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The importance of wood bonding increased in the last decades due to the 

increased usage of wood composites whose performance depends to a large extent on 

the adhesive penetration and subsequent bonding of the adherends. The presented 

research used XMT (x-ray microtomography) to perform a non-destructive, three-

dimensional analysis of the adhesive bondline and wood-structure of Southern yellow 

pine, Douglas-fir and yellow-poplar samples. A phenol-formaldehyde adhesive was 

used. The sodium hydroxide catalyst was replaced with rubidium hydroxide during 

resin formulation. This was done to improve the image contrast. The reconstructions 

of the wood structure of Southern yellow pine showed tracheids, rays, fusiform rays, 

resin canals and pits. On the Douglas-fir sample tracheids, pits and rays were 

displayed clearly. The yellow-poplar images showed vessels, fibers, bordered pits, 

scalariform sieve plates and rays. 

The renderings of the adhesive-bondline of Southern yellow pine proved the 

dominant role of tracheids for the adhesive flow and showed rays as a secondary 

pathway of adhesive flow. The results revealed no adhesive flow occured through 

bordered pits, while simple pits permitted some adhesive flow through ray 



parenchyma. The results for Douglas-fir showed a similar result; the tracheids were 

the predominant path of adhesive penetration, while rays played a secondary role and 

no adhesive flow through the pit aperture was visible. The adhesive flow through the 

microstructure of yellow-poplar wood occured mainly through vessels and also 

through rays, but no adhesive flow through the pits was directly observed. The 

segmentation of the images in three phases: void space, cell wall substance and 

adhesive, enabled the calculation of the effective bondline thickness based on the 

adhesive, as well as the volumetric measurement of all three elements and their share 

on the sample volume. 

Subsequent experiments showed that the exposure of the Southern yellow pine 

and yellow-poplar bondlines to cyclic moisture did not cause delaminations or cracks. 

However, there were some indicators that the samples experienced some irreversible 

swelling.  

Finally, the generation of 3-D animations of wood samples and bondlines of 

Southern yellow pine, Douglas-fir and yellow poplar was achieved. This animation 

was a way to present the results of this research in a quick and accessible way that 

illustrates the three-dimensional microstructure of a wood-adhesive bond.    
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1 INTRODUCTION AND OBJECTIVES 

1.1 Introduction 

Wood is one of the most important renewable raw materials and has for 

thousands of years been an irreplaceable part of everyday life. The worldwide annual 

wood harvest comprises of 3.4-billion m3 of wood, with half of it being processed 

while the other half is used as fuel, mainly in developing countries (Huester, Rilling et 

al. 2002). Next to the well known uses of wood for construction, furniture and paper, it 

is also an important raw material for clothing, food ingredients and uncountable other 

items.  

In North America, forests provide invaluable places for recreation, wildlife and 

ecology; however, they also satisfy the need of mankind for wood. Wood is grown in 

these forests as trees, which are typically harvested at an age of 30-100 years when 

they have grown to a satisfactory dimension. All trees belong to the group of woody 

plants which must fulfill several criteria: 

1. Plant must be vascular 

2. Plant must be perennial 

3. Stem shows secondary thickening  

All woody plants can be subdivided into three types: trees, shrubs and woody lianas. 

To be considered a tree, a woody plant must have a height of at least 6.5 m (20ft) at 

maturity and have a single self-supporting stem (Panshin and de Zeeuw 1980). 

COMPUTED TOMOGRAPHY ANALYSIS OF WOOD-ADHESIVE BONDS  
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All trees belong to the division Spermatophytes. A single tree belongs either to 

the class of Gymnosperms (conifers) or Angiosperms (deciduous trees). Trees are the 

raw material for the production of all the invaluable products and goods for mankind’s 

needs. Therefore, research and analysis of the various uses and applications of forest 

products have a large impact on the US economy (Steppe, Cnudde et al. 2004). 

 

1.2 Justification 

Wood is the most important element in contemporary construction in North 

America. Today 90% of the residential housing in North America is made out of 

wood, which shows its huge importance for the daily life of all people, and especially 

in highly industrialized nations such as the USA and Canada. In the last 10 years about 

1.7 million single and multifamily houses have been constructed each year, with each 

consuming a huge amount of adhesive bonded wood products (Anonymous 2008). 

Composites are two or more elements held together by a matrix (Berglund, Rowell, 

2005). In the case of wood composites the elements are the wood adherends and the 

matrix is the adhesive.   

Wood composites are quite a new element in residential construction. Wood 

composites were introduced in construction as recently as the 20th century. The key 

factor for the development of wood adhesive bonded products was the development of 

waterproof adhesive in the 1930s, which enabled the use of these products in structural 

applications. This is so critical since during the construction and service life of wood 

composites, water can come into contact with the product. With waterproof adhesive, 
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wood composites could be used even in construction projects that have a high 

probability of moisture coming into contact with wood.  

The first wood composite for structural application was glulam. It was 

followed by plywood, which quickly became a staple in housing construction. Further 

important steps in the development of wood composites were the invention of 

waferboard and OSB in the second half of the 20th century. Wood composites that 

have been introduced in the last decades in to residential construction are LVL 

(laminated veneer lumber), OSL (oriented strand lumber), I-beams and finger joint 

studs. In the last years, OSB was able to replace plywood as the predominant 

structural panel. The main wood species for the production of plywood in North 

America are Douglas-fir (Pseudotsuga menziesii) and Southern yellow pine (Pinus 

spp.), and for OSB aspen (Populus tremuloides) and Southern yellow pine (Pinus 

spp.) are most widely used. Southern yellow pine is a trade name for a group of pines, 

which for commercial production is comprised of loblolly pine (Pinus taeda), slash 

pine (Pinus elliottii) and long leaf pine (Pinus palustris). 

The development of wood composites for structural applications marked a 

huge development in the last century and is now at a stage where nearly all wood 

products in a house can be made out of wood composites.  

Today wood composites have huge importance for the construction industry in 

North America. In 2006 the annual production of OSB in North America was 26,420 

million square feet (on a 3/8” base) and of plywood 15,973 million square feet (on a 

3/8” base) (Adair 2007). In 1992, every new American single family house consumed, 
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per square feet foot print, 9.7 cubic feet of structural panels (softwood plywood, OSB) 

and 3.2 cubic feet of nonstructural panels (insulating board, hardboard, particle board, 

hardwood plywood) (McKeever and Phelps 1994). In 2007, the average price for a 

new single family home in the US was $314,000 (Anonymous 2008). The average 

single home size was 2,479 ft2 in 2007, the cost of structural panels was about $350 

per 1,000 ft2 (3/8” thickness basis) and of nonstructural panels about $400 per 1,000 

ft2 (3/4” thickness basis). These numbers show the tremendous importance and value 

of wood composites in the North American construction industry.  

Without adhesive and a good wood-adhesive bondline, a wood composite can 

not able to carry the assigned load. The amount of adhesive penetrating the wood 

during the production of the wood composites substantially affects the bond quality. A 

shallow penetration allows only little internal surface contact for chemical bonding 

and mechanical interlocking. The optimal amount of resin penetration repairs the 

processing damage on the wood surface, which was caused by the wood surface 

preparation, and allows a good stress transfer between the bonded laminates (Johnson 

and Kamke 1992). However, the optimal penetration depth of adhesive is not known 

(Sernek, Resnik et al. 1999). Due to this high importance of the adhesive penetration, 

the wood-adhesive bond has been analyzed in the past extensively with many different 

techniques like light microscopy (Hancock and Northcott 1961; Hse 1968), 

fluorescence microscopy (Brady and Kamke 1988), SEM (scanning electron 

microscopy) (Koran and Vasishth 1972) and cured resin cast (Saiki, Goto et al. 1975). 

All these techniques are able to provide valuable information about bonding, but they 
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are destructive, which limits the information they can provide. Wood composites are 

tremendously important for every inhabitant of North America and consequently the 

wood-adhesive bond deserves further analysis.  

Wood as a natural product is sensitive to changing environmental conditions. 

As a hygroscopic and orthotropic material, it changes weight and dimension when 

exposed to water or humidity. Consequently, when the wood composites in a house 

are exposed to water and humidity they change their dimensions. This can happen 

when the wood composites are exposed to the environment during construction or 

when water invades the house in the later service life due to damage, condensation or 

construction damages. When wood composites are exposed to such conditions the 

wooden part swells and shrinks, while the adhesive does not show any dimensional 

changes. This different dimensional behavior of these intimately connected elements 

causes severe stress at the wood-adhesive interface and can result in the delamination 

of the bonding (River, Vick et al. 1991). Due to the behavior of the bondline, special 

analysis of the wood-adhesive interface can reveal valuable information about the 

effects of the swell and shrinkage cycles.  

Microtomography has been a common tool for over 30 years to investigate 

internal structures. This technique has mainly been used on human tissue, but in the 

last 20 years it has also become more common in material sciences. Recent research 

has demonstrated that microtomography is a suitable tool to analyze wood (Illman and 

Dowd 1999; Steppe, Cnudde et al. 2004). A major downside of these experiments is 

that the resolution of these tomograms does not permit the observation of small wood 
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features like pits, which are an important element of intercellular adhesive penetration 

of fluids. 

The goal of this research is to overcome this obstacle by using high-resolution 

microtomography to investigate bonded wood samples. Furthermore, the effect of 

cyclic swell and shrinkage on the bondline will be investigated. Only the non-

destructive approach of microtomography permits a direct comparison of the two 

states before and after cyclic swell and shrinkage. This is especially relevant since 

substantial change in this wood-adhesive interface would weaken the wood-adhesive 

bond. 

Part of the nature of microtomography is that the complete sample is scanned, 

just a subsection of it. This enables detailed measurements like the measurement of the 

complete adhesive volume, the cell wall volume, and void volume of a wood sample. 

Because of the complete mapping of the analyzed volume, it is even possible to create 

3-D animations of the analyzed sample, the wood and the adhesive. These 3-D 

animations would be a valuable source of information for students and scholars. In 

addition, the measurement of bondline thickness cannot only be done on a few slices, 

but at any 2D plane in the volume of interest. A high number of measurements is 

especially important since the exact determination of the point of deepest resin 

penetration is quite difficult, since the penetration is highly variable. 

The experiments have been performed at the Advanced Photon Source (APS) 

at the Argonne National Laboratory (Argonne, IL) on 2 beam lines with different 
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image resolution. Further data processing was done at the Wood Science and 

Engineering Department of Oregon State University.  

 

1.3 Technical objectives 

The experiments were designed to address the following objectives: 

1. Produce detailed, micron-scale 3-D reconstructions of the structure of 

three wood species.  

2. Determine if the XMT contrast agent separates from the adhesive.  

3. Determine the primary pathway for the flow of adhesive through each 

of the wood species studied. 

4. Demonstrate that quantitative morphological  measurement of adhesive 

bonds is possible 

5. Detect morphological changes in wood adhesive bonds as result of 

moisture exposure 
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2 LITERATURE REVIEW  

2.1 Introduction  

In the last decades interest in wood production and processing has increased, 

due to the renewability, low energy input during processing and efficient uses of 

wood. It is also one of the most abundant materials on earth (Marra 1992). The 

bonding of wood allows production of shapes of wood that the naturally growing tree 

cannot provide, allows utilization of wood residues, and allows production of 

materials with special properties. Bonded wood is present nearly everywhere: in 

plywood flooring, in particleboard of furniture and in frames of doors.  

The start of the history of bonding wood is not clear and many authors report 

different dates. River, Vick et al. (1991) suggest that adhesive bonding was begun in 

about 1500 B.C. by the Egyptians, whereas others believe adhesive bonding goes back 

to early mankind (Keimel 2004; Frihart 2005). The oldest evidence for the bonding of 

wood was found on wall carvings in Thebes (Egypt), which showed thin wood veneers 

bonded by hot animal adhesive to a plank of wood. The first connection of wood for 

structural joints by adhesives can be dated back to the 8th century B.C. and was found 

on a table which was preserved in a tomb in Asia Minor (River, Vick et al. 1991).  

The current trend in the forest products industry is the increase of the bonding 

of wood due to the usage of smaller diameter trees and the production of more 

engineered wood products. Engineered wood products require a high amount of 

adhesives, therefore, their growing production increases the demand for adhesives. 
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The largest demand for adhesives is in the manufacture of panel products like 

plywood, oriented strand board (OSB), medium density fiberboard (MDF) and 

particleboard (Frihart 2005). Adhesive bonded wood products today account for 

approximately 50% of all processed wood. The demand of the forest products industry 

is so high that each year huge amounts of adhesive are used.  

The quality of these forest products depends strongly on the performance of 

the adhesive bond. Some of the most important factors which affect bonding are the 

anatomical, physical, chemical and mechanical properties of the wood, which can be 

influenced only to a certain extent by forest plantation management. Other important 

factors that can influence the production are the amount of resin, its distribution and 

the cure rate of the resin. This connecting of wood with adhesive enables the 

homogenization of heterogeneous logs into homogeneous products (Marra 1992). 

In general, wood provides a good substrate for adhesion (Davis 1997); 

however, it is a more complex bonding surface than the surfaces of most adhesive 

applications. One reason is the variability of the wood surface, which can be attributed 

to the anisotropic nature of wood, the difference between heartwood and sapwood, 

earlywood and latewood, reaction wood and normal wood, and the slope of grain. All 

these factors increase the complexity of wood adhesive interaction since each of them 

can behave differently in the bondline process (Frihart 2005). 

An adhesive is a substance that is capable of bonding materials together by 

surface attachment. Adhesion is the state in which two surfaces are held together by 
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interfacial forces which may consist of valence forces, interlocking action or both of 

these (Anonymous 1989).  

Marra (1992) subdivided the adhesive bond forming process into flow, 

wetting, transfer, penetration and solidification. Flow is the movement of the adhesive 

over the surface and the ability of the adhesive to form a droplet with a low contact 

angle is described by wetting (Frihart 2005). The movement of the adhesive from one 

adherend to the opposite adherends and its wetting is called transfer (River, Vick et al. 

1991). This ensures that both adherends have an adequate amount of adhesive on their 

surface. Penetration is the wetting of the microstructure of the wood in terms of the 

movement of the adhesive into the wood structure. Solidification is the conversion of 

the liquid adhesive into a solid state. This can be accomplished by cooling, chemical 

reaction or polymerization (Frihart 2005). All these single steps occur each time a 

good wood-adhesive bond is created. 

 

The following definitions regarding the bonded wood are used through this 

dissertation (Figure 2.1) 

 Adherends: The solid elements that are connected by adhesive.  

 Interphase/ Adhesive penetration: The wood substance which is penetrated by 

adhesive. Wood as well as adhesive is present. 

 Adhesive bondline: The adhesive which is located between the two adherends 

without penetrating into them. The thickness is expressed in µm. 
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 Bondline: The interphase in both adherends plus the adhesive bondline. The 

thickness is expressed in µm. 

 Effective bondline thickness: The area of adhesive in the interphase and 

adhesive bondline on an image divided by the length of the bondline. The 

thickness is expressed in µm. 

 Interface: The boundary between the interphase and the adhesive bondline 

 

A good bonding requires even surfaces, homogeneous distribution of resin and 

complete contact between the surfaces. If these requirements are not met, this has to 

be compensated for with more adhesive and a higher degree of penetration (Suchsland 

1958). 

Adhesion strength is defined as the mechanical force necessary to pull the 

substrates apart which are bonded together (Frihart 2005). Failure is the separation of 

a wood-adhesive bond during destructive testing or in service, which results in the loss 

of its function. Failure of a bond may occur in the substrate at the interface, in the pure 

adhesive, or in the interphase zone. If bonding is performed well, it is often indicated 

by a high degree of wood failure. Consequently, the study of adhesive penetration into 

wood may help for the development of new adhesive systems or improved bonding 

processes (Furuno, Hse et al. 1983). 
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2.2 Adhesives Used to Manufacture Wood Composites 

2.2.1 Introduction  

A crucial component of resin penetration is the adhesive used in the bonding 

process. The most common adhesives used in the manufacture of wood composites are 

PF (phenol formaldehyde), pMDI (polymeric methylenediphenyl diisocyanate), UF 

(urea formaldehyde) and MUF (melamine urea formaldehyde). All these adhesives can 

be divided based on their resistance in water in two classes. PF and pMDI are stable, 

while MUF and UF resins are not stable in water (River, Vick et al. 1991).  

All these resins are thermoset adhesives, defined as adhesive that are 

crosslinked polymeric resins that are cured using heat and/or heat and pressure. Cured 

thermoset resins may soften when heated, but do not melt or flow, while 

thermoplastics will melt after reaching the melting point (Anonymous 2008). To 

provide a high modulus, the solidified adhesive must prevent any significant 

elongation when load is applied. But the disadvantage of a resin with a high modulus 

is the associated brittleness. PF, UF and pMDI resins are brittle and have a low creep, 

but they will retain their shape under force. Creep describes the behavior of a material 

to slowly deform under the influence of permanent load. When the temperature 

increases, they become more ductile (Frihart 2005). 

Waterborne adhesives, such as PF or UF resins, are heterogeneous and prone 

to separation when the water is adsorbed by the cell walls (Kamke and Lee 2007). 

Water is needed to provide the required fluid characteristics of the adhesive. However, 

pMDI does not use such a carrier; it is 100 percent pre-polymer.  
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When the adhesive has completed the transition from a liquid to a solid state, 

the process of adhesion or the cure of the adhesive is completed. This curing can be 

done by solvent loss, cooling of a hot melt or chemical reaction. PF, UF and MUF 

adhesives cure by a combination of solvent loss and chemical reaction, whereas 

chemical reaction creates the chain extension and cross-linking in pMDI (River, Vick 

et al. 1991). All these adhesives have different characteristics so that each has its 

specific field of application.  

 

2.2.2 PF (Phenol formaldehyde) Resin 

The most common adhesive for wood composites in outdoor applications is PF 

resin (see Figure 2). PF resins are a mixture of polymer molecules with molecular 

weights, conformations, and different degrees of substitution with methyol groups and 

methylene linkages. In addition, they are waterborne and polar (Frihart 2005). 

PF resins for plywood are commonly blended with extenders, fillers and 

caustic soda. These additives adjust the resin to the right level of viscosity (Gollob, 

Krahmer et al. 1985; Ebewele, River et al. 1986).  

PF resins are subdivided into novolaks and resole; Novolaks have a 

formaldehyde/phenol ratio of less than 1 and are generally made under acidic 

conditions, while resole resins have a formaldehyde/phenol ratio of higher than 1 and 

are made under caustic conditions. In most wood bonding applications resole resins 

are used because they have good wetting properties and the cure is delayed until 

activated by the heat, which allows enough product assembly time. These resoles have 
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a formaldehyde/phenol ratio of 1.0-3.0 and a pH value of 7-13. The high causticity of 

PF resin is able to bond even with contaminated surfaces (Frihart 2005). After the PF 

resin is applied to wood, the low molecular weight components of the PF resin causes 

the cell walls to swell (Frazier and Ni 1998). This penetration into the cell walls is 

possible because PF resins have hydrogen bonding functionalities (Gindl, Schoeberl et 

al. 2004). The swell allows some molecules to penetrate into the cell walls, but due to 

the small quantities of resin, only the immediately vicinity of the cell wall swells and 

not the whole cell wall (Wilson, Gregory et al. 1979; Frihart 2005). Resole resins 

plasticize the wood, but they make the bonded panel more hygroscopic and can create 

excessive swelling of composite panels (River, Vick et al. 1991). Despite this, resoles 

are still the most common PF resins. 

 

2.2.3 pMDI (polymeric methylenediphenyl diisocyanate) 

Another common adhesive in the forest products industry for water-resistant 

bonding is pMDI. This adhesive has been used in the forest products industry since the 

early 1970s and is mainly used for the core layer of OSB (oriented strand board), but 

sometimes is also used for the face layer (Buckley, Phanopoulos et al. 2002; Frihart 

2005). pMDI is a mixture of reactive monomers and oligomers with an average 

molecular weight that is lower than other wood binding thermosets (see Figure 3).  

The molecular weight of PF and UF resins (see 2.3.4) is typically one to two 

orders of magnitude higher than pMDI. In the pMDI-wood adhesive mechanism, 

hydrogen bonds are major components (Frazier and Ni 1998). The isocyanates groups 
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in the pMDI have a high reactivity with groups that contain hydrogen (Frazier and Ni 

1998; Frihart 2005). In wood, this reaction occurs mainly with the lignin and only to a 

small extent with the cellulose (Buckley, Phanopoulos et al. 2002). This chemical 

reaction of the pMDI bonding process requires water for polymerization and usually 

the moisture present in the wood is sufficient for polymerization (River, Vick et al. 

1991; Frihart 2005).  

The main advantage of pMDI compared to PF resin is its rapid cure, stronger 

bonding, ability to work at low application rates and high tolerance for different 

materials (Buckley, Phanopoulos et al. 2002; Frihart 2005). The main disadvantage of 

pMDI is its high cost and its difficult processing (Zheng, Fox et al. 2004). Its high 

tolerance for bonding onto different materials sometimes proves to be a downside in 

manufacturing because it bonds to the manufacturing equipment. Since pMDI is a 

hazardous material, extensive safety measures have to be undertaken to ensure safe 

processing. In addition, pMDI resin has a low viscosity and a rapid penetration into 

the wood but, in contrast to other resins, this occurs without a starved bondline 

(Frihart 2005). A starved bondline means that all adhesive penetrates into the wood 

and no adhesive remained  between the adherends. This quick penetration can result in 

an asymmetric bond line, since it starts immediately after the resin is applied 

(Buckley, Phanopoulos et al. 2002). Finally, pMDI bonds have a lower hardness than 

PF bonds (Gindl, Schoeberl et al. 2004), which causes it to be less brittle than PF 

resins. 
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2.2.4 UF (Urea formaldehyde) Resin 

A further important resin for wood panel production is UF resin (see Figure 4). 

It is a common resin for the production of particleboard, MDF (medium density 

fiberboard) and plywood for interior applications. It is relatively inexpensive and has a 

light color bondline. UF cures under acidic conditions and the cure occurs faster than 

for most other resins, resulting in a shorter pressing time. The main disadvantage of 

UF resin is its low resistance to water exposure, which makes it unsuitable for outdoor 

applications. Its low resistivity to hydrolysis causes formaldehyde emissions during its 

service life that can be in conflict with formaldehyde emissions regulations and limit 

its application in indoor panels. A recent example of such a regulation is the section 

93120.12, title 17 of the California Code of Regulations, which is an airborne toxic 

control measure to reduce formaldehyde emissions from composite wood products. 

The measure drastically reduces the permitted formaldehyde emission from wooden 

panels.  

A special case of UF resin is MUF (melamine urea formaldehyde) resin, which 

is a combination of MF resin extended with UF resin to reduce resin costs. It is used 

for semi exterior plywood, particleboard, finger joints and paper overlay and, due to 

its high costs, it is usually used as a blend with UF resin. 

 

2.3 Influence of Wood Structure on Resin Penetration  

In most bonding applications the adhesive penetration into the adherend does 

not happen to a great degree, but in the bonding of wood the penetration is very 
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important (Krahmer 1961; Frihart 2005). The penetration of an adhesive in wood is 

classified as penetration into the lumen, intercellular spaces, pit cavities, cell walls and 

others. Johnson and Kamke (1992) categorized the penetration of adhesive as gross 

penetration and cell wall penetration. The gross adhesive penetration is the movement 

of the resin through the large voids (lumen, pits and cracks) in the porous wood 

structure, whereas the cell wall penetration comprises the movement of the adhesive 

through the microvoids within the wood cell walls (Frihart 2005). After a solvent wets 

wood, it first penetrates into the gross capillary structures, such as the cell lumen and 

the intercellular pits. Then, it penetrates the spaces between the microfibrils in the 

secondary wall, and, if the solvent has a high ph value, it expands the cell walls. 

Smaller molecules of the adhesives that are dissolved in water are carried into the 

transient capillaries of the cell wall (River, Vick et al. 1991).  

The penetration of the adhesive is not uniform, but varies due to the natural 

variability of the wood (White, Ifju et al. 1977). This observation was confirmed by 

Brady and Kamke (1988), who stated that the natural variability of wood has the 

largest influence on the uniformity of resin penetration. Usually, the resin penetrates 

into cells that have been physically ruptured during the cutting process (Hare and 

Kutscha 1974). The penetration of the adhesive is the fastest directly after adhesive 

application and is nearly negligible after 16 minutes of open assembly time (Sernek, 

Resnik et al. 1999). Possible ways to increase the resin penetration are the application 

of mechanical forces and the heating up of the wood (Tarkow, Feist et al. 1966). When 

over penetration happens, so much of the adhesive moves into the wood that 
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insufficient adhesive remains in the bondline to bridge between the wood surfaces, 

resulting in a starved bondline. Without enough resin in the bondline, voids remain on 

the surface and the bond is discontinuous. From these voids, stress concentrations can 

occur which can cause cracks. The resin will also not be able to reinforce the starved 

area of the bondline and to diffuse the stress concentration that occurs on the interface 

of wood and resin. Without the reinforcement, the crack follows the stress 

concentration along the discontinuous interface. Poor adhesive penetration can be 

diagnosed on shallow wood failure when spotty intrawall fractures can be seen (River, 

Vick et al. 1991). However, when voids are only microscopic, they do not affect the 

quality of the bond as long as they do not occur in large numbers (Hare and Kutscha 

1974).  

When under-penetration occurs, the adhesive does not move into the wood 

deeply enough to provide a strong wood-adhesive interaction. The right level of 

adhesive penetration can be achieved by adjusting viscosity, the composition of the 

adhesive, temperature and open and closed assembly time. However, these conditions 

are difficult to optimize, particularly when multiple wood species are involved since 

many species have a different penetration behavior (Frihart 2005). The complex and 

varied nature of wood cell structure influences resin penetration and requires many 

different factors to be accounted for.  
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2.3.1 Lumen  

During the bonding process the cell lumen, surrounded by the cell wall, is 

filled with adhesive. The lumen has the shape of an empty tube so that it does not offer 

much resistance against resin flow. Cell lumens can be penetrated with resin when 

they are torn during the cutting process (Smulski and Cote 1984; Buckley, 

Phanopoulos et al. 2002; Smith, Dai et al. 2002). pMDI penetrates into the lumen of 

large cells most likely by the wicking effect from the open end of the bondline of a 

lumen. The same effect could also be observed in open ray cells (Buckley, 

Phanopoulos et al. 2002). PF resin wets the cell walls of the lumens very well (Gindl 

2001). Adhesives flow well into the tracheids and can flow a few hundred 

micrometers deep into the tracheids (Gindl 2001; Smith, Dai et al. 2002). Tracheids 

are the main component of conifers and comprise 95% of the softwood volume. 

