properties in the tangential direction. The purpose of the work
presented in this paper was to investigate the dynamic mechanical behaviour in the radial
and tangential directions of wood (Pinus sylvestris). Testing was done in tension at 1 Hz
with a Dynamic Mechanical Thermal Analyser. Properties in radial and tangential direction
were different. The radial direction showed a higher elastic modulus and lower loss factor
levels at temperatures between −120◦C and 80◦C. The tangential direction had on average
a higher peak temperature than the radial direction for a loss factor peak around −80◦C. It is
the opposite of synthetic composites where the stiffer direction has a higher peak
temperature. A loss factor peak at around 0◦C was seen, most significantly in the tangential
direction. This peak has scarcely been reported in the literature before. The distance
between annual rings did not significantly affect the dynamic behaviour in the tangential
direction. C© 2001 Kluwer Academic Publishers

1. Introduction
The interactions between polymers in polymer blends
and in copolymers have been widely investigated us-
ing various dynamic measurement techniques. How-
ever, wood, which consists of a natural polymer blend
of the three principal polymers cellulose, hemicellulose
and lignin, has not been investigated to the same degree.

Dynamic mechanical analysis can give important in-
formation about the compatibility of wood and other
polymers, information needed when considering the
application of glue and paint to wood. The dynamic
mechanical and dielectric properties of wood and wood
products have mainly been investigated using dielectric
measurement and torsional pendulum.

Wood is an anisotropic material with three principal
axes; longitudinal, radial and tangential, the latter two
sometimes being called transverse directions. Only a
few references to the difference between the radial and
tangential direction measured with dielectric methods
have been found [1–5]. The longitudinal direction was
found to exhibit higher dielectric constant (ε′) and di-
electric loss factor (ε′′) than the radial and tangential
directions for oven-dried wood. The radial direction
often has slightly higher ε′ than the tangential direc-
tion. The anisotropy of the dielectric constant in the
transverse directions is mostly influenced by latewood
fraction and cell arrangement [5].

Only one reference was found for differences in ra-
dial and tangential direction measured with dynamic
mechanical measurements [6]. It was on water-swollen
softwood (Japanese cypress) with temperature varied
between 10◦C and 95◦C. A loss factor (tan ∂) peak in
transverse direction at 80◦C was attributed to micro-
Brownian motions of matrix substances. The peak was
above 95◦C for the longitudinal direction.

Handa [7] measured the dielectric properties of beech
in the longitudinal direction and the dynamic mechan-
ical properties in tangential direction at different mois-
ture contents (m.c.) below 0◦C. Dry wood was shown
to have a dielectric loss peak at about −105◦C (30 Hz).
This peak decreases in height but does not move when
the m.c. is increased, and is not visible above 1.7% m.c.
At low m.c. a new peak appears at −40◦C (0.7%)
and then moves to lower temperatures with increas-
ing m.c. At 5.6% the peak is at −92◦C and at 8.7%
at −108◦C. Peak height increases with increasing m.c.
Maeda [8] measured the dynamic mechanical proper-
ties of bamboo at 10 Hz and obtained a loss modulus
(E ′′) peak at −87◦C for 3% m.c. and at −97◦C for 6%.
The same experiments with Japanese cedar gave a loss
modulus peak at −93◦C for 7% m.c. The loss modu-
lus peak is normally a few degrees lower than the tan∂

peak. Kelley [9] measured the longitudinal properties
of spruce in dual cantilever and at 1 Hz at different
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m.c. with a Dynamic Mechanical Thermal Analyser
(DMTA). At a m.c. of 10% a tan ∂ peak at about −85◦C
with a tan∂ height of about 0.025 was observed. For the
same m.c. a peak at about 20◦C was also seen which
was thought to be associated with the Tg of hemicel-
lulose and at another peak at about 80◦C, the Tg of
lignin. At a m.c. of 5% these peaks move to approxi-
mately −75◦C, 70◦C and 120◦C. Salmén [10] measured
dynamic mechanical properties of water-saturated Nor-
way spruce and determined the Tg for lignin to be about
100◦C, measured both longitudinally and transversely
at 10 Hz.

When measuring dynamic mechanical properties in
tension the results are presented as elastic modulus
(E ′), loss modulus (E ′′) and loss factor (tan ∂=E ′′/E ′).
A sinusoidally varying strain is applied to the speci-
men with the measurement being made at constant fre-
quency with varying temperature, or the opposite. In a
temperature scan, a peak of tan ∂ or E ′′ in the graph in-
dicates a certain molecular movement having the same
relaxation time as the applied frequency. In this paper
a frequency of 1 Hz was used and the temperature was
increased from −120◦C to 80◦C by 2◦C/min. The tan ∂

peak measured in a DMTA at 1 Hz can be 15–20◦C
higher than the true glass transition temperature [11],
but for simplicity tan ∂ peaks are often taken as being
representative of Tg peaks. Other transition peaks than
Tg are also dependent on the frequency. When analysing
dynamic mechanical properties, it is the changes in
peaks observed in one analyser that should be studied.
Comparison with absolute values of peak temperatures
obtained with other machines should be treated with
caution since the same material measured in several
different machines, even those from the same manufac-
turer, will give different responses [12]. This is due to
temperature measurement errors from the thermocou-
ples, differences in heat transfer to the specimen and
the way the machines carry out measurements. Varia-
tion due to the way in which the operator handles the
specimens and equipment also has a contributory effect
on the results.

Wood is also a highly complex cellular composite.
Softwood (earlywood) consists mainly of tracheids,
which are closed tubes with tapered ends with approx-
imately 40 × 40 µm cross section and 2–4 mm length.
The tracheids are oriented in the direction of the stem,
the longitudinal direction, Fig. 1. Latewood tracheids

Figure 1 Schematic drawing of the structure of softwoods. The direction
of growth is to the left. On the right can cross-sections of earlywood
tracheids be seen, and to the left latewood tracheids. On the side of the
tracheids a single row of ray cells has been drawn.

have thicker cell walls than earlywood tracheids. Radi-
ally oriented cells are known as ray cells, and are much
shorter than tracheids and have thin cell walls. In the
wood cell walls, cellulose molecules are arranged in
the form of microfibrils with the polymers hemicellu-
lose and lignin which act as matrix material. Dry hemi-
cellulose and dry lignin have glass transition tempera-
tures (Tg) of 150–220◦C and 130–205◦C respectively,
while cellulose glass transition varies between 200◦C
and 250◦C [13].

Many researchers have measured dynamic proper-
ties in the longitudinal direction or in the longitudinal
and one of the transverse directions. Very little data
can be found in the literature on dynamic mechani-
cal properties in the tangential direction. Unfortunately,
the directions in which measurements were made are
poorly defined in some papers on dynamic mechani-
cal measurements [10, 14–17]. This indicates a lack of
understanding in regard to the important differences in
wood anisotropic behaviour due to its complex cellu-
lar structure. The purpose of the work presented in this
paper was to investigate the dynamic mechanical be-
haviour in the radial and tangential directions of wood.
The effect of different levels of moisture content was
also considered. The reason for this work was the need
for understanding of the properties of wood for future
studies of interaction with synthetic polymers such as
glue and lacquer. The dynamic mechanical properties
of wood were tested in tension using a DMTA.

2. Method and material
The wood used was clear sapwood from Scots pine
(Pinus sylvestris). Slices 1.5 mm thick were sawn per-
pendicular to the longitudinal direction. From these
slices, smaller specimens (3 × 1.3 × length (mm)) were
cut using a razor blade and finally smoothed using 80-
grade sandpaper. The wood had been dried without ex-
ternal heating and was stored in a laboratory climate.
Only one radial specimen (R1) had been exposed to
temperatures exceeding 80◦C. Tangential (T) and radial
(R) specimens were paired from two adjacent slices.
Before testing the specimens they were conditioned at
room temperature in a sealed container over a saturated
solution of Magnesium Chloride (MgCl2) or Lithium
Chloride (LiCl) which gave 33% or 11% relative hu-
midity (RH) respectively at 20–30◦C [18]. This corre-
sponds to a moisture content of 6–7% for 33% RH and
3–3.5% for 11% RH [19].

After removing a specimen from the conditioning
container, each specimen was then mounted in a Dy-
namic Mechanical Thermal Analyser MkIII (DMTA)
from Rheometric Scientific at room temperature.
Clamps were attached at both ends at room temper-
ature with a torque force of 0.1 Nm. The DMTA cham-
ber closed two minutes after the specimen was removed
from the conditioning container. Cooling down to the
starting temperature of −120◦C took 20 minutes. Two
types of specimen were used, radial and tangential,
Fig. 2. In both cases the clamps were applied against
the transverse plane (RT-plane). A Sartorius scale with
an accuracy of 0.1 mg was used to check the weight of
the specimens, which were in the range 40–60 mg. The
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Figure 2 DMTA samples for tensile testing: (a) for the radial and (b) for
the tangential direction.

DMTA chamber had no climate control, but the weight
loss during measurement up to 0◦C was deemed negli-
gible. It was measured by weighing specimens before
measurement and after measurement to 0◦C.

The DMTA was used in tension mode at a frequency
of 1 Hz. Runs were made from −120◦C to 80◦C at
2◦C/min and data was collected at intervals of about
1◦C. The length and dynamic strain varied between dif-
ferent specimens; however, all strains were considered
to be within the linear viscoelastic range. Specimens
varied in length between 12 mm and 24 mm, and the dy-
namic average strain varied between 0.02% and 0.05%.
When measuring in tension, a static force equivalent to
about twice the force necessary for the dynamic ampli-
tude was applied to prevent buckling.

The tan ∂ values obtained during measurements were
low and only slightly above background noise. The data
was smoothed using an average of seven consecutive
values of tan ∂ . To further reduce the effects of noise,
the curves were an average of two or more DMTA mea-
surements on the same specimen. The temperature of
the tan ∂ peak was taken as the location of the maximum
value.

Specimen density was measured at RT by immersion
in mercury. The specimens had been conditioned in
33% RH. Specimen weight was between 40 and 60 mg
and was measured on a scale with 0.1-mg resolution.
The specimen was then pushed down by the use of two
needles into a tared jar filled with mercury placed on a
scale with 1-mg resolution. The measured mass is the
volume of the mercury and the mass of the specimen.
Specimen volume was then calculated as the mercury
mass subtracted by specimen mass and then divided by
the density of mercury (13.55 kg/dm3).

3. Results and discussion
There was a clear difference in the elastic modulus (E ′)
in the radial and tangential directions, the elastic mod-
ulus being much lower in the tangential than in the
radial direction, Fig. 3. At 25◦C the radial value av-
eraged 1.26 GPa and the tangential value 0.66 GPa,
the radial being some 90% higher. This is consistent
with the difference in static Young’s modulus for Pinus

Figure 3 Elastic modulus (E ′) for radial and tangential directions. Error
bars indicate 95% significance in a one-sample t-test.

sylvestris [20], which at room temperature is 93%
higher in the radial direction (1.14 GPa) than in the
tangential direction (0.59 GPa). The elastic modulus
was only a few percent higher than the static Young’s
modulus. The measurement of elastic modulus with
DMTA was very reproducible. No significant differ-
ence in E ′ between 3% and 6% moisture content was
observed.

The reason for the large difference in modulus in
the radial and tangential directions remains unclear.
Since latewood has much higher density and therefore
a higher modulus than earlywood, it was surprising to
find that the radial direction, with its serial early- and
latewood cells, had a higher modulus. Several explana-
tions for this behaviour have been proposed. One theo-
ry is that ray cells oriented in the radial direction act
as stiffening ribs. However, the ray cells in Scots pine
have thin cell walls so their stiffening effect cannot be
significant [21].

The radial cell walls have pits, and therefore the cel-
lulose microfibrils are distorted from the longitudinal
direction, giving the radial cell wall higher transverse
stiffness, although this is not sufficient to cause the large
differences observed.

The irregular hexagonal cell structure in Scots pine
and many other softwoods gives a higher stiffness in
the radial direction. According to [22] the stiffness for
wood is about 50% higher in the radial than in the
tangential direction. The Young’s modulus for regular
hexagonal cellular structures in the transverse direction
is proportional to the square root of the density [22].

