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Abstract  
Adhesive bonding represents the most important joining technique for the construction of 

building elements in modern wood structures and timber engineering. Surprisingly, 

knowledge about the mechanical behavior of the bond, the properties of the bondline and 

the interactions between wood and adhesive are mainly based on empirical research. On 

the one hand, this is due to the complexity of the problem describing these interactions, 

which occur at different hierarchical levels of wood, on the other in the lacking of adequate 

possibilities for investigating and modeling the processes. The aim of this work was to 

investigate the bonding process, its implications on the involved materials, and the failure 

behavior of the joint in a way that allows a universal description and simulation of the 

actions. 

In order to understand the mechanical behavior of adhesive bonds, its complex structure 

and the properties of the involved constituents and their interactions need to be 

addressed. By analyzing tomography data of bonded beech wood it was possible to 

provide fundamental knowledge about the bondline geometry of different adhesive 

systems with regard to the characteristic wood anatomy of beech. Since the vessel 

network is the decisive wood factor for the adhesive penetration, the determination of the 

connectivity and the topology of the network allowed reconstruction of the penetration 

pathways and of the area for penetration. Due to the high influence of the orientation of 

the vessel network on bond formation, evaluation and consequently prediction of the 

�E�R�Q�G�O�L�Q�H���P�R�U�S�K�R�O�R�J�\���E�H�F�D�P�H���S�R�V�V�L�E�O�H�����D�V�V�X�P�L�Q�J���W�K�H���D�G�K�H�V�L�Y�H�V�¶���U�K�H�R�O�R�J�\���L�V���D�O�V�R���N�Q�R�Z�Q����

The characterization of the adhesive distribution with the saturation function also detects 

bondline imperfections and hence allows for a meaningful physical description of the 

adhesive penetration, since these imperfections determine the mechanical behavior of the 

bondline. Additionally, the saturation allows conclusions about the failure behavior of the 

bonding, as low strength values and predominant adhesive failure in lap-shear tests can 

be correlated with the adhesive distribution in the bondline. Furthermore, the investigation 

showed that evaluation of the adhesive properties with the standard lap-shear test is only 

reasonable in the case of pure adhesive failure. At higher wood fracture percentages, only 

the wood properties are represented, which can be proven by the correlation between 

strength and growth ring angle. Due to the combined action of wood and adhesive in the 
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bondline, an investigation of the individual material properties is insufficient for 

determining the mechanical situation of the bondline. The presented inverse approach 

delivers the effective material properties of the zone influenced by the adhesive under real 

conditions via so-called modal analysis. Additional investigations of the microscopic 

fracture behavior of bonded spruce wood samples provide the basic failure mechanisms 

of a mechanically loaded bonding. The influence of the bondline properties was analyzed 

under various bondline orientations and compared to the failure characteristics of solid 

wood. In addition to the interpretation of the fracture surface, this also allows for the 

prediction of the failure process and the fracture path.  

The knowledge gained enabled a deeper understanding about the nature of bonding the 

interactions between participating materials. The proposed investigation techniques and 

characterization parameters �± the three-dimensional pore space analysis, the saturation, 

the inverse material property identification, and the in-situ failure characterization �± 

describe the main physical properties of the adhesive bond and allow for quantification 

under realistic conditions. The methods can be used to determine and evaluate the 

influence of the environmental conditions on the bondline, and to investigate the situation 

for additional wood-adhesive combinations. Further, this information can be the base for a 

numerical reproduction of the adhesive joint and be used for the development of adhesive 

systems and adhesive bonds in due consideration of the respective boundary conditions. 

Together with the failure prediction, this provides new possibilities to warrant and inspect 

the safety of wood-adhesive constructions, while exhausting the full potential of the bond 

and optimizing the consumption of raw materials. 
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Zusammenfassung  
Obwohl die Verklebung eine der wichtigsten Verbindungstechniken im modernen Holzbau 

darstellt, beruhen viele Erkenntnisse über das mechanische Verhalten, die Eigenschaften 

der Klebfuge oder die Interaktionen zwischen Holz und Klebstoff auf Erfahrungswerten. 