However, tyloses, which are like plugs in the cell lumen, are able to prevent the 

complete filling of the lumen of vessels in some hardwood species (Meijer de, Thurich 

et al. 1998), which hinders the adhesive penetration into the vessels. Therefore, the 

cell lumen is an excellent way for resin penetration in wood and only in some 

hardwood species is obstructed by tyloses.  

 

2.3.2 Cell Walls  

Rapp, Bestgen et al. (1999) found that during the bonding process, the 

adhesive penetrates not only into the lumen, but also in to the cell wall and its different 

layers. The ability of the resin to penetrate the cell wall is largely dependent on 
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molecular weight and polarity. A resin formulation may be modified to promote cell 

wall penetration. A result of the dominant influence of the resin properties is that the 

penetration of different resins provides very different results. It is consequently not 

possible to compare the penetration behavior of resins in the cell wall as long as they 

do not have the same viscosity and the same polarity. A caustic adhesive can swell the 

wood, which makes it more accessible for resin penetration (Gindl, Zargar-Yaghubi et 

al. 2003), whereas acidic adhesives do not. 

After bonding with melamine resin, the resin content in the S3 layer of the cell 

wall and the middle lamella (ML) is higher than in the S2. A possible explanation for 

the high resin content in the S3 can be that the resin, which penetrates from the lumen 

into the cell, must first pass the S3 layer. However, there is no constant decline in resin 

concentration along the resin flow direction from the S3 layer. The lowest 

concentration of melamine resin can be found in the S2 layer and not in the most 

distant ML layer. An explanation for this low concentration of resin in the S2 layer 

can be the structure and chemical composition of the layers. The S2 layer has the 

highest concentration of cellulose and the lowest of lignin, while the middle lamella 

has the highest lignin content and a low cellulose content. Cell layers rich in lignin 

have a higher accessibility and reactivity for resin components. However, the highest 

concentration of resin was also not found in the middle lamella, which has the highest 

lignin content of the wood structure. Consequently, the resin distribution in the wood 

structure seems to be governed by two factors; the distance from the cell lumen as the 

main pathway of resin flow and the lignin concentration in the cell layer. For example, 
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Gindl, Dessipir et al. (2002) estimated the melamine content of the S2 in MF resin 

bonded wood cells at 6.2 %, while Gindl, Zargar-Yaghubi et al.  (2003) found a MUF 

resin concentration of 24% in the S2 layer. 

Gindl, Schoeberl et al. (2004) found for a PF resin a penetration depth of 400 

micrometers, while White, Ifju et al. (1977) reported a penetration depth of 120 

micrometer for a resorcinol formaldehyde resin. Furthermore, the penetration depth in 

cell walls can go up to 10-15 cell rows away from the bondline (Gindl, Schoeberl et al. 

2004). The high variation of the penetration depth results from the huge influence of 

the viscosity of the resin used and the different wood species so that it hardly possible 

to compare experiments which have used different resins. 

Smith and Cote (1971) found different results for PF resin and reported a 

concentration gradient across the cell. The maximum concentration of resin was found 

in the secondary wall close to the lumen filled with adhesive. Significantly less resin 

was found at the other points of analysis across the cell wall and no resin was found in 

the middle lamella. The measured resin content in the cell wall was 10%.  

Buckley, Phanopoulos et al. (2002) detected only very low concentrations of 

pMDI resin in the cell walls and no pMDI penetration in the lignin rich middle 

lamella. Gindl, Schoeberl et al. (2004) could not detect any pMDI resin penetration in 

the cell wall. However, Hameed and Roffael (2001) found a very strong penetration of 

pMDI in the wood which was able to completely impregnate strands. Marcinko, 

Devathala et al. (1998) also reported that pMDI penetrates into wood and is intimately 

associated with wood molecules. 
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Tarkow, Feist et al. (1966) investigated the influence of molecular weight on 

the resin penetration and found that the S3 layers, the outer surface of the lumen, seem 

to be highly impermeable to penetration with polyethylene glycol. This means that on 

a wood surface, which consists mainly of lumen surface and has relatively little 

exposure of the S2, the limiting factor for the penetration of water-soluble adhesive 

molecules is the permeability of the S3 layer.  

Due to the many variables which influence the penetration process into the cell 

wall, such as distance from the lumen and the adhesive properties, the results of 

different experiments vary, resulting in quite conflicting reports about penetration. 

 

2.3.3 Pits  

There are also conflicting reports about the penetration of resin into pits, which 

are the structures allowing penetration between cells. Gindl (2001) reported for 

Southern yellow pine that simple pits permit PF resin penetration, while bordered pits 

impede the flow of resin. Simple pits can be found between adjacent parenchymatic 

cells, while bordered pits are located between adjacent tracheids. He found that the 

aperture opening of the pits were filled with resin, but the aspirated tori stopped the 

resin flow. This finding was confirmed by Hare and Kutscha (1974), who did not 

observe resin inside of bordered pits.  

A completely different result was found by Furuno and Goto (1975), who 

observed epoxy resin penetration in bordered pits but, due to the high viscosity of the 

epoxy resin, no penetration into neighboring cells through these pits. However, 
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Buckley, Phanopoulos et al. (2002) observed that pMDI was able to penetrate through 

pits to adjacent cells and was able to fill these cells with pMDI. Smulski and Cote  

(1984) reported that alkyd resin is able to diffuse through pit apertures, but considered 

it unlikely that resin can pass through pit membranes. Only the low molecular weight 

components of resin were able to flow across the pit membranes into adjoining cells. 

Polypropylene adhesive was able to penetrate in pits, but was stopped by the 

membrane. Consequently, it cannot penetrate intact cell lumen and the lower limit for 

penetration of polypropylene is 1 micrometer (Smith, Dai et al. 2002).  

The penetration of the resin in such small elements, like pits, depends strongly 

on the viscosity of the resin and can be, at a very low viscosity, a pathway of resin 

penetration. 

 

2.3.4 Parenchymatous Tissue  

Trees contain besides tracheids other structures like parenchyma cells, which 

store carbohydrates and appear in different forms. Parenchyma can be subdivided into 

longitudinal parenchyma and ray parenchyma with the later oriented on the transverse 

surface of the wood. The longitudinal parenchyma is oriented along the longitudinal 

axis of the tree. Besides penetrating the pits, resin can also penetrate this 

parenchymatic tissue, which is a further element of anchoring the adhesive in the 

wood. The penetration of resin into ray cells has been reported by many scientists 

(Hare and Kutscha 1974; Dougal, Krahmer et al. 1980; Furuno, Hse et al. 1983). The 

rays cells, located in the transverse plane, enable a deep resin penetration into the 
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wood and reports about the penetration depth range from 45 micrometers (Koran and 

Vasishth 1972) up to 180 micrometers in multiseriate rays (Smith, Dai et al. 2002).  

The findings about the importance of the rays for the adhesive penetration are 

varying. While some scientists consider the resin penetration through rays an 

important element in resin penetration (Furuno and Goto 1975; Johnson and Kamke 

1992), there are others who consider it an unimportant element (White, Ifju et al. 

1977).  

It has been reported that the penetration of coatings in the rays is also governed 

by the species (Meijer de, Thurich et al. 1998) and it can be assumed that resin 

penetration is also governed by the wood species. Another effect of the rays can be 

that they assist the filling of resin canals with resin (Hare and Kutscha 1974). Dougal, 

Krahmer et al. (1980) found that resin penetrates especially well in the longitudinal 

parenchyma adjacent to the vessels in hardwood species. 

 

2.3.5 Earlywood and Latewood  

During their annual growth, trees generate in spring and early summer a wide 

band of earlywood, while in summer they switch to the production of cells with 

smaller lumens and thicker walls. Earlywood and latewood have different bonding 

properties. When earlywood is bonded it shows more resin penetration and provides 

better bonding than bonded latewood (Hse 1968; Smith and Cote 1971; White 1977; 

White, Ifju et al. 1977; Furuno, Saiki et al. 1983; Kutscha and Caster 1987; Frihart 

2005). The high-density latewood adsorbs the water from the adhesive slower than the 
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lower density earlywood. One reason for this difference in water uptake is that 

earlywood has more accessible lumen than latewood (River, Vick et al. 1991; Frihart 

2005). This water adsorption behavior of wood influences the flow and penetration of 

the adhesive on the wood. This can be especially critical when wood species with 

distinct early and latewood zones are bonded, since the adsorption behavior within the 

wood pieces is distinctly different (River, Vick et al. 1991).  

The fracture toughness of the bondline of earlywood was reported to be 20-

30% higher than for a latewood bondline (White 1977). In addition to these adverse 

properties, latewood is also less wetable than earlywood (Herczeg 1965). The bonding 

quality of earlywood is less sensitive to different assembly times and less prone for 

delamination when exposed to changing moisture conditions. This observation can be 

explained by the lower density of earlywood, which results in less swelling and 

shrinking of the wood so that, consequently, less stress is put on the bondline. A 

further effect of the softer earlywood is that it is crushed and impregnated with resin 

during hot pressing. This forms a transition layer between the bondline and 

undeformed wood substance, which provides a gradual transition between the higher 

MOE (modulus of elasticity) of the bondline and the lower MOE of the wood. This 

transition zone increases the strength of bonding (Hse 1968).  

 

2.3.6 Porosity 

Porosity and permeability are terms that are often confused. Porosity is 

fractional void volume, whereas permeability is a measure of the relative ease of flow 
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of a liquid through a porous material. Wood is a porous material and the permeability 

of wood is important for the penetration of the adhesive in the wood. It assumes that 

cell wall density is the same for all species; wood with a low specific gravity will have 

a high porosity. Furthermore, large porosity corresponds to large internal surface area. 

For example, the internal surface area of spruce wood with a specific gravity of 0.4 is 

2000cm2/g. The surface area of capillaries within the cell wall is about 3,000,000 

cm2/g (Crowling and Stamm 1963). Bonded joints become stronger with increasing 

porosity of the wood up to a point and after this point the strength decreases as the 

porosity increases. This phenomenon is caused by the increase in surface roughness 

and porosity that results in an increase in the available bonding area. High porosity 

and internal surface area promote mechanical interlocking and secondary chemical 

bonding for adhesion. However, the wood strength decreases with increasing porosity 

as a result of decreasing wood density. The maximum strength of a bond can be found 

at that point where the increasing strength of the bond intersects with the decreasing 

strength of the wood (Suchsland 1958).  

The lower porosity of high-density wood means there is less internal volume 

for the resin to penetrate and the pores of the wood become too narrow and the surface 

too smooth, therefore mechanical interlocking also becomes difficult (River, Vick et 

al. 1991; Frihart 2005). Consequently, dense wood is more difficult to penetrate, 

which means that dense wood has a potential for weaker bonding, especially when the 

wood density exceeds 0.7-0.8 g/cm3 (River, Vick et al. 1991). Thus, high-density 

wood may require a different adhesive than low-density wood. This is especially 
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problematic in species that have very porous, as well as very dense parts, such as red 

oak or Southern yellow pine. Red oak has very large earlywood vessels, which are 

very permeable and latewood that is not well permeable. In Southern yellow pine the 

difference between the dense latewood and the less dense earlywood is about a factor 

of 3, meaning latewood is less porous. These huge differences result in a varying bond 

quality in these species since the adhesive formulation must be a compromise between 

latewood and earlywood. 

 

2.3.7 Extractives  

All woods contain, to a varying degree, extractives. Extractives are the 

elements in wood which can be extracted by polar and non-polar organic solvents; 

examples are waxes, fats, terpenes, phenols and tannin. But extractives are also 

another element that influences the resin penetration. In Scotch pine (Pinus sylvatica), 

the penetration depth of resin increases with the increasing height of the sampling 

point in the tree. The reason for this is that the extractive content decreases with the 

increasing height of the tree. In addition to sampling height, the penetration depth also 

depends on the age of the tree. In younger trees the penetration is higher than in older 

trees; again, this is caused by the higher extractive content in older trees (Hameed and 

Roffael 2001).  

A further case when extractives reduce the resin penetration is in heartwood. 

The resin penetration in the sapwood with its low content of extractives is higher than 

in the heartwood with its high extractives content. This negative effect of extractives 
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on the depth of resin penetration is probably caused by the hydrophobic properties of 

the extractive in heartwood (River, Vick et al. 1991; Hameed and Roffael 2001). 

 

2.3.8 Anisotropic Nature of Adhesive Penetration 

Wood is an anisotropic material; its properties are directionally dependent. The 

penetration of resin in the wood depends on the spatial orientation of the bonded wood 

surface. However, there are contrary reports about the effects of the different spatial 

orientations. Furuno and Goto (1975) reported that the penetration of epoxy resin on 

radial surfaces is not deeper than in tangential surfaces. Contrary to this, Furuno, Saiki 

et al (1983) stated that the radial surfaces showed more PF resin penetration than the 

tangential surface. A completely different result was reported by others (Suchsland 

1958; White 1977; Sernek, Resnik et al. 1999), who found a higher penetration in 

tangential surfaces than in radial surfaces. However, these authors had different 

explanations for this observation.  

Sernek, Resnik at al. (1999) attributed the low resin penetration on the radial 

surface to the thin latewood bands in beech (Fagus sylvatica), which would inhibit the 

resin penetration on the radial surface. White (1977), assumed that the better 

penetration in the tangential surface is due to the presence of fusiform ray channels 

that enable the flow of the adhesive. He concluded that the pitted radial cell walls have 

very little effect on the bond performance. Furnuno and Gato (1975) also reported for 

epoxy resin that bordered pits did not play a major role for the adhesive penetration 

and that the resin flow happened mainly through lumens. The findings of Furuno, 
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Saiki et al. (1983) however, attribute the higher PF resin penetration of the radial 

surface to the presence of bordered pits in the radial cell wall which they consider as 

the passage of resin penetration.  

Transverse surfaces provide the worst bonding quality of all three wood 

surfaces. The opened lumen adsorb so much adhesive that not enough remains on the 

bondline, which results in a poor bond quality. Besides that, the effective area for 

adhesive bonding is also too small to provide good adhesion in transverse surfaces 

(Furuno and Goto 1975).  

 

2.3.9 Angle of Wood Cut 

Beyond the spatial orientation of the adherend, the strength of wood bonding 

also depends on the angle at which the wood has been cut. Furuno, Saiki et al. (1983) 

reported that bonded wood whose surface was cut at an angle of 5 degrees showed the 

highest bond strength. The high strength was caused by the anchoring effects of the 

resin casts in the lumen, as well as by the increased contact area due to resin 

penetration. The higher strength of bonded wood with a grain orientation angle of 5 

degrees could be found in radial, as well as in tangential bonded wood.  

However, the highest degree of resin penetration happens on a transverse 

surface (Suchsland 1958; Frihart 2005).  

An increase in the grain angle of the cut surface causes a strong reduction of 

resin penetration in latewood. Resin penetrates easier in the low-density earlywood 

than in the high-density latewood. At a high grain angle, earlywood is able to absorb 
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so much resin that no resin remains on the bondline. At a low grain angle, the resin 

adsorption ability of the earlywood is far lower so that when the earlywood is 

saturated with resin the remaining adhesive is pressed by the consolidation pressure of 

the press into the latewood (Suchsland 1958). Sometimes adhesive can be seen in cells 

far away from the bondline. This happens when the longitudinal axis of these cells is 

not exactly parallel to the bondline. When the adhesive flows down the lumen, it 

appears to be further away from the bondline (Bryant and Ramos Garcia 1967), which 

explains why sometimes adhesive can be found far away from the bondline. 

Therefore, the right angle of the cut surface has a huge influence on adhesive 

penetration and bond quality.  

 

2.4 Wood Surface Quality 

2.4.1 Machining 

The right machining of wood surfaces for bonding has a huge influence on the 

quality of the bonding. When wood is machined, cell walls are cut. The area of these 

cut cell walls increases with higher wood density, since denser wood has more cell 

wall substance. Tarkow and Southernland (1964) stated that the surface energy of such 

an altered wood surface is many times higher than the surface energy of the cell 

lumen. The perfect wood surface for bonding is clean, recently knife cut, and free of 

torn fibers, machining marks or burnishes. It has many open cells so that the adhesive 

can flow into the cell lumen. Such a good bonding surface can be created with a sharp 

planer or a knife cutterheads (River, Vick et al. 1991; Frihart 2005). However, the 
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presence of open cells depends on surface machining, as well as on tree species; for 

example, pine wood surfaces have more open cells, while maple has many closed cells 

(Frihart 2005).  

Wood can be cut in two main ways: by sawing where the direction is 

determined by the machine operator or by splitting, where there direction is 

determined by the wood structure. When splitting, instead of cutting, creates the wood 

surface, far less cells are excised. On a split surface, many tracheids are separated and 

the outer layer of the S2 is exposed. Besides parallel cutting or splitting, the wood can 

also be oblique cut. On such an oblique cut surface, far more tracheids show 

penetration than on surfaces which are parallel cut (Furuno, Saiki et al. 1983), making 

it better for adhesive bonding. 

The perfect wood surface is rarely generated in the wood machining process 

and even the commonly used knife planer damages the surface of wood (Gindl, 

Schoeberl et al. 2004). The typical mechanical ways of preparing bonding surfaces 

cause a lot of fragmentation and smearing of the cell wall components. Even when the 

surface is planed with a sharp blade, lots of debris is created on the surface. This 

tendency depends on the wood species; hardwoods tend to smear more than 

softwoods. The openings of cells are particularly prone to be blocked by the breakage 

of cell walls during sawing and pressing (Furuno and Goto 1975). When wood cells 

cleave in the middle lamella during machining, the generated surface has a high lignin 

content since the middle lamella has the highest lignin content of all cell elements 

(Frihart 2005).  
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The damage to the cells by the machining process can be limited by using 

sharp knifes, for abrasive planers. Sanders are not able to create surfaces for good 

bonding (River, Vick et al. 1991; Frihart 2005). Hameed and Roffael (2001) found 

that unsanded wood showed, due to their surface structure, a higher resin penetration 

than sanded wood. Sanded surfaces also have more crushed fibers and the probability 

for air entrapment is high. In opposition to that finding, River, Vick et al. (1991) 

reported that light hand sanding can improve the wettability of a surface; however, 

when the sandpaper becomes coated with extractives it transfers them to unaffected 

surfaces. Wellons and Krahmer (1977), as well as Davis (1997), also reported that, for 

some tropical species, sanding improves the adhesive bonding performance only by a 

very limited amount. Therefore, it is not possible to definitely judge the effect of 

sanding on the adhesive penetration.  

Johnson and Kamke (1992) found indentations from machining up to a depth 

of 75 micrometers on the wood surface. These damaged cells have a significantly 

reduced hardness and mechanical strength. Therefore, this zone of damaged cells is a 

critical point in the stability of the bonding. To achieve good mechanical bond 

stability, it is important that the resin penetrates deep enough to bond with undamaged 

cell walls. When that is achieved, even damaged cells can be bonded well (Gindl, 

Schoeberl et al. 2004). When resin penetrates a damaged cell wall, it reinforces the 

cell structure and increases its strength (Suchsland 1958). However, when the adhesive 

does not penetrate through the layer of crushed cells, this layer will generally be the 
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source of fracture (Gindl, Schoeberl et al. 2004; Frihart 2005), which is why a clean 

cut surface is preferred for bonding surfaces.  

A further requirement for good bonding is an even surface. Adhesive bonding 

of uneven surfaces cause inhomogeneous bonding due to the created stresses and 

compression (Marra 1992), which causes bad contact between the adherends resulting 

in a lower bonding quality (Suchsland 1958). Some wood species have a warty layer 

with a high lignin content on the lumen (Tsoumis 1991). This layer is very resistant to 

dissolution and is not a good bonding surface (River, Vick et al. 1991). An important 

element of good bonding quality is the roughness of the surface. The roughness of a 

perfectly cut surface is largely a function of cell wall thickness and lumen diameter 

(River, Vick et al. 1991), with a rougher surface improving wetting and adhesive 

penetration depth (River, Vick et al. 1991; Hameed and Roffael 2001).  

 

2.4.2 Dependence of Machined Surface Quality on Wood Properties 

Besides the right machining, the surface quality also depends on the presence 

of early and latewood, as well as on the spatial orientation of the surface. Planning of 

early and latewood zones with a sander destroys the flatness of a surface and causes 

subsurface damage by removing the softer earlywood while leaving the harder 

latewood. As a result, the area of earlywood is rough with large, deep troughs and thin 

edges of cleaved cell walls; Latewood forms shallow troughs and broad edges of 

cleaved cells (River, Vick et al. 1991; Hameed and Roffael 2001). When surfaces are 

planed with knife heads, the less stiff earlywood cells bend and are not cut by the 
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knife, while the stiffer latewood cells are clean-cut, which results in an uneven surface 

(Suchsland 1958). However, wood surfaces cannot only be damaged during the 

machining process, but also in further processing steps. Surface damage can happen 

during the transport of the veneer sheets with rollers (Hare and Kutscha 1974), and 

another possible source of damage is incipient pyrolysis caused by drying veneers at 

excessively high temperatures for large amounts of time (Northcott, Colbeck et al. 

1959). Therefore, it is not possible to produce a perfect surface in industrial production 

and damage on the wood surfaces is compensated for in the later production process.   

 

2.5 Resin Application  

Besides a quality surface, resin application can affect the strength of a bond. 

The resin application method depends on the manufactured product. The resin can be 

applied with atomizer heads as small aerosols in the OSB (oriented strand board) 

production, or with roller coaters, curtain coaters, or foam extruders in plywood 

production. The atomizer head spins and distributes the resin as fine droplets in the 

blender on the wafer, while the roller coater directly applies the resin with rubber rolls 

on the veneer. A curtain coater creates a waterfall of resin through which the veneers 

are moved and the foam extruder foams the resin and then extrudes it directly on the 

veneer surface.  

The resin application and pressing conditions can be subdivided in two time 

periods; open assembly time and closed assembly time. The open assembly time is the 

time between the application of the adhesive on adherends and the application of 
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pressure and heat to the assembly. An extended open assembly time enables solvents 

to evaporate and to increase the viscosity of the adhesive; this reduces problems with 

over penetration such as starved joints and bleed-through. However, an extended open 

assembly time can also make the adhesive too viscous and immobilize it before the 

assembly is closed. This causes a lack of transfer, or wetting, of the other adherend, 

known as dry-out. The degree of resin penetration can be controlled by the open and 

closed assembly times; a short open assembly maximizes penetration (River, Vick et 

al. 1991; Frihart 2005) and the closed assembly time allows time for wetting and 

penetration of both surfaces. The closed assembly time is the time when the press is 

closed and pressure is applied on the assembled wood. During this time the adhesive 

cures and solidifies. When the viscosity of the adhesive is too low, this may result in a 

starved bondline and bleed through in thin decorative veneers. An extended closed 

assembly time also permits additional solvent loss into the wood cell wall (Northcott, 

Colbeck et al. 1959). The length of the closed assembly time depends on many factors 

such as the thickness of the panel, the type of resin and the lack or presence of steam 

injection. Therefore, the resin penetration can be controlled by the open and closed 

assembly times and eventually can compensate for imperfect wood surfaces and 

imperfect resin properties.  

Beyond open and closed assembly times, several other processes affect resin 

penetration. Set is the condition of the adhesive when it loses the ability to flow or 

penetrate, which is associated with polymerization and solvent loss. Cure is the 

changing of the physical properties due to chemical reaction. In most bonded products 
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total cure in usually not obtained, which is especially important since partially cured 

adhesives have very different properties than fully cured adhesives. Tack is the 

property of an adhesive to bond after the adhesive and adherend are brought into 

contact (Frihart 2005).  

An inadequate removal of water from the bondline inhibits chemical cure of 

PF resin and possibly other condensation polymerization type resins (Northcott, 

Colbeck et al. 1959). When the cells near the bondline are saturated with water, the 

adhesive increases more slowly in viscosity (River, Vick et al. 1991). All these things 

must be monitored when analyzing the strength of a bond.  

 

2.6 Influence of Resin Characteristics on Penetration  

2.6.1 Introduction 

The penetration of adhesive happens on multiple levels including the pits, 

lumen, parenchymatic tissue and cell walls and is affected by many aspects of the 

wood structure (see section 2.8). Like all liquids, adhesives have a specific flow 

behavior that depends on many factors that also affect resin penetration. Most 

adhesives used for wood are water borne solvents, and consequently penetration is 

influenced by the fluid properties of water. Some factors that influence the flow of an 

adhesive are wood anatomy, surface energy, molecular weight distribution of the resin 

solids, adhesive viscosity, extender and filler content, pH value, temperature and vapor 

pressure gradients and wood moisture (Johnson and Kamke 1992; Sernek, Resnik et 

al. 1999). These variables all interact in a hot press, which presses the wood and the 



 37 

 

adhesive together at high temperatures and create a dynamic environment due to hot 

steam. Under this condition, the adhesive must flow and penetrate the wood prior to 

solidification (Johnson and Kamke 1992). Solvent borne adhesive systems must allow 

the evaporation of the solvents and the formation of the solid cured adhesive during 

hot pressing (Frihart 2005).  

Batch hot pressing can be subdivided in two main categories, regular hot press 

and steam injection press. In regular hot presses, two hot platen press the adherend 

together, while in the steam-injection press, hot steam is injected through the hot 

platen to accelerate the heat transfer of the wood. During hot-pressing, the temperature 

of the wood increases from the hot platen to the bondline. The water evaporates and 

moves from hotplates towards the bondline where it condenses and increases the 

mobility of the adhesive (Frihart 2005). The production of a wood-adhesive bond is 

affected by many variables and changing one can have severe effects on the final 

product. 

 

2.6.2 Influence of Molecular Weight on Resin Penetration 

The resins used in the forest products industry are composed of different sizes 

of molecules and molecular segments. The exact distribution of the molecular size and 

weights depends on the components of the resin and how the resin was prepared. 