If the latewood is assumed to have a density of
1.2 g/cm3 and the earlywood 0.25 g/cm3, the Young’s
modulus would be 23 times higher for the latewood.
Compression experiments have shown that earlywood
has a much lower stiffness in the tangential than the
radial direction whilst latewood was observed to have
comparable stiffness in the two directions [21].

When using the rule of mixtures and the inverse rule
of mixtures, reasonable data of the modulus in radial
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Figure 4 Three different tangential specimens (T1, T2, T3) conditioned
in 33% RH prior to testing. Specimens T1 and T3 had narrower annual
rings than specimen T2.

Figure 5 Three different tangential specimens (T1, T2, T3) conditioned
in 11% RH prior to testing. Specimens T1 and T3 had narrower annual
rings than specimen T2.

and tangential directions can be obtained from measure-
ments on separate early- and latewood specimens [23].

This low tangential modulus in the earlywood is one
plausible explanation for the difference in modulus be-
tween the two directions, though probably not the last
explanation to be presented. A tentative theory pro-
posed by the authors of the present paper is that the
latewood could be considered as this stiff ribs which
are already buckled at a small angle, with very soft ear-
lywood lying between the ribs, thus resulting in the low
tangential modulus that is observed.

The radial and tangential directions also differed in
their response as far as loss factor levels and peak tem-
peratures are concerned, Figs 4–7. The peak temper-
atures are listed in Table I, peaks being labelled α, β

and γ in order of decreasing temperature, Fig. 4. Sev-

TABLE I Loss factor peak temperatures for tangential (T) and radial
(R) specimens conditioned in 11 and 33% RH

11% RH Rl∗ R2 R3 R4 T1 T2 T3

α — — — — — — —
β 16 9 — 34 8 3 4
γ −82 −80 −82 −88 −72 −71 −75

33% RH Rl∗ R2 R3 R4 T1 T2 T3

α 40 42 — 57 46 50 56
β 2 −7 — −7 2 −1 7
γ −76 −84 −95 −89 −83 −87 −79

∗Thermally treated above 80◦C.

Figure 6 Four different radial specimens (R1, R2, R3, R4) conditioned
in 33% RH prior to testing. All specimens were paired, and specimen
R1 had been subjected to thermal treatment.

Figure 7 Four different radial specimens (R1, R2, R3, R4) conditioned
in 11% RH prior to testing. All specimens were paired, and specimen
R1 had been subjected to thermal treatment.

eral consecutive measurements on the same specimen
were made, as mentioned earlier. Repetitive measure-
ments on specimens initially conditioned in 33% RH
were almost identical over many measurements, but the
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reproducibility was lower for specimens conditioned at
11% RH. The differences in γ -peak temperature be-
tween paired specimens were also reproducible. Since
the specimens were conditioned in the same way and the
measurements carried out using identical methods, the
only possible reason for the differences are differences
in initial moisture content.

Our results show that the specimens cut in the tan-
gential direction had higher γ -peak temperature when
conditioned in 11% RH than in 33% RH. The γ -peak
temperatures found in the radial direction did not show
any difference between 11% and 33% RH. The scatter
in measurements was too large.

For absolutely dry wood a peak is situated at about
−105◦C, and with the slightest moisture contents
(0.7%) another peak appears at about −40◦C (30 Hz,
dielectric) [7]. With increasing moisture content the
−40◦C peak moves towards lower temperatures whilst
the peak at −105◦C decreases in height and eventually
disappears at about 2% m.c. The peak at about −105◦C
for dry wood is due to the movement of methylol side
groups [7, 8]. The peak dependent on moisture content
is assumed by many to be associated with movement
of a methylol side group bonded to water molecules
[7, 8]. The methylol group is present in all the three
main polymers found in wood, although hemicellulose
is assumed to adsorb most of the moisture.

The γ -peak which initially appears at −40◦C could
be due to adsorption of water on the methylol groups
[7, 8]. However, if water molecules are adsorbed onto
the methylol groups, the complex should become larger
and stiffer with increasing moisture content and the
peak shift towards increasing temperatures, not de-
creasing, which is the case. It is possible that water
molecules are only adsorbed as a monolayer on the
methylol groups, thus shifting the peak from −105◦C
to −40◦C due to increase of the complex size. Fur-
ther adsorption of water acts as a plasticizer making
movement of the complex easier and lowering the peak
temperature, which would better explain the movement
of the γ -peak.

The γ -peak could also be due to site to site exchange
of water [9], since one of the reasons proposed against
a side-group movement was the absence of a drop in
elastic modulus. In the present work a tendency for the
modulus to fall was noted, Fig. 3. In Polyamide 6 several
secondary relaxations are present, which all move with
changes in moisture content. One of these, a peak which
moves from about −40 to −80◦C increasing from zero
to 8% m.c., is argued to be due to the motion of chain
segments and polymer-water complex [24].

Specimen R1 was the only specimen thermally
treated above 80◦C, being dried at 103◦C for 48 hours
and then used in two runs in the DMTA up to 150◦C. The
thermal history of specimen R1 was clearly visible as a
change in the position of the γ -peak for 33% RH. The
increase in temperature by at least 10◦C for R1 com-
pared to the untreated radial specimens indicates lower
moisture content in the specimen. In [25] wood dried
at 115◦C for 120 hours showed a two percent points
lower moisture content than wood dried at 82◦C for
120 hours. Why the R1 specimen in the present work

seems to have a higher moisture content following con-
ditioning in 11% than in 33% RH is not clear.

The loss factor β-peak is seldom referred to in the lit-
erature. The tangential specimens showed this peak at
3◦C to 8◦C for 11% RH and −1◦C to 7◦C for 33% RH.
The radial specimens had a much lower tan ∂ level for
this peak. For one of the specimens the peak was miss-
ing entirely, Fig. 7. The peak temperatures for the radial
specimens varied between −7◦C and 34◦C. The scat-
ter was very large. No correlation between the peak
temperatures and the moisture content or between peak
temperatures and direction was apparent, Table I.

Only a few references to a peak similar to the β-peak
were found. In [26] measurement in radial direction
on hardwood with a torsion pendulum with damped
oscillation revealed a small peak at 10◦C. This was
attributed to the local mode of wood components related
to water. Also in [27] a peak at 10◦C was seen in low-
frequency torsional pendulum measurements on beech
in the longitudinal direction with approximately 10%
moisture content. In [8] a peak at 15◦C was seen for
longitudinal direction of Japan cedar with 7% moisture
content. The peak was not discussed in the reference.
It is possible that these references show the same peak
as the β-peak in the present work.

In the tangential samples, Fig. 3, a clear drop in the
modulus was seen at the transition temperature. This
means that the peak was a true relaxation process and
not merely related to movement of water molecules.
The β-peak could therefore be a hemicellulose glass
transition peak. The hemicellulose molecules consist
of 150–200 sugar monomers in a heavily branched
structure. Different compositions of hemicellulose have
been found, and more than one type of hemicellu-
lose is present in Scots pine. In low-molecular-weight
amorphous polymers Tg is dependent on the molecu-
lar weight, a lower molecular weight giving a lower
Tg [28]. If different types of hemicellulose with differ-
ent molecular weights were phase separated this could
lead to regions where the hemicellulose glass transi-
tion was lower, and thus produce the β-peak which was
observed. Low-molecular-weight regions might also
adsorb more water and are one possible explanation
for the differences in the observed specimen moisture
content.

The inconsistent appearance of the β-peak in the ra-
dial samples is not related to the presence, or otherwise,
of certain molecules when testing. Radial specimens
tested in the present work could sometimes show this
peak in one measurement and not the following one.
The peak at about −90◦C is consistent, and the be-
haviour of the peaks is probably related to the measure-
ment method used. It would seem that the method used
to make the measurements on the radial samples does
not produce consistent results. At low temperatures the
modulus was high and the material apparently stable.
However, at around 0◦C the modulus of the material
dropped and the DMTA tests ceased to give consistent
results.

The specimens conditioned in 33% RH show an α-
peak at 40◦C to 60◦C. According to Kelley [9] this
is the glass transition peak of the hemicellulose. The
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specimens conditioned in 11% RH do not show the
α-peak since they are drier and the α-peak therefore
moved to temperatures above 80◦C. Since the exper-
iments were performed in a non climate-controlled
chamber, the specimens could only be expected to
maintain a relatively constant m.c. up to about 0◦C. The
scattering seen in the α-peak temperatures was there-
fore not surprising.

The radial specimens had lower tan ∂ values than the
tangential specimens, Figs 4–7. A lower tan ∂ value in-
dicates that less material is being moved. A tendency
for the tangential direction to have higher peak tem-
peratures for the γ -peak was observed. The longitudi-
nal direction in wood and polymeric composites has a
higher tan ∂-peak temperature than the transverse di-
rections [29–31]. The difference in Tg between differ-
ent structural directions is influenced by the underly-
ing structure [31]. For wood, the stiffer radial direction
had lower peak temperature. One possible hypothesis
for this discrepancy may be that latewood was strained
more in the tangential direction than in the radial direc-
tion, whilst most of the strain occurred in the earlywood
in the radial direction. Most of the signals for E ′, E ′′ and
tan ∂ then came from latewood when measured in the
tangential direction and from earlywood in the radial
direction.

Tangential specimens are shown in Figs 4 and 5. T2
is a specimen with wide annual rings whilst specimens
T1 and T3 have narrower annual rings. The density of
specimen T2 was higher than T1 and T3. T2 was be-
tween 0.53 and 0.54 kg/m3 and T1 and T3 were between
0.48 and 0.49 kg/m3. The radial samples had a density
between 0.46 and 0.49 kg/m3. The elastic modulus did
not differ significantly, but the tan ∂ values at the α- and
β-peaks are higher for the specimen with wide annual
rings. The higher values were probably related to the
higher density. The experiments were reproducible for
the two similar tangential specimens, and the distance
between annual rings did not have any marked effect
on the dynamic behaviour.

4. Conclusions
The dynamical mechanical properties in radial and tan-
gential directions of wood were different.

It is possible to measure the stiffness of wood by us-
ing DMTA and get good reproducibility and a relevant
level of stiffness for radial and tangential directions.

The stiffness could easily be measured as a function
of temperature up to room temperature. The measured
radial stiffness was about two times the tangential stiff-
ness, as expected.

Secondary loss peaks had lower tan δ levels measured
in the radial direction than in the tangential direction.

The secondary transition peaks found testing wood
in the tangential direction had higher temperatures than
those measured in the radial direction did. This is in con-
flict with synthetic composites where the higher peak
temperatures are found in the stiffer direction.

A loss factor peak at around 0◦C was seen in the tan-
gential direction. This peak has scarcely been reported
in the literature before.

Measurements in the tangential direction gave re-
producible values of loss factor, whilst measurements
in the radial direction did not give enough signals to
allow evaluation of the peaks from 0◦C and above. All
measurements were reproducible on the same specimen
if temperatures did not exceed 80◦C.
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ABSTRACT: The long-term properties of paint and glue are of great interest to both
manufacturers and users of these materials. If a good bond is achieved, the surface
between the wood and the paint or glue will be less susceptible to degradation. Thus,
the wood and polymer must be compatible and develop some kind of bonding force
between them. A high degree of interaction between wood and commercial polyure-
thane-alkyd lacquer was shown as a decrease by 10°C of the glass transition temper-
ature (Tg) for the lacquer on wood compared to the pure lacquer. The lacquer also
demonstrated good adhesion to wood at a microscale. The interaction was investigated
with dynamic mechanical thermal analysis and scanning electron microscopy fractog-
raphy. The reason for the decrease in Tg is probably because of the lacquer having a
higher free volume when applied to the wood, most likely due to it being subjected to
tensile forces developed during the drying of the lacquer. Results from investigations of
wood impregnated with two different acrylates, a polymethylmethacrylate and a more
hydrophilic acrylate, support the suggestion that a decrease in Tg will occur if the
polymer adheres to wood, but that poor interaction with little or no adhesion will result
in no decrease in Tg. This article also presents results of the dynamic mechanical
behavior of Scots Pine in the tangential direction. © 2002 Wiley Periodicals, Inc. J Appl
Polym Sci 85: 595–605, 2002

Key words: viscoelastic properties; glass transition; compatibility; wood; lacquer

INTRODUCTION

The use of gluing as a joining method is becoming
more and more commonplace in many products as
a replacement for welding, riveting, use of screws,
and so forth. This development is probably most
visible in the automotive product sector, but

many other industry branches are moving in the
same direction. For wooden products, the shift is
clearly toward the use of glued materials and
constructions instead of nailing or screw joints.
The area of most rapid development is in building
products, where more up-to-date and efficient
joining techniques are needed. Buildings are usu-
ally painted in colors and a long life between
repair or recoating is, naturally, desirable. A sim-
ilar requirement exists for lacquered furniture
and other expensive wood products.