Das liegt zum einen daran, dass sich die Beschreibung der Klebfuge und dieser 

Interaktionen als vielschichtiges Problem darstellt, da mitunter die verschiedenen 

Strukturebenen des Holzes berücksichtigt werden müssen. Zum anderen fehlen 

geeignete Untersuchungsmethoden, die eine ausreichende Beschreibung der 

Eigenschaften der Klebfuge und der Vorgänge in ihr ermöglichen. Das Ziel dieser Arbeit 

bestand darin, den Verklebungsprozess, seine Auswirkungen auf die Eigenschaften der 

Verklebungspartner und das Versagen der Verbindung so zu untersuchen, dass eine 

allgemeine Beschreibung der Vorgänge möglich ist und Parameter bestimmt werden 

können, die die Möglichkeiten zur Modellierung einer Holzverklebung verbessern. 

Das mechanische Verhalten einer Klebfuge wird in erster Linie von der Struktur und den 

Eigenschaften der beteiligten Materialien �± also des Holzes und des Klebstoffes �± sowie 

den Interaktionen zwischen den Materialien beeinflusst. Tomographien von verklebtem 

Buchenholz erlauben es die Klebfugengeometrie verschiedener Klebstoffsysteme in 

Abhängigkeit der holzanatomischen Eigenheiten am Beispiel von Buchenholz zu 

charakterisieren. Da auf der Substratseite das Gefässnetzwerk der Buche von 

entscheidender Bedeutung für die Gestalt der entstehenden Klebfuge ist, können durch 

die Analyse dieses Netzwerkes die Eindringwege des Klebstoffes rekonstruiert werden. 

Somit ist es möglich, bei bekannter Rheologie des Klebstoffes, die Gestalt der Klebfuge 

nach der Aushärtung des Klebstoffes vorherzusagen. Mit Hilfe einer Sättigungsfunktion, 

die den vorhandenen Porenraum zum gefüllten Porenraum ins Verhältnis setzt, steht ein 

neuer Beschreibungsparameter für das Eindringverhalten von Klebstoffen zur Verfügung. 

Da in diesem Parameter Fehlstellen in der Klebfuge berücksichtigt werden, die von 

entscheidender Bedeutung für das mechanische Verhalten der gesamten Klebfuge sind, 

besitzt die Sättigungsfunktion zudem physikalische Aussagekraft, die Rückschlüsse über 

das Versagensverhalten der Verklebung zulässt. So konnten geringe Festigkeitswerte und 

Klebstoffversagen in Zugscherprüfungen aufgrund von Fehlstellen in der Klebfuge durch 

die Sättigungsfunktion beschrieben werden. Zudem konnte gezeigt werden, dass der 
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Zugscherversuch nur bedingt dazu geeignet ist, die Eigenschaften der Verklebung zu 

untersuchen. Bei Versagen im Klebstoff sind Rückschlüsse auf den Klebstoff möglich, 

während bei einem Versagen im Holz lediglich die Holzeigenschaften widergegeben 

werden. Aufgrund der Interaktionen zwischen Holz und Klebstoff im Bereich der Klebfuge, 

reicht die individuelle Untersuchung der Einzelmaterialien für eine Charakterisierung des 

mechanischen Zustandes der Klebfuge nicht aus. Ein inverser Ansatz über eine so 

genannte Modalanalyse erlaubt unter Berücksichtigung der realen Aushärtebedingungen 

die Bestimmung der effektiven Materialeigenschaften der Klebfuge. Das unterschiedliche 

Versagensverhalten auf mikroskopischer Ebene verschiedener Klebstoffsysteme konnte 

an verklebten Fichteholz-Proben unter mechanischer Belastung in-situ untersucht werden. 

Dabei wurde der Einfluss der Klebfuge unter verschiedenen  Klebfugenorientierungen 

bestimmt und mit dem Bruchverhalten von Vollholz verglichen. Es konnten für die 

Klebstoffe charakteristische Versagensmechanismen bestimmt werden, die neben einer 

besseren Interpretation des Bruchbildes auch eine Vorhersage des Versagensprozesses 

ermöglichen.  