Adhesive formulations consist of a broad molecular weight distribution and the 

molecular weight has an especially large influence on the penetration. A low 

molecular weight fraction of a resin penetrates easily into wood cell walls, while high 
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molecular weight components do not penetrate the cell walls extensively (Stephens 

and Kutscha 1987; Ryu, Imamura et al. 1993; Johnson and Kamke 1994). Johnson and 

Kamke (1992) found that PF resin with a mean weight-average molecular weight of 

2964 is mostly deposited at a distance of 100 to 300 micrometers from the bondline, 

while resin with a higher molecular weight had the largest deposition in the first 100 

micrometers. When too much of the low molecular weight resin is adsorbed by the 

wood, this can cause a starved bondline (Stephens and Kutscha 1987). A starved 

bondline is present when no adhesive remains in the gap between the two adherends, 

which results in a lack of bonding. This can go so far that low molecular weight resins 

are totally absorbed by the cell wall and nearly no resin remains in the lumen (Gindl, 

Dessipri et al. 2002; Furuno, Imamura et al. 2004). 

When the molecular weight is higher, this increases the viscosity. An increase 

in temperature causes a decrease in the resin viscosity and improves the wetting by 

decreasing the contact angle (Stephens and Kutscha 1987; Frihart 2005). Besides these 

factors, the penetration and flow can be controlled by adding fillers like coconut flour 

to the resin (Harada, Davies et al. 1968). A PF resin provides the best performance 

when it contains high molecular weight and low molecular weight portions. The more 

reactive low molecular weight components link the high molecular weight polymers 

when the resin is cured (Stephens and Kutscha 1987). This correlation between 

internal bond strength and the low and medium molecular weight resin is negative 

while the correlation between high molecular weight and internal bond strength is 

positive. This correlation results from the overpenetration of the low and medium 
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molecular weight resins that cause a starved bondline. At high molecular weights 

however, a higher percentage of the resin is retained in the bond line for bonding 

(Wilson, Gregory et al. 1979).  

 In a study of PF resin impregnation of wood, Furuno, Imamura et al. (2004) 

reported that low molecular weight resin (MW 290) was able to evenly penetrate thick 

latewood tracheids. Medium molecular weight (MW 470) resin penetrated cell walls, 

but small granules of PF resin remained on the lumen surface. These granules on the 

cell walls were the higher molecular weight fraction. In the case of higher molecular 

weight resins (MW 820), only the low molecular weight fraction penetrated into the 

cell wall; the part with higher molecular weight remains in the cell lumen. 

Consequently, the total amount of PF resin that penetrated the cell walls is small when 

higher molecular weight resin was used. The penetration of low molecular resin in the 

wood is independent of the wood morphology while the penetration of the high 

molecular weight resin does depend on the wood morphology (Jensen, Gatenholm et 

al. 1992). Overall, resin penetration depends greatly on the molecular weight of the 

introduced resin, which can in turn affect the strength of the desired bond. 

 

2.6.3 Viscosity 

Viscosity is a term which describes the internal resistance of a liquid against 

flow and has a huge influence on the adhesive performance. The viscosity is expressed 

in Pascal-seconds (Pa s) or centipoise (cP). The viscosity has a huge influence on the 

flow properties and the wetting of a surface with a lower viscosity improving flow and 
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wetting. A reduction in temperature of a resin usually increases the viscosity, while a 

temperature increase reduces the viscosity. The viscosity can be increased by an 

extended open assembly time or adding fillers, and can be reduced by adding diluents 

or thinner. When a surface is well wetted, this increases the viscosity rapidly by 

adsorbing solvent from the resin. Consequently, the viscosity remains low on wood 

surfaces, which are hard to wet like latewood. This also happens when wood with a 

high moisture content is bonded, since moisture in the wood prevents the adsorption of 

the solvent so that the viscosity remains high. During the hot pressing process the 

viscosity increases, which finally results, besides the chemical reaction, in the 

solidification of the resin. When the viscosity remains high, this can result in a 

squeeze-out of the bondline when the assembly is pressed. Therefore the right 

viscosity depends on the adhesive and the adherend properties.  

 

2.6.4 Extenders and Fillers 

Extenders and fillers are added to the resin to improve the flow properties or 

reduce costs. Fillers are added to the adhesive to reduce the resin costs and to control 

the flow properties of the adhesive. They increase the stiffness of adhesives and 

increase the viscosity. Adding fillers enables control of the viscosity of the resin and 

allows for the avoidance of overpenetration. Another effect is that they can change the 

thermal expansion coefficient so that the expansion is more like the one of the 

adherend. This reduces the thermal stress on the bondline during cooling. Examples of 

fillers are coconut flour and china clay (Frihart 2005). 
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 Extenders also reduce the resin costs and, to a lesser degree, control adhesive 

properties. They can increase the tack of the adhesive, increase the viscosity and 

reduce elongation of the adhesive. Extenders should have low ash content since this 

makes the extender less abrasive. Examples of extenders are wheat flour and spent 

sulfite liquor (Frihart 2005). 

 

2.7 Other Factors Affecting Resin Penetration  

2.7.1 Moisture and Bonding 

The correct amount of water in adhesive and wood is very important to achieve 

good bonding quality. Wood is quite effective in allowing solvents in the adhesive to 

migrate away from the bondline, which allows the resin polymer to coalesce. If the 

moisture content in the wood is too low, the water quickly diffuses into the wood, 

leaving a dry adhesive film without sufficient mobility to transfer, wet and penetrate 

the wood surface (Sernek, Resnik et al. 1999; Frihart 2004). When too much water is 

present in the wood it keeps the viscosity of the adhesive low, resulting in over 

penetration, sometimes referred to as “wash-out” (Brady and Kamke 1988; Sernek, 

Resnik et al. 1999; Frihart 2005). The bonding of green wood is very difficult since 

the water in the wood permits little free space in which the adhesive can penetrate. 

Especially when steam-injection presses are used, the steam can cause an excessive 

flow of the water-soluble adhesive away from the bondline. This results in a deeper 

and less concentrated resin penetration in comparison to products made by 

conventional hot pressing (Johnson and Kamke 1994). There are varying reports about 
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the best moisture content of wood for bonding, but they are all in the range of between 

4-10% MC (Davis 1997; Sernek, Resnik et al. 1999; Frihart 2005). This range allows 

optimal penetration and cure rate; however, the perfect wood moisture content 

depends on the composition of the resin and the hot-pressing schedule.  

Besides resin penetration, the moisture content of the wood also influences the 

cure rate and high moisture content in the wood can retard the reactions and alter the 

mobility of the polymer chains during the curing process. pMDI has a different curing 

behavior than PF and amino resins since it requires some moisture in the curing 

process. Besides moisture, the rate of adhesive cure also depends on the temperature. 

When water evaporates, it causes a cooling effect because the evaporation consumes 

energy, which can inhibit the adhesive condensation. At a higher temperature, the cure 

of the adhesive increases while at a lower temperature the cure rate goes down. When 

the wood is heated up too much during the pressing process, the adhesive cures too 

quickly so that the adhesive cannot penetrate enough, resulting in a weak bond (Frihart 

2005). Therefore, moisture content of both the adhesive and the wood can affect 

bonding process. 

 

2.7.2 Pressing and Preparation Process 

Pressing adherends together is an important step in the adhesive bonding 

process. A high consolidation pressure during hot pressing ensures intimate contact 

between the adhesive and wood surfaces (River, Vick et al. 1991; Frihart 2005). A 

high pressure also improves the resin penetration and displaces entrapped air bubbles 
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(River, Vick et al. 1991). The required pressure depends on the flatness and hardness 

of the wood, as well as on the desired panel density and the heat platen temperature, 

since a higher temperature plasticizes the wood. Dense species like oak, hard maple, 

Southern yellow pine and Douglas-fir require a consolidation pressure of 150-200 

lb/in2, while low-density species such as basswood (Thilia Americana), white pine 

(Pinus strobus), redwood (Sequoia sempervirens) and ponderosa pine (Pinus 

ponderosa) require only 100-150 lb/ in2 (psi). When the applied pressure is too high, 

the wood structure collapses (Frihart 2005), which reduces the strength of the bonding. 

When flat-grained lumber is pressed, the adhesive can be squeezed from the high-

density latewood to the adjacent low-density earlywood. This results in an uneven 

bondline and can cause an explosive rupturing of cells caused by the high vapor 

pressure from rapid heating (Kutscha and Caster 1987). Sernek, Resnek et al (1999) 

noted a significant increase of UF resin penetration as a result of consolidation 

pressure. The transfer of the heat in to the core of the panel is improved by the right 

amount of moisture in the wood (Frihart 2005).  

During the adherend preparation process, peeling, strand generation and 

drying, the wood is exposed to multiple stresses. The peeling process is the method of 

generating veneers by peeling the log which can cause lathe checks, cracks and 

fractures. Strand generation is the chipping of logs into small wafers for the strand 

composite production. All generated veneers and wafers have to be dried at high 

temperatures to the desired low moisture content. Resin generally follows the cracks 

and checks in the wood so that the lathe checks enable the adhesive to penetrate 
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deeply in the veneer, which often results in poor bonding (Hancock and Northcott 

1961; Bryant and Ramos Garcia 1967; Hare and Kutscha 1974). The adhesive flow 

into the depressions, cracks and lathe checks can be so strong that only a little 

adhesive remains in the elevated areas (Koran and Vasishth 1972). When too much 

pressure is applied during the pressing, a layer of collapsed cells is created. When 

adhesive is applied, it cannot penetrate into the cell lumen to establish mechanical 

interlocking, so that it results in a poor bond performance (River, Vick et al. 1991). 

 

2.8 Bonding Mechanism 

2.8.1 Introduction 

Now that the different kinds of adhesives have been explained, it is possible to 

discuss bonding mechanisms, also known as adhesion. The most important 

requirement for satisfactory adhesion is good contact between adhesives and wood 

surfaces. This is even more relevant than deep penetration into cells, which is also an 

important element for good adhesion (Furuno and Goto 1975; Sernek, Resnik et al. 

1999). 

The general adhesive bonding mechanisms of materials can be subdivided into 

6 theories (Pizzi 1994): 

• Mechanical interlocking  

• Interpenetrating network theory 

• Adsorption or specific adhesion theory 

• Diffusion theory 
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• Electron theory 

• Covalent bonding theory  

 

For the bonding of wood, only mechanical interlocking, adsorption theory and 

interpenetrating polymer network theory are relevant and will be discussed here. 

However, there is one exception; in the bonding of wet hardboard the diffusion theory 

is a relevant bonding theory. The production process of hardboards is very different 

from the bonding process of all other wood products; it is more similar to the 

production of paper. Due to this special process, the bonding of wet hardboard can be 

explained by the diffusion theory (Pizzi 1994). Bonding, due to the heterogeneous 

structure of wood, is a very complex process and even after over 50 years of research 

and theory development on wood bonding it is still not always possible to find the 

reason for bond failure (Wellons, Krahmer et al. 1977).  

 

2.8.2 Mechanical Interlocking 

The first of the theories Pizzi listed is mechanical interlocking. After the 

adhesive is applied on the wood surface, it flows into the microstructure of the wood 

and solidifies. After solidification, the adhesive becomes an integral part of the wood 

structure and it is impossible to separate the adhesive without destroying the bond 

(Pizzi 1994). Even with low resin penetration in cell walls, the mechanical 

interlocking has an anchoring effect. Mechanical interlocking requires no chemical 

interaction between the cured resin and the wood substance. This connection of wood 



 46 

 

provides more resistance to shear forces than to normal forces (Frihart 2005). This 

theory is one of two most important elements of wood-adhesive bonding, the other is 

adsorption theory (see 2.8.4). 

 

2.8.3 Interpenetrating Polymer Network 

The adhesive penetration in wood can be viewed on different magnification 

levels; resin penetration on the nanosopic level in the cell wall creates the 

interpenetrating polymer network (IPN). This network is neither wood nor adhesive, 

but rather a combination of the two with discreet properties that bear directly upon 

bond performance. To create the IPN, the wood must swell so that the adhesive can 

penetrate into the cell wall. The IPN concept is important and especially appropriate 

for wood-pMDI bonds due to the low molecular weight of the resin and its ability to 

penetrate into the cell wall. UF and PF resins can also be tailored to create such a 

molecular mixing with wood; however, a deep penetration of the adhesive into the 

wood is typically avoided (Frazier and Ni 1998).  

After curing, PF resin forms a tightly interlocked microscopic wood-adhesive 

network that extends into the wood cell wall (Gindl 2001). This cured resin is an 

immense mass of interlocking molecules or even a single macromolecule structure 

(Bryant and Ramos Garcia 1967). The properties of the wood-adhesive interphase are 

very different from the bulk wood since the adhesive is present in cell lumens and cell 

walls (Frihart 2005). The interphase of PF bonded wood is stiffened by the resin 

penetration and the hardness of the wood itself is also increased. Since the 
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concentration of PF decreases with increasing distance from the bondline, the hardness 

of the wood also decreases (Gindl, Schoeberl et al. 2004). In addition to the hardness, 

the PF resin penetration also has a measurable effect on the deformation of the wood-

adhesive interphase under mechanical load. The interphase has a higher stiffness, 

which contributes to a smooth transition of the modulus across the bondline (Gindl, 

Sretenovic et al. 2005). Besides stiffness, the shear rigidity of the cell wall increases 

and consequently reduces the shear deformation during loading (Gindl, Schoeberl et 

al. 2004).  

It is also expected that the IPN enhances the weather durability of wood based 

composites (Frazier and Ni 1998). Furthermore, the penetration of adhesive into the 

cell walls can even be beneficial for the dimensional stability of the wood that is 

adjacent to the bond line (Wellons, Krahmer et al. 1977). However, the wood-adhesive 

interphase region can be weakened when juvenile wood, compression wood and 

tension wood are bonded since they have distorted cell structures (Frihart 2005).  

Due to PMDI’s ability to enhance durability, the relevance of this theory for 

wood-adhesive bonding is indisputable.  

 

2.8.4 Adsorption Theory 

The adsorption theory states that the reason why an adhesive keeps the 

adherends together is the intermolecular and interatomic forces. In the case of wood 

adhesion, these are the secondary forces (van der Walls, hydrogen bonds and 

electrostatic interactions) and the strongest of these forces are the hydrogen bonds. In 
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this kind of bonding, a positively charged hydrogen atom tries to find another atom 

with excessive electrons to share. These excessive electrons cause a partial negative 

charge so that the atom attracts the positively charged hydrogen. This attractive force 

between the atoms is the hydrogen bonding force. The electronegative atom is usually 

oxygen, nitrogen or fluorine. Almost all wood components are rich in hydroxyl groups 

and some contain carboxylic acid and ester groups. Both of these groups form very 

strong internal hydrogen bonds that give the wood its strength, but they are also 

available for external hydrogen bonds. All major wood adhesives contain polar groups 

that can form hydrogen bonds (Pizzi 1994). Because wood surfaces are highly polar, 

they require polar adhesives for strong bonding. When nonpolar adhesives are used, 

the bonding lacks the water resistance of highly polar adhesives. Based on mass, 

cellulose is the major component of wood, but it is not the major source of polar sites 

on the wood surface. The main sites of interaction for hydrogen bondings are 

hemicelluloses (River, Vick et al. 1991). Besides the mechanical interlocking theory 

this is the other important theory which best explains wood-adhesive bonding.  

 

2.9 Adhesive-Surface Interaction 

Beyond bonding theories, a basic factor for bonding is the adhesive-surface 

interaction, which depends heavily on resin penetration. Some of the key factors of 

good bonding of wood are the surface energy and the wetting properties. Surface 

energy quantifies the disruption of intermolecular bonds that occurs when a surface is 

created. Wood is a material with a high surface energy and one possible method to 
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measure this is the contact angle of a liquid drop. This contact angle is measured at the 

edge of a droplet and the plane of that surface upon which it is placed. When this drop 

shows a low contact angle this indicates a high surface energy, and a high surface 

energy indicates a good wetting of the wood surface. Wetting is the process of an 

adhesive displacing air from a solid surface and penetrating into the surface (River, 

Vick et al. 1991). Good wetting means that the adhesive spreads quickly on the 

surface and flows easily into the wood structure. These are both essential requirements 

for good bonding of the adherends.  

The low surface energy of a wood species can be compensated with resin of a 

low surface tension. When the surface tension of the resin is too low, excessive 

penetration of the resin into the wood occurs, resulting in a lower bonding strength 

(River, Vick et al. 1991). Important factors for wetting, flow, and penetration are: 

density, porosity, extractives, age of the wood surface, acidic character and moisture 

content. For example, an increase in density results in reduced wettability. When the 

wood is moist, the surface energy is higher than the surface energy of dry wood 

(Wellons 1980; River, Vick et al. 1991) and, consequently, easier to wet. Finally, the 

composition of the internal surface of wood is also important for the wetting process 

(River, Vick et al. 1991). After an interfacial contact between the adhesive and the 

wood is established, the resin must continue the bond formation process by adsorption 

and polymerization. 

A well-prepared surface has a huge influence on the quality of wood bonding, 

but sometimes the surface does not have good wetting properties. Such surfaces with 



 50 

 

bad wetting properties can occur when the wood is not dried properly, resulting in 

poor or excessive resin penetration. During surface inactivation the surface energy is 

lowered so that proper wetting and adsorption are hindered. During the bonding 

process water from the adhesive must move away from the resin into the wood. An 

inactivated surface inhibits the adsorption of water. Surface inactivation can happen 

by extractives movement, excessive drying temperatures, airborne contaminants, 

reorientation of the molecules and irreversible closure of large microspores in cell 

walls, all of which lessen the strength of the wood-adhesive bond. 

Not all wood species are affected in the same way by surface inactivation: 

Southern yellow pine is very susceptible, while hemlock is not severely affected 

(Christiansen 1990).  

When moisture diffuses through wood, it carries small amounts of water-

soluble extractives with it. However, some of these extractives are not volatile, and 

consequently accumulate at the surface. Even a very small amount of these extractives 

(fatty acids) can inactive the wood surface. When the extractives are deposited on the 

wood surface, they change its pH value, lower its hygroscopicity, surface energy and 

the water adsorption properties of the wood. These changes affect the water loss 

characteristic of the adhesive when they are applied on the wood surface.  

Surface inactivation is especially critical in wood surfaces like veneers, which 

are dried after the surface is created (Marra 1992). The molecules on the wood surface 

can also be reoriented during high temperature exposure, which results in less reactive 

groups remaining on the surface. Another factor that is affected by surface inactivation 
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is the nature of micropores between the lamellae, which irreversibly close when wood 

is dried (Christiansen 1990). When surface inactivation occurs, it reduces the strength 

of adhesive bonding (Hse and Kuo 1988). Using alkaline adhesives, since they tolerate 

contaminations far better than acidic adhesives, can reduce problems with 

contaminated surfaces. Due to their high pH value, alkaline adhesives also swell the 

wood and open the surface, so that the penetration of the adhesive is improved (Marra 

1992) and the bond is strengthened. All in all, surface inactivation can have a major 

impact on the effectiveness of a bond and should be taken into consideration when 

preparing a wood surface for bonding. 

 

2.10 Strength of Bonding 

2.10.1 Introduction 

Now that the influence of the wood structure on the resin penetration, the 

influence of the resin characteristics on resin penetration and other factors which 

affect resin penetration, as well as bonding mechanisms, have been explained, it is 

possible to explore what makes a strong bond. Resin penetration is correlated with 

strength of wood bonding, as are several other factors. These are: the wood properties, 

the type of adhesive and the design of the joint. Wood properties, which influence the 

bonding strength, are density and grain orientation. A high performance of the bonded 

joints is shown when the strength of the joint exceeds the strength of the wood (River, 

Vick et al. 1991). The greatest amount of stress is put on the wood-adhesive interface 



 52 

 

and is the place where the dimensional change of the wood creates stress (Liechti 

2002).  

Choosing the right adhesive can reduce the stress concentration on the 

interface. A polyurethane adhesive has similar elastic properties like wood and is 

consequently more compatible with wood than the adhesive RPF (resorcinol phenol 

formaldehyde). When the adhesive has a similar elastic behavior as the wood, this 

reduces the stress concentrations on the bondline (Gindl, Sretenovic et al. 2005).  

Furuno, Saiki et al. (1983) reported that the strength of joints is the highest 

when they are bonded with a closed direction of the grain. This is valid for radial, as 

well as for tangential surfaces. The strength of bonds parallel to the grain is less strong 

than bonds with a closed grain. When split surfaces are bonded they show the lowest 

strength. The authors found two types of intrawall failures: a rupture near the S2-S3 

boundary and intertracheidal fracture. When the S2 or S3 layer is attached on the 

adhesive after fracture, this suggests that the adhesive was able to penetrate into the 

cell wall. The reason for the higher strength of the closed grain adhesive bonding is 

the adhesive cast in the tracheid lumen, which provides an effective anchoring. To 

break the bondline, the adhesive in the lumen and the cell wall with the very resistant 

S2 layer near the bond line has to be broken by rupturing the adhesive bonded cell 

wall in the vicinity of the adhesive bondline (Furuno, Saiki et al. 1983). Therefore, the 

right adhesive and the angle of the bonded surfaces have a huge influence on the 

strength of bonding.  
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2.10.2 Bondline 

The bondline is the layer of adhesive that is located between the adherends. It 

is not a flat plane, especially when softwood is bonded (Bryant and Ramos Garcia 

1967). The varying properties of the bondline, including bondline thickness, bondline 

voids and bondline shrinkage, can all affect the strength of bond performance. 

No general agreement exists with regards to the optimal bondline thickness. 

Some reports state that a thin bondline provides the best bond performance (Wellons, 

Krahmer et al. 1977; River, Vick et al. 1991). When thicker bondlines are produced, 

the consolidation pressure is lower so that more voids in the bondline can develop, 

which reduces the bond strength. In addition, thick bondlines also shrink during the 

curing process more than thin bondlines (River, Vick et al. 1991). Contrary to these 

findings, Hse (1971) reported that the strength of bonding increases with increasing 

bondline thickness. This increase in strength is due to the higher probability of 

defective spots in thinner bondlines. River, Vick et al. (1991) stated that the range of 

thicknesses of bondlines is between 8 and 15 micrometers, a value that was confirmed 

by Hse (1971), who found in plywood a PF bondline thickness of 14 micrometers. 

However, Ebewele, River et al. (1979) reported completely different values; they 

found a good RPF (resorcinol phenol formaldehyde) bondline thickness of 85 

micrometers, while Gindl, Schoeberl et al. (2004) measured a thickness range of an 

pMDI glueline between 80 and 120 micrometers.  

The cured bondline can contain voids that are in many cases caused by water 

in the adhesive that was transformed to steam during the hot pressing process. During 
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pressing, the vapor cannot escape from the bondline and forms bubbles. These bubbles 

can be so severe that they can cause a face veneer rupture or a blowout in a panel 

(Hare and Kutscha 1974). Besides bubbles, high moisture in the adhesive can also 

create a foam like structure of the bondline (Koran and Vasishth 1972), which 

negatively affects the strength of the bond. 

One factor that affects the strength of the bondline is the shrinking of the 

adhesive during curing. The shrinkage of the bondline causes internal stress within the 

bondline, which weakens it. The more the bondline shrinks during curing, the lower 

the strength of the bonding. The shrinkage of a PF bondline has been reported in the 

range of 11-21% volume (Hse 1968; Hse 1971). Therefore, the strength of the 

bondline depends on its thickness, solidity and integrity. 

 

2.10.3 Effect of Penetration on Bonding Strength 

Strong bonding requires good adhesive penetration in the wood (Hancock and 

Northcott 1961; Hare and Kutscha 1974). The penetration of the resin in the wood 

must be deep enough so that the resin reinforces the damaged cells and achieves a 

maximum amount of surface contact (Hare and Kutscha 1974). The most durable 

structural bond develops when the adhesive penetrates deeply into the cell lumen, and 

diffuses into the cell wall. This penetration of the resin into the wood microstructure 

enables good mechanical interlocking between wood and adhesive (Furuno, Saiki et 

al. 1983; Gierlinger, Hansmann et al. 2005). To achieve good mechanical interlocking, 

the resin penetration in the lumen is critical. A deep resin penetration also increases 
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the contact area between lumen and adhesive, which increases the area for chemical 

bonding (Hare and Kutscha 1974; Furuno, Saiki et al. 1983). One further effect of 

good penetration is improved resistance to fracture, crack and propagation (Furuno, 

Saiki et al. 1983). Besides a lack of penetration, excessive penetration also reduces the 

strength of bonding (Xing, Riedl et al. 2005). Overpenetration results in a lack of resin 

at the bondline, which is referred to as a starved bondline. One example for a species 

that is prone to overpenetration is Southern yellow pine. Hse (1971) reported that the 

Southern yellow pine bond quality increased with lower PF resin penetration. This 

phenomenon was caused by the high permeability of Southern yellow pine wood.  

Uniform resin penetration is important for bond strength. A high variability of 

penetration depth reduces the strength of bonding. When the resin penetration is non-

uniform, the bonding fails at the point of least adhesive. Consequently, voids, checks 

and discontinuities reduce the strength of the bondline (Hare and Kutscha 1974).  

 

2.10.4 Failure of Bondline  

The strength of a wood-adhesive bond is determined by destructive testing in 

which the required force to break the bond is measured. Wood adhesive bonds exhibit 

various modes for failure: The adhesive bond can fail in the wood (wood failure), 

within the bondline (cohesive failure), or at the interface of wood and adhesive 

(adhesive failure). A good bond is traditionally considered to show 100% wood 

failure, but often a failure is a combination of all three modes (Koran and Vasishth 

1972). The quality of the bond can be determined by the percentage of wood failure 
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during destructive testing (Hare and Kutscha 1974). When wood failure occurs, the 

failure usually happens either in the earlywood zone, or alternatively, at the growth 

ring boundary (Koran and Vasishth 1972). The failure in the internal structure of the 

wood can happen in many ways: as intrawall failure or as transwall failure (parallel or 

perpendicular to the grain direction) (Koran and Vasishth 1972; Hare and Kutscha 

1974). 