Interfaces exist in all paint/wood, lacquer/
wood, and glue/wood systems. The weakest part
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of these interfaces is always the bond. Many de-
mands must be satisfied for a long-lasting inter-
face. First, the contact area must be as large as
possible, following surface roughness of the sub-
strate down to molecular dimensions. Second,
there must be a perceivable compatibility be-
tween molecules in order for bonds to occur.

It is seldom that these requirements are ful-
filled. It has been shown that the glue in boards is
very unevenly distributed and actually covers a
very small part of the total surface.1 Even for a
relatively controlled gluing of surfaces which ap-
pear smooth, the interface strength varies consid-
erably over small local areas.2 This can even be
seen under microscopy after a peel-off method.3

The bonds between wood and polymers are much
more complicated than bonds between glued,
painted, or lacquered metals or polymers because
of the unavoidable roughness of any wooden sur-
faces. Östman4 showed that the surface rough-
ness, Ra, for wood is about 10 �m; although the
method used was relatively crude because the
needle jumps and make impressions on the wood
surface.5 This Ra is around the same size as the
cell lumen size, or of a double cell-wall thickness
in latewoods.6 Also, if the lateral resolution of the
surface roughness measurements is increased, a
fractal-like surface roughness is observed extend-
ing down to molecular dimensions. A molecule,
monomer, or oligomer in a paint, lacquer, or glue
has a cross-sectional size of only parts of a nano-
meter. At that size, even small drying cracks
found in wood7 can add significantly to the inter-
action area. For this reason, it is clear that a
paint, lacquer, or glue should have sufficiently
low viscosity to fill up the surface roughness and
penetrate small cracks.

The bond between wood and a polymer can be
modeled as several volumes interacting in differ-
ent ways (Fig.1): (1) a volume of pure polymer in
the middle of a glue bond and in the outer part of
a surface treatment; (2) as a composite of polymer
and wood close to the wood surface; and (3) at the
wood surface where the wood and polymer can
form primary or secondary bonds.

The material in the first volume, (1), would not
interact with wood because of the relatively long
distance between them. However, this volume can
be affected by forces such as internal tensile or
compressive forces resulting from shrinkage and
swelling of both wood and polymer. The next vol-
ume can be considered a composite in the classic
sense, with the polymer acting as matrix and the
wood fibers as reinforcement or filler. Because of

the relatively short distances between the poly-
mer in this composite and the wood polymers, of
the order of a few micrometers, some interaction
can be expected. Many studies have investigated
the interaction between filler and polymer in
filled polymer systems.8,9 It was shown that these
interactions can shift the glass transition temper-
ature (Tg) of the polymer and that the interaction
length can be treated as an interphase.10

The layer closest to the wood has a very large
area and although the interaction distance is
small, it accounts for a considerable proportion
(volume percentage) of the adherent. In this vol-
ume, the interaction occurs for small segments
with interaction lengths from about 1 nm up to
100 nm.10

The long-term properties of paint and glue sys-
tems are of most interest to both users and man-
ufacturers. If good bonds are achieved, the sur-
face between wood and adherent is less suscepti-
ble to degradation. Many methods exist for
testing the peel strength and adhesion of these
bonds. However, the majority of these methods
only indicate a good or a poor adhesion without
the possibility of relating the test result to the
properties of a specific glue or lacquer. To achieve
a good bond, the wood and polymer must be com-
patible and develop some kind of bonding forces.
The viscosity of the adherent must also be suffi-
ciently low so as to allow the polymer chains to fill
the wood’s surface features at a microscopic scale.

Figure 1 Model of interaction volumes.
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The work presented in this article was an in-
vestigation into the interaction of two commercial
polyurethane-alkyd lacquers and two acrylate
polymers with wood by the use of a dynamic me-
chanical thermal analyzer (DMTA) and scanning
electron microscopy (SEM) fractography. The
level of interaction is measured by the change in
relaxation speed for the main chain movements
(Tg). Two different acrylate polymers were used
as references: one interacted poorly with the
wood, whereas the other interacted well. The aim
of this work was to show a connection between
good microscopic adhesion, and therefore, a high
degree of interaction, with a decrease in Tg for a
polymer adhering to wood. The influence of the
viscosity of the lacquer and acrylates was not
investigated.

METHODS

Material

The two polyurethane-alkyd lacquers used were
Deluxe (YVA213) from International (hereafter
PUR1), and Celco Golvlack (10133) from Nordsjö
(hereafter PUR2). Films of the two lacquers were
made by applying a total of 19 layers of lacquer
with a brush on a metal plate treated with a
release agent, Marbocote 445 from Montoil AB.
The drying period used between applying layers
of paint was that recommended by International
for the PUR1 lacquer: min/max, 24 h/4 days at
5°C; 6 h/2 days at 23°C; and 4 h/1 day at 35°C.
After the final layer had been applied, the film
was dried at 35°C for 1 week and thereafter
stored in a laboratory climate.

Plasticized specimens of PUR1 were made by
immersing a specimen cut from the films in ali-
phatic white spirit for 26 h at room temperature
(RT).

The solvent used in both polyurethane-alkyds
is white spirit. The dry weight of PUR1 was
stated to be 44% in the data sheet obtained from
the manufacturer. A steel plate was painted with
one layer of PUR1 and the applied mass of lac-
quer established by weighing after 20 s. After a
40-min drying period [T � 23°C, 40% relative
humidity (RH)], some 58% of the mass of paint
remained. Under these conditions, there was no
further weight loss. However, after thermal treat-
ment at 80°C for 4 days, the mass had been re-
duced by a further 4% of original mass to 54%.
When painting lacquers on a wooden substrate,

similar behavior was seen with about 60% of the
original paint mass remaining after 1 h and with
very little further decrease in sample weight after
7 h.

Polyurethane lacquers exist in many different
formulations and also as polyurethane-alkyd lac-
quers. These lacquers are analogues of unsatur-
ated alkyd resins in which parts of the chain were
replaced by a diisocyanate; with wood, toluene
diisocyanate (TDI) is often used. The resin cures
by autooxidation with atmospheric oxygen of the
double bonds in the fatty acid portion.11

The wood used in the present study was clear
sapwood from Scots Pine (Pinus Sylvestris), which
had been dried from green without external heat-
ing and thereafter stored in a laboratory climate.
DMTA measurements of samples cut in the tan-
gential direction were made. The samples had
been preconditioned in 11 and 33% RH at RT over
saturated solutions of LiCl and MgCl2,12 giving
about 3 and 7% moisture content (mc), respective-
ly.13

Wood specimens treated with either PUR1 or
PUR2 lacquer were made for DMTA measure-
ments by using two different methods.

(1) Wood slices with a thickness of 3.5 mm were
sawed perpendicular to the longitudinal direc-
tion. From these slices, smaller specimens with a
width in the radial direction of 2–3 mm were cut
using a razor blade and finally smoothed using
150-grade sandpaper. Both tangential surfaces
were painted with three layers of lacquer (accord-
ing to the schedule given above) and then either
dried at RT or dried at 35°C for 1 week and
thereafter stored at RT. The amount of lacquer
applied was � 80–100 g/m2. The transverse di-
rection was then sanded until the sample thick-
ness was about 2 mm. This procedure was used to
minimize the amount of lacquer penetrating from
the transverse direction.

(2) Wood slices with a thickness of about 2.5
mm were painted once on the sawed transverse
surface, dried at 35°C for 1 week, and then stored
at RT. Specimens were then made by cutting the
slice with a razor blade and sanding all surfaces
except the painted one with 150-grade sandpaper.
The lacquer fills the wood cell cavities (lumens)
close to the surface. The thickness of the resulting
lacquer layer on the transverse surface is very
thin, even though the lacquer was applied at
� 135 g/m2.

A hydrophilic embedding acrylic resin, Unicryl
(from British Biocell), was impregnated into the
wood by using a slight vacuum and subsequently
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cured at 60°C for 48 h. Pure polymer was pro-
duced simultaneously. The uncured resin is a
mixture of four monomeric (meth-) acrylate esters
of unknown composition. The resin was bought
premixed with a benzoyl peroxide catalyst. Pure
polymer and impregnated wood specimens were
made in the same way by using methyl methac-
rylate with 1% benzoyl peroxide. The methyl
methacrylate was polymerized at 65°C for 48 h.

METHODS

DMTA of specimens with a free length of 12–20
mm were made in tension by using a dynamic
average strain of 0.03–0.04%. The frequency was
1 Hz and the heating rate 2°C/min. Analysis was
made with a DMTA MkIII from Rheometric Sci-
entific. Specimens of treated or untreated wood
were measured in the tangential direction with
the mounting clamps pressed against the trans-
verse plane. Specimen thickness in the longitudi-
nal direction was 1–2 mm and the width in the
radial direction 2–3 mm. The pure acrylate spec-
imens had the same dimensions. The polyure-
thane-alkyd specimens used were 5 mm wide and
0.3 mm thick.

The SEM used was a Jeol 5200, and specimens
were coated with gold. Surfaces for the two acry-
late-impregnated materials were created by load-
ing the specimens in tension in the longitudinal
direction until fracture occurred. Three layers of
polyurethane-alkyd were applied on a microtome-
cut transverse surface. After drying, the speci-
mens were cut in the longitudinal direction to-
ward the lacquer surface to create a notch, after
which the fracture surface to be studied was cre-
ated by tearing the wood chips apart.

RESULTS AND DISCUSSION

Dynamic mechanical measurements for un-
treated wood samples cut in the tangential direc-
tion and initially conditioned to 3 and 7% mois-
ture content are presented in Figure 2. The mod-
ulus can be seen to decrease from 1.2 GPa at
�120°C to 0.6 GPa at 80°C with only slight dif-
ferences between the 3 and 7% moisture content
samples. At around �80°C, a loss factor (tan �)
peak associated with the movement of methylol
groups coupled to water molecules can be
seen.14,15 When the moisture content increases,
the peak temperature decreases. At about 50°C, a

hemicellulose (HC) glass transition peak16,17 is
visible for samples with 7% moisture content. For
a moisture content of 3%, the peak temperature
increased to above 80°C. The movement of the
peak for the 3% moisture content sample is also
seen in the elastic modulus (E�), which does not
decrease in quite the same way for the 3 and 7%
moisture content samples at about 40°C. The loss
factor peak observed for both samples between
�1 and 8°C18 has not clearly been assigned to any
molecular movement.15,19,20 This peak also de-
creases in height with increasing moisture con-
tent.

The damping peak usually associated with the
hemicellulose Tg was not easily interpreted. The
wood used in these tests is subjected to drying at
elevated temperatures because the experiments
were made without climate control. This means
that the location of the HC Tg peak is a poor
indicator of the interaction of HC with polymers
(i.e., it is not possible to recognize movements of
HC peaks because of HC interaction with poly-
mers). However, it is necessary to understand the
dynamic mechanical behavior of the untreated
wood to distinguish wood polymers from the ap-
plied lacquers and acrylates. The interaction be-
tween the wood and the coating polymers was
studied by observing changes in the lacquer and
acrylate polymer loss factor peaks.