However, there is some disagreement about the location of the predominant 

failure. Koran and Vasishth (1972) considered intrawall failure and transwall failure in 

grain direction as the predominant failures; whereas transwall failure perpendicular to 

the tracheid axis as a less frequent failure type. Hare and Kutscha (1974), however, 

found that transwall failure parallel and perpendicular to the grain axis was the most 

frequent failure type. The failure of the bonding is greatly influenced by the degree of 

adhesive penetration into the cell walls, which promotes a strong bond between 

adhesive and cell wall (Furuno and Saiki 1988). After the adhesive cures, it reinforces 

the resin soaked cell wall, which increases the bond strength (Ebewele, River et al. 

1986).  

Earlywood and latewood differences in softwood species often reveal a 

discontinuity in the bondline fracture. When the adhesive penetrates only in earlywood 

that has been damaged during the surface preparation process, the adhesive can be 

pulled away together with the damaged wood.  The damaged earlywood does not 

provide sufficient strength for good bonding (Kutscha and Caster 1987). The peeling 

of the tracheid wall from the adhesive cast is a characteristic of poor bonding of the 



 57 

 

adhesive to the wood. Such an observation shows that no PF resin penetration into the 

cell walls occurred and the resin remained packed in the lumen (Frihart 2005). 

Therefore, the failure of the wood-adhesive bond is affected by many wood 

characteristics and provides many information about the quality of the bond. 

 

2.10.5 Influence of Moisture on the Bond Performance 

When wood is exposed to varying humidity conditions, it swells and shrinks. 

Swelling and shrinkage put stress on the bondline, which can seriously damage the 

bond performance. One way to improve bond performance under changing moisture 

conditions is to use the lowest density species that will meet the mechanical and 

physical requirements. Since wood density and swelling are closely correlated, a lower 

density wood will swell and shrink less than a higher density species (River, Vick et 

al. 1991; Marra 1992).  

In contrast to wood, cured adhesives do not significantly change their 

dimensions when exposed to varying moisture conditions. A consequence of this 

dissimilar behavior is that swelling and shrinking of the wood causes stress 

concentrations in the wood-adhesive interphase region. This stress is one of the most 

severe loads that can be placed on a bondline (Marra 1992; Frihart 2005). The 

adhesive cure process provides a further source of stress since the loss of the solvent 

and the polymerization of the adhesive reduces the volume of the adhesive. A change 

in moisture content of the wood and the resulting swell or shrinkage, can create such 
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large forces on the bondline that this alone can cause delamination, a separation of the 

adherends (Frihart 2005).  

 

2.11 Methods to Determine Resin Penetration  

In order to better understand performance of adhesive bonds, several 

techniques have been developed to observe resin penetration along the bondline. 

Kamke and Lee (2007) reviewed the resin penetration techniques, including optical 

microscopy, SEM (Scanning Electron Microscopy), EDAX (Energy-dispersive X-ray 

spectroscopy) and others. The measurement of resin penetration in general is difficult 

because the penetration varies considerably resulting from natural irregularities in the 

wood (White, Ifju et al. 1977). Another general problem is that the resin concentration 

in cell walls asymptotically approaches zero and consequently makes it impossible to 

accurately measure the full depth of penetration (White, Ifju et al. 1977). It is also not 

clear if the measurement of resin penetration really measures all resin. Zhen, Fox et al. 

(2004) stated that microscopic analysis of pMDI penetration understates the level of 

resin penetration, since only bulk resin is detected. Different viscosities and molecular 

weights of the resins used cause huge differences in penetration depth. Beyond these 

traditional methods, new technology is emerging with which to analyze resin 

penetration in bonded wood. 
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2.11.1 Light Microscopy 

The oldest method for analyzing the adhesive penetration and bondline is light 

microscopy (Hancock and Northcott 1961; Hse 1968; Villaflor 1969; Kutscha and 

Caster 1987; Stephens and Kutscha 1987; Hameed and Roffael 2001). Adhesive bonds 

in wood are examined with reflected light and transmitted light by optical microscopy. 

The full spectrum of visible light is often adequate to observe the resin in the cell 

lumens. In some cases, cured resin is difficult to distinguish within the micro-structure 

of wood. Often, stains and dyes are used to enhance the color contrast between the 

resin and the cell wall. This staining of the wood is based on the lower uptake of the 

stain by the resin. However, careful attention must be paid to the type of resin. For 

example, PF resin cannot be dyed, it always keeps its yellow-brownish color (Seifert 

1957). A suitable dye for the analysis of MUF resin penetration is Basacryl-Brillant 

Rot BG (Rapp and Behrmann 1998). In contrast to PF resins, it is possible to dye UF 

resin with dyes like Siriusbordeaux 5B, Palatinchtblau GGN, Chloraminneublau 5B 

and Azosauereblau B (Ginzel and Stegmann 1970). Light microscopy is an easy to use 

and inexpensive method to determine resin penetration, however it does not provide 

such a high image resolution as other methods.  

 

2.11.2 Fluorescence Microscopy 

A variation of light microscopy to investigate the adhesive penetration in wood 

is fluorescence microscopy. Fluorescence is light emitted by a substance as a result of 

molecular absorption of a photon. The wavelength of fluorescence is dependent on the 
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substance and the excitation wavelength. The autofluorescence of the adhesive or 

wood may be sufficient to observe the adhesive. But to improve the contrast, dyes or 

stains can be used too. A fluochrome dye may be added to the resin prior to bonding 

(Marcinko, Phanopoulos et al. 1995), or the bonded assembly may be stained (Sernek, 

Resnik et al. 1999). An early publication of this method was made by Suchsland 

(1958), who dyed microtomed slices of wood bondlines with fluorescence dye 

(Fluoreszenzfarbstoff) and observed the resin penetration in wood under fluorescence 

light, whose wave length he did not report. Since that time, fluorescence microscopy 

has been used to analyze the penetration of PF resin in plywood (Dougal, Krahmer et 

al. 1980; Gollob, Krahmer et al. 1985), but it is also suitable to analyze the PF resin 

penetration in wood composites (Furuno, Hse et al. 1983; Murmanis, Myers et al. 

1986; Brady and Kamke 1988; Johnson and Kamke 1992; Johnson and Kamke 1994; 

Marcinko, Phanopoulos et al. 1995). To improve the contrast of the image and to 

depress the staining of wood, Toluidine Blue O solution has been used (Johnson and 

Kamke 1992).  

The advantage of fluorescence microscopy is its easy use and the comparably 

low requirements on analytical equipment. One drawback is the photo sensitivity of 

some substances, particularly with excitation light in the ultra-violet range.  

 

2.11.3 SEM (Scanning Electron Microscopy) 

To get more information, fluorescence microscopy can be used in addition to 

SEM to characterize the bondline. Fluorescence microscopy provides information 
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about the adhesive penetration on a larger area, while SEM provides higher resolution 

scans of small areas (Furuno and Goto 1973; Furuno and Goto 1978; Ebewele, River 

et al. 1986; Furuno and Saiki 1988). However, the SEM technique alone is also a 

common way to characterize the bondline (Harada, Davies et al. 1968; Koran and 

Vasishth 1972; Furuno, Saiki et al. 1983) and the adhesive penetration (Smulski and 

Cote 1984; Ashaari, Barnes et al. 1990). This SEM technique can also be combined 

with other analyzing methods like light microscopy (Hare and Kutscha 1974), EDAX 

(energy dispersive x-ray spectroscopy) (Smith and Cote 1972; Bolton, Dinwoodie et 

al. 1988), and the carbon replica technique (Schneider 1970). The carbon replica 

technique is a method of SEM and uses a negative form of the sample for analysis.  

One of the main advantages of SEM is the high level of magnification and the 

great depth of field of this method. On the downside, the wood and the adhesive are 

often difficult to distinguish, quantitative measurements are difficult, and resin 

penetration in the cell wall is not detectible (Kamke and Lee 2007), therefore it is best 

used alongside other penetration detection methods.  

 

2.11.4 UV Microspectrometry 

A newer method for the analysis of resin penetration in wood is UV 

microspectrometry. It can be used to investigate the penetration of MUF resin (Gindl, 

Dessipri et al. 2002), as well as PF and pMDI (Gindl, Schoeberl et al. 2004). UV 

microspectrometry can also be combined with Raman microscopy and has been 
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utilized by Gierlinger, Hansmann et al. (2005) to determine the penetration of MUF 

resin.  

 

2.11.5 Cured Resin Cast 

Another approach for the analysis of the bondline and the adhesive penetration 

is the removal of the wood substance by acids or solvents, known as the cured resin 

cast method. This method is based on the fact that cellulose, hemicelluloses and lignin 

can be removed with different solvents, while the resin is not affected. The removal of 

wood can be done with Jeffrey’s solution and sulfuric acid (Saiki, Goto et al. 1975; 

Smith, Dai et al. 2002), or sulphuric acid and Eau de Javel (Gindl 2001). After this 

procedure, the cured resin cast remains and can be analyzed with SEM. The resin cast 

displays the surface of the wood on which it was cast, making it possible to see on the 

bondline if resin was penetrating into the elements of the wood structure. Results from 

Gindl (2001) and Smith, Dai et al. (2002) show that this method provides very detailed 

results and is able to show features of the wood as small as 1 micrometer. This high 

resolution allows for the detection of resin penetration as small a level as the pit (Gindl 

2001). 

 

2.11.6 Wavelength dispersive Spectroscopy and Energy dispersive x-ray Analysis  

Another method for the study of adhesive penetration is x-ray spectroscopic 

analysis, either by wavelength dispersive spectroscopy (WDS) or energy dispersive 

spectroscopy (EDS), which is synonymous with energy dispersive x-ray (EDX) 
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analysis.  EDS and WDS are complementary techniques associated with SEM, and are 

often combined in an integrated analytical tool called electron microprobe analysis 

(EMPA). EMPA, with raster scanning capability, provides information on elemental 

composition mapping of solid materials. EMPA uses a focused electron beam to excite 

elements to emit x-rays with a characteristic spectrum. When the intensity of the x-ray 

is compared with a standard sample, a quantitative determination of the element 

concentration is possible. EMPA may detect trace elements (10 ppm), has spatial 

resolution of about one micron, and is applicable for all elements with an atomic 

number above 3. WDS is designed for single element detection, and thus has greater 

sensitivity than EDS.  The number of x-ray counts is recorded for each pixel and 

displayed as a grey level (Reed 2005). 

EMPA is a widely used method in the geosciences, and has been used in the 

analysis of forest products in various applications. One application has been to 

measure the concentration and distribution of wood preservatives in wood (Petty and 

Preston 1968; Resch and Arganbright 1971; Dickinson 1973; Rudman 1973; Greaves 

1974; Matsunaga, Kiguchi et al. 2007). Schilling and Jellison (2006) used EMPA to 

analyze the presence of calcium and sulfur in fungal degraded wood.  EMPA has also 

been used to analyze and image wood composites (Timmons, Meyer et al. 1971; 

Herzog, Goodell et al. 2004) and resin penetration in cell walls (Stevens and Schlack 

1978; Moran, Pierret et al. 2000). 
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2.11.7 Other Methods 

Many other methods for adhesive penetration analysis have also been 

developed, such as Ramen microscopy and the carbon replica technique. However, 

none are widely used, which may be due to their more complicated procedures. One 

method is using bromine marked resorcinol phenol formaldehyde resin and tracing the 

penetration of the bromine (White 1977; White, Ifju et al. 1977; Furuno and Goto 

1979; Furuno, Imamura et al. 2004). This method is based on the detectability of 

bromine with analysis methods like EMPA. Donaldson and Lomax (1989) used 

Toluidine blue O in combination with quantitative interference microscopy to analyze 

resin penetration. Further methods are Fourier transform infrared spectroscopy 

(Jensen, Gatenholm et al. 1992), electron energy loss spectroscopy (Rapp, Bestgen et 

al. 1999), x-ray microscopy (Buckley, Phanopoulos et al. 2002) and confocal laser 

scanning microscopy (Xing, Riedl et al. 2005). Finally, new technology is emerging 

that will further expand the available methods of detecting resin penetration along the 

bondline.  

 

2.12 Computed Tomography 

2.12.1 Introduction 

This study focuses on the analysis of resin penetration in wood using x-ray 

microtomography. Today x-ray computer tomography is an indispensible tool in 

medicine and science. The main difference between ordinary radiography and 

computed tomography is that, in the former, the picture of the analyzed sample is a 
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projection, while in the latter it is a cross section (Taylor, Morgan et al. 1980). X-ray 

computer tomography renders from multiple 2-dimensional radiographs a 3-

dimensional reconstruction. X-ray tomography is based on the detection of x-ray 

radiation attenuation by an object. It can be subdivided into three different methods: 

non-destructive with simple projection, non-destructive using information beyond 

simple projection data and destructive techniques. However, only the former will be 

discussed in this review. 

The term tomography originates from classic Greek and consists of tomos 

(section) and graphein (write). The machine for tomography is called a tomograph and 

it produces a tomogram or radiograph, while a sinogram is one tomographic slice and 

the person who operates a tomograph is a tomographer. Tomography with a resolution 

in the micrometer range can be further specified as micro-tomography (Banhart 2008). 

Today x-ray tomography is able to provide a resolution of up to 1 micrometer 

and other tomography methods like electron tomography and atom probe, which use a 

different technique, can reach a resolution below 1 nanometer (Banhart 2008). The 

technical differences of tomographs in medicine and material science are substantial. 

The possible resolution of tomograms in medicine reaches only 1 mm and the usable 

energy can only go up to 200 keV. Tomography in industrial applications can reach a 

resolution of up to 1 micrometer, while using energy of up to 300 keV. The lower 

resolution of medical tomographs is caused by the need for fast scans, while a higher 

energy of the beam would cause damage to human tissue (Banhart 2008). In addition 

the x-ray spot of medical scanners is too large to be used for the high resolution 
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required in the material science (Cnudde, Masschaele et al. 2006). Therefore, it can be 

concluded that the term tomography comprises many different techniques.  

 

2.12.2 Development of X-ray Microtomography 

The earliest roots of microtomography can be traced back to the development 

of x-ray technology by Conrad Röntgen in 1895. Röntgen discovered that x-rays were 

produced when the rays of a cathode interacted with material. In Röntgen’s time, these 

rays had been unknown, so he named them x-rays (Cnudde, Masschaele et al. 2006). 

The first use of this technology was made in medical science with the x-ray imaging of 

human tissue. In the 1950s, the x-ray image intensifier was developed which enabled 

the display of radiographs on monitors. Computed tomography (CT) was developed 

by Hounsfield (Hounsfield 1973) and Cormack (1963) who built the first computed 

tomography device in the early 1970s (Lindgren 1991; Cnudde, Masschaele et al. 

2006). Since the late 1970s, the interests in the use of CT in areas like material 

science, soil science, petrology, biology and wood science have grown (Cnudde, 

Masschaele et al. 2006). In 1984, the first suitable and easy to use algorithm to get a 

topographic reconstruction from 2-dimensional x-ray projection data was developed 

(Feldkamp, Davis et al. 1984; Cnudde, Masschaele et al. 2006). Today, x-ray 

technology is a crucial tool in most scientific disciplines, including wood science, 

which uses x-ray tomography to analyze bonded surfaces. 
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2.12.3 Radiation and Attenuation 

X-rays are electromagnetic waves in the range of 10 to 0.01 nanometers and 

belong to the group of ionizing radiation. During their journey they travel in straight 

lines (Kak and Slaney 1987). Electrons in a material respond to waves by oscillating at 

the same frequency and by re-emitting radiation of the same wavelength and phase as 

the incident radiation. However, the direction of the emitted radiation is different from 

the incident direction, which results in a scattering of these x-rays. Any process that 

changes the direction of an incident photon or leads to its absorption can contribute to 

attenuation (Banhart 2008). The attenuation expresses the probability per unit length 

for a photon to undergo an x-ray interaction process (Rao, Cesareo et al. 1999). The 

incident x-ray photon transfers its energy to an electron, which is bound to an atom of 

the sample. This electron is ejected with the energy of the incident photon minus the 

binding energy of the electron in the atom. Very dense material attenuates the beam 

more than a material with a lower density (Cnudde, Cnudde et al. 2004). The 

absorption of the x-rays consists of the photoelectric effect, the elastic scattering and 

the inelastic scattering. They all have to be added up to equal the total absorption, with 

the photoelectric being the dominant effect (Banhart 2008). More specifically, the 

amount of attenuation of the x-ray beam depends on the photon electron density p, the 

atomic number Z, and the photon energy spectrum of the x-ray beam (Cnudde, 

Cnudde et al. 2004). The interaction between the radiation and the scanned object 

results in the tomogram, which is captured by the CCD chip (Kak and Slaney 1987). 
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Therefore, how the x-rays are attenuated depends strongly on the penetrated material 

and the used x-ray beam. 

 

2.12.4 Units of Attenuation Measurement 

Multiple units can describe the attenuation of radiation in a material, while all 

of them cover slightly different conditions. The most relevant one is the Hounsfield 

Unit (HU) or CT number, a quantitative measure to describe the radiodensity. It is the 

x-ray absorption coefficient of a material normalized to the corresponding absorption 

coefficient of water. This is the attenuation of the x-rays on their way through matter; 

the HU for air is -1000 and for water is HU 0. In computed tomography, each voxel, 

which is the xyz coordinate in a 3-dimensional space, has a corresponding CT-number 

assigned. When the chemical composition and the density of a sample is known, it is 

possible to calculate the absorption coefficient and the Hounsfield number of a 

material (Lindgren 1991). 

Another relevant unit is the attenuation coefficient, which measures the 

attenuation of radiation and depends strongly on the emitted x-ray spectra. 

Consequently, it is not possible to compare the absolute coefficients obtained from 

different x-ray sources (Fromm, Sautter et al. 2001). These two units are the most 

important units to describe the attenuation of x-rays in a material. 
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2.12.5 Contrast Agents 

The first attempts to improve the results of x-ray scans were made in 1904 by 

the injection of radio-opaque material in human tissue (Grainger and Thomas 1999). 

Contrast agents consist of radio-opaque atoms and only three have proven to be useful 

as a basis for the development of x-ray contrast media: barium, bromine, and in 

particular, iodine. A good contrast agent should have the following properties: opacity 

to x-rays and a high chemical stability (Grainger 1999). The efficacy of contrast media 

depends largely on the absorption of x-rays in the diagnostic range. The x-ray 

absorption increases in elements with higher atomic numbers, but with some 

irregularity depending on the position of the K-edge of the absorption relative to the 

energy spectrum of the radiation. When different elements are compared in their 

ability to absorb x-rays, some factors have to be considered such as the energy 

spectrum of the radiation reaching the sample, the hardening caused by the sample, the 

concentration of the contrast medium in a certain area of the sample, and clarification 

of whether the comparison is based on the mass (mg) or number of atoms (moles). 

Metal ions with higher atomic numbers absorb x-rays more efficiently than iodine. 

This difference becomes more obvious when higher energy x-rays are used. However, 

high energy x-rays provide less overall contrast and the binding of metal ions by 

organic molecules is much more difficult. In medical science, only contrast agents 

with low molecular weights have been used. The smaller the molecules, the more 

easily they diffuse everywhere. The molecular size of contrast agents has a huge 

influence on the penetration in tissue (Speck 1999). The pixels in a CT image are grey 
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scale labeled according to the calculated CT number (Dawson 1999). The usage of 

contrast agents to improve the radiograph is nearly as old as the x-ray technique and 

can provide, when choosing an appropriate contrast agent, a strong improvement of 

the generated image.  

 

2.12.6 Radiation Beam  

The quality of a tomogram is strongly affected by the quality of the beam. 

High quality tomograms require an electron beam that is bright, monochromatic, has a 

low energy spread and is geometrically well defined. The raw radiation from a 

synchroton source is a so-called white beam, which is polychromatic and very intense. 

This beam causes beam hardening, an artifact in the captured image, which is the 

reason why it is not commonly used. Instead of white beams, monochromatic beams 

with a far lower intensity are commonly used for tomography. They are created in a 

monochromator by impinging the incoming beam on the crystal surface, which 

reflects only the desired wavelength due to the varying incidence angle of the beam. 

The monochromator can be a single crystal, as well as multilayer structures; however, 

multilayer monochromators are the most common. When the x-rays of the beam are 

too soft, they do not penetrate deeply enough into the sample, while too hard of x-rays 

are not absorbed enough, leading to a poor image contrast. X-rays with an energy 

above 10 keV are considered hard x-rays and soft x-rays have a lower energy (Haibel 

2008). Therefore the generated beam has to be purified and filtered to be suitable for 

x-ray tomography. 
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2.12.7 Tomography Scanning Process 

In the process of generating a tomogram, the sample is placed between a x-ray 

source which is oriented perpendicular to the longitudinal axis of the analyzed object 

and a x-ray detector. The sample is mounted on a rotation platform and many 

individual radiographs are created at rotation increments from 0-180 degrees. The 

generated data is then converted on a scintillator screen to visible light, modified in an 

optical system and captured on a CCD chip (charge-coupled device).  

The contrast of a tomogram can be enhanced by absorption edge tomography. 

In this technique the x-ray energy is adjusted to the absorption edge of one of the 

elements in the sample and the difference of the images taken below and above the 

edge of the component is calculated (Haibel 2008). One single scan can consist of 

hundreds of radiographs and the entire process results in the raw data for the 

reconstruction of the three dimensional image. 

 

2.12.8. Sample Reconstruction and Image Processing 

Tomography generates data, which is far more complex than the radiographs 

of conventional radiography. X-ray tomography generates data for 3-dimensional 

reconstructions, while the regular x-ray technique produces only data for 2-

dimensional radiograms. The data, which is generated during the tomography scans, 

has to be mathematically processed to be able to generate the 3-D reconstruction of the 

sample. The two main methods for the reconstruction of the scanned area are the 

filtered backprojection (Fourier method) and algebraic reconstruction techniques. The 
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tomograms, which can be calculated from the reconstruction, are, mathematically, the 

line integrals of the function representing the cross-section (Kuba and Herman 2008). 

These generated images have to be rendered to generate a reconstruction of the 

internal structure of the scanned material. This can be done with either self-developed 

programs, programs provided by the machine supplier or commercially available ones. 

One common software for the processing and image manipulation is IDL from 

Research Systems, CO (Luggar, Morton et al. 2001; Johnson, Read et al. 2004; de 

Beer 2005).  

As mentioned previously, tomograms show artifacts and noise with varying 

severity. Some are minor while others severely affect the interpretation of the results. 

In order to adequately analyze the images, all these artifacts must be compensated for. 

Examples of image artifacts are: ring artifacts, image noise, edge artifacts, beam 

hardening, metal artifacts, centering errors of the rotation axis and motion artifacts 

(Haibel 2008). 

Ring artifacts are concentric rings centered around the rotation axis and are 

superimposed on the tomographic image. They are caused by imperfect detector 

elements, as well as by defects or impurities on the scintillator crystals. The common 

approach to reduce ring artifacts is the flat-field correction method, in which 

radiographs of the sample, as well the background alone, are captured. Other ways to 

eliminate ring artifacts are wobbling, which averages detector elements with 

neighboring elements, or using different image processing algorithms (Haibel 2008). 
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Another very common artifact is noise, which is unavoidable since X-ray 

fluxes are stochastic processes (van Geet, Swennen et al. 2001) and can be subdivided 

into image noise and camera noise. Image noise results from the unfavorable 

conversion rate of x-ray photons to visible light at high x-ray energies. Camera noise 

can be either external or internal; external noise is caused, for example, from radiated 

electromagnetic interference or from the power supply. An example of internal noise 

is readout noise, dark-current noise or photon shot noise. The readout noise depends 

on the readout speed with a faster readout rate resulting in a higher noise. This is the 

reason why high-speed cameras have a reduced dynamic range. Median filters, 4-

frame averages and thresholds help to reduce the effect of noise on the tomograms 

(Haibel 2008). Median filters calculate the average out of the neighboring pixels, 

while having the disadvantage of a reduced resolution. In the 4-frame averages 

techniques, the final x-ray radiograph for each angle is calculated from the averaging 

of four projections (van Geet, Swennen et al. 2001).  

Edge artifacts occur at the interface of two elements within an object with 

different refraction properties resulting in an edge enhancement on the image; a 

typical example is the transition from the sample to air. Minimizing the distance 

between the sample and the detector can reduce edge artifacts (Haibel 2008). 

Beam hardening occurs in polychromatic, white x-ray radiation, and can 

consequently be resolved by using a monochromatic beam (Haibel 2008). It results in 

a darker center of the scan and a lighter outer area (Ketcham and Carlson 2001). When 

the transmitted x-ray spectrum shifts as the result of the attenuation to a higher energy, 
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it becomes harder. This means that low energy photons are attenuated more strongly 

than high-energy photons during propagation through the sample.  

Metal artifacts occur when high absorbing objects in a sample, like metals, 

strongly reduce the transmission of x-rays. They show up as very bright sinusoidal 

lines in the sinogram and the consequence is that information on other objects in the 

same trajectory is lost. However, the loss of information can be compensated for by 

attenuation of these bright sinusoidal lines by the image reconstruction algorithm 

(Haibel 2008). 

Finally, errors of the rotation axis occur when the rotation axis of the stage 

deviates from the center. Adjusting the parameter of the flawed rotation axis during 

reconstruction can compensate for this error. Simultaneously, motion artifacts happen 

due to the movement of the sample during scanning or due to the imprecise movement 

of the step motor during data acquisition. Increasing the precision of the mechanical 

elements of the tomograph consequently solves this problem (Haibel 2008). The 

images which are reconstructed to form the x-ray tomograph can contain many 

artifacts and noise, some are unavoidable while others can be prevented by correct 

setting of the machine. 

However, even after image processing, further steps for the separation of 

image elements might be necessary. One way to separate different elements in a 

tomogram is by choosing a suitable threshold value so that only pixel values in a 

certain range are displayed. Therefore, even though the x-ray tomography generates 

high-resolution images, image processing is still required to get useful information. 
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2.12.9 Synchroton Tomography 

Synchroton tomography is a special case of tomography which gives the user 

the largest number of experimental options. The main advantage of synchrotron 

tomography is the extraordinary brilliance of third generation synchroton devices, 

which is many orders of magnitude higher than that of a conventional x-ray tube. The 

monochormaticity and parallelity of the synchroton beam are the reason why the 

images are free of the artifacts known from desktop devices such as beam hardening 

or excessive noise; it provides the highest possible quality of tomography images 

(Haibel 2008). 

The main element of synchroton devices is the synchroton ring. In the vacuum 

of the synchroton ring, the charged particles are accelerated and held in a parallel 

trajectory by magnetic fields in order to obtain a source of continuous radiation. The 

radial acceleration associated with the change of direction is generated by the laws of 

electrodynamics upon the radiation. Particles with a high charge and a low mass are 

ideal to obtain a high radiation power (Haibel 2008). 

The quality of a synchroton x-ray beam is described by its brilliance, which 

specifies the number of photons, which are emitted per unit of time, per unit of area. 

The high brilliance of the synchroton radiation combined with the continuous 

spectrum allows selection of a suitable narrow energy band using a monochromator. 

Using monochromatic radiation allows for the visualization of the different 

components of a sample with a spatial resolution of up to 1 micrometer (Haibel 2008). 
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Characteristic of the present third generation of synchroton devices is that 

insertion devices, which are called wigglers or undulators (arrays of various magnets), 

undulate the electron beam many times so that radiation from each curve 

superimposes upon each other. An example of this third generation synchroton device 

is the Advanced Photon Source (APS) in Chicago (Haibel 2008), which is used for 

may applications in material science. 

 

2.12.10 Scintillators  

In synchroton tomography, the x-rays, which have been attenuated and 

scattered while passing through the sample, must be converted into images to enable 

visualization. This is done using scintillator screens, which convert the x-ray photons 

to visible light. They are made out of a material with a high atomic number resulting 

in a high stopping power and high light yield for x-ray photons; they display the 

electron density of the scanned material on their screen (Graafsma and Martin 2008). 

Scintillator screens can be classified into two categories: powder converter 

screens and crystal converter screens. In a powder converter screen, a small-grained 

phosphor powder is mixed with a binding agent and processed to a film. Crystal 

converter screens can be further subdivided into single-crystal scintillators and single 

crystal films. For high-resolution x-ray imaging thin-film scintillators are the main 

converter. The scintillators can be made out of different materials, depending on the 

energy used and the required spatial resolution. Examples for crystal converters are 

bismuth germanate, cadmium tungstate, lutetium oxyorthosilicate and for single 
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crystal films (crystal/ polycrystalline film of substrate) are YAG:Ce on YAG and 

LAG:Eu on YAG, GG:Eu (Graafsma and Martin 2008). 

 

2.12.11 Optics 

Optical systems are used in synchroton tomography to magnify the light 

generated in the scintillator before hitting the CCD chip. The optical systems used in 

tomography can be divided into finite optical systems and infinite corrected optical 

systems, with the latter as the predominant system. In a finite optical system (or fixed 

tube length), the image is formed by the objective alone, while the distance between 

the microscope objective and the image seat in the photo eyepiece is fixed. In the 

infinite corrected optical system, the image is formed by a combination of objective 

and tube lenses with the microscope objective producing a flux of parallel visible 

light, imaged at infinity (Graafsma and Martin 2008). 

 A general problem of high x-ray energies (above 65 keV) is their ability to 

cause severe damage on the optical system. Therefore, above this energy special 

attention is required to prevent damaging the lenses (Graafsma and Martin 2008). 

The magnification of an image in the optical system is the ratio of the distance 

between the x-ray source and the detector over the distance between the source and the 

sample. Opposite of synchroton devices, desktop devices have a magnification and 

spatial resolution that increases when the object is closer to the x-ray source (Cnudde, 

Masschaele et al. 2006). Due to the sensitivity of the optical system, special attention 

must be paid to the correct operation of the system.  
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2.12.12 CCD (charge-coupled device) Chip  

The generated images of the scintillator have to be electronically captured for 

further electronic processing. CCD chips are the detectors that record the output of the 

scintillator and ultimately measure the spatial distribution of energy. Their 

performance is also usually the main limitation of the spatial resolution of the 

tomogram. CCD chips can use direct detection or indirect detection. In direct 

detection, the x-ray photons are directly converted by a CCD chip to an electrical 

signal, while in indirect detection the x-ray photons are first converted on the 

scintillator into visible light that is subsequently converted to an electronic signal by a 

CCD chip. The latter one is the more efficient detector for tomography. Usually a 2D 

CCD chip is used since it provides faster image acquisition than line of point 

detectors. CCD cameras can be subdivided into 2 groups and one intermediate group: 

slow scan cameras (16 bit), which are slow and precise (large dynamic range), and fast 

scan cameras (12 bit), which are fast and have a lower gray-scale resolution (high 

frame rate and small dynamic range). The third, and most common, category is the 

intermediate camera, which is a compromise between high frame rate and high 

dynamic range (Graafsma and Martin 2008). 

 

2.12.13 Quality of Image System 

The quality of tomography scans depend on many factors with the spatial 

resolution of the detector being the predominant one. The spatial resolution is the 

capacity of an imaging system to separate two distinct objects that are located close to 
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each other and to make them visible as separate objects (Banhart 2008). A well-

conditioned sample is important to minimize its thermal expansion, since movements 

larger than the dimension of one pixel cause a blurring of the image. An important 

element of the spatial resolution is the optical coupling between the converter screen 

and the CCD. The CCD camera is focused onto the object placed inside the scintillator 

while the planes in front and behind the scintillator are out of the focus. These planes 

still contribute to the total light projected onto the CCD, which reduces the resolution 

(Graafsma and Martin 2008). 

The resolution of an imaging system is limited by the deviation of the beam 

from parallelity or ideal conical shape, an imperfect mechanical rotation stage, 

blurring in the scintillator, the performance limitation of optical system, too large of 

pixels on the detector and an insufficient number of angular projections (Graafsma and 

Martin 2008). 

 

2.12.14 Phase-Contrast Tomography 

X- ray tomography is based on density differences between the different 

elements in the sample. However, this mechanism causes poor resolution in materials 

with very similar densities. To compensate for this, a contrast agent with a higher 

density is often added to the sample to create higher density differences between the 

elements in the sample.  

Phase contrast tomography is a very useful method for the investigation of 

these samples with areas of similar absorption, as long as the different elements have 
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very different diffractive indices like borders and interfaces. Phase contrast 

tomography can be implemented in third generation synchroton devices or by using a 

micro focus x-ray tube. Phase contrast tomography uses the phase shifts in the x-ray 

beam rather than the differences in attenuation between the different elements. The 

key to phase contrast imaging is to convert variations in phase into variations in 

intensity (Peele and Nugent 2008). In materials which consist mainly of light 

elements, the phase contrast is several orders of magnitude higher than the absorption 

contrast (Antonine, Nygard et al. 2002). Therefore phase contrast tomography can be a 

very useful substitute for analysis, especially of biological materials.  

 

2.12.15 Electron Tomography 

Electron tomography is an electron microscopy technique to obtain 3-D images 

with a resolution in the nanometer range. It is frequently used in structural biology for 

the analysis of cellular structures. A major downside is that it cannot be used for the 

analysis of large volumes of materials so that in large samples it has to be used in 

combination with other tomography techniques.  

High transmission electron microscopes, or scanning transmission electron 

microscopes, are well suited to perform high-resolution electron tomography. The 

electron beam propagates through the whole structure of the sample, which is typically 

10 to 100 micrometers thick. The electron flux in the microscopes can be many orders 

of magnitude greater than the one used in x-ray tomography so that damage on the 

sample can be faster and more severe; biological samples especially have a tendency 
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to be damaged. A way to reduce this damage is to use an electron beam with a lower 

energy. A further source of damage is the preparation process of the sample for the 

electron microscope. During scanning the sample is tilted around the electron beam 

(Midgley and Weyland 2008). Electron tomography is also useful to investigate 

materials below the micrometer range, but its very high resolution and thin sample 

size limits its application on larger samples.  

 

2.12.16 Tomography and Specific Applications in Wood 

Wood, as a natural product, has a variation in the concentration of the polymer 

constituents (cellulose, hemicelluloses and lignin). In addition, as a porous material, 

wood contains a large percentage of air and water, which has consequences on the CT-

number and the absorption coefficient of the analyzed object, which results in different 

intensities of the tomogram. Cellulose, hemicelluloses and lignin in softwood can 

chemically be regarded as C6H10O5, C5.9H11.8O5.8 and C10H13O2. The calculated CT-

numbers are not very sensitive to even huge differences in the concentration of these 

constituents. Within the wood, the CT-numbers for sapwood and heartwood are the 

same, since they have the same C, H and O composition (Lindgren 1991). 

However, the CT-number is sensitive to inorganic salts in wood. For every 1 

percent increase of weight in inorganic salts, the CT-number increases by 4 CT-

numbers (Fengel and Wegener 1983; Lindgren 1991). In temperate zones, the content 

of inorganic salts vary between 0.2 and 0.5%. However, it can increase in tropical 

wood species up to 3.4 % (Chlorophora excelsa). Even a small difference of inorganic 
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salt content in wood can lead to very different CT-numbers, resulting in different 

intensities of the tomogram. Lindgren (1991) found that for Swedish softwoods, an 

average absorption coefficient was 0.2646. The resulting CT-number varies between -

606 (415 kg/m3 density) and -519 (506 kg/m3).  

A further element of error is the water content, since the CT-numbers of wood 

increase with increasing water content. This is due to the higher HU value of water 

(HU=0), which replaces air (HU=-1000) at an increasing water content (Lindgren 

1991). Due to the higher density of water, the moisture content has a large influence 

on the results of the CT scan (Funt and Bryant 1987). 

The tomogram detects all changes in the wood which have lead to a change in 

its density, such as latewood and earlywood, compression wood and tension wood 

(Habermehl, Huettermann et al. 1990). Cellulose, as the main element in paper and 

wood, absorbs x-rays only weakly, which makes the absorptive contrast unsuitable for 

higher resolutions than 1 micrometer (Antonine, Nygard et al. 2002). Therefore some 

wood species, as well as the water content of the wood, can cause relevant changes in 

the CT numbers, which affect the intensity of the image.  

 

2.12.17 Application of Tomography in Wood and Related Materials 

Computer tomography has been used in experiments to gain information about 

the internal structure of wood. This has been used to detect internal defects and knots 

in logs and utility poles (Taylor, Wagner et al. 1980; Taylor, Morgan et al. 1980) and 

wood decay (Illman and Dowd 1997; Illman 2003). Shaler, Keane et al. (1998) were 
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able to observe earlywood, latewood, lumen, ray cells, vessels and tyloses on 

tomograms of white oak (Quecus alba). Other ways to use tomography on wood 

include mapping the water distribution in wood (Fromm, Sautter et al. 2001). 

Tomography has even been successfully used on living trees (Habermehl, 

Huettermann et al. 1990) to map sapwood and heartwood. Furthermore, it is also a 

suitable tool to analyze paper. Antonine, Nygard et al.  (2002) were able to study the 

3-D structure of paper and could observe pores, fibers, lumen and some of the fibrils.   

Tomography has also been used to analyze wood composites. Shaler, Landis et 

al. (2003) used x-ray microtomography to analyze weak links inside wood plastic 

composites. The quality of the collected images varied, with a strong dependence on 

the used polymer since some had nearly the same x-ray absorbance as the wood. They 

found that the grey intensities corresponded to the x-ray absorption, but without an 

exact correlation between grey scale values and density. Shaler, Keane et al. (1998) 

were able to observe the penetration of the resin in a wood-pultrusion compound 

transversly and along the fiber direction 4-6 cells deep into the wood. The collected 

data enabled the measurement of voids, volumes and distances, as well as 2-D and 3-D 

imaging. Steppe, Cnudde et al. (2004) were able to detect all vessels larger than 10 

micrometers and were able to reconstruct the wood matrix.  They used a 

polychromatic beam of a conventional x-ray source, which limited the resolution to 10 

micrometers. To get a resolution below that, synchrotron radiation should be used.  

Tomography has also been used to analyze materials with a similar micro-void 

structure as wood. Cnudde, Cnudde et al. (2004) used microtomography to determine 
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the penetration of chemicals in porous stones. The results which they received showed 

that tomography is a suitable tool for analysis of penetration of chemicals. Mueller, 

Beckmann et al. (2002) was able to characterize the micro-architecture of a polymer 

sponge with x-ray tomography. 

Previously, most microtomography scans have been made with desktop units 

e.g. SkyScan 1072 (Steppe, Cnudde et al. 2004). However, they have the disadvantage 

of producing tomograms with a lower image quality.  

Xu, Donaldson et al. (2007) used dual axis electron tomography to investigate 

the spatial distribution of cellulose microfibrils of radiata pine (Pinus radiata). They 

analyzed the S2 layer of delignified wood and found that it’s a suitable technique to 

get insights in the nanometer range of the 3-D organization of cellulose microfibrils in 

plant cell walls.  

X-ray tomography has been applied to wood, as well as to material with a 

similar internal structure, and the suitability of this technique on wood has been shown 

in various experiments.  However, examination of the resin penetration in wood with 

microtomography in the micrometer range has yet to be explored, which is the main 

focus of this research project.  
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Figure 2.2 Phenol formaldehyde oligomers (Anonymous 2009; Simonsen 2009). 
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Figure 2.3: pMDI (Pizzi 1994; Simonsen 2009). 
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Figure 2.4 Condensed UF resin (Conner 1996; Simonsen 2009). 
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3 MATERIALS AND METHODS 

The research consists of three main elements: x-ray microtomography (XMT), 

wavelength dispersive spectroscopy (WDS), and image processing and analysis. The 

first x-ray microtomography experiment (Part 1) was done in December 2006 and the 

second in June 2008. The results of the first experiment suggested that the contrast 

agent rubidium separated from the adhesive during hot pressing. Consequently, it was 

necessary to verify this observation in a WDS scan. In this part, the wood-adhesive 

bondline was analyzed with WDS to analyze the rubidium distribution over the 

bondline. The second XMT experiment (Part 2) was done to capture images of the 

samples at a beamline with a higher resolution than used at the first XMT experiment. 

In the analysis of the results, automated image processing was used to extract 

numerical and visual information from the x-ray microtomography data. 

 

3.1 Part 1 XMT 

3.1.1 Sample preparation 

Trees have different ways to assemble the cells in their tissue. Hardwoods can 

be ring-porous, semi-ring porous, or diffuse-porous, while all softwoods have a similar 

structure constituting an assembly of tracheids. For this experiment ring-porous and 

diffuse-porous hardwoods, as well as one softwood species, were chosen. The 

selection of these species was based on their commercial relevance in the United 

States, as well as the presumption of different adhesive flow characteristics. Red oak 
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(Quercus rubra) represents the ring-porous hardwoods, Douglas-fir (Pseudotsuga 

menziesii) the conifers, and hybrid poplar (Populus deltoides x Populus trichocarpa) 

the diffuse-porous hardwoods.  

 The bonding of the samples was done in a similar way as the bonding of wood 

in commercial production. The wood of the hybrid poplar originated from plantation 

grown trees from eastern Oregon, while the Douglas-fir wood came from a tree with 

very slow growth and showed very tight annual rings. No further information about 

the origin of the red oak is available. The samples for the experiment were cut out of 

different boards of the same log. Before bonding, the wood was conditioned in a room 

at a temperature of 20 º C and a humidity of 65%. The samples were planed with a 

rotary knife planer just prior to bonding. All three wood species were bonded 

according to the scheme in Table 3.1. PF resin was applied on both adherend surfaces 

with a hand roller and a resin coverage of 260 grams per square meter of bondline. 

The pressing was done for 4 minutes at 190 ºC in a Carver laboratory press model C. 

The oak and Douglas-fir samples were pressed at 150 psi and the poplar samples at 70 

psi. A pressure of 150 psi assures an intimate contact between the adherends without 

damaging the oak and Douglas-Fir wood, while this pressure would destroy the poplar 

samples. For this low density species a pressure of 70 psi was sufficient. Blanks of 

wood were cut from the bonded samples with dimensions of approximately 3 mm x 3 

mm x 20 mm. To create a cylindrical sample, the blank was then forced through a 

metal dye that consisted of holes in a metal plate that had successively smaller 

diameters. The result was that wood substance larger than the diameter of the dye was 
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peeled off and a cylindrical sample with a diameter of 2.8 mm was created (Figure 

3.1). The bondline was in the center of the specimen and oriented parallel to the 

longitudinal axis. The machined samples were conditioned in the APS (Advanced 

Photon Source) laboratory building so that they achieved equilibrium moisture 

content. 

The density differences between PF resin and wood are not enough to generate 

sufficient contrast between the two materials to visibly separate them on an x-ray 

radiograph. Adding a contrast agent can solve this problem, which is quite common 

when using tomography. A contrast agent is a material that increases the x-ray 

adsorption of the material so that it results in a better contrast. Commonly NaOH is 

used to synthesize PF resin (Table 3.2), but since the regular PF resin does not provide 

enough contrast between resin and wood, the NaOH was substituted in the resin 

cooking process with RbOH at the same molar ratio (Table 3.3). Rubidium is in the 

same alkali metal group of the periodic table and so is suitable to substitute for NaOH. 

Rubidium exhibits excellent x-ray attenuation, with K-edge of approximately 15 keV. 

The K-edge is a characteristic sudden increase of attenuation that occurs at the photon 

energy just above the binding energy of the K shell electron. The estimated x-ray 

attenuation length for Rb, cellulose and PF resin are displayed in Figures 3.2, 3.3 and 

3.4. 
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Table 3.1 Orientation of the bonded wood surfaces for part 1 XMT. Grain direction 
was parallel. Beam energy and number of images per 180 degree scan are listed. 

Sample 
number 

Species Surface  Beam 
energy (eV) 

Number of 
images 

1 Red oak Radial-radial 15,232 1800 
2 Red oak Tangential-tangential 17,500 2000 
3 Red oak Radial-tangential 15,232 1800 
4 Douglas-fir Radial-radial 15,232 1800 
5a Douglas-fir Tangential-tangential 15,232 1800 
5b Douglas-fir Tangential-tangential 17,500 2000 
6a Douglas-fir Radial-tangential 15,232 1500 
6b Douglas-fir Radial-tangential 17,500 1500 
7a Hybrid poplar Radial-radial 15,232 1800 
7b Hybrid poplar Radial-radial 17,500 2000 
8 Hybrid poplar Tangential-tangential 15,232 1800 
9 Hybrid poplar Radial-tangential 15,232 1800 

 

NaOH is a catalyst in the resin curing process and provides hydroxide ions 

which increase the pH value and by this means speeds up the reaction. In addition, the 

NaOH increases the solubility of the phenolic groups by ionizing them. The Na ion in 

the NaOH is a counter ion to the OH ion and does not participate in the reaction itself. 

It was assumed that Rb would remain trapped within the cured PF resin. The 

communication with three chemists confirmed this assumption.  

 Hexion Specialty Chemicals manufactured the resin in the same way as a 

typical plywood PF resin. It had a F/P ratio of ~2.1 and the RbOH was added in two 

charges (Table 3.3). The final solids content of the resin was 47%, the pH 12.2, the 

viscosity was 720-750 cps at 25 ºC and the Mn (number average) 1987. The total 
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rubidium content in the resin was 14.4% by weight. After production, the resin was 

stored at -5 ºC until needed. 

 

Table 3.2 PF resin synthesis using NaOH; components and order of addition are listed. 

Item "As Is", % 
by weight 

"As Is" 
Weight, g 

% by Weight 
Dry Basis 

% Water 

1. Phenol, 100% 33 1326 33 -  
2. CH2O, 50% 12 498 6 6 
3. Water 7 268 - 7 
4. KOH, 85% 1 42 1 0 
5. NAOH, 50% 2 60 1 1 
6. CH2O, 50% 33 1301 16 16 
7. Water 6 243 - 6 
8. KOH, 85% 3 108 2 0 
9. NaOH, 50% 4 154 2 2 

 100       4000g 62% 39% 
 

Table 3.3 PF resin synthesis using RbOH; components and order of addition are listed.  

Item "As Is", % by weight 
1. Water 14
2. Phenol (88.6%) 27
3. RbOH (50%) 13
4. CH2O (53%) 30
5. RbOH (50%) 16

 100
 

3.1.2 XMT Scanning of the Samples 

Tomography was performed at the beamline 5 BM-C at the Advanced Photon 

Source (APS) located at the Argonne National Laboratory. Tomography scans were 
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done at an energy of 15.232 keV with a monochromatized beam which was obtained 

using a Si(111) double-crystal monochromator. This beam energy was selected 

because the K-edge of Rb occurs at 15,200 ev. The specimen was positioned on a 

rotating stage and was turned a total of 180 degrees at various angle increments so 

that, depending on the specimen, a total number of 1500-2000 images were captured. 

The image capturing was done using a phosphor scintillator screen with a 10x optical 

lens and a Roper ST 113 camera (1300 x 1340, 24 micron pixels, 16 bit readout), 

which yielded 2.4 micron per pixel resolution. Tomograms were collected at an 

exposure time of 10 seconds. The raw images were calculated at the average of 7 

frames, with a size of 1299 x 1299 pixels each. The tomogram was processed on a 15-

node Linux computer cluster at the APS. The results from the tomography were stored 

in 50 files in the magnetic resonance imaging (MRI) format, which is a medical 

imaging format to store tomography images. The analysis of the image was done with 

the freeware program MRIcro version 1.40, a program developed by Chris Rorden 

from the University of South Carolina (Rorden 2009). 

 

3.2 Wavelength Dispersive Spectroscopy (WDS) 

3.2.1 Sample Preparation and Scanning 

The samples for the WDS scan were cut from residuals of the production of the 

cylindrical samples whose preparation was described in 3.1.1. The surface was cut 

with a razor blade and the sample surface was wetted with deionized water to soften 

the wood and enable a smooth cut.  
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The WDS was performed at the Electron Microprobe Laboratory at Oregon 

State University and the machine was operated by Frank Tepley. The WDS was 

integrated in a Cameca SX 100 electron microprobe and the specimens were coated 

with 20 nm carbon. The WDS scan was done as a rubidium L alpha analysis with a 

LTPA diffraction crystal (500 x 500 micron scan area, 1 micron step length, 5 

millisecond dwell time, 15 keV acceleration voltage, 1 micron beam size, 50 

nanoampere sample current). The total scan time was about 24 minutes. The Cameca 

SX 100 contained an integrated SEM (scanning electron microcope) so that an SEM 

image from the WDS scanned area was also made. The SEM provided a resolution of 

1024x768 pixels with 256 grey levels at an acceleration voltage of 15 keV. 

 

3.3 Part 2 XMT 

3.3.1 Sample Preparation 

The bonding in the second XMT experiment was done with different species 

and with a different beamline at the APS facility than the first XMT experiment. 

Again, commercially important species were chosen. The samples were made from 

Douglas-fir (Pseudotsuga menziesii) (DF), loblolly pine (Pinus taeda) (SYP) and 

yellow-poplar (Liriodendron tulipifera) (YP).  

The wood was conditioned at 20ºC and 65% rel. humidity, and the surface was 

machined with a rotary knife head planer. In this experiment only the tangential 

surfaces were glued together. The adhesive was applied with a hand roller as a single 

glue line with a resin coverage of 200 g/m2. Samples were pressed at 190 ºC with a 
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pressure of 100 psi in a Versatester, Soiltest Inc., laboratory press for 9 minutes. Each 

sample was reduced in size to isolate the bondline on a Präzi lathe to a diameter of 2.5 

mm and a length of approximately 8 mm. The bondline was located in the center of 

the sample along the longitudinal axis (Table 3.4). Sample YP 5 was cut in a different 

way; the cylinder was cut not parallel to the longitudinal bondline like the other 

samples, but perpendicular to it, in order to the create different stresses in the sample 

during a cyclic moisture experiment. 

The RbOH resin was the same as in the first XMT experiments. It was frozen 

for 18 month between the first and second experiment to extend its shelf life. It was 

used for some samples at a concentration of 50% with the other 50% of a standard PF 

plywood resin, Georgia-Pacific Resins, Inc. GP 4000 (Table 3.4). The results of the 

first XMT experiments showed that the x-ray attenuation of the adhesive sometimes 

obscured the underlying wood structure. We suspected that a lower Rb resin 

concentration would provide more detailed information about the underlying wood 

structure, which was the reason for the aforementioned dilution of the Rb resin with 

standard plywood resin. The properties of the viscosity of the RbOH resin was 2300 

cps, at 25 degrees C, the plywood resin 1620 cps, and the 50/50 mixture had a 

viscosity of 1980 cps (Brookfield LV-II with a LV3 spindle). The molecular weight 

(number average) of the PF plywood resin was 1620 and the molecular weight of the 

RbOH-PF resin was 1987.  
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Table 3.4 Bonding scheme of the samples (DF=Douglas-fir, SP=Southern Yellow 
Pine, YP=Yellow-poplar) 

Sample Resin Mix (RbOH 
Resin: Plywood resin) 

Grain orientation 

SP 1 50:50 Perpendicular orientation of substrates 

SP 2 50:50 Parallel orientation of substrates 

SP 3 100:0 Parallel orientation of substrates 

SP 4 100:0 Perpendicular orientation of substrates 

DF 1 50:50 Parallel orientation of substrates 

DF 2 50:50 Perpendicular orientation of substrates 

DF 3 100:0 Parallel orientation of substrates 

DF 4 100:0 Perpendicular orientation of substrates 

YP 1 50:50 Parallel orientation of substrates 

YP 2 50:50 Perpendicular orientation of substrates 

YP 3 100:0 Parallel orientation of substrates 

YP 4 100:0 Perpendicular orientation of substrates 

YP 5 50:50 Parallel orientation of substrates 

 

3.3.2 XMT Scanning of Samples 

 The second round of tomography scans were performed at beamline 2-BM-B 

at the APS facility. They was done in 5 different runs with partially changing 

conditions which are described in Table 3.5. Each of the 5 trays represents one of the 5 

runs. All runs were done with the specimens in equilibrium moisture content with 

laboratory condition. Trays 3, 4, and 5 were scanned after the samples were soaked in 

water and redried. This simulates the stress to which bonded wood products are 

exposed when they get wet and dry again. The wet/redried samples were vacuum-
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pressure soaked for 2 hours with tap water, after which they sunk in water. They were 

then dried for 10 minutes at 70-80 °C using forced air. The specimens in tray 4 were 

stored for two additional hours at room conditions at the APS facility (temperature and 

humidity unknown), and scanned again. Specimens in tray 4 were stored for six 

additional hours before scanning a third time, and specimens in tray 5 were stored for 

three days before scanning. 