Acrylate

Polymethylmethacrylate (PMMA) is a polymer
known to interact poorly with wood.21 However, it

Figure 2 DMTA measurements in the tangential di-
rection of wood with different moisture contents.
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is widely used as a stabilizing polymer for wood;
in fact, it is one of the most common stabilizing
chemicals quoted in the literature (articles, pat-
ents, etc.) from 1926 to 1997, reported in Wall-
ström.22

In Figure 3, the tensile dynamic modulus and
tan � for pure PMMA and PMMA-impregnated
tangential wood are shown. The pure polymer
and PMMA in wood have virtually the same Tg
peaks, 129–131°C for pure polymer and 127–
129°C for PMMA in wood. The much lower peak
height for PMMA in wood reflects the relative
amount of PMMA in the impregnated wood. The
tensile modulus of the impregnated samples is
considerably higher than that of the untreated
wood. For the impregnated wood, a slight shoul-
der can be seen from 80°C and down. This shoul-
der is not seen in the pure PMMA curve and is
believed to be due to wood polymer relaxation.

The dynamic measurements do not indicate
any molecular interaction between the PMMA
and the wood. To support these findings, a frac-
tography investigation of specimens broken in
tension was carried out. In Figures 4 and 5, SEM
micrographs of the fracture surfaces are shown.
The adhesion between the wood and the PMMA
can be seen to be very low. In Figure 4, a rod of
PMMA about 0.7 mm long which has been pulled
from within a cell can be seen. The PMMA surface
is smooth, with no cell-wall debris adhering to it.
At the tip of the rod, a cast of the window like pits
common in Scots pine can be seen. In addition,
the fracture surface shows several empty cells,

where it is believed that polymerized PMMA was
drawn out. Shorter rods of PMMA (see Fig. 5), all
showing smooth surfaces, can be seen in abun-
dance on the fracture surface. The gap seen be-
tween the wood and PMMA in Figure 5 is also a
remarkable feature. This low adhesion, together
with the DMTA graph showing the same peak
temperature for the pure PMMA and the impreg-
nated wood, clearly indicates very low interaction
between the wood polymers and PMMA.

Results from DMTA tests on a hydrophilic ac-
rylate polymer (more hydrophilic than PMMA)
and samples of wood impregnated with the poly-
mer are shown in Figure 6. A clear difference in
loss factor peak temperature can be seen. The
hydrophilic acrylate-impregnated samples show a

Figure 4 SEM micrograph of longitudinal fracture of
composite showing a rod of PMMA.

Figure 3 DMTA measurements of pure polymerized
methyl methacrylate (PMMA) and PMMA impregnated
in wood.
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loss factor peak at 96°C, whereas the pure poly-
mer has a peak at 106°C, a decrease in peak
temperature in the impregnated specimen. The
change in peak temperature is an indication of
changes in molecular mobility in the hydrophilic
acrylate. In Figure 7, a fracture surface of the
hydrophilic acrylate-impregnated wood is shown.
The lumens in the micrograph are filled and the
hydrophilic acrylate can be seen to adhere to the
wood extremely well compared to PMMA. No
pulled out rods of the hydrophilic polymer could
be found. The fractures in the wood and hydro-
philic acrylate occur mostly in the vicinity of each
other. In Figure 7, three cells filled with polymer
can be observed where the fracture occurred in

the wood cell wall. Figure 8 is a magnification of
Figure 7 where the cell-wall layers can be dis-
cerned. On the hydrophilic acrylate surface, ei-
ther layer S3 or an impression of S3 can be seen.
The thick layer is S2 and traces of the layer S1 are
seen in the left-hand part of the figure.

When two miscible homopolymers are blended,
the Tg of the blend is a weighted average of the Tg
of the two components.23 A polymer which is com-
patible with the wood it impregnates should show
an increase or decrease in Tg due to its interaction
with wood polymers. However, it is only the im-
pregnated polymer closest to wood that experi-
ences this interaction. It should therefore be pos-
sible to see a double Tg peak with the superim-
posed relaxation from the pure polymer far from
the wood surface and that from the polymer in-
teracting with the wood and wood polymers (see
Fig. 1). However, this is not the case for the hy-

Figure 5 SEM micrograph of longitudinal fracture of
composite showing poor adhesion between wood and
PMMA. The arrow indicates a clear gap between wood
and PMMA.

Figure 6 DMTA measurement of hydrophilic acry-
late, pure and impregnated in wood.

Figure 7 SEM micrograph of longitudinal fracture of
composite showing good adhesion between wood and
hydrophilic acrylate; the lumens are filled.

Figure 8 SEM micrograph, showing magnification of
Figure 7.

600 BACKMAN AND LINDBERG



drophilic acrylate-impregnated wood, as only one
Tg peak is visible (see Fig. 6). The reason for this
is that the polymer in the center of the cell lumens
is far from the cell walls. The average lumen size
is 10–30 �m, which is far greater than the possi-
ble interaction length of 1–100 nm. The 10°C de-
crease in the Tg peak for the impregnated hydro-
philic acrylate cannot be due to the effects of the
very small volume of the polymer closest to the
cell wall and the interaction with the wood poly-
mer. The decrease in Tg must be due to the entire
polymer volume obtaining a higher free volume.

An increased free volume, and resulting de-
crease in Tg, could be the result of the presence of
plasticizers or tensile forces.24,25 The pure poly-
mer samples were polymerized, stored, and tested
in exactly the same way as the impregnated sam-
ples, even as far as being polymerized in the same
container at the same time. The only external
plasticizer available is moisture, but because
samples were stored together, they should have
the same moisture content, so it is possible to rule
out the presence of a plasticizer as the reason for
the decrease in Tg. This leaves the only reason-
able explanation for the decrease in Tg for the
hydrophilic acrylate in wood as being tensile
forces developed in the impregnated polymer dur-
ing polymerization. The PMMA impregnated into
wood is not subjected to these tensile forces be-
cause the polymer exhibits very low adhesion to
the wood and is subsequently free to shrink un-
hindered during polymerization. The hydrophilic
acrylate, however, adheres well to the wood, and
after polymerization, the entire polymer volume
will be subjected to tensile forces.

In ref. 26, it was shown that impregnating
wood with polyoxyethylene glycol methacrylate
(PEGMA) lowered one peak temperature in

wood from 230 to 200°C. The presence of a glass
transition at 130 –230°C in wood is usually re-
lated to amorphous components in cellulose.27

It was argued that the shift in this Tg peak was
due to the PEGMA interacting with the cell-
wall surface and disturbing the arrangement of
lignin, cellulose, and hemicellulose by extend-
ing the intermolecular distance. The use of a
hydrophilic polyacrylic acid (PAA) also de-
creased the wood Tg from 230 to 180°C. The
authors did not attempt to explain why the
molecular distance in wood increases, although
they did speculate about the presence of
PEGMA and PAA within the cell wall. It is quite
possible that the decrease in cellulose Tg in that
work was due to the same mechanism as ob-
served in the present work, tensile forces re-
sulting from the polymer shrinking during po-
lymerization, but being constrained by its close
interaction with the wood cell wall.

Polyurethane-Alkyd

To investigate whether it was possible to observe
a decrease in Tg for polymers with good adhesion,
tests with two commercial polyurethane-alkyd
lacquers were carried out. When investigated in
SEM, both lacquers showed good adhesion to the
wood. Figures 9 and 10 show opposite surfaces of
a fracture. In the upper part of Figure 9, a layer of
lacquer has detached itself from the transverse
surface of the wood. No rods of the polyurethane-
alkyd are seen protruding from this detached lac-
quer. At the bottom of Figure 10, the pure lacquer
is visible and the cell lumens are clearly filled
with lacquer. Figure 11 show the transverse sur-

Figure 9 SEM micrograph of wood painted with poly-
urethane-alkyd (PUR1).

Figure 10 SEM micrograph of wood painted with
polyurethane-alkyd (PUR1).
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face in Figure 10 magnified showing traces of the
wood cell structure. The arrow indicates a possi-
ble interfacial fracture between the wood and
polyurethane-alkyd, although most of the surface
was characterized by cohesion failure in the lac-
quer.

The two polyurethane-alkyd lacquers used
were from two different manufacturers and sam-
ples coated with these had very similar dynamic
mechanical properties. In Figures 12 and 13, the
elastic modulus and tan � for the lacquers are
shown. These are designated as PUR1 (Fig. 12)
and PUR2 (Fig. 13). The modulus can be seen to
decrease from 2 GPa at �20°C to about 10 MPa
after the transition, a drop in modulus of three

orders of magnitude. The glass transition temper-
atures for the two lacquer polymers were 57°C for
PUR1 and 60°C for PUR2. Lacquer films stored at
RT gave the same curves after 1 week, and after
three months, the peak temperature for PUR1
had increased only slightly from 57 to 59°C. Dy-
namic measurements of alkyd and urethane coat-
ings presented in ref. 28 showed Tg’s of � 68 and
87°C, respectively, at 110 Hz. Both polymers are
slightly crosslinked and the elastic modulus for
the urethane coating fell from 2 GPa at 20°C to 30
MPa at 140°C, with a similar modulus as that
given in the present study.

Heat treatment of the lacquers at elevated
temperature increased the glass transition tem-
peratures. The peak height increased and Tg in-
creased to 76°C for PUR1 and 74°C for PUR2
after treatment at 80°C for 48 h (see Figs. 12 and
13). In both cases, the lacquer specimens de-
creased in weight by 5%. An additional heat treat-
ment for another 48 h increased the Tg further,
but by only 3°C. Following thermal treatment at
80°C for 4 days, the samples decreased in weight
by 5–6%, but the color of the lacquer became
rather yellow; indicating a slight degradation. A
heat treatment at 120°C for 24 h resulted in a Tg
at 94°C for PUR1 and 91°C for PUR2; in both
cases the peak decreased in height compared to
the samples treated at 80°C and was a little lower
than the untreated samples. The full width half-
height (FWHH) of the loss factor peaks from both
lacquers increased slightly with longer thermal
treatments and higher temperatures. The un-

Figure 11 SEM micrograph of wood painted with
polyurethane-alkyd (PU R1), a magnification of Figure
10.

Figure 12 DMTA measurements of polyurethane-
alkyd (PUR1) lacquer, with heat treatment at 80°C and
without heat treatment (i.e., dried in 35°C for 1 week).

Figure 13 DMTA measurements of polyurethane-
alkyd (PUR2) lacquer, with heat treatment at 80°C and
without heat treatment (i.e., dried in 35°C for 1 week).
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treated and thermally treated specimens had
similar moduli above the Tg.

Tangential measurements of wood painted
with lacquers are shown in Figure 14 with the tan
� peak temperatures presented in Table I. The

two lacquers were again very similar in behavior,
PUR1 showing a peak at 50–54°C and PUR2 at
52–54°C. Both tests had some scattering, al-
though the resolution of these DMTA tests is
about 1°C between measurements. Both types of
specimens (e.g., painted on tangential or trans-
verse surface) also behave similarly. Why one of
the PUR1 samples showed a remarkably lower Tg

at 47°C is unexplained. The lacquer painted on
wood compared to the pure lacquer without ther-
mal treatment showed a 3–7°C lower peak tem-
perature for the PUR1 and 6–8°C lower for the
PUR2.

Transversely painted specimens were treated
at 80°C for 48 h. These showed an increase in the
tan � peak temperature to 66°C for PUR1 and to
62°C for PUR2. Neither of these figures is even
close to the peak temperatures of 76 and 74°C for
the pure PUR1 and PUR2, respectively, treated in
80°C for 48 h. There is, in other words, a signifi-
cant difference in the Tg for the pure lacquer and
for the lacquer on wood and this difference in-
creases following thermal treatment.

The reason for the increase in peak tempera-
ture for pure films with thermal treatment can be
due to the increased amount of crosslinking29,11

or the decreased amounts of plasticizer.30,23 An
increase in crosslink density is often associated
with an increase in peak width30; however, the
width can also decrease.31 A broadening of a peak
can also be due to the addition of plasticizers,
where poor solvents for the polymer generally
broaden the peak more than good solvents.30,23

An increase in peak height can be due to de-
creased amount of plasticizer30; at low levels of
crosslinking, the tan � level is not affected.31

Thermal treatment of lacquers at 80°C increased

Figure 14 DMTA measurements of polyurethane-
alkyd on transverse and tangential surfaces.

Table I Thermal History and Peak Temperatures for PUR1 and PUR2
Lacquer Painted on Wood Before Measurement in DMTA

Painted on: Lacquer
35°C

(days)
RT

(days)
tan� peak

(°C)

Transverse surface PUR1 7 1 50.5
PUR1 7 7 53.8
PUR1 7 21 52.1
PUR2 7 21 53.5

Tangential surface PUR1 7 2 53.3
PUR1 — 6 50.7
PUR1 — 13 46.7
PUR2 — 6 52.3
PUR2 — 13 52.3
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peak height and decreased weight but did not
significantly alter FWHH. A specimen of PUR1
lacquer with 3–4% absorbed amount of white
spirit decreased the Tg from 59 to 52°C and
slightly increased the FWHH compared to un-
treated lacquer (see Fig. 15). The increase of Tg
for PUR1 and PUR2 thermally treated at 80°C is
due to decreased amounts of plasticizer.

Thermal treatment of wood samples painted
with lacquer also increased the Tg. This should
also be due to decreased amounts of plasticizer in
the lacquer. No differences in the content of low
molecular weight components such as white spirit
should exist between the pure lacquer and the
lacquer on wood. The drying schedule used was
the same in both cases with about 60% of the
lacquer mass applied remaining after 40 min. To
test whether wood absorbed and retained white
spirit, a DMTA wood specimen was soaked in
aliphatic white spirit and increased in weight by
about 30%. After exposing the specimen to normal
atmosphere, almost all the absorbed spirit had
evaporated after 1 h. A few hours later, the spec-
imen did not even smell of white spirit and there-
fore the wood cannot be considered a barrier for
aliphatic white spirit. Water, or moisture, is also
a plasticizer for polyurethane-alkyd, but no dif-
ferences in moisture content should be present
because of the similar conditions to which the
pure lacquer and lacquer on wood samples had
been subjected. No difference in crosslink density
is expected to occur between the pure lacquer and
the lacquer on wood because curing is governed
by the presence of atmospheric oxygen.

The reason for the significantly lower Tg for
lacquer on wood is almost certainly due to the
lacquer experiencing a higher free volume in the
wood. This is argued to be due to tensile forces
developing during curing because of good adhe-
sion between the polyurethane-alkyd and the
wood.

Loss Peak in the Tangential Direction

The motions in wood resulting in the loss peak
between �1 and 8°C in Figure 2 have not been
satisfactorily explained. It is possible that similar
peaks are seen in refs. 15,19,20 but none of those
measurements were done in the tangential direc-
tion. During measurements in DMTA for this ar-
ticle, it was found that the loss peak decreased in
height, or totally disappeared when lumens were
filled (see Fig. 16). All measurements were done
in the tangential direction and, in the case of
impregnating with PMMA, the peak totally dis-
appeared. The peak at 40°C is most probably from
a secondary transition in PMMA.23 Specimens
painted with polyurethane-alkyd showed a peak
greatly reduced in height, but those specimens
were not completely filled. We suggest the possi-
bility that this loss peak is associated with the
structure of wood in the tangential direction. In
pure wood, small strains in the tangential direc-
tion result from bending of the cell walls.32 If
wood is filled, the polymer inside the cell lumens
will tend to prevent the cell wall bending and the
loss peak disappears.

Figure 16 DMTA measurements in the tangential
direction of wood, wood impregnated with PMMA, and
wood painted transversely or tangentially with PUR1.

Figure 15 DMTA measurements of polyurethane-
alkyd lacquer; white spirit content decreased from 4.4
to 3.2% during the experiment.
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CONCLUSION

Good interaction between wood and a polyure-
thane-alkyd lacquer was demonstrated, with a
decrease in Tg for the lacquer on wood compared
to the pure lacquer. The lacquer adheres well to
the wood at the microscale. The reason for the
decrease in Tg is due to the lacquer having higher
free volume when applied to the wood, most likely
due to being subjected to tensile forces developed
during drying. If the interaction is low, with poor
adhesion between the wood and lacquer, no de-
crease in the Tg of the polymer is observed. Two
different acrylate polymers which were cured in
the same way with the same catalyst support the
theory of a decrease in Tg if the polymer adheres
well to the wood.

We propose the possibility of a loss peak at
about 0°C, in the tangential direction, originating
from the cellular structure of wood.

The financial support provided by AssiDomän Wood
Supply, the Swedish Council for Building Research and
Luleå University of Technology, is gratefully acknowl-
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ABSTRACT: The long-term properties of bonds are those
that are of special interest. To achieve good bonds, the wood
polymers and the adhering polymers must be compatible.
This paper describes studies of the interaction of wood
(Pinus sylvestris) with commercial polyvinyl acetate (PVAc)
glue, polymethylmethacrylate (PMMA), and a more hydro-
philic acrylate. Interaction was studied with a dynamic me-
chanical thermal analyzer (DMTA) operating in tensile
mode in the tangential direction of wood. DMTA results
were correlated with scanning electron microscopy (SEM)
fractography studies of adhesion between polymers and
wood on a cell wall level. The hypothesis put forward is that
a good adhesion on the cell wall level results in a decrease in

the glass transition temperature (Tg) measured with DMTA.
A decrease in Tg for the hydrophilic acrylate was shown
when it was impregnated in wood. The decrease of Tg was
correlated with good adhesion to wood on the cell wall level.
For PVAc and PMMA no decrease in Tg was measured when
glued or impregnated in wood. SEM study also showed that
the adhesion on a cell wall level was poor. The results show
that DMTA can be a useful technique to study adhesion
between wood and glue on a molecular level. © 2004 Wiley
Periodicals, Inc. J Appl Polym Sci 91: 3009–3015, 2004

Key words: viscoelastic properties; glass transition; compat-
ibility; wood; glue

INTRODUCTION

The glue bond is a more and more common replace-
ment for welds, riveted joints, joints with screws, etc.
in products. This development is most visible in the
automobile industry. Also in the wood working in-
dustry the direction is toward industrial use of glued
materials and construction instead of nailing or screw
joints. The most rapid development is taking place in
the building product area, where a more efficient join-
ing technique is needed. The use of glued-laminated
timber (glulam), particle, and fiberboards (MDF, OSB)
is becoming increasingly popular. Wood is also exten-
sively used as curved laminated veneer in furniture.1

The properties and durability of adhesives exposed to
different climates2 are becoming more and more im-
portant.

The long-term properties of bonds are those that are
of special interest. If good bonds are achieved, the
surface between wood and adherend is less suscepti-
ble to degradation. Many methods exist for testing the
peel strength and adhesion of glue lines. However, the
majority of these methods only indicate a good or

poor adhesion without the possibility of relating the
test result to the properties of a specific glue or poly-
mer. To achieve a good bond, the wood polymer and
glue polymer must be compatible and thus decrease
the energy in the interface. Wood and glue need to
develop some kind of bonding force. To create second-
ary bonds between the glue polymer chains and mol-
ecule chains in the wood cell wall, the molecules must
be able to come in close contact with one another and
therefore the viscosity of the adhesive must be suffi-
ciently low.

A method that can give a better basic understanding
of adhesion between wood and polymers on the cell
wall level is dynamic mechanical thermal analysis
(DMTA). It is a common method used to measure
relaxation temperatures, such as glass transition tem-
perature (Tg) for polymers. Measurement with DMTA
is a method extensively used to study compatibility in
polymer blends. Only a few attempts have been made
to use this type of technique to measure interaction
between wood and adhesives or coatings.

Handa et al.3 showed that impregnating wood with
polyoxyethyleneglycol methacrylate (PEGMA) low-
ered wood relaxation peak temperature from 230 to
200°C. With hydrophilic polyacrylic acid (PAA), the
peak was lowered from 230 to 180°C. It was argued
that the shift in peak temperature was due to the
polymers interacting with the cell wall surface and
disturbing the arrangement of wood polymers. A in-

Correspondence to: A. C. Backman (Anna.Backman@tt.
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crease in of 2°C Tg of polystyrene (PS) was seen when
wood flour was added. The Tg of PS moved toward
the cellulose Tg peak.4 Grafting of maleic anhydride
(MA) on styrene–ethylene/butylene–styrene (SEBS)
increased the Tg of the EB part when mixed with wood
flour. The SEBS–MA was used as a compatibilizer in
polyethylene–wood flour composites, giving in-
creased tensile strength of the composite.5

In an earlier work we studied the interaction be-
tween wood and four different polymers: two poly-
urethane alkyd lacquers and two different types of
acrylates.6 The difference in Tg for pure polymer and
polymer in contact with wood was measured with
DMTA. A clear decrease of Tg was observed for the
polyurethane alkyd lacquers and the more hydro-
philic of the two acrylates. It was suggested that this
change in Tg indicated a high degree of interaction
(good bonding). The DMTA study was combined with
scanning electron microscopy (SEM) investigation of
fractured specimens. A correlation was found between
a high degree of interaction and good adhesion on a
cell wall level. With adhesion on a cell wall level, we
mean the possibility for the polymer to adhere to the
wood cell wall during fracture, examined at a magni-
fication level of individual wood cells and wood cell
walls.7,8

It is of interest to investigate the interaction between
wood and glues, but more data of different kinds of
polymer systems are needed to determine the feasibil-
ity of this method for predicting the adhesion to wood.
Polyvinyl acetate (PVAc) is an important type of in-
dustrial glue. The aim of the present article was to
analyze the interaction of PVAc glue with wood by the
use of DMTA and SEM fractography.

METHODS

Wood samples

For DMTA measurements, defect-free sapwood spec-
imens of Scots pine (Pinus sylvestris) 36 mm long (tan-
gential), 4 mm wide (radial), and 4 mm thick (longi-
tudinal) were used. The wood had been dried from
green without external heating and thereafter stored
in a laboratory climate. The specimens were cut in the
longitudinal direction with a razor into four pieces to
be glued together later on.

Glue

The glue used was Cascol Trälim Inne no. 3304 (Casco
Products, Stockholm, Sweden). The film-forming
polymer PVAc was a dispersion in water. The density
of the glue was 1,080 kg/m3 at a solid content of
50–60%, 30–40% PVAc, 1–5% butyl diglycol acetate
(film-forming agent), and 50–60% water according to

the manufacturer. According to the manufacturer the
glue also contained unspecified filler.

Gluing procedure

The wood pieces were freshly cut and the glue was
applied within 10 min after cutting. PVAc glue was
used and applied with three glue lines (Figure 1).
After gluing the samples were kept under approxi-
mately 0.1 MPa pressure for 20 min. The glue spread
was about 200 g/m2 for each of the three glue lines.
The glued wood specimens were dried in 33% relative
humidity (RH) at room temperature for a total of 17
days before measurement in DMTA. Three days be-
fore measurement they were sanded to a thickness of
3 mm.

Preparation of PVAc films

Films of pure glue were used as reference. Films were
made by casting glue on a flexible plastic sheet of
polyester treated with a release agent. The film thick-
ness obtained after drying for 8 days in room temper-
ature was 0.3–0.4 mm. The remaining weight was 49%
(compared to specified solid content of 50–60%). No
further weight decrease was found after 4 months.

Impregnation and preparation of acrylic resins

Two types of acrylic resins were used, a methyl-
methacrylate resin and a more hydrophilic acrylic
resin. The hydrophilic acrylic resin, Unicryl, was pur-

Figure 1 DMTA specimen with three glue lines. Measure-
ment was made in tension in the tangential direction (t). r,
radial and l, longitudinal directions of the wood.
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chased from British Biocell International (Cardiff,
Wales, UK). Samples of impregnated wood (2 mm
thickness in the longitudinal direction) and pure poly-
mer were made. Wood was impregnated with Unicryl
using vacuum impregnation and subsequently cured
at 60°C for 48 h. Samples of pure polymer were pro-
duced simultaneously. Unicryl is normally used as an
embedding resin in microscopy. The manufacturer
states that Unicryl contains a mixture of four mono-
meric (meth)acrylate esters of unspecified composi-
tion premixed with a benzoyl peroxide catalyst. Uni-
cryl is hydrophilic compared to methylmethacrylate.

Polymethylmethacrylate (PMMA) was made from
methylmethacrylate resin with 1% bezoyl peroxide
and polymerized at 65°C for 48 h. Samples of impreg-
nated wood (2 mm thickness in the longitudinal di-
rection) and pure polymer were made using vacuum
impregnation and subsequently cured. Samples of
pure polymer and impregnated wood were produced
simultaneously.