In the XMT setup, a 5x objective was used and the spatial resolution was 1.3 

micrometers. The specimens were mounted vertically in a specimen holder, placed on 

a tray and then processed as a batch. An automated robot arm placed the specimen on 

a rotating stage for the tomogram scan. Five trays, with varying number of specimens, 

were scanned. The exact technical parameters are displayed in Table 3.5. After 

scanning the first tray the scintillator distance to the specimen was reduced from 72 

mm to 12 mm to reduce beam diffraction and to improve the quality of the image. In 

addition, the beam energy was increased  from 15.4 keV to 16.4 keV. The higher beam 

energy was used to ensure the K-edge for rubidium was exceeded, which enhanced the 

contrast between wood and adhesive. The exposure time for each image was 250 ms. 

The images were captured with a 12 bit Roper Scientific camera (Photometrics 

CoolSnap k4), except for Tray 5, where a 16-bit camera was used and the field of view 

was 2.6 by 2.6 millimeters. 16-bit images provide a higher number of gray levels so 

that the image contains more information. The hope was that images captured with a 

16-bit camera would produce better images, however during the original scan time, no 

16-bit camera was available. Consequently the scan of tray 5 was done three days later 
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by Francesco DeCarlo. From each sample 1,400 images were taken at an interval of 

0.125 degree over 180 degrees.  

The total scanning time was about 25 minutes per sample. The reconstruction 

of the 2 dimensional images into 3 dimensional data files took about 25 minutes per 

sample. Image reconstruction was performed by Francesco DeCarlo at the APS. One 

image per tomogram was captured, except for Tray 5, for which two sample scans 

were done using eight images that were averaged to create one image (Table 3.5). The 

scanning of one sample generated 1280 single files and each of these files contained 

the information of one slice. The files were saved in the hierarchical data format 

(.hdf), version 4.2. 
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Table 3.5 Performed scans (YP: Yellow-poplar, DF: Douglas-Fir, SYP: Loblolly pine. 
The first number indicates the sample and the second number the replication of this 
sample) 

Tray Scintillator-
sample 
distance (mm) 

Beam 
energy 
(keV) 

Dry or 
wet/dry 

Specimens File 
name 

Image bit 
depth and 
frames per 
image 

1 72 15.4 Dry DF1-1 A07  12/1 
1 72 15.4 Dry DF1-2 A05  12/1 
1 72 15.4 Dry DF2-1 B11  12/1 
1 72 15.4 Dry DF3-1 B07  12/1 
1 72 15.4 Dry DF3-2 B09  12/1 
1 72 15.4 Dry DF4-1 B05  12/1 
1 72 15.4 Dry DF4-2 B03  12/1 
1 72 15.4 Dry YP1-1 A01  12/1 
1 72 15.4 Dry YP2-1 B01  12/1 
1 72 15.4 Dry YP3-1 A03  12/1 
1 72 15.4 Dry YP4-1 C01  12/1 
1 72 15.4 Dry YP5-1 A11  12/1 
2 12 16.4 Dry DF3-5 D01  12/1 
2 12 16.4 Dry SYP1-1 C11  12/1 
2 12 16.4 Dry SYP2-1 C09  12/1 
2 12 16.4 Dry SYP3-1 C07  12/1 
2 12 16.4 Dry SYP3-3 C05  12/1 
2 12 16.4 Dry SYP4-1 C03  12/1 
2 12 16.4 Dry SYP4-2 C01  12/1 
2 12 16.4 Dry SYP4-3 D11  12/1 
2 12 16.4 Dry YP3-2 D09  12/1 
2 12 16.4 Dry YP3-3 D07  12/1 
2 12 16.4 Dry YP4-1 A03  12/1 
2 12 16.4 Dry YP4-2 D05  12/1 
2 12 16.4 Dry YP4-3 D03  12/1 
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Table 3.5: (Continued). Performed scans (YP: Yellow poplar, DF: Douglas-Fir, SYP: 
Loblolly pine. The first number of the specimen column indicates the sample and the 
second number the replication of this sample)  

Tray Scintillator-
sample 
distance (mm) 

Beam 
energy 
(keV) 

Dry or 
wet/dry 

Specimens File 
name 

Image bit 
depth and 
frames per 
image 

3 12 16.4 wet/redried DF2-2 B11  12/1 
3 12 16.4 wet/redried DF3-1 B07  12/1 
3 12 16.4 wet/redried DF3-2 B09  12/1 
3 12 16.4 wet/redried DF3-5 C01  12/1 
3 12 16.4 wet/redried DF4-1 B03  12/1 
3 12 16.4 wet/redried DF4-2 B03  12/1 
3 12 16.4 wet/redried SYP3-1 D07  12/1 
3 12 16.4 wet/redried SYP3-3 D05  12/1 
3 12 16.4 wet/redried SYP4-1 D03  12/1 
3 12 16.4 wet/redried SYP4-2 D01  12/1 
3 12 16.4 wet/redried YP3-1 A03  12/1 
3 12 16.4 wet/redried YP3-2 V07  12/1 
3 12 16.4 wet/redried YP3-5 C01  12/1 
3 12 16.4 wet/redried YP4-1 A01  12/1 
3 12 16.4 wet/redried YP4-2 C03  12/1 
3 12 16.4 wet/redried YP4-3 C05  12/1 
3 12 16.4 wet/redried YP5-1 A11  12/1 
4 12 16.4 wet/redried SYP3-1 D07  12/1 
4 12 16.4 wet/redried SYP4-1 D03  12/1 
4 12 16.4 wet/redried YP4-3 C05  12/1 
5 12 16.4 wet/redried DF3-1 B01 16/8 
5 12 16.4 wet/redried DF3-1 B05 16/1 
5 12 16.4 wet/redried SYP4-1 B03 16/8 
5 12 16.4 wet/redried SYP4-1 B07 16/1 
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In spring 2009, the sample SYP3-3 was scanned again at the same beamline, 

but with different technical parameters and three different scintillator distances (Table 

3.6). The beam energy was 22 keV, the exposure time 160 ms and the data was saved 

in 2048 slices. A 5x lens and a Roper Scientific camera (Photometrics CoolSnap k4), 

was used to capture the images. All other parameters were the same as in the 

previously described tomography scans. The intention was to determine if scintillator-

to-sample distance could significantly affect beam diffraction and improve the contrast 

between wood and adhesive.  

 

Table 3.6 Performed scans in 2009 on the sample SYP3-3 

Sample Scintillator-sample 
distance (mm) 

Beam energy 
(keV) 

Specimens File name 

2009-1 80 22 SyP3-3 SP3-3_A 
2009-2 100 22 SYP3-3 SP3-3_B 
2009-3 140 22 SYP3-3 SP3-3_C 

 

3.3.3 Image Processing  

Noise and artifacts are common byproducts of tomography scans and can occur 

even on scans from high quality synchroton devices. The tomography images 

generated in this experiment contained a substantial amount of noise and artifacts, 

which required image processing before a satisfying analysis of the tomograms could 

be done. Image processing and analysis of the tomography results was only done with 

the data from the second XMT experiment; due to the lower quality of the images 

from the first XMT scan, they were not further analyzed. The image processing was 
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done with the IDL software (ITT Corporation, Boulder, CO), version 7.1, which is a 

widely used software package to process and manipulate data from microtomography 

(Luggar, Morton et al. 2001; Johnson, Read et al. 2004; de Beer 2005). The program 

ran on a 64-bit Dell Precision workstation model 390 with a Intel Core 2 Quad (2.66 

GHz) processor and 8 GB of RAM using the Microsoft Windows XP 64-bit operation 

system. The IDL software package contains many pre-written programs for image 

processing and reconstruction and these programs can be integrated in self-written 

code in IDL.  

Several different programs were written by the author to perform the desired 

tasks (Table 3.7). The processing of all 1280 files of one sample can take nearly 30 

minutes, depending on the performed procedure. Consequently, the procedures for 

image processing and manipulation were split into several procedures to reduce the 

processing time and permit intermediate examination of the results. 

The procedure autoread_species.pro (#1) was written to perform 

manipulations on a stack of images. This program imports the stack of HDF files in a 

three-step process to a variable in IDL. The images are subsequently scaled to 8 bit 

and rotated so that the bondline is in a horizontal position when displayed on the 

computer screen. Noise reduction was done to improve with the Lee filter algorithm 

image quality, which is based on an algorithm developed by J. Lee (1986) and 

suppresses speckle noise without smearing edges or loosing distinctive subtle details. 

This filter showed particularly good results on the tomography images. Since the 

histogram of density values was very different between all images in a stack, it was 
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necessary to perform histogram equalization. This histogram equalization procedure 

manipulates the histogram of all images in the stack to mirror the histogram of a 

reference image. This reference image was chosen to be the first image in the stack. 

For the histogram equalization the procedure HistoMatch.prog (Fanning 2009) was 

used, which is based on the histogram matching method of Gonzalez and Wood 

(2002). Finally, all processed images were saved in the tagged image file format 

(TIFF). 

The final creation of 3-D renderings was done with the program ivolume, an 

integrated rendering and animation program of IDL. This program renders a 3-D 

model out of a sequence of images, requiring a large amount of computer RAM. The 8 

GB RAM of the computer available was insufficient to create a rendering out of all 

1280 images in a stack. Each 8-bit image contained 4,194,000 pixels. Consequently, 

the images had to be cropped with the program autocrop_species.pro (#2) to an area 

of approximately 30,000 pixels to ensure a stable run of the IDL program when the 

whole stack of 1280 images was loaded. 

After performing the aforementioned image processing, the histogram of the 

image still covered the whole range of gray-scale intensities. Voids had the lowest 

intensity and adhesive the highest intensity over the 256 gray-scale range. To enable a 

depth of view into the voids (gas) of the rendered volume, a gray-scale threshold had 

to be defined. The threshold became the boundary between gas (low value) and wood 

(high value) so that only gray-scale values above the threshold were displayed. This 

threshold was subjectively determined based on histograms generated with the 
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software imageJ, version 1.4 (National Institute of Health). Attempts to determine this 

value mathematically by analyzing the gray scale intensity were unsuccessful.  

The separation of adhesive and wood was done in a similar fashion. The 

selected threshold values for each of the rendered volumes to be discussed in the next 

chapter are shown in Table 3.8. The thresholding of the air and the wood structure was 

done by the procedure autothreshold_species.pro (#4).  

The images shown in this research were generated with the program ivolume 

out of different planes of the subsections shown in Table 3.8 and stored as TIFF files. 
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Table 3.7 IDL procedures used for the image processing and manipulation 

Number Procedure name Description 
1 autoread_species Reads HDF file as variable in IDL, scales 

to 8 bit, rotates bondline horizontally, 
applies Lee filter algorithm, equalizes the 
histogram to reference image and saves 
as TIFF file 

2 autocrop_species Reads TIFF file as variable in IDL, crops 
image section to desired size and saves it 
as TIFF file 

3 autothreshold_species Reads TIFF file as variable in IDL, 
applies threshold and saves as TIFF file 

4 volume_calculation_species Creates a 3D  array out of all images and 
calculates the volume of the set range of 
thresholds for the whole sample 

5 area_calculation_species Reads TIFF files as variable in IDL and 
calculates the area within a designated 
range and prints out the area for one 
image at a time 

6 rotation_species Creates a 3D array out of a stack of 
images and permits the rotation of it in all 
3 dimensions to the desired angle 

7 ivolume_rotate_species Creates a 3D array out of a stack of 
images, creates mpeg animation and 
saves it. 
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Table 3.8: Specimens and the applied image processing procedures for figures to be 
discussed in Chapter 4. 

Figure 
number 

Sample Applied 
procedures 

Displayed Threshold Coordinates 
of the 
subsection 

4.20 YP3-4 only rotation 
and cropping, 
no image 
improvement 

Void volume, 
wood, adhesive

no 
threshold 

x=600-699   
y=900-1199    
z=0-1279 

4.21 YP3-2 1,2 Void volume, 
wood, adhesive

no 
threshold 

x=600-699   
y=900-1199    
z=0-1279 

4.22 YP3-2 1 ,2, 4 Wood and 
adhesive 

>106 x=600-699   
y=900-1199    
z=0-1279 

4.23 YP3-2 1 ,2, 4 Adhesive >130 x=600-699   
y=900-1199    
z=0-1279 

4.24 YP3-2 1 ,2, 4 Adhesive >140 x=600-699   
y=900-1199    
z=0-1279 

4.25 YP3-2 1 ,2, 4 Adhesive >150 x=600-699   
y=900-1199    
z=0-1279 

4.26 YP3-2 1 ,2, 4 Adhesive >160 x=600-699   
y=900-1199    
z=0-1279 

4.27 YP3-2 1 ,2, 4 Adhesive >170 x=600-699   
y=900-1199    
z=0-1279 

4.28 YP3-2 1 ,2, 4 Adhesive >180 x=600-699   
y=900-1199    
z=0-1279 

4.29 SYP3-3 1, 2, 4 Wood >126 x=700-849    
y=700-849       
z=0-1279 
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Table 3.8 (Continued) Specimens and the applied image processing procedures for 
figures to be discussed in Chapter 4. 

Figure 
number 

Sample Applied 
procedures 

Displayed Threshold Coordinates 
of the 
subsection 

4.30 SYP3-3 1, 2, 4 Wood >126 x=700-849    
y=700-849       
z=0-1279 

4.31 SYP3-3 1, 2, 4 Wood >126 x=700-849    
y=700-849       
z=0-1279 

4.32 SYP3-3 1, 2, 4 Wood >126 x=700-849    
y=700-849       
z=0-1279 

4.33 SYP3-3 1, 2, 4 Wood >126 x=700-849    
y=700-849       
z=0-1279 

4.34 DF3-5 1, 2, 4 Wood >135 x=1250-1399   
y=1220-1369   
z=0-1279 

4.35 DF3-5 1, 2, 4 Wood >135 x=1250-1399   
y=1220-1369   
z=0-1279 

4.36 DF3-5 1, 2, 4 Wood >135 x=1250-1399   
y=1220-1369   
z=0-1279 

4.37 DF3-5 1, 2, 4 Wood >135 x=1250-1399   
y=1220-1369   
z=0-1279 

4.38 YP4-3 1, 2, 4 Wood >81 x=800-949   
y=350-499       
z=0-1279 

4.39 YP4-3 1, 2, 4 Wood >81 x=800-949   
y=350-499       
z=0-1279 
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Table 3.8 (Continued) Specimens and the applied image processing procedures for 
figures to be discussed in Chapter 4. 

Figure 
number 

Sample Applied 
procedures 

Displayed Threshold Coordinates 
of the 
subsection 

4.40 YP4-3 1, 2, 4 Wood >81 x=800-949   
y=350-499        
z=0-1279 

4.41 YP4-3 1, 2, 4 Wood >81 x=800-949   
y=350-499        
z=0-1279 

4.42 SYP3-3 1, 2, 4 Wood and 
adhesive 

>126 x=300-449    
y=980-1209      
z=0-1279 

4.43 SYP3-3 1, 2, 4 Wood and 
adhesive 

>126 x=300-449    
y=980-1209      
z=0-1280 

4.44 SYP3-3 1, 2, 4 Wood and 
adhesive 

>126 x=300-449    
y=980-1209      
z=0-1281 

4.45 SYP3-3 1, 2, 4 Wood and 
adhesive 

>126 x=300-449    
y=980-1209      
z=0-1282 

4.46 SYP3-3 1, 2, 4 Wood and 
adhesive 

>126 x=300-449    
y=980-1209      
z=0-1283 

4.47 SYP3-3 1, 2, 4 Adhesive >178 x=300-449    
y=980-1209      
z=0-1284 

4.48 SYP3-3 1, 2, 4 Wood and 
adhesive 

>126 x=300-449    
y=980-1209      
z=0-1286 

4.49 SYP3-3 1, 2, 4 Wood and 
adhesive 

>126 x=300-449    
y=980-1209      
z=0-1287 
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Table 3.8 (Continued) Specimens and the applied image processing procedures for 
figures to be discussed in Chapter 4. 

Figure 
number 

Sample Applied 
procedures 

Displayed Threshold Coordinates 
of the 
subsection 

4.50 SYP3-3 1, 2, 4 Wood and 
adhesive 

>126 x=1460-1669   
y=1380-1609    
z=0-1279 

4.51 SYP3-3 1, 2, 4 Wood and 
adhesive 

>126 x=1460-1669   
y=1380-1609    
z=0-1279 

4.52 SYP3-3 1, 2, 4 Wood and 
adhesive 

>126 x=1460-1669   
y=1380-1609    
z=0-1279 

4.53 SYP3-3 1, 2, 4 Adhesive >165 x=1460-1669   
y=1380-1609    
z=0-1279 

4.54 SYP3-3 1, 2, 4 Adhesive >165 x=1460-1669   
y=1380-1609    
z=0-1279 

4.55 SYP3-3 1, 2, 4 Adhesive >165 x=1460-1669   
y=1380-1609    
z=0-1279 

4.56 DF3-1 1, 2, 4 Wood and 
adhesive 

>121 x=720-979  
y=1100-1349   
z=0-1279 

4.57 DF3-1 1, 2, 4 Wood and 
adhesive 

>188 x=720-979  
y=1100-1349   
z=0-1279 

4.58 DF3-1 1, 2, 4 Wood and 
adhesive 

>121 x=720-979  
y=1100-1349   
z=0-1279 

4.59 YP3-2 1 ,2, 4 Wood and 
adhesive 

>106 x=600-699   
y=900-1199    
z=0-1279 

4.60 YP3-2 1 ,2, 4 Adhesive >140 x=600-699   
y=900-1199    
z=0-1279 
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3.3.4. Measurement of Bondline thickness 

The usage of x-ray microtomography provides a unique opportunity to perform 

the measurement of the adhesive bondline on a whole sample and not only on a few 

2D slices. As explained earlier, the degree and the quality of adhesive penetration has 

a huge influence on the quality and performance of the bond. The bondline thickness 

was calculated with the program area_calculation_species.pro (#6). It counts the 

number of pixels in the set range of grayscale on one image slice, multiplies by the 

area of one pixel (1.69 μm2), and divides by the bondline length to compute the 

effective bondline thickness (1). The term “effective thickness” is used because 

bondline thickness is not uniform and it not symmetrical. The thresholds for adhesive 

and wood were determined with the method described in section 3.3.3. The average 

bondline length was calculated by measuring the bondline length on the slices 0, 640 

and 1279 in the image stack. These slices were chosen since they are the first, the 

center and the last slice of the image stack. As described under section 3.3.3, the 

available RAM was insufficient to process all slices at the same time. Instead of that, 

this approach performs the calculation slice-by-slice, which bypassed the need for the 

creation of subvolumes (Table 3.9). 

 

 

Deff=effective bondline thickness 

Ab=area of adhesive bondline 

Ap=area of adhesive in interphase 

(1) 
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Table 3.9 Samples for adhesive bondline thickness measurement and thresholds for 
adhesive and wood 

Sample Bondline 
length (µm) 

Threshold 
for adhesive 

Threshold 
for wood 

SYP2-2 2003 >108≤256 >80≤108 
SYP3-3 2103 >178≤256 >125≤178 
YP3-2 2117 >140≤256 >105≤140 
YP3-3 1841 >135≤256 >103≤135 

 

3.3.5. Measurement of volumetric Fraction (Adhesive, Voids, and Cell Walls) 

During bonding of wood, the wood structure can take up a substantial amount 

of adhesive in its cell lumens. Consequently it was desirable to determine the relative 

proportions of the adhesive volume, cell wall volume, the void volume on the whole 

sample. This procedure was done with the program volume_calculation_species.pro 

(#5). This program creates a 3-D array out of the slices, counts the number of voxels 

within the set range of gray-scale and multiplies by the volume of one voxel (2.197 

μm3) to compute the total volume. The thresholds for adhesive and wood were 

determined with the method described in section 3.3.3. The size of the analyzed image 

stack was limited by the amount of available RAM so that only subsections of the full 

sample could be analyzed without endangering the stability of the IDL program (Table 

3.10). 
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Table 3.10 Samples for volume measurement and thresholds for adhesive and wood 

Sample Threshold for 
adhesive 

Threshold for 
wood 

SYP2-2 >108≤256 >80≤108 
SYP3-3 >178≤256 >125≤178 
YP3-2 >140≤256 >105≤140 
YP3-3 >135≤256 >103≤135 

 

3.3.6 Tomograph Edge Detection 

The results from the wavelength dispersive spectroscopy suggests that the 

contrast agent rubidium separated from the adhesive and moved independently 

through the wood. If the rubidium stays with the adhesive, a clear boundary would be 

visible on the histogram between wood and adhesive since the x-ray attenuation of 

rubidium in the resin is far higher in comparison to wood. However, if the contrast 

agent separated from the adhesive, no clear boundary between adhesive and wood 

would be visible. To verify this, a histogram line scan with the freeware program 

imageJ, version 1.42 on the sample YP3-2 was done perpendicular to the bondline, 

and the gray-scale distribution was overlaid on the analyzed image.  

 

3.3.7 Influence of Cyclic Moisture on the Wood-Adhesive Bondline 

The cyclic moisture experiment was performed on the samples in trays 3, 4, 

and 5 as part of the second XMT experiment. The samples SYP3-1 and YP4-3 were 

chosen for the evaluation of the effect of moisture since their scans produced the 
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highest image quality of all cyclic moisture samples. The results of the scans of the 

samples in tray 3 and 5 provided lower quality images so they were not analyzed.  

The samples were first scanned in dry condition, then removed from the 

sample holder to perform the cyclic moisture exposure and then put back on the 

sample holder for the second scan as described in section 3.3.2. The following 

nomenclature is used to describe the samples: “not aged” describes samples before 

cyclic moisture exposure and “aged” describes samples after cyclic moisture exposure. 

A consequence of the movement for the samples for the cyclic moisture exposure is 

that they were not perfectly aligned in all three dimensions. This required the 

alignment of the samples with the program rotation_species.pro (#7) to compare the 

same surfaces before and after cyclic moisture. It was used to rotate the aged sample 

SYP3-1 by -3 degree around the z-axis and the not-aged sample YP4-3 by 3 degree 

around the y-axis to achieve a reasonable alignment of the samples. For the 

visualization of the aligned reconstruction, 200 image slices were loaded in the 

program ivolume and a visual comparison of the before-and-after image of the 

adhesive bondline was done (Table 3.11). 
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Table 3.11 Cyclic moisture specimen and the applied image processing procedures for 
figures to be discussed in Chapter 4. 

Figure 
number 

Sample Aged Applied 
procedures 

Threshold Coordinates of 
the subsection 

4.61 SYP3-4 not 
aged 

1, 2, 7 no 
threshold 

x=420-869   
y=620-919        
z=0-199 

4.62 SYP3-4 aged 1, 2, 7 no 
threshold 

x=430-879   
y=600-899   
z=309-508 

4.63 SYP3-4 not 
aged 

1, 2, 7 no 
threshold 

x=420-869   
y=620-919        
z=0-199 

4.64 SYP3-4 aged 1, 2, 7 no 
threshold 

x=430-879   
y=600-899   
z=309-508 

4.65 SYP3-4 not 
aged 

1, 2, 4, 7 124 x=420-869   
y=620-919        
z=0-199 

4.66 SYP3-4 aged 1, 2, 4, 7 118 x=430-879   
y=600-899   
z=309-508 
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Table 3.11 (Continued) Cyclic moisture specimen and the applied image processing 
procedures for figures to be discussed in Chapter 4. 

Figure 
number 

Sample Aged Applied 
procedures 

Threshold Coordinates of 
the subsection 

4.67 YP3-4 not 
aged 

1, 2, 7 no 
threshold 

x=1080-1529   
y=1100-1300    
z=0-199 

4.68 YP3-4 aged 1, 2, 7 no 
threshold 

x=1070-1519   
y=950-1249    
z=74-273 

4.69 YP3-4 not 
aged 

1, 2, 7 no 
threshold 

x=1080-1529   
y=1100-1299   
z=0-199 

4.70 YP3-4 aged 1, 2, 7 no 
threshold 

x=1070-1519   
y=950-1249    
z=74-273 

4.71 YP3-4 not 
aged 

1, 2, 4, 7 107 x=1080-1529   
y=1100-1299    
z=0-199 

4.72 YP3-4 aged 1, 2, 4, 7 104 x=1070-1519   
y=950-1249    
z=74-273 

4.73 YP3-4 not 
aged 

1, 2, 4, 7 107 x=1080-1529   
y=1100-1299      
z=0-199 

4.74 YP3-4 aged 1, 2, 4, 7 104 x=1070-1519   
y=950-1249    
z=74-274 

 

3.3.8 Animation of Wood and Adhesive Bondline 

The IDL software enables the creation of animation out of 3-D arrays, which 

are useful tools for the display of wood and adhesive bondlines to professional and 

laymen audiences. The generation of the animation was done with the program 

ivolume_rotate_species.pro. (#8) which rotates the 3-D array in ivolume, creates a 
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mpeg movie, and saves it. Animations were made out the wood and the bondline of 

the samples SYP3-3 and YP3-2. 

 

3.3.9 Statistical Analysis 

 Due to the limited time at the beamline it was not possible to do more 

replications. Consequently, only limited statistical analysis was possible. The only 

case where statistical tools could be used, was the measurement of adhesive 

penetration. For this characteristic, the median and the standard deviation was 

calculated.  
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  Figure 3.1 Machined sample 
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Figure 3.3 X-ray attenuation length of PF 
resin with sodium (Henke, Gullikson et al. 
1993; Gullikson 2009) 

Figure 3.4 X-ray attenuation length of 
cellulose (Henke, Gullikson et al. 1993; 
Gullikson 2009) 

Figure 3.2 X-ray attenuation 
length of PF resin with rubidium 
(Henke, Gullikson et al. 1993; 
Gullikson 2009) 
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 4 RESULTS AND DISCUSSION 

4.1 Separation of Adhesive and Contrast Agent 

4.1.1 Tomographic Edge Detection 

The evaluation of the adhesive penetration in wood requires a clear distinction 

between wood and adhesive. However, the x-ray attenuation of wood and PF adhesive 

is very similar and does not enable a clear distinction between wood and adhesive on 

x-ray tomograms. To compensate for this, rubidium hydroxide (Rb) was added to the 

PF resin since its x-ray attenuation is far higher than the one of wood. However, the 

analysis of the tomography images from the experiment in 2006 showed a lack of 

clear distinction between wood and adhesive which suggested that the rubidium 

hydroxide separated during hot pressing from the adhesive.  