Dynamic mechanical thermal analysis

Measurements were made in tension with a Dynamic
Mechanical Thermal Analyser MkIII from Rheometric
Scientific (Piscataway, NJ). Specimen size (length
� width � thickness) in the DMTA was for pure PVAc
film 12 � 8 � 0.3–0.4 mm. Wood specimens glued
with PVAc were 23 � 4 � 3 mm. Acrylate and acrylate
impregnated wood specimens were 20 � 2–4 � 1–2
mm. The clamps were applied on the transverse sur-
face of wood specimens and measurement was made
in the tangential direction. A minimum of two mea-
surements were made on each type of specimen. Runs
were made at 1 Hz with a heating rate of 2°C/min,
and data were collected at intervals of about 1°C. The
variation between runs for this particular DMTA is
about 1°C. The dynamic average strain was
0.02–0.03%. When measuring in tension, a static force
equivalent to about twice the force necessary for the
dynamic amplitude was applied to prevent buckling.

Scanning electron microscopy on fracture surfaces

Fracture surfaces of wood glued with PVAc were
studied with SEM. Wood pieces with a transverse
surface cut by a sledge microtome were glued. The
glue was applied to the microtomed wood surfaces
and two specimens were then pressed together with a
clamp for 2 h. The specimens were dried in air and
then pulled apart. The fracture occurred in the glue
line. The fracture surface a had similar appearance
after a drying time of 3 days as it did at 30 days. The
SEM used was a Jeol 5200 and specimens were coated
with gold.

RESULTS AND DISCUSSION

Tg as a tool to measure interaction between wood
and polymers

In an earlier study6 results were obtained indicating
that a good adhesion on a cell wall level between the
wood and polymer resulted in a decrease in Tg. Two
acrylate polymers were used as model polymers. For
the more hydrophilic acrylate, a decrease in Tg with
10°C was shown when the polymer was impregnated
in wood (Figure 2). The elastic modulus (E�) corre-
sponds with the curves decreasing with increasing
temperature. The loss factor (tan�) curves have a peak
at 106°C for the pure polymer and at 96°C for polymer
impregnated wood. SEM investigation of fractured
specimens showed good adhesion on a cell wall level
for this acrylate.6

A completely different behavior was observed for
PMMA impregnated in wood. The SEM investigation
of fractured specimens for PMMA showed poor ad-
hesion on a cell wall level.6 The DMTA measurements
on PMMA and PMMA impregnated wood showed no
difference on the Tg for the PMMA. Both samples had
similar glass transition temperatures (at 127 to 131°C)
(Figure 3 and Backman and Lindberg6). This indicates
a low degree of interaction between wood and
PMMA.

The effect on Tg of adhesion on a cell wall level

Good adhesion on a cell wall level indicates interac-
tion between the polymer and the wood cell wall,
which implies some kind of bond formation. Adhe-
sion on a cell wall level has been studied with micros-
copy,7,8 where poor adhesion was characterized by the

Figure 2 DMTA measurements on hydrophilic acrylate
polymer and on wood impregnated with hydrophilic acry-
late polymer. Polymer impregnated in wood had a Tg at
96°C and pure polymer had a Tg at 106°C.
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possibility to draw out rods of various polymers from
the wood cell lumens. A polymer giving poor adhe-
sion to wood as measured in this special way could
very well give a good adhesion in a standard adhesion
test due to the presence of mechanical interlocking,
which is thought to be important in wood adhesion.9

Bond formation is difficult to differentiate from me-
chanical interlocking in standard adhesion tests.10

DMTA measurement of Tg is a method to study
interaction on a molecular level of polymer chain seg-
mental mobility. A decrease in the Tg is associated
with an increase of free volume. Free volume is a
concept used for polymers to explain the segment-size
voids that exist between polymer chains, it is not
related to the void volume in wood due to lumens and
pores. The basic idea underlying the free-volume ap-
proach to relaxation phenomena such as Tg is that the
molecular mobility at any temperature is dependent
on the available free volume at that temperature.1,11,12

Figure 2 shows the decrease of Tg for the hydrophilic
acrylate in contact with wood. The reason for this
decrease is an increase in the free volume for the entire
impregnated polymer volume. Such an increase in free
volume could either be due to the presence of tensile
forces4,13,14 and/or the presence of plasticizers.1,12

Tensile forces acting on the polymer can be an in-
dication of bonds between wood and the polymer.
Tensile forces can result from shrinkage of the hydro-
philic acrylate during polymerization in combination
with the polymer adhering to wood on a cell wall
level.

There could be a possibility that the decrease of Tg
was due to the hydrophilic acrylate being plasticized
by low molecular compounds from wood. To exclude
this possibility the pure acrylate polymers and the

polymer-impregnated specimens were cured at the
same time in the same container and were tested in the
same way. If plastcizers were the cause of the Tg
decrease, then the pure polymer polymerized in the
same container as the wood impregnated specimen
should also be plasticized and differ in Tg from poly-
mer polymerized distant, or in the absence of wood.
Experiments showed no such differences. This indi-
cates the polymer was not plasticized by compounds
originating from wood. The only externally available
plasticizer was moisture, but it was also excluded
since the specimens were stored together and tested in
similar conditions.

The only reasonable explanation for the Tg decrease
of the hydrophilic acrylate in contact with wood was
tensile forces acting on the polymer. This decrease in
Tg occurred when a polymer had a high degree of
interaction with wood, which also previously has been
shown for a polyurethane-alkyd lacquer.6 A polymer
interacting with wood could have an increase in Tg
due to a decreased mobility caused by the interaction
with wood polymers.4,5 The decrease in Tg due to
tensile forces could then be superimposed giving a
total decrease in Tg. The origin of the tensile forces
may be from shrinkage of the hydrophilic acrylate
during polymerization in combination with the poly-
mer adhering to wood on a cell wall level.

SEM fractography on wood glued with PVAc

To investigate the possibility of measuring the inter-
action between wood and glue, commercial PVAc glue
was investigated. When studied in SEM the PVAc
polymer showed no interaction with the wood cell
wall. The microscopic pictures (Figures 4 and 5) show
an abundance of rods of glue withdrawn from the
inside of wood cell lumens. The fracture surface ob-
served in SEM is from two transverse surfaces of

Figure 4 SEM micrograph of fracture surface of two trans-
verse wood surfaces glued with PVAc, showing a protrud-
ing rod of glue.

Figure 3 DMTA measurements on PMMA and wood im-
pregnated with PMMA. PMMA in wood had a Tg at 127–
129°C and pure PMMA had Tg at 129–131°C.
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wood that had been glued together and then frac-
tured.

The viscosity of the glue was low enough for the
glue to penetrate the cell lumens and to come close
enough to the cell walls to render an offprint of the cell
wall pits. Figure 4 shows a magnification of a rod of
glue; the marks from pits between tracheids were
clearly visible. The bond developed between the glue
and wood cell wall, i.e., the interfacial adhesion, was,
however, lower than the cohesion of the PVAc, and
thus a rod of glue could be drawn out of the cell
lumen.

Figure 5 shows three protruding rods of glue next to
one another. The interaction between the glue mole-
cules and wood molecules was so low that the cell
wall previously located between these rods could be
withdrawn. Similar behavior were shown for PMMA,
where rods were drawn out of the cell lumen6, but no
such rods could be observed for the more hydrophilic
acrylate.6

DMTA measurements on PVAc

A film of pure PVAc with different drying times was
tested in DMTA (Figure 6). Tg for PVAc is normally
stated to be at 28°C,11 but measurements in a DMTA
normally render slightly higher temperatures.12 Four
specimens with drying times of 8 to 13 days gave Tg at
37.6 � 0.6°C. Tg was measured as the loss factor (tan�)
peak temperature. For the drying time of 8 days, a
peak also appeared at about 70°C, but was missing for
the longer drying time. The origin of this peak was
unclear. We would like to emphasize that the PVAc
glue used was a commercial system containing un-
known additives and the origin of the peak was not
investigated further. The longer drying time of 13
days in Figure 6 gave a significantly higher level of
tan�. It was probably related to the disappearance of
the peak at 70°C, but, as stated above, the Tg peak

temperature did not change. A measurement on a
PVAc glue specimen dried for a year (and previously
subjected to drying for 48 h in 103°C) gave a Tg at
38.5°C.

DMTA measurements on wood glued with PVAc

Specimens of wood glued with PVAc were tested in
the tangential direction of wood (Figure 1). Figure 7
shows the DMTA measurement of two specimens
with glue dried for 17 days. They had a tan� peak
between 39 and 40°C. If a specimen of wood is tested,

Figure 5 SEM micrograph of fracture surface of two trans-
verse wood surfaces glued with PVAc, showing three pro-
truding rods of glue.

Figure 6 DMTA measurements of PVAc glue dried at
room temperature for different drying times: 8 days and 13
days.

Figure 7 DMTA measurements of paired speciments of
wood glued with PVAc. Specimen 2 and the first measure-
ment of specimen 1 (1a) were made after drying for 17 days
and measurement of specimen 1 was repeated the following
day (1b).
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a tan� peak originating from wood polymer relax-
ation, probably from the wood polymer hemicellu-
lose,15–17 can be found in the same temperature inter-
val. In the tangential direction of P. sylvestris, this peak
is at about 50 � 6°C with a peak height at tan�
� 0.04.18 The peak height in Figure 7 was above 0.06
and the high temperature side of the peak showed a
trace of the wood polymer relaxation. The peak at
39–40°C in Figure 7 was attributed principally to the
Tg of PVAc since the peak could not originate from
wood. Specimen 1a in Figure 7, which was measured
to an end temperature of 80°C, was tested again the
following day and gave a Tg of 39°C with the curve of
tan� and E� almost identical to the first run (Figure 7,
1b). The difference of the peak temperature for PVAc
in wood (39–40°C) from the peak temperature for
pure PVAc (37–38°C) was very small.

Both the microscopy study and DMTA measure-
ments show that PVAc has low interaction at the cell
wall level. This is in line with our hypothesis that only
good adhesion on a cell wall level gives rise to a
decrease of Tg as shown above for the hydrophilic
acrylate.

Comparison of molecular structure between PVAc
and PMMA

To further emphasize the similar behavior of adhesion
on a cell wall level of PMMA and PVAc to wood, the
molecular structures of their repeating units can be
compared (Table I). PMMA has a Tg at 105°C, which is
higher than polymethyl acrylate (PMA) with Tg at 3°C
and PVAc at 28°C.11 The three polymers have quite
similar chemical structures. PMMA and PVAc also
have relatively comparable Hansen solubility param-
eters,19 (Table I). PMA is only included in this discus-
sion to show the similarities in chemical structure

between PMMA and PVAc. The structural unit of
PMA is isomeric with that of PVAc, and the difference
between PMA and PMMA is the presence of a methyl
side group in PMMA. No solubility parameter for the
polymer PMA could be found in the literature, but the
solubility parameter � (MPa0.5) for the monomers of
the above polymers (PMMA, PMA, and PVAc) all
range from 18.0 to 18.4.19 Due to these similarities in
molecular structure and solubility parameters, it was
not surprising to find a similar behavior in interaction
with wood for PMMA and PVAc.

CONCLUSION

The hypothesis put forward is that a good adhesion on
the cell wall level, as measured with SEM fractogra-
phy, results in a decrease in the Tg measured with
DMTA.

• The Tg of pure PVAc and of PVAc in wood was
the same, which indicated a low level of interac-
tion between wood and PVAc. PVAc was shown
with SEM fractography to have poor adhesion to
wood on a cell wall level.

• A hydrophilic type of acrylate polymer showed a
10°C decrease in Tg when it was impregnated in
wood compared with the Tg of pure polymer. It
has in an earlier work6 been shown to have good
adhesion to wood on the cell wall level.

• The polymer polymethylmethacrylate showed no
difference in Tg as pure polymer or impregnated
in wood. PMMA also showed poor adhesion to
wood on a cell wall level. It was suggested that
the similar behavior of PMMA and PVAc interac-
tion with wood was a result of their similar chem-
ical structures.