To verify this hypothesis, an exemplary grey-scale line scan on one sample 

was performed across the bondline, covering plain cell wall substance, voids and 

adhesive (Figure 4.1). The intensity plot of this scan in Figure 4.2 shows a depression 

where void area is scanned and a peak where a cell wall or adhesive is measured. A 

plateau is visible in the center of the plot which represents the adhesive bondline in the 

center of Figure 4.2. However, when comparing the plateau (b) in the center of the 

plot with the peaks (c) on the left side of the plot, it is obvious that the plateau does 

not have clearly higher intensity. The peaks of the cell walls are overlapping in 

intensity with values of the plateau. The peaks (c) are outside of the interphase region, 

and should not have been in contact with adhesive. This demonstrates clearly the lack 
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of distinct boundaries between cell wall and adhesive since any set threshold would 

either overestimate the cell wall area or underestimate the amount of adhesive.  

The normalized grey scale values for different regions of the slice #00000 of 

the sample YP3-2 are displayed in Figure 4.3 and 4.4 at different scales. The grey 

scale ranges for the whole sample, a region of wood and gas, a region of gas and 

adhesive were determined with the program ImagePro (vers.6.2). On the Figure, the 

letter a marks a shoulder in the intensity of the whole sample as well as in the wood 

and gas phase. This is probably an artifact due to a dark halo effect from the 

diffraction between cell wall substance and air. Letter b marks the grey scale range of 

the pure gas region of the image while point c shows the grey scale range of the wood 

substance. Point d marks the grey scale range of adhesive. However, the graphs also 

show that there is an overlap in grayscale between the different phases. These two 

graphs show the range of grey scale for the different volumetric fractions on the image 

and the difficulty in separating them. 

The adhesive used contained Rb to increase the x-ray attenuation of the 

adhesive. However, this was not entirely achieved and the only explanation for this 

phenomenon is a separation of Rb from the adhesive and its independent movement 

through the wood structure. 

 

4.1.2 Wavelength Dispersive Spectroscopy (WDS) 

As described under section 3.1.1, Rb was added to the PF resin to increase the 

x-ray attenuation and to enable a clear distinction between adhesive and wood on 
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XMT scans. However, the results from the XMT experiment in 2006 were not able to 

provide a clear distinction. And as determined in section 4.1.1, the Rb probably 

separated from the adhesive and moved independently from the resin. To track the 

movement of the Rb, wavelength dispersive spectroscopy (WDS) was used. This 

method is able to detect traces of elements on solid surfaces and was consequently the 

tool of choice to determine if the rubidium could be found only in the adhesive or also 

in the surrounding cell walls.  

To determine the rubidium content of yellow-poplar, a pristine hybrid poplar 

piece from the same wood stack, which never had been in contact with Rb resin, was 

scanned with WDS to get a reference for pristine wood. A WDS scan displays only the 

searched element, in this case Rb, and displays a high Rb concentration with bright 

color, while areas without detectable Rb are displayed in black. Figure 4.5 shows a 

nearly complete black image, with only a few brighter spots, indicating that only small 

amounts of Rb were detected. To reveal the underlying wood structure, the image 

brightness was increased (Figure 4.6) and the underlying wood structure is barely 

visible. These results show that pristine hybrid poplar wood contains only traces of 

Rb. 

After obtaining the reference WDS scans of hybrid poplar, bondlines of three 

Rb bonded samples were analyzed. The test specimens were cut from Douglas-fir, 

hybrid poplar and red oak samples produced for the experiment in 2006 (first XMT 

experiment). The Rb scans were performed with the same setting as the scanning of 

the pristine wood.  
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On the Figures 4.9, 4.12 and 4.15, which show the WDS scan for Rb, the wood 

structure appears very bright, meaning the wood of the analyzed samples must contain 

a high concentration of Rb. When comparing with Figure 4.5 it is obvious that the 

samples 4.9, 4.12 and 4.15 contain far more Rb than naturally would occur in wood. 

The only source for this Rb can be the PF resin. Only the Douglas-fir samples (Figure 

4.9) showed a gradient of Rb concentration, with the highest concentration at the 

bondline. The yellow-poplar (Figure 4.12) and oak (Figure 4.15) samples did not show 

a gradient in brightness, which means the rubidium migrated through the wood. As a 

reference, fluorescence micrographs (Figure 4.7, 4.10 and 4.13) and SEM images 

(Figure 4.8. 4.11, and 4.14) of Douglas-fir, yellow-poplar and red oak are shown. 

These are either adjacent (fluorescence micrographs) or the same surface (SEM) as 

scanned by WDS. 

The separation of the Rb from the adhesive probably happened during the hot 

pressing. During hot pressing temperatures between 100 and 200 degrees C occur for 

over 5 minutes together with the movement of hot steam. These conditions could have 

resulted in the movement of the Rb. This result substantially impacts the analysis of 

the. Consequently a clear measurement of the adhesive penetration will not be possible 

which reduces the precision of the results.  

 

4.2 Tomography images of wood structure  

During the three experiments at the APS facility a total number of 65 scans 

were performed with various tomography parameters and conditions on the samples. 
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Consequently, the image quality showed a huge fluctuation from very good to 

unusable images. The samples from tray 2 of the 2008 experiment produced by far the 

best image quality. Therefore, mainly the data from tray 2 were used for this research. 

In addition, results from tray 4 of the 2008 experiment were used to evaluate the effect 

of cyclic moisture on the bondline. Since no sample with a Douglas-fir bondline was 

on tray 2, one sample from tray 5 was analyzed, but, this sample had a lower image 

quality than the other samples. All bonded samples with good image quality were 

bonded with 100% Rb adhesive and none with 50% Rb resin and 50% GP plywood 

resin. 

In 2009 the sample SYP3-3 was scanned with three different scintillator 

distances to evaluate the effect of different scintillator distances on the image quality. 

The Figures 4.15-4.18 show the results for scintillator distances of 12 mm (Figure 

4.16), 80 mm (Figure 4.17), 100 mm (Figure 4.18) and 120 mm (Figure 4.19). A 

comparison of images shows that the image quality was the highest at a scintillator 

distance of 12 mm, and at higher distances the image quality decreased. Pits can be 

clearly identified at a scintillator distance of 12 mm. This difference in image quality 

is probably caused by the diffraction of the x-ray beam. It can be concluded that an 

increase in scintillator distance decreases the image quality of wood samples. 

 

4.2.1 Image processing 

The utilization of microtomography images required substantial image 

processing to generate high quality reconstructions. This image processing was done 
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with the autoread_speciemen.pro function which removes noise, rotates and equalizes 

the intensity histograms of all slices of one sample. Figure 4.20 shows an unprocessed 

reconstruction of yellow-poplar and Figure 4.21 one that has been processed. The only 

difference is that on Figure 4.21 the Lee filter algorithm was used and the histograms 

of all slices were equalized. However, even Figure 4.21 has no depth of view in the 

sample since no thresholding was performed to remove the pixels which represent air 

in cell lumens. Figure 4.22 shows the same sample threshold at 106 to remove the 

pixels that represent gas in the vessels. The comparison of Figure 4.20 and 4.22 

demonstrates the improvement in image quality. 

However, even after thresholding to remove the air, the analysis of the 

adhesive flow required further thresholding to remove the wood. As described in 

section 3.3.3, the decision about the right threshold to separate adhesive and wood is 

subjective and even small changes in the threshold have a major influence on the 

adhesive measurement. Figures 4.23, 4.24, 4.25, 4.26, 4.27 and 4.28 demonstrate this 

clearly. The only difference between the figures is that the threshold value increases 

from 130 (Figure 4.23), to 140 (Figure 4.24), to 150 (Figure 4.25), to 160 (Figure 

4.26), 170 (Figure 4.27 and 180 (Figure 4.28). The figures show the strong effect of 

the threshold setting on the result; the change from 140 to 150 especially changes the 

results substantially. Table 4.1-4.3 show the effect of different thresholds on the 

measured volume and demonstrate that even an incorrect setting of the threshold by 10 

can change the measured adhesive volume by approximately 50%. They are the 

volume calculations for Figure 4.23 (Table 4.1), 4.24 (Table 4.2) and 4.25 (Table 4.3).  
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Table 4.4 shows the effect of different threshold values on the measured 

effective bondline thickness. It demonstrates how even a change in threshold of 10 can 

cut the measured bondline thickness in half. These examples demonstrate that the 

setting of thresholds requires a high level of diligence to avoid biased results.  

 

Table 4.1 Void space, cell wall and adhesive volume in yellow-poplar (sample YP 3-
2), thresholds set too low. 
 
  Void space Wood Adhesive 
Threshold ≤96 >96≤130 >130≤256
Volume (μm3) 15,654,600 38,150,700 30,559,600
Volume (%) 19 45 36

 

Table 4.2 Void space, cell wall and adhesive volume in yellow-poplar (sample YP 3-
2), thresholds set at correct values. 
 
  Void space Wood Adhesive 
Threshold ≤106 >106≤140 >140≤256
Volume (μm3) 35,161,000 30,014,200 19,189,600
Volume (%) 42 35 23

 

Table 4.3 Void space, cell wall and adhesive volume in yellow-poplar (sample YP 3-
2), thresholds set too high 
 
  Void space Wood Adhesive 
Threshold ≤116 >116≤150 >150≤256
Volume (μm3) 41,894,700 29.841,100 12,629,000
Volume (%) 50 35 15

 

Table 4.4 Effect of different thresholds for wood on the measured effective bondline 
thickness (YP3-2) 

Threshold 130 140 150 160 170 180 
Bondline thickness (µm) 134 63 39 29 20 13 
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4.2.2 Southern yellow pine 

Southern yellow pine wood,  as a coniferous species, consists mainly of 

longitudinal tracheids. Figure 4.29 shows the tracheids as the main structural element 

in Southern yellow pine, as well as the rays. In addition, the bordered pits which 

connect tracheids on the radial surface are clearly visible. Figure 4.30 shows at even 

higher magnification the radial surface of a single row of tracheids. The bordered pits 

are again discernible. In the front part of Figure 4.30 a few rows of rays are visible. 

The complete sample length of 1.7 mm is displayed on Figure 4.31. This image shows 

the orientation of the tracheids and especially the tapering on the end of the tracheid; 

in addition it is clearly visible how the bordered pits cover the radial surface of the 

tracheid. The tip of a tracheid in high magnification is displayed in Figure 4.32, which 

shows the tapered end. A small section of a tracheid that demonstrates well the tube-

like shape of tracheids is displayed on Figure 4.33. It shows a short section of the 

tracheid with the opening on the top.  

 

4.2.3 Douglas-fir 

Douglas-fir belongs, like Southern yellow pine, to the conifers and 

consequently has a very similar wood anatomy. Figure 4.34 shows this very clearly 

with the longitudinal tracheids making up most of the sample and rays going through 

the sample in multiple locations. The image also shows a few of the bordered pits. The 

tapered ends of the tracheids are well displayed in Figure 4.35. In addition, the image 

shows the bordered pits on the radial surface as well as rays going through the sample. 
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On Figure 4.36 a longitidinal view of several tracheids is visible. In addition the 

bordered pits are cross-cut and the rays are visible. A similar surface is visible on 

Figure 4.37, which displays the cross-cut bordered pits more clearly. Besides that, the 

image shows that tracheids exhibit some undulation in the longitudinal direction.  

 

4.2.4 Yellow-poplar 

Yellow-poplar, a hardwood species, has a very different wood anatomy than 

the previously described species. The images of generated from the tomography data 

of this samples showed such a low brightness that it was necessary to increase the 

brightness to reveal the underlying structure. Yellow-poplar consists of vessels and 

fibers with the former connected to each other end-to-end by scalariform sieve plates. 

Figure 4.38 shows the full height of the scanned sample. A common element in 

yellow-poplar are rays which are visible on Figure 4.38. Figure 4.39 further displays 

vessels, perforation plates and pits. In addition, the perforation plates (found in the 

vessels of yellow-poplar) and fibers are well imaged on Figure 4.40. The inter-vessel 

pitting is very prominent and appear to cover the entire vessel wall. These are 

bordered pits. Figure 4.41 shows a more highly magnified part of the sample and the 

pits and sieve plates are imaged very well.  

 

4.3 Tomographic images of wood-adhesive bondline 

 The wood structure is the governing factor of adhesive penetration in wood. 

The adhesive flow through the wood structure occurs in all three orientation and 
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follows the path of least resistance. The following definitions are used to describe each 

direction in the three wood samples used in this experiment. 

• Longitudinal adhesive flow is the movement of the adhesive through 

the transverse surface 

• Radial adhesive flow is the movement of adhesive through the 

tangential surface 

• Tangential adhesive flow is the  movement of the adhesive through the 

radial surface 

  

4.3.1 Southern yellow pine 

The adhesive penetration in the wood structure of the Southern yellow pine 

occurred at various degrees, depending on the wood anatomy and random effect. The 

main direction of adhesive flow is through the longitudinal tracheids (Figures 4.42, 

4.43, 4.44, 4.46 and 4.47) and, if connected to the bondline, through longitudinal resin 

canals and fusiform rays (Figure 4.50- 4.55). The adhesive cast on Figure 4.47 

demonstrates clearly the dominance of tracheids regarding the adhesive flow. The 

adhesive moves through the longitudinal tracheids and fills them nearly completely 

with adhesive (Figure 4.42, 4.43, 4.44, and 4.47). However, nearly all adhesive filled 

tracheids contain bubbles with a characteristic longitudinal-elongated shape (Figure 

4.42-4.45). These bubbles are an interruption of the continuous adhesive body and 

may have an influence on the bond performance. Phenol-formaldehyde adhesives 

contain water (H2O) as solvent, which is converted to steam during the hot pressing of 
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the wood composites, which is typically done at a temperature of 180 to 200 degrees 

C. In addition, the condensation polymerization reaction of phenol-formaldehyde 

generates water as a reaction product. The generated steam is unable to escape from 

the tracheids, and forms bubbles, which remain after solidification of the adhesive.  

Further interruption of the adhesive bondline occurs in the form of irregular 

cavities (Figures 4.45 and 4.46), which appear at the interface between the two 

adherends. Their smooth surface suggests that the surrounding wood structure is 

coated with adhesive. They might have been created by an insufficient amount of 

adhesive to fill the gap between the adherends completely or by captured steam as 

described above.  

Another interruption of the adhesive body are cracks which have been found at 

the adhesive interface between the two adherends (Figure 4.45). A major difference 

between cracks and other voids in the adhesive is that the former have sharp edges. 

The sharpness of the edges suggests that the cracks were formed after the 

solidification of the adhesive. Phenol formaldehyde adhesive shrinks as it polymerizes 

and is prone to cracks due to its brittleness.  

A substantial longitudinal flow of adhesive in tracheids occurs only when the 

cell walls are opened, which happens during machining of the wood element for 

bonding. Evidence of longitudinal flow through intact tracheids was lacking from this 

research. Tracheids in Southern yellow pine are nearly 4 mm in length; whereas, 

longitudinal distance within the field of view was only 1.7 mm. The limited size of the 

analyzed section did not permit a final statement to be made. 
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Radial adhesive flow occurs through ray parenchyma, which permits a low 

degree of adhesive flow through the wood structure (Figures 4.48 and 4.49.  It is 

especially obvious on Figures 4.48 and 4.49 that the adhesive flow happens through 

the ray parenchyma and not through the ray tracheids. This agrees with the 

observation of Gindl (2001). The adhesive flow through ray parenchyma appears to be 

frequent (Figure 4.53-4.54) and the amount of adhesive visible decreases as distance 

from its source increases. The adhesive movement through the ray parenchyma easily 

reached 100 micrometer and perhaps beyond the field of view (Figures 4.54).  

Besides the ray parenchyma, fusiform rays (which contain a resin canal) can 

also play an important role in the radial adhesive flow. As shown in Figures 4.50-4.55 

the main pathway of adhesive flow from the bondline into the longitudinal resin canal 

appears to be a fusiform ray. It connects the resin canal with the wood-adhesive 

bondline and is completely filled with adhesive.  

Tangential flow of adhesive can only occur through the bordered pits which is  

the main tangential pathway between longitudinal tracheids. In the described 

experiment, no flow of adhesive through bordered pits was observed.  The resolution 

of the tomography scan was not high enough to make a definite statement about 

adhesive flow through bordered pits; however, no observations have been made which 

would confirm that the adhesive moved through a bordered pit pair from one tracheid 

to another. It is suspected that the adhesive was stopped at the pit aperture.  

Johnson and Kamke (1992) subdivided the adhesive penetration into gross 

penetration, which comprises the penetration in lumen, pits and cracks, and cell wall 
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penetration. Cell wall penetration describes the adhesive penetration through 

microvoids in the cell wall. The results discussed in this research describe only the 

gross adhesive penetration, since resolution of the microtomography used in this 

experiment does not permit the observation of cell wall penetration.  

Adhesive penetration in cells that were opened during the cutting process in 

this experiment was observed frequently. This observation has also been reported by 

many other researchers (2002; Smith, Dai et al. 2002), who consider this as the main 

way adhesive enters tracheids.  

The results show that half-bordered and simple pits in ray parenchyma permit 

the flow of adhesive while bordered pits resisted the adhesive flow. Similar results 

have been reported by Gindl (2001), who used a resin cast technique with SEM. Gindl 

found that in Southern yellow pine, simple pits permit adhesive flow while bordered 

pits inhibit the adhesive flow. He reported that the adhesive was able to flow through 

the aperture, but was stopped at the torus or margo. The resolution of the tomography 

scans did not permit this observation. Other experiments confirmed the inability of PF 

resin to flow through bordered pits (Hare and Kutscha 1974). Some researchers have 

reported adhesive flow through bordered pits (Furuno and Goto 1975; Smulski and 

Cote 1984; Buckley, Phanopoulos et al. 2002; Smith, Dai et al. 2002), but none of 

them used PF resin. 

The tomograms show that adhesive flow through the ray parenchyma is a 

common way for adhesive movement to and from tracheids and resin canals. The 

adhesive flow through ray parenchyma was reported by other scientists (Hare and 
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Kutscha 1974; Dougal, Krahmer et al. 1980; Furuno, Hse et al. 1983). This 

observation is shared by Furuno and Goto (1975) (1992), however, White et al. (1977) 

considers the adhesive flow through rays as not relevant. The measured depth of 

adhesive penetration in parenchymatic tissue varies, but in most cases exceeds 150 

micrometer. Contrary to this, Koran and Vaishth (1972) reported a penetration depth 

of 45 micrometers while Smith et al. (2002) found a penetration depth of 180 

micrometers in multiseriate rays. Molecular weight and fluid properties of the resin as 

well as wood species characteristics, likely account for the observed variation of 

adhesive penetration. 

The tomographic images collected from the Southern yellow pine specimen 

(Figures 4.50-4.55) from this experiment clearly show the importance of a fusiform 

ray for the filling of a resin canal with adhesive. This observation is confirmed by 

Hare and Kutscha (1974) who stated that the adhesive flow through rays can assist the 

filling of resin canals with adhesive.  

Hare and Kutscha (1974) report that microscopic voids do not affect the 

quality of the bondline as long as they do not occur in large numbers. However, 

numerous bubbles were found in the adhesive of all analyzed reconstructions. These 

bubbles are effectively an interruption of the bondline and a potential point of stress 

concentration during load tests. When they appear in such high numbers as in the 

performed experiment, it can be expected that they cause a reduction in bonding 

strength. 
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4.3.2 Douglas-fir 

Douglas-fir as a conferious species has a similar wood structure as Southern 

yellow pine. During the tomography scans the Douglas-fir samples were assigned to 5 

different trays which were scanned with different parameters, different tools and 

different treatments. Tray 2 provided the highest image quality and this tray contained 

only one Douglas-fir sample. Unfortunately, this sample was accidentally made 

without a bondline, so a bonded Douglas-fir bondline sample from tray 5 had to be 

used. However, the quality of the scan was negatively affected by severe ring artifacts 

and a comparably low image quality.  

Similar as the Southern yellow pine sample, the adhesive flow mainly through 

tracheids and rays. 4.56 clearly demonstrates this and also shows in the front part of 

the image the flow of adhesive through a ray. However, the limited image quality does 

not permit to make more detailed statement about adhesive flow through ray 

parenchyma and ray tracheids. The adhesive bondline on Figure 4.56 shows an 

example of low contrast between wood and adhesive as discussed in section 4.1.1. 

Bubbles in the adhesive appear in the Douglas-fir samples in the same way as in the 

Southern yellow pine samples. Figure 4.57 shows the same view as Figure 4.56 with 

the only difference being the removal of the wood structure by thresholding. It 

demonstrates again the dominance of the adhesive flow through tracheids, as well as 

the frequent occurrence of bubbles. The adhesive flow through rays is visible in the 

front part of the image, however the lower image quality negatively affected the 

thresholding so that a direct comparison between the degrees of adhesive penetration 
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through rays with Southern yellow pine was not possible. The generated image 

suggests the adhesive penetration through rays reached at least 100 µm. Figure 4.58 

shows the imprint of the chamber of bordered pits on the adhesive cast so that, as in 

Southern yellow pine, it can be concluded that no adhesive flow through the aperture 

of bordered pits could be observed. It can be concluded, therefore, that the adhesive 

flow predominantly happened through tracheids and to a lesser extent through rays 

while no adhesive flow through bordered pits could be detected.  

 

4.3.3 Yellow-poplar 

Yellow-poplar has a very different anatomical structure than pine. The main 

pathways of adhesive penetration in yellow-poplar are vessels, and to a far lesser 

extent, rays. 

Vessels were the predominant pathways of adhesive flow in yellow-poplar 

(Figures 4.22-4.24). Most of the vessels in the analyzed subsection are completely 

filled with adhesive. All of the adhesive-filled vessels show bubbles with varying 

degrees of frequency and size in the solid adhesive. The generation of bubbles and 

their effect is explained under section 4.3.1.  

In Southern yellow pine, rays played only a minor role in adhesive penetration 

and this can also be confirmed for yellow-poplar. Some adhesive penetration 

happened along the whole height of the rays, including upright and procumbent ray 

cells, and showed a regular pattern of parallel lines in the radial direction (Figure 

4.24). No evidence of the flow of adhesive through pits could be found. The adhesive 
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cast in the vessels showed a negative imprint of the pits (Figures 4.59- 4.60), which 

indicates the flow of adhesive in the pit aperture; however, there is again no evidence 

of adhesive flow through the pits and resolution of the tomograms did not permit to 

make further conclusions. 

  

4.4 Measurement of effective bondline thickness 

Previously all methods to measure the bondline thickness were performed on 

two dimensional surfaces. The described method is the first time that the adhesive 

penetration was measured on a 3-dimensional scale.  

As described under section 3.3.4, the thickness of the bondline was measured 

on all 1280 slices of the sample. The measured median bondline thickness of the 

investigated samples is displayed in Table 4.5. The number of replications is too low 

to make statistically valid statements between the different species, however, the 

bondline thickness in yellow-poplar appears to be substantially higher than in either 

Southern yellow pine or Douglas-fir. 
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Table 4.5 Median effective bondline thickness of bonded specimen of Southern yellow 
pine, Douglas-fir and yellow-poplar. 

Sample Bondline 
length 
(μm) 

Threshold 
for 
adhesive 

Threshold 
for wood 

Effective 
bondline 
thickness (μm) 

Standard 
deviation 
(µm) 

SYP2-1 2003 >108≤256 >80 ≤108 23.3 1.544
SYP3-3 2103 >178≤256 >125≤178 35.1 0.608
DF3-1 2170 >188≤256 >121≤188 17.6 0.689
YP3-2 2117 >140≤256 >105≤140 63.4 1.257
YP3-3 1841 >135≤256 >104≤135 79.8 2.504

 

The probable reason for this is that wood species contain a varying degree of 

void space and low-density species contain less cell wall substance and more void 

space (lumen). Adhesive flow happens predominantly into lumens, so that a low-

density wood species can uptake more adhesive than a high density species. The 

average specific gravity of yellow-poplar is approximately 0.46 which is lower than 

Southern yellow pine, with a specific gravity of about 0.54 or Douglas-fir, with 

specific gravity of about 0.5 (Simpson and TenWolde 1999). However, on the micron-

scale of this comparison, seasonal variation of lumen size influences local specific 

gravity. Both softwood species were comprised of earlywood, so the actual specific 

gravity of the softwood species was lower than the yellow-pine. Yellow-poplar has a 

greater permeability than Southern yellow pine or Douglas-fir. Choong and Fogg 

(1972) reported longitudinal permeability of yellow-poplar to be over 20 times greater 

than Southern yellow pine. Undoubtedly this is due to the presence of vessels in the 

yellow-poplar. In all four samples the standard deviation was quite low, meaning that 
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the bondline thickness was fairly uniform in the longitudinal direction within the field 

of view. 

The penetration depth measured in this experiment was substantially lower 

than the values reported in the literature. Gindl, Schoeberl et al. (2004) reported for a 

PF resin a bondline thickness of 400 micrometers, while White, Ifju et al. (1977) 

reported a penetration depth of 120 micrometer for a resorcinol formaldehyde resin. 

Gindl and Schoeberl (2004) reported an adhesive penetration depth in wood of up to 

10-15 cells deep. In contrast to that, Sernek et al. (1999) reported an effective 

penetration of approximately 50 micrometer. These results show a very wide range of 

measured bondline thicknesses. However, except for the measurement of Sernek, they 

are based on the maximum adhesive penetration measured and not on the effective 

bondline thickness. Besides that, since the adhesive concentration decreases until 

infinity from the bondline and no clear limit for adhesive penetration can be set, the 

measurement of bondline thickness always contains a subjective element. In addition, 

the separation of the contrast agent from the adhesive reduced the precision of the 

method used in the current research. Other important factors like adhesive viscosity, 

molecular weight, and different wood species substantially influenced adhesive 

penetration, so that it is hardly possible to compare results collected under very 

different conditions.  
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4.5 Measurement of volumetric fraction (voids, cell wall substance and adhesive) 

Wood consists of voids (lumens and resin canals) and cell wall substance. 

Even when adhesive flows into the cell walls, it mainly remains in the void volume 

which can be subdivided in adhesive-filled voids and non-adhesive-filled voids.  Since 

the adhesive penetration measurements have been done in the past only on 2-

dimensional images, this is the first time that the adhesive volume in bonded wood 

samples has been measured. 

The measurement of the volume of the three fractions required the setting of 

grey-scale intensity threshold values to distinguish between the different phases. The 

same threshold values as for the measurement of the adhesive bondline thickness were 

used (Table 3.5). The volumetric fractions of void space, cell wall substance and 

adhesive are displayed in Table 4.6, Table 4.7 and Table 4.2. The results from the 

measurements prove that the automatic measurement of volumes in tomographic 

reconstructions of wood is possible. The resolution of the microtomography data was 

1.3 micrometers, meaning that only features with at least this size were considered in 

this calculation; smaller elements were calculated as parts of their larger surroundings.  

 

Table 4.6 Void space, cell wall and adhesive volume in Southern yellow pine (sample 
SYP3-3).  

  Void space Wood Adhesive 
Threshold ≤126 >126≤178 >178≤256 
Volume (μm3) 48,483,700 36,233,000 12,302,800 
Volume (%) 50 37 13 
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Table 4.7 Void space, cell wall and adhesive volume in Douglas-fir (sample DF3-1, 16 
bit) 

  Void space Wood Adhesive 
Threshold ≤121 >121≤188 >188≤256 
Volume (μm3) 116,129,578 77,035,173 11,156,262
Volume (%) 57 38 5

 

As described in 3.3.3, the amount of available memory in the computer was 

unable to process the whole stack of images. The creation of smaller subsections was 

necessary. The calculation of the volumes was done on the same subsections that were 

used to create the images for the display of the adhesive penetration in wood (Figures 

4.20-4.58). Consequently the adhesive volume and its percentage of the section 

volume were highly dependent on its location within the sample. Due to the limited 

number of tomography scans which provided an acceptable contrast between wood 

and adhesive, the number of replications was not great enough for statistical analysis.  

The results for Southern yellow pine (Table 4.3) show that cell wall comprises 

about 37% of the total volume, void space 50% and the adhesive only 13%. Since the 

adhesive volume comprises adhesive-filled tracheids as well as the adhesive bondline 

between the two adherends, it is not possible to add up the void space and the adhesive 

to get the total lumen volume. 

The results for Douglas-fir (Table 4.4) show that the void space comprises 

57% of the total sample volume, cell wall 38% and wood only 5%. The low 

percentage of adhesive goes in line with the comparable low effective bondline 

thickness, which is far less than in the other samples. This may be explained by the 
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image quality, which was very low in the Douglas-fir sample, and consequently 

increased the area of overlap between wood and adhesive.  

The results for yellow-poplar (Table 4.5) show that the void space comprises 

42%, the cell wall 36% and the adhesive 23% of the total sample volume. 

As mentioned above, due to the small, non-representative size of the 

subvolume, it was not possible to compare results from the Southern yellow pine, 

Douglas-fir and yellow-poplar subsections directly.  

 

4.6 Influence of cyclic Moisture on the Wood-Adhesive Bondline 

Wood as a hygroscopic and orthotropic material absorbs moisture and 

responds with volumetric expansion. Since PF does not show volumetric changes to 

water exposure, the different expansion behaviors of these two materials can cause 

severe stresses which ultimately can lead to the delamination of the wood-adhesive 

bondline. The following experiment analyzed the effect of stress of the cyclic moisture 

process on the adhesive bondline.  

The comparison of transverse bondline surfaces of the sample SYP3-1 

(Southern yellow pine) before (Figure 4.61) and after the cyclic moisture process 

(Figure 4.62) did not reveal any changes or damages to the bondline. The only 

difference was a minor misalignment between adherend A and B. The comparison of 

the radial surfaces before (Figure 4.63) and after (Figure 4.64) cyclic moisture also did 

not show any differences in the bondline, just the aforementioned minor misalignment. 

The Figure 4.65 and Figure 4.66 show the same surface as Figures 4.61 and 4.62; the 
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only difference is that on the former thresholds were applied. Even after doing that, no 

differences between the planes before and after cyclic moisture exposure were 

detectable.  

The comparison of the transverse-tangential surface of the sample YP 4-3 

(yellow-poplar) on Figure 4.67 and Figure 4.68 did not reveal any changes or damages 

to the bondline. The two images were only misaligned to a minor extent. When 

comparing the Figures 4.69 and 4.70 no differences could be detected either, only the 

aforementioned missalignment. On the Figures 4.71 and 4.72 a comparison of the 3-D 

surfaces of the samples before and after moisture cycling was made and again it was 

not possible to detect differences. On the Figures 4.73 and 4.74 the radial-transverse 

surfaces were compared after thresholding and no difference could be detected.  

The direct comparison of all analyzed surfaces before and after the cyclic 

moistures process showed that in no case the images were perfectly aligned. It was 

impossible to align both adherends before and after moisture cycling. Only the 

alignment of one adherend was possible. The probable explanation for this is that the 

samples experienced some degree of irreversible swelling. This would permit one 

adherend to be aligned after moisture cycling, but not the other. The lack of 

delamination at the bondlines of the analyzed samples can be explained using various 

reasons. The most probable reason is that this cyclic moisture experiment contained 

only one cycle, which was not severe enough to cause delamination. Furthermore, the 

small cylindrical samples was not significantly restrained during moisture cycling, and 

thus only minimal stress developed. The last possible reason for the lack of damage on 
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the bondline is that PF resin is quite tolerant to the swelling and shrinking of the 

adherends.  

It can be concluded that XMT is a suitable tool for the analysis of the effects of 

cyclic moisture on the adhesive bondline; however, restrictions in the use of the XMT 

did not permit the simulation of severe swelling and drying stress. Despite this, 

restriction, there are indications that after the cyclic moisture process the position of 

one adherend had changed without physically damaging the bondline.  

 

4.7 3-D Animation 

Animation is a useful tool to observe the complex geometric structure of 

biological samples. The software used in this experiment, IDL, permitted the creation 

of 3-dimensional animations of the tomography data. The animations created of the 

adhesive bondline, as well as the sample, are stored in the attached DVD  in the 

appendix.  
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Figure 4.2 Grey-scale intensity of line scan shown in Figure 4.1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1 Grey-scale intensity line scan across wood structure and adhesive 
bondline (sample YP3-2). 
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Figure 4.4 Normalized volume fractions of single elements of tomography image; 
same data as shown in Figure 4.3 on expanded scale. 

 
 

Figure 4.3 Normalized volume fractions of single elements of tomography image 
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Figure 4.7 Fluorescence image of 
Douglas-fir bondline (10x). 

Figure 4.8 SEM image of Douglas-
fir bondline (same as Figure 4.5). 

Figure 4.9 WDS Rb scan of 
Douglas-fir bondline (same as Figure 
4.5). 
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Figure 4.10 Fluorescence image of 
hybrid poplar bondline (10x). 

Figure 4.11 SEM image of hybrid 
poplar bondline (same as Figure 4.8).

Figure 4.12 WSD Rb scan of hybrid 
poplar bondline (same as Figure 4.8).
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Figure 4.13 Fluorescence image of 
red oak bondline (10x). 

Figure 4.14 SEM image of red oak 
bondline (same as Figure 4.11). 

Figure 4.15 WDS Rb scan of red oak 
bondline (same as Figure 4.11). 
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Figure 4.16 XMT scan at 12 
mm scintillator distance 

Figure 4.17 XMT scan at 80 
mm scintillator distance 

Figure 4.18 XMT scan at 100 
mm scintillator distance 

Figure 4.19 XMT scan at 120 
mm scintillator distance 
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Figure 4.20 Radial view on tangentially bonded yellow-poplar (YP3-2). Image has 
not been filtered or processed. 
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Figure 4.21 Tangentially bonded yellow-poplar (YP3-2). Same view as Figure 4.14. 
Image not threshold. 
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Figure 4.22 Radial-tangential view on tangentially bonded yellow-poplar (YP3-2). 
Same view as Figure 4.14. Image threshold at 106. 
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Figure 4.23 Radial view on tangentially bonded yellow-poplar (YP3-2). Same view as 
Figure 4.14. Image threshold at 130. 
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Figure 4.24 Radial-tangential view on tangentially bonded yellow-poplar (YP3-2). 
Same view as Figure 4.14. Image threshold at 140. 
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Figure 4.25 Radial view on tangentially bonded yellow -oplar (YP3-2). Same view as 
Figure 4.14. Image threshold at 150. 
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Figure 4.26 Radial view on tangentially bonded yellow-poplar (YP3-2). Same view as 
Figure 4.14. Image threshold at 160. 
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Figure 4.27 Radial view on tangentially bonded yellow-poplar (YP3-2). Same view as 
Figure 4.14. Image threshold at 170. 
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Figure 4.28 Radial view on tangentially bonded yellow-poplar (YP3-2). Same view as 
Figure 4.14.  Image threshold at 180. 
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Figure 4.29 Wood structure in Southern yellow pine (SYP3-3) in radial view. Sample 
thresholed at 126. Rays, tracheids and boarded pits visible. 
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Figure 4.30 Wood structure in Southern yellow pine (SYP3-3) in radial. Sample 
thresholed at 126. Tracheids, boarded pits and rays visible. 
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Figure 4.31 Wood structure in Southern yellow pine (SYP3-3) in radial view. Sample 
thresholed at 126. Thin slice with the thickness of about 1 tracheid. Tapered ends of 
tracheids as well as pits and rays visible. 
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Figure 4.32 Wood structure in Southern yellow pine (SYP3-3) in radial view. 
Sample threshold at 126. Tapered end of tracheids visible. 
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Figure 4.33 Wood structure in Southern yellow pine (SYP3-3). Sample threshold at 
126. Tangential view on single tracheid. 



 163 

 

 

Figure 4.34 Tangential-radial view on Douglas-fir (DF 3-5) sample. Sample threshold 
at 135. Rays and pits visible. 
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Figure 4.35 Radial view on Douglas-fir (DF 3-5) sample. Sample threshold at 135. 
Rays, bordered pits and tracheid ends visible. 
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Figure 4.36 Sample threshold at 135. Bordered pits and rays visible. 
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Figure 4.37 Tangential view on Douglas-fir (DF 3-5) early wood sample. Sample 
threshold at 135.  
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Figure 4.38 Radial view on yellow-poplar sample (YP4-3). Image threshold at 81. 
Rays and sieve plates are clearly visible. 



 168 

 

 

Figure 4.39 Tangential view on yellow-poplar sample (YP4-3). Image threshold at 81. 
Pits, vessel, sieve plates and rays visible. 
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Figure 4.40 Tangential view on yellow-poplar sample (YP4-3). Image threshold at 
81. Pits, sieve plates, fibers and rays visible. 



 170 

 

 

Figure 4.41 Tangential-radial view on yellow-poplar sample (YP4-3). Image 
threshold at 81. Pits, sieve plates, fibers, rays and vessels visible. 
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Figure 4.50 Adhesive flow through resin canal in Southern yellow pine (SYP3-3). 
Sample threshold at 126. Tangential surface in foreground. The adhesive flow through 
the fusiform ray is clearly visible on the bottom. 
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Figure 4.51 Adhesive flow through resin canal in Southern yellow pine (SYP3-3). 
Same sample as Figure 4.41. Sample threshold at 126. Tangential surface in 
foreground with exposed resin canal. Air bubbles are visible. 
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Figure 4.52 Adhesive flow through resin canal in Southern yellow pine (SYP3-3). 
Same sample as Figure 4.41. Sample threshold at 126. Radial surface in foreground. 
Rays and adhesive flow through rays is clearly visible as well as bubbles in the resin. 
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Figure 4.53 Adhesive flow through resin canal in Southern yellow pine (SYP3-3). 
Same sample as Figure 4.41. Sample threshold at 165. Tangential surface in 
foreground. The adhesive flow through the rays is clearly visible. 
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Figure 4.54 Adhesive flow through resin canal in Southern yellow pine (SYP3-3). 
Same sample as Figure 4.41. Sample threshold at 165. Radial surface in foreground. 
Major adhesive flow through a fusiform ray is visible on the bottom of the image as 
well as minor adhesive flow through many other rays. 
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Figure 4.55 Adhesive flow through resin canal in Southern yellow pine (SYP3-3). 
Same sample as Figure 4.41. Sample threshold at 165. Magnified radial view on major 
adhesive flow through ray on bottom of sample. 
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Figure 4.59 Tangentially bonded yellow poplar (YP3-2). Sample threshold at 106. 
Vessel on the left side of the image and adhesive with pit imprints on the right side. 

Figure 4.60 Tangentially bonded yellow poplar (YP3-2). Same sample as in figure 
4.47, but threshold at 140. 
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Figure 4.61 Transverse view on adhesive bondline of sample SYP 3-1 before cyclic 
moisture regime. 

Figure 4.62 Transverse view on same surface as Figure 4.49 after cyclic moisture regime. 
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Figure 4.63 Radial view on adhesive bondline of parallel-laminated sample SYP 
3-1 before cyclic moisture regime. 

Figure 4.64 Radial view on same surface as Figure 4.51 after cyclic moisture 
regime. 
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Figure 4.65 Transverse view on bondline of parallel-laminated sample SYP 3-1 with 
threshold before cyclic moisture regime. 

Figure 4.66 Transverse view on same bondline as Figure 4.53 after cyclic moisture 
regime. 
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Figure 4.67 Transverse-tangential view on bondline of perpendicular-laminated 
sample YP4-3 before cyclic moisture regime. 

Figure 4.68 View on same bondline as Figure 4.55 after cyclic moisture regime. 
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Figure 4.69 Tangential-transverse view on bondline of perpendicular-
laminated sample YP4-3 before cyclic moisture regime. 

Figure 4.70 View on same bondline as Figure 4.57 after cyclic moisture regime. 
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Figure 4.71 View on bondline of perpendicular-laminated sample YP4-3 
before cyclic moisture regime. 

Figure 4.72 View on same bondine as Figure 4.59 after cyclic moisture regime. 
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Figure 4.73 Radial-transverse view on bondline of perpendicular-bonded sample 
YP4-3 before cyclic moisture regime. 

Figure 4.74 Radial-transverse view on same bondline as Figure 4.61 after 
cyclic moisture regime. 
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5 SUMMARY AND CONCLUSION 

5.1. Summary 

Wood as a porous, heterogeneous and orthotrophic material has a structure that 

differs in all three dimensions and consists of various sub-elements on the micro-scale. 

The adhesive penetration in a material with such characteristics depends mainly on its 

microstructure. The adhesive penetration is of great importance for the bond 

performance of wood since it has a huge influence on the performance of the chemical 

bonding, as well as on the mechanical bonding. The chemical bonding is affected by 

the degree at which the adhesive has intimate contact with the wood and is 

consequently able to form van der Walls bonding, hydrogen bonding and bonding by 

electrostatic interactions with the wood. The mechanical bonding is affected by the 

ability of the adhesive to flow in the microstructure of wood, as well as solidify and 

create a strong mechanical resistance against separation. Due to this high importance, 

the adhesive penetration has been analyzed in the past with many different destructive 

methods.  

This research used XMT to perform a non-destructive, three-dimensional 

analysis of the adhesive bondline, as well as of the wood-structure. The XMT 

experiment was subdivided into two parts, with the second one being improved based 

on the experience of the first one. Due to the far higher quality of the images, only the 

results from the second experiment were used. Before the generation of useful images, 

image processing to reduce noise and to align all images of a scanned sample was 

necessary. This procedure was followed by thresholding based on grey-scale intensity 
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to separate the images in the three phases: voids (air), cell wall substance and 

adhesive. 

 

5.2 Conclusions 

The analysis of the bondline with WDS and grey-scale intensity line scans on 

the tomography images proved that the contrast agent rubidium, which was added to 

the adhesive as RbOH, separated so that a clear distinction of adhesive and wood 

substance was not possible. However, even with this limitation, the samples were able 

to provide detailed information about the adhesive flow through wood and about the 

wood structure.  

The wood structure of Southern yellow pine was displayed at a high quality. 

Rays and pits were very well imaged and even the pit aperture was discernible on the 

computed images, Tracheids, fusiform rays and resin canals were all easily seen. On 

the Douglas-fir sample the pits, rays and tracheids were also displayed clearly. The 

yellow-poplar images showed the bordered pits in vessels, in addition to scalariform 

sieve plates and rays. 

In Southern yellow pine the tomography scans proved the dominant role of 

tracheids for the adhesive flow and showed rays as secondary pathways. The results 

showed no evidence of adhesive flow  through bordered pits, while simple pits 

allowed adhesive flow through ray parenchyma. In addition, the adhesive flow through 

a fusiform ray provided a pathway for adhesive flow to a longitudinal resin canal. The 

results of Douglas-fir showed a similar result; the tracheids were the predominant way 



 198 

 

of adhesive penetration, while rays played a secondary role and again, no adhesive 

flow through the aperture of the pits was visible. The adhesive flow through the 

microstructure of yellow-poplar wood happened mainly through vessels and rays, but 

no adhesive flow through pits was directly observed. The adhesive in all analyzed 

samples showed bubbles. The diameter of the bubbles was often equal to the diameter 

of the cell lumen and the bubbles were frequently elongated.   

The segmentation of the images in the three phases: void space, cell wall 

substance and adhesive, enabled the calculation of the effective bondline thickness, as 

well as the volumetric measurement of all three volume fractions and their share of the 

total sample volume. 

The simulation of the effect of cyclic moisture on the bondline did not show 

clear results. On the analyzed Southern yellow pine and yellow-poplar samples, no 

signs of delamination or cracks were detected; however, there were some indicators 

that the samples experienced some irreversible swelling.  

Finally, the generation of 3-D animations of wood samples and bondlines of 

Southern yellow pine, Douglas-fir and yellow poplar were generated in order to 

present the results of the research in a quick and accessible way. 

The majority of the objectives of the research were achieved; however, some 

challenges for future work remain. 
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5.3 Limitations and future work 

The results of this research clearly demonstrate the suitability of XMT for the 

analysis of adhesive penetration, but they also showed some limitations and 

restrictions of the approach. The biggest limitation of this research was the separation 

of the contrast agent from the adhesive and its independent movement through the 

wood structure. This reduced the achievable resolution of the adhesive movement in 

the wood structure. A solution for this problem would be the determination of a 

material which has an x-ray attenuation that is quite different from wood, while at the 

same time is able to stay locked to the adhesive during hot pressing. In the case that 

this is impossible, advanced image filtering which is based on patterns should improve 

the distinction between wood and adhesive. Another alternative would be to image 

pristine wood samples as well as pure, solid adhesive and air with XMT. This would 

create references which would enable to determine clearly the grey scale values for 

wood and adhesive and reducing the need for finding the threshold between the 

different phases. Another approach would be the use of phase-contrast XMT, a 

technique that does not depend only on x-ray attenuation of a material, but on the 

ability of a material to diffract the x-ray beam. The semi-crystalline cellulose in the 

cell wall may provide sufficient beam diffraction to enhance image contrast.  More 

changes of the adhesive bondline after cyclic moisture could probably be observed 

when either larger samples are used or the samples are exposed to a greater number of 

cyclic moisture cycles. Cyclic moisture change in large samples may increase the 

magnitude of stress concentration and increase the chance for cracks on the bondline. 
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The number of replications in this experiment was insufficient to detect statistically 

significant differences. This should be overcome in a future experiment by using more 

replications for each condition. Perhaps ten replications would be sufficient to 

evaluate the degree of variability. Careful control of  specimen density and cell 

orientation will reduce variability, and ultimately help to minimize the required 

number of replications that are needed to detect statistically significant results. 

However, technical restrictions require the samples for XMT to be quite small. The 

aforementioned limitations can be overcome by careful consideration of the results 

and experiences collected in this experiment. 
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APPENDICES 

Appendix A 

PRO autoread 
 
;program for reading of HDF files, scaling, rotating, Lee algorithm 
filtering, histogram equalization and saving as TIFF file 
;********************************************************************
** 
   
Filepath=location of original files 
X=roation by x degree 
Filepath_reference=location of reference image for equalization 
New_filepath=location for saving of processed files 
 
;loop for files 0 to 9 
FOR i = 0,9 DO BEGIN 
                   
; open file for reading SD dataset 
hdf_sd_id=hdf_sd_start(‘filepath’+strtrim(i,2)+ '.hdf',/read) 
                   
;find SD dataset index number for the image  
sd_dataset_id=HDF_SD_SELECT(hdf_sd_id,0) 
                   
;Get the dataset into an IDL variable 
hdf_sd_getdata,sd_dataset_id,image 
                   
;scale image to 8 bit 
imageB=bytscl(image) 
                   
;rotate imageB by x degree to orient the bondline horizontally  
ImageR=rot(imageB,x) 
                   
; Apply the Lee filter algorithm to imageR. 
filteredImage = LEEFILT(imageR, 1) 
                  
; Histogram equalization 
; read reference image which filteredImage should match                         
image_to_match=read_tiff('filepath_reference') 
                          
; calculated the adjusted match 
match = HistoMatch(filteredImage, image_to_match) 
                   
; write match in .tif file format 
write_tiff,’new_filepath_0000'+strtrim(i,2)+'.tif', match,/short 
                   
; close HDF file 
hdf_sd_end,hdf_sd_id 
                 
;end of loop 
Endfor 
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END 

 

Appendix B 

pro autocrop_sample 
 
;program for the cropping of the image at the desired coordinates and 
saving it  
;********************************************************************
** 
Filepath=location of the original file 
Filename=name of the original file 
X1/2=x values of the cropped area 
Y1/2=y values of the cropped area 
New_filepath=location where the cropped files are saved 
New_filename=name of the newly saved file 
   
 
;loop for files 0 to 9 
FOR i = 0,9 DO BEGIN 
                    
; read image that should be cropped                    
image=read_tiff(‘filepath’\filename_0000'+strtrim(i,2)+'.tif') 
                    
;crop image on these x/y values. 
ImageC=image[x1:x2,y1:y2] 
                     
;write imageC to file                   
write_tiff,’new_filepath\new_filename_0000'+strtrim(i,2)+'.tif', 
imageC,/short 
 
;end of loop 
Endfor 
 
END 

 

Appendix C 

pro autothreshold_sample 
 
; program thresholds image at certain thresholds 
;********************************************************************
** 
   
Filepath=location of original files 
Filename=name of file 
X=threshold value 
New_filepath=location of processed files 
New_filename= name of the newly saved file 
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;loop for files 0 to 9 
FOR i = 0,9 DO BEGIN 
      
; read image which should be thresholded 
image=read_tiff(filepath\filename_0000'+strtrim(i,2)+'.tif') 
      
;threshold image at this value 
imageT=image>x 
       
;write thresholded image to file 
write_tiff,new_filepath\new_filename_0000'+strtrim(i,2)+'.tif', 
imageT,/short 
 
;end of loop 
Endfor 
 
 
END 

 

Appendix D 

pro volume_sample 
 
;program calculates the volume of pixel for a certain range 
;********************************************************************
* 
Filepath=location of folder from which the files are read 
X,y,z,=dimensions of the sample 
m=lower threshold 
n=upper threshold 
 
 
;load files for the creation of a 3D array 
Files=FILE_SEARCH(filepath\*.tif');FindFile('*.tif') 
 
;sorting of files 
index = BSort(files, sortedFiles) 
    
;setting the dimension of the array  
vol = BytArr(x,y,z) 
    
;setting first and last file of the stack and creation of 3D array 
FOR j=0,z-1 DO BEGIN 
image = Read_Tiff(sortedFiles[j]) 
vol[0,0, j] = image 
ENDFOR 
    
;set range between which the pixels are counted  
indices = Where( (vol Gt m) AND (vol le n), count) 
IF count GT 0 THEN BEGIN 
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;set volume of one voxel 
volume = N_Elements(indices)* 2.197 
 
;output of volume for pixel within the set range 
Print, 'Volume: ', volume 
ENDIF ELSE BEGIN 
Print, 'There were no values between x and y in the volume.' 
ENDELSE 
 
;end of program 
END 

 

Appendix E 

pro area_calculation_sample 
 
;program calculates the area for a certain range and print the area 
for one slice. The total area is later calculated by adding the 1280 
single out puts up 
;******************************************************************** 
    
Filepath=location of the original file 
Filename=name of the original file 
x=lower threshold 
y=upper threshold 
 
;loop for files 0 to 9  
FOR i = 0,9 DO BEGIN    
 
;read image whose area should be calculated 
image=read_tiff(filepath\filename_0000'+strtrim(i,2)+'.tif') 
    
;set range between which the pixels are counted 
indices = Where( (image Gt x) AND (image le y), count) 
IF count GT 0 THEN BEGIN 
     
;set area of one pixel (micrometer^2) 
Area = N_Elements(indices)* 1.69 
 
;output area of one slice within this range 
Print, 'Area: ', area 
ENDIF ELSE BEGIN 
Print, 'There were no values between x and y in the volume.' 
ENDELSE 
 
;end of loop 
ENDFOR 
 
END 
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Appendix F 

pro rotation_sample 
 
;program rotates 3D array to any arbitrary set angle for x,y,z 
;********************************************************************
** 
 
Filepath=location of files 
x,y,z=dimensions of sample 
s,t,u=angle rotation for all three dimensions 
 
 
;load files for the creation of a 3D array 
Files=FILE_SEARCH(filepath\*.tif');FindFile('*.tif') 
 
;sorting of files 
index = BSort(files, sortedFiles) 
 
; setting the dimension of the array  
vol = BytArr(x,y,z) 
 
;setting first and last file of the stack and creation of 3D array 
FOR j=0,z-1 DO BEGIN 
image = Read_Tiff(sortedFiles[j]) 
vol[0,0, j] = image 
ENDFOR 
  
;rotating the volume by the desired angles,   
rotated_vol=rot_vol(vol,angleX=s, angleY=t, angleZ=u) 
 
;display the rotated volume 
ivolume,rotated_vol  
  
;end of program 
END 
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