TABLE I
Structure and Hansen Solubility Parameters of Polymers PMMA, PVAc, and PMA

Name
Tg

(°C) Structure

Hansen solubility parameters (MPa0.5)

�D �P �H �

PMMA 105 18.64 10.52 7.51 22.69

PVAc 28 20.93 11.27 9.66 25.66

PMA 3 — — — —
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The decrease in Tg for a polymer adhering to the wood
cell wall is due to an increase in free volume. The
decrease in Tg as measured for the more hydrophilic
acrylate was not due to increased amounts of plasti-
cizer but was attributed most probably to be due to
tensile forces acting on the polymer.

PVAc is an important type of industrial glue and
obviously has relatively good adhesion to wood. It has
been shown in this work that the presence of any kind
of bond between wood and this PVAc glue has a very
low probability. The adhesion as measured with a
standard adhesion test would thereby mainly be due
to mechanical interlocking between wood and PVAc.

The results show that DMTA can be a useful tech-
nique to study adhesion between wood and glue on a
molecular level.

We gratefully acknowledge AssiDomän Wood Supply, The
Swedish Council for Building Research, and Luleå Univer-
sity of Technology for their financial support.
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Influence of surface structure on adhesion strength
between wood and Melamine Urea Formaldehyde.

Anna C. Backman Sandlund

Abstract
The structure of the adherend is important when joining two surfaces with
a glue. The wood surface has a system of pores and lumens into where the
adhesive can flow and anchor itself. The aim of the work presented in this
paper was to compare the practical adhesion properties of melamine urea
formaldehyde (MUF) glued beech and pine wood, with a circular sawn,
rotary planed or sanded surface structure. The adhesion was measured
using single and double overlap joint tests in tension and the as machined
beech surfaces were also studied with scanning electron microscopy
(SEM).

The sawn beech surfaces gave the highest failure stress and 100% wood
failure. Most measurements on the sanded and planed specimens showed
less than 100% wood failure. No apparent differences in failure stress and
percent wood failure between the methods were found. Multivariate
analysis was used on the data and could discriminate between sawn and
sanded beech due to the dependence of both failure stress and percent
wood failure. SEM showed more debris on sanded and sawn beech
surfaces. The parts of tracheids still attached to these surfaces could act as
a reinforcement to the unfilled MUF glue that was used. The sanded
surface showed poorer glue penetration into the wood vessels than the
sawn, which may be the reason why the sanded surfaces gave lower joint
strengths than the sawn surfaces.

All pine sapwood specimens showed 100% wood failure, but the sawn
and sanded samples had higher failure stress than the planed; a conclusion
based on a limited number of planed specimens. The sawn heartwood
tested with double overlap joint had a significantly lower failure stress
than sawn sapwood. The double overlap test on sapwood specimens gave
significantly higher failure stresses than the single overlap test, most
likely because of the lower degree of peeling stress in double overlap test.
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Introduction
The influence of surface structure on adhesion has been examined by
many. If two solid surfaces are to be joined with a liquid adhesive, it is
evident that the adherends play an important part. The surface of wood
has a built in system of pores/lumens into which the adhesive can flow
and anchor itself; giving a large contact area between adherend and
adhesive. Mechanical interlocking is one of the adhesion mechanisms that
has been proposed. Whilst this mechanism has at times been discarded for
many materials, it is believed to have a significant influence on wood
adhesion 1.

The perfect surface structure which would give the best possible
anchoring of adhesives to wood has yet to be found; probably because of
the many different species of wood, types of glue and influence of other
factors such as the sharpness of the tools used for machining the surfaces,
the age of the surface. Nor is there a standard way of describing or
characterizing surface structure and appearance.

Knife or blade planed wood leaves clean-cut cells with very little
distortion compared to abrasive planed or sanded wood which often
exhibits a damaged surface and subsurface fibers which leads to more
pronounced separation in glue line after aging 2. Papers by Stewart and
others 3, 4, 5 show the same results, i.e. that knife planed surfaces have
higher bond strength than abrasive planed surfaces. This is thought to be
due to the negative cutting angle of the grains in the sandpaper which
results in the cutting force during sanding being more normal to the
surface and thus causing more crushing of the cells.

The wettability and shear strength of karri and jarrah hardwoods, sanded
by hand along the grain and glued with resorcinol-formaldehyde
increased with increasing abrasive paper roughness (12000 to 80 grit)6.
Control specimens, whose surfaces were planed, had shear strengths
comparable to sanding with 6000 grit and significantly lower wettability.
The shear strength loss when wet was much lower for the corse sanded
(80 grit) than for the control / planed specimens. Significant
improvements in dry shear strength were only achieved when sanding
with 80 and 120 grit abrasive paper. This is probably due to the fact that
sanding with finer grit sizes increases the possibility of clogging the
wood surface with fine abrasive dust, preventing glue penetration and
thus decreasing shear strength. The authors demonstrated greater glue
penetration into the wood prepared using 80 grit-sanded specimens than
the planed specimens.
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A method using fixed-knife pressure-bar planing showed a 10 percent
increase in the shear strength of glued sugar maple compared to those
prepared using a conventional peripheral planing technique. For white
spruce, no significantly different shear strength was detected, which
indicates that the surfaces of these two woods have the same apparent
roughness using both planing methods 7.

River 8 observed different shear strength in samples of yellow poplar and
red oak prepared for gluing using sawing and planing. The sawed edge
surfaces produced joints that gave lower values than those using planed
edges surfaces. Severe crushing of wood cells was observed in the sawn
specimens but very little damage was seen in planed latewood in red oak,
which also had high shear strength values. These findings are though not
to be directly comparable with the present investigation since this work is
about end-grain glued wood. Several studies have also been made on
surface structure and joint strength of glued wooden joints involving
ablated end-grain surfaces 9.

Objective
Several authors have studied the effect of different machining methods on
surface structure and glue line strength. However, no recent references
have been found where comparisons between conventional machining
techniques sawing and rotary planning have been made. The present work
compares conventional machining techniques (circular sawing, rotary
planing and sanding) and evaluates differences in glue line strength
between wooden surfaces prepared using these methods. The aim of this
work was to compare the practical adhesion strength for different surface
structures when gluing beech or pine with melamine urea formaldehyde.
Beech is the hardwood most commonly referred to in many European
standards and pine one of the most commonly used softwood. The
adhesion was measured using single and double overlap joint tests in
tension.

Method and material

Material
The wood used was clear wood from Scots Pine (Pinus sylvestris) and
Beech (Fagus sylvatica). Three different surface structures were produced
using three commonly used machining / finishing techniques; sawing
using a circular saw, planing with a rotary planer and sanding by hand in
the longitudinal direction with 150-grade sand paper. No specific
information was obtained regarding types of saws or planers and their
normal cutting speed and blade sharpness. The samples tested were
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prepared using laboratory scale equipment. The microscopy studies of the
cut surfaces indicated that the planer blade was not optimally sharp. The
sanded surfaces were lightly blown free of debris after sanding. Samples
of both wood species were prepared in the same machines using
approximately the same settings.

For the Scots Pine the presence of heartwood was checked using a
standard reagent10: Solution A: 5 g ortho-anisidine [2-methoxyaniline] in
a mixture of 20 ml concentrated hydrochloric acid (HCl) and 1000 ml
water. Solution B: 100 g sodium nitrite (NaNO2) in 1000 ml water. Equal
volumes of solution A and B were mixed and applied in drops on wood
surface. The presence of heartwood was shown by a red colour appearing
after approximately 30 seconds of exposure.

The resin used was a melamine urea formaldehyde (MUF), prepared
according to the formulation reported in Pizzi 11, with a ratio (M+U):F of
1:1.9. The resin was prepared to a degree of advancement as defined by a
water tolerance of 130%. The glue was used as prepared with a solid
content of 59% and a viscosity of 500 mPas at 20 rpm measured in RT.
The hardener used was 5 weight percent of 98% formic acid, giving a pH
of 5-6 and a potlife in room temperature (RT) of ca. 3.5 hours.

Gluing
Surfaces for gluing were 46-96 hours old, having been conditioned at
20°C and 65% relative humidity (RH). An excess of glue was spread on
both surfaces to be joined then assembled giving a bonded overlap of 25
x 25 mm. The joint was then clamped and left in the clamp for 22-38
hours followed by aging for 7-10 days at 20°C and 65% RH. The glued
surfaces were not purely tangential with a 30° angle between the surface
and the tangential direction being maintained. The same type of clamping
assembly described by Properzi 12 was used with a clamping pressure of
0.5-0.7 MPa.

Fracture testing
The single overlap test (see Figure 1) is perhaps the most common test
configuration for adhesive joints. It is cheap and easy to produce but will
not test the joint in pure shear which is preferred. The double overlap test
overcomes the loading eccentricity associated with the single overlap test
and peel stresses are thus reduced 13. Single overlap joint (SJ) specimens
were made in dimensions of 115 x 25 x 3 mm (length x width x
thickness). Double overlap joint (DJ) specimens for tensile testing were
made with the same dimensions. The length of the specimens was in the
longitudinal direction.
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The adhesion of the specimens was measured using an Instron 4467 with
cat# 2716-015 claws. The maximum force for fracture at a constant speed
of 4 mm/min was recorded for each specimen. Loose pieces of 3mm thick
Pine or Beech wood were used during fracture testing to centre the SJ in
the jaws. For the DJ samples, a loose piece of pine or beech wood was
inserted on the double side, see Figure 1. The percentage of wood failure
was determined by visual inspection.

Microscopy
The Scanning Electron Microscope (SEM) used was a Jeol JSM 5200 at
an acceleration voltage of 20kV. The glued wood specimens were
softened in water at approximately 80°C for 15 minutes before samples
for SEM were cut along the glue line across the fibers using a microtome.
The specimens were dried and then sputter coated with gold.

Statistical analysis
A one sample analysis t-test was made with a confidence interval of 95%
using StatView 4.01 from Abacus Concepts Inc. This shows with 95%
confidence where the mean value for new measurements would lie.

Projection to latent structures (PLS) modeling (multivariate analysis) was
carried out using SimcaP 8.0 from Umetrics, Box 7960, SE-907 19
Umeå, Sweden. For the multivariate analysis data was included for single
overlap planed beech samples with 200 hours from planing to gluing and
for double overlap sawn beech samples with 700 hours from sawing to
gluing. The results for beech and pine were analyzed separately with
dummy variables set for the different surface structures and dummy
variable 1 for double overlap and 0 for single overlap test. A variable
named heartwood was used for the pine, heartwood specimens were
labeled with dummy variable 1, sapwood specimens with 0 and planed
specimens consisting of both sapwood and heartwood had dummy
variable 0.5. As dependent y-variables, failure stress and percent wood
failure were used.

Results and discussion

Fracture tests on beech
Fracture tests of single and double overlap joints made from sawn, sanded
and planed beech glued with melamine urea formaldehyde (MUF) were
carried out (see Figure 2). For both types of joints, the sawn surfaces gave
the strongest joint and the planed surfaces the weakest joint. The mean
strength was also statistically different with a 95% confidence interval.
The mean value for the double lap test using sawn samples was 65%



6

higher than that using the planed samples (58% higher for the single
overlap test). Joints using the sanded surfaces failed at stresses
somewhere between the other two. Belfas et. al 6 found the same
tendency of higher joint shear strength for sanded wood compared to
planed wood, in particular the wet shear strength was higher (only 80 grit
sanded surfaces tested). This was explained as being due to greater
penetration of the glue into the sanded specimens. The stresses for the
double overlap tests were slightly higher than for the single overlap tests,
but the difference was not statistically significant. The higher failure
stress was expected since the peel stresses are lower in the double overlap
test and should give higher failure values.

The proportion of wood that had failed during fracture was determined
from manual inspection of the fractured wood surfaces (see Figure 3).
These results were plotted against failure stress which showed a large
difference between the performance of the different surface structures. No
apparent difference was observed between the two methods (SJ and DJ).
All the specimens prepared using sawing had 100% wood failure; the
weakest point of the joint being the wood itself. The specimens prepared
using planing and sanding showed a somewhat linear relationship
between stress at failure and proportion of wood failure, with the curve
leveling out at 100% wood failure. All the DJ specimens prepared using
planing gave low levels of wood failure some SJ samples though gave
100% wood failure; two with failure stress of 4.5 and 4.8MPa
respectively. The joints involving sawn surfaces gave the highest failure
stress and percent wood failure in both single and double overlap tests.

Fracture tests on pine
Sawn, sanded and planed pine glued with MUF were tested in single and
double overlap tests until failure (see Figure 4). The samples were of
sapwood, heartwood and some with both sap- and heartwood. The first
three data points in Figure 4 for SJ and DJ tests are for the sapwood
specimens. It can be seen that the stress at failure was about the same for
sawn and sanded specimens for both SJ and DJ. The planed sapwood
appeared weakest from the limited number of measurements made; for
the DJ tests only three.

The wood for these tests was originally intended to be sapwood.
However, after all the tests had been made a test using heartwood reagent
revealed that most of the planed specimens consisted of both heartwood
and sapwood. The number of planed samples consisting purely of
sapwood were too low for any reliable statistical analysis, but the t-test
nevertheless showed a clear difference between the planed surface and
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the other two surfaces. This conclusion was confirmed by the comparison
showing the dependence of failure stress on surface structure in the beech
samples. Some specimens made from sawn heartwood were tested (see
Figure 4), and it was clear that DJ made from heartwood have
considerably lower adhesion strength.

The DJ measurements gave significantly higher failure stresses than for
the SJ tests for all surface structures. For the beech, however, the
differences were small. The double overlap test overcomes the loading
eccentricity associated with the SJ tests which reduces peel stresses. It is
plausible that pine is more susceptible to failure due to peel stresses than
beech since the loading method had a greater influence on the results for
the pine samples. It can be concluded that the SJ test is probably not
appropriate for testing glued pine joints.

The percent of wood failure plotted against failure stress for pine (see
Figure 5) shows a similar appearance to that seen in Figure 3 for beech;
with a somewhat linear relationship leveling out at 100% wood failure.
All of the sawn sapwood specimens, all but four of the sanded sapwood
specimens and all of the planed sapwood specimens had 100% wood
failure. Low levels of wood failure were seen in the sawn heartwood
specimens, a few sanded sapwood specimens and the planed heartwood
and mixed heartwood:sapwood specimens. The differences in proportion
of wood failure appear to be almost exclusively dependent on the
presence of heartwood. No dependence on surface structure could be
observed with any certainty.

Multivariate analysis
It is possibile to analyse the failure stress and percentage of wood failure
in combination to more accurately differentiate between the three
different surface structures investigated. This is done using multivariate
analysis. This technique also allowed the surface age before gluing,
clamping time and conditioning time prior to fracture testing to be
incorporated in the analysis. For the beech, additional data using older
surface before gluing were included (6 planed SJ specimens stored for 8
days and 9 sawed SJ and DJ specimens stored for 29 days). The dummy
variables used were 1 for double overlap and 0 for single overlap. The
dependent y-variables used were failure stress and percent wood failure.

Multivariate analysis on beech
A PLS analysis (projection to latent structures) was made for the data
obtained from the beech samples and gave one principal component (pc)
with Q2=0.445, R2X=0.332 and R2Y= 0.475 (see Figure 6). This is quite a
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good level of explanation on a single pc, at least for the dependent
variables failure stress and percent wood failure. The description of x-
data was low, indicating a low level of information in some variables, for
example method, time to testing and pressing time. The sawn surfaces
gave a high contribution to y-variables which separated sawn surfaces
from sanded. This was not the case using traditional statistical analysis.
The improvement was due to the incorporation of percent wood failure
into the PLS model. Sanded and planed surfaces were not clearly
separated and gave negative contributions in the model. As expected from
Figure 2, the variable method (SJ, DJ) gave almost no contribution, and
could have been excluded for the beech samples.

Multivariate analysis on pine
A PLS analysis on data from the pine samples gave three principal
components; Q2(cum)=0.636, R2X(cum)= 0.640 and R2Y(cum)= 0.513. A
variable named heartwood was used, fully heartwood specimens were
labeled with dummy variable 1, fully sapwood specimens with 0 and
planed specimens having both sapwood and heartwood had dummy
variable 0.5. As dependent y-variables failure stress and percent wood
failure were again chosen.

In Figure 7 it can be seen that method gave a positive contribution for the
y-variables, as it did in classical statistical analysis. A sanded surface
gave a positive contribution to failure stress and percent wood-failure.
Sawn, planed and heartwood gave negative a contribution. This is not a
sound analysis, since the sawn sapwood gave y-values as high as those
for the sanded. No data was available for sanded samples with 100%
heartwood and the multivariate analysis is obviously not able to
accurately discriminate between surface structure and heartwood
contents. The presence of heartwood strongly decreases values of y-
variables and this influences the model. If enough data for all surface
structures with both sapwood and heartwood had been available, it is
possible that the influence of surface structure on the y-variables could
have been more accurately detected by the multivariate analysis.

An analysis of only sapwood is meaningless on this data since almost all
sapwood specimens gave 100% wood failure and hence the possibility to
extract more information with combination of two dependent y-variables
is lost.
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Scanning electron microscopy on beech surfaces
The beech samples showed a significant difference in the fracture stress
and wood percent failure between the three different surface structures.
The reason for this could be due to either physical or chemical differences
in the surfaces. Scanning electron microscopy (SEM) was used to reveal
differences in the physical structure of the ‘as machined’ surfaces.
Chemical differences were not investigated in this work. For pine the
difference was not so clear. The presence of heartwood in some of the
samples clouded the analysis and the SEM study was therefore limited to
only beech wood.

SEM micrographs of the tangential surface of sawn, sanded and planed
beech are presented in Figure 8. Like the samples used for the fracture
tests, the surfaces of the SEM samples were handled carefully after
machining. The sanded surface was lightly blown free of excess dust.
Deep gouges could be observed in the sawn surface where tracheids had
been torn off (see Figure 8a) but a large percentage of the sawn surface
had a rather smooth appearance (Figure 8b) but full of loose debris and
parts of tracheids still attached to the wood. The sanded surface (Figure
8c) was smoother with no apparent gouges, but with an abundance of
loose debris and some attached parts of tracheids. The planed surface
(Figure 8d) was different in appearance with a smooth and plane surface,
the tracheids had an almost smeared out appearance as can be seen in the
left part of Figure 8d. There was very little debris on the surface and
seemingly few places for the adhesive to penetrate the surface into non-
damaged wood, except at the lumens which can be seen at the right hand
side of Figure 8d.

The structure of the glue line for beech samples prepared for fracture tests
was also examined in SEM. A cut was made along the glue line across
the fibers. The sawn surface had a rather thick and irregular glue line,
sometimes more than 50µm thick (see Fig. 9a). There was an abundance
of filled vessels around the glue line, some were found at a distance of
400µm from the glue line. Fibers filled with glue was also found close to
the glue line.

The sanded surfaces exhibited very low penetration of glue into vessels,
very few filled vessels were found, at most 100µm from the glue line, and
glue filled fibers close to the glue line were also observed (see Fig. 9b). A
smoother glue line than for the sawn surface was observed with fewer
glue rich areas. The low penetration could be explained by the presence
of small particles or debris produced during sanding which was not



10

removed prior to gluing which may have blocked openings and hindered
penetration of the glue into the wood 6.

The planed surfaces gave the smoothest and narrowest glue line (see Fig.
9c). There was also good penetration of glue into vessels, similar to that
for the sawn surface. Many vessels were filled with glue; at most about
350µm from the glue line. The penetration into fibers for the planed
surface was at most two fibers deep which is the same as that observed in
the sawn and sanded surfaces. The planed surface shown in Fig. 8d
showed smeared fibers but the vessels are open for penetration. The lower
penetration into the sanded surfaces compared to the planed surfaces is
the opposite of that observed by Belfas el al. 6 who found a higher
penetration into sanded (80 grit) surfaces than planed; probably because
of the different grit size of paper used in the present work (150 grit). The
sharpness of the blades used for planing has a significant effect on the
microscopic structure of softwood. Singh et al. 14 showed a narrow glue
line and penetration of PVAc glue up to three cells deep for Pinus radiata.
When planing with dull blades, a thick glue line with severely distorted
and crushed cells several cells deep were observed with low penetration
of glue. The surface appearance of the planed beech wood in the present
work suggests planing with dull blades results in a few layers of crushed
cells but not the depth of damage seen for softwoods. The penetration of
MUF glue into beech fibers would probably be very low even for a knife
planed surface due to the small pit openings. The penetration path into
beech seen in the present work is through vessels and rays which were
not smeared out during the planing operation.

The lower strength and wood failure observed in planed surfaces
compared to the sawn surfaces cannot be explained simply by lower
penetration of glue into vessels since both structures had similar
penetration; i.e. up to 400 µm. All three kinds of machined surfaces had
glue penetration into fibers close to the glue line, with perhaps slightly
higher penetration for the sawn surfaces. The presence of debris on the
surface of the sawn and sanded surfaces but not for planed surface is one
possible explanation for the lower adhesion strength of the planed
surfaces. It is possible that the debris could act as a reinforcement in the
glue; especially considering that the MUF glue used was not a
commercial glue, and had no fillers as would usually be the case in
normal commercial products.

The penetration of glue into the wood was primarily into vessels. If a
damaged layer of wood cells covered the surface, it would be difficult for
the glue to penetrate, giving low strength. For the planed surfaces the glue
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could penetrate into the vessels but not necessarily deep enough into
fibers down to undamaged wood which would be necessary to give a high
joint strength. A thin layer of wood on apparently wood free glue
fractures would not be easily observed in the visual inspection used to
determine percent wood failure. The reason for the sawn surface giving
higher fracture stresses than the sanded surface cannot be satisfactory
explained only by differences in penetration. The actual area of a sawn
surface is larger than a sanded surface, which would give a larger bonding
area and therefore the possibility of a higher fracture stress.

Conclusions
For beech the sawn surfaces gave the highest failure stress and percent
wood failure for both single and double overlap tests. Most measurements
on sanded and planed specimens showed less than 100% wood failure.
No apparent differences in failure stress and percent wood failure
between the methods were found.

All pine sapwood specimens showed 100% wood failure, but the sawn
and sanded surfaces had higher failure stress than the planed; although
this conclusion is based on a limited number of planed specimens. The
double overlap test gave significantly higher failure stresses than the
single overlap test, most likely due to the decreased amount of peeling
stress in the double overlap test.

Multivariate analysis could discriminate between sawn and sanded beech
due to dependence of both failure stress and percent wood failure on the
results. For pine very little additional information was obtained with
multivariate analysis compared to statistical analysis. This is mainly due
to the few sapwood specimens tested and because almost all sapwood
specimens had 100% wood failure.

SEM showed more debris on the sanded and sawn beech surfaces, which
could act as reinforcement in the unfilled MUF glue that was used. Parts
of tracheids still attached to the surface can also contribute to adhesion
strength and were present on the sawn and sanded surfaces but far less on
the planed surfaces. The sanded surface showed poor glue penetration
into the wood at the glue line whilst the sawn and planed surfaces had
similar penetration, which is one possible reason why the sanded surfaces
gave lower joint strengths than the sawn surfaces
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a) b)

Figure 1: Specimens for a) single overlap joint (SJ) and b) double overlap joint (DJ) in
tension.
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Figure 2: Fracture testing of glued beech. Bars represent 95% confidence interval of
one-sample t-test. Number of specimens for each analysis from left is: 11, 11, 12, 10,
11, 11.
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Figure 4: Fracture testing of glued pine with different surface structures. Specimens
were made of sapwood (sw) or heartwood (hw). Bars represent 95% confidence
interval of one-sample t-test. Number of specimens for each analysis from left was:
11, 20, 6, 14, 6 in single overlap joint and 12, 13, 3, 12, 8 in double overlap joint.
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Figure 5: Percent wood failure in fracture test on glued pine. Open symbols are single
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Figure 8: Scanning electron micrograph of tangential surface of beech, a and b) sawn
c) sanded and d) planed. The longitudinal direction of wood was vertical in the
micrographs.
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Figure 9: Scanning electron micrograph of glueline in beech. The glueline was
horisontal in the micrographs. a) sawn b) sanded and c) planed surfaces glued with
MUF.
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