Die Erkenntnisse aus dieser Arbeit tragen dazu bei das Verständnis über das Wesen der 

Verklebung und die Interaktionen zwischen Holz und Klebstoff zu vertiefen. Mit Hilfe der 

vorgestellten Untersuchungsmethoden und Beschreibungsparameter, wie der 

dreidimensionalen Porenraumanalyse, der Sättigungsfunktion, der inversen 

Materialkennwertbestimmung oder den in-situ Versagensuntersuchungen, können 

wichtige Eigenschaften der Klebfuge unter realen Bedingungen mit physikalischer 

Aussagekraft ermittelt werden. Die Techniken können in weiterführenden Arbeiten genutzt 

werden, um den Einfluss von Umgebungsbedingungen wie Temperatur und Feuchte zu 

bestimmen, oder um weitere Holz-Klebstoffkombinationen zu untersuchen. Das 

gewonnene Wissen ermöglicht die numerische Abbildung des verklebten Bauteils und 

kann in der Entwicklung von Klebstoffsystemen und Klebverbindungen unter 

Berücksichtigung der jeweiligen Randbedingungen genutzt werden. In Kombination mit 

der Versagensvorhersage bieten sich neue Möglichkeiten für die Gewährleistung und 

Überprüfung der Bauteilsicherheit, bei Ausschöpfung des vollen Potenzials der 

Verbindung und optimalem Werkstoffeinsatz. 
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1. Motivation and structure  
The main goal of this experimentally orientated thesis was the investigation of the bonding 

process from adhesive application to failure. In this context, investigation techniques have 

been developed and applied in order to obtain parameters that can be used in a parallel 

thesis for modeling the bonding process and the failure of the wood-adhesive bond 

(Mendoza (2012)). For almost every stage in the bonding process, investigation methods 

are already available. Unfortunately their results inherit several uncertainties and can 

hardly be used for computerized models. Therefore each stage of the bond life, from the 

beginning of adhesive penetration, over the changed properties of the members after 

hardening to the final failure, was investigated with novel test methods.  

Bonding of wood components is the major connection technique in modern timber 

constructions and in the production of engineered wood products. For a long time, 

knowledge about the bonding process was based more or less on empirical data. With the 

increasing industrial use of adhesives in the last century, scientists started to explore how 

adhesive bonds work and what leads to their failure. Even though progress in this field 

has been significant, recent events, like the collapse of an ice rink in Bad Reichenhall / 

Germany 2006, show that wood-adhesive bonds can fail without warning leading to 

catastrophic results. This supports the need for better understanding and accurate 

prediction methods. New technological possibilities nowadays enable investigation of 

bondline components in a more sophisticated way. For example, three dimensional 

examinations in the past were only possible by preparing stacks of thin slides, which were 

photographed afterwards. Modern tomography methods make such investigations a lot 

faster, easier, and more accurate. In combination with image processing, specific details 

of these volumes, like the adhesive in bondlines, can be highlighted and precisely 

surveyed using image analysis. This way, ambiguous conclusions drawn in the past, for 

example about the penetration behavior of adhesives can be explained and corrected. 

Together with Finite Element Models (FEM), the effective mechanical properties of the 

single bond components can be determined inversely in a non-destructive way. Since, up 

to now, basic failure mechanisms at the micro scale have only been studied for clear 

wood, an identification of those mechanisms for adhesive bonds is also necessary and 

can be investigated in-situ without impairing the sample preparation or the investigation 
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method. All this information contributes towards computing the failure process of wood-

adhesive bonds and its possible prediction. In the first step, the focus has to lay on the 

basic principles of bond formation, the bondline properties, and the failure mechanisms 

under constant standard climatic conditions. Although the importance of additional 

influencing factors like humidity changes or creep is acknowledged to have a high impact 

on the bond durability, they are disregarded here since they represent specifications of the 

basic conditions and should be addressed after the principle questions are sufficiently 

answered.   

The standard investigation method for adhesive bonds in Europe (DIN EN 302-1 (2004)) 

uses only one wood species in order to compare the strength of different adhesives for 

construction purposes. By doing so, every aspect of the wood anatomy of different wood 

species concerning the bond formation, the interaction between the different parts of the 

bondline, or the failure of the bond is neglected (Paper l). This is even more surprising, as 

in other parts of this standard, different wood species are respected and recommended for 

testing (DIN EN 302-2 (2004)). This reveals the necessity of a more sophisticated 

approach in investigating and understanding the bonding process in general and its 

different stages. 

The adhesive bond in wood starts with the application of the adhesive on the wood 

adherend and the penetration of the adhesive into the porous wood structure. Although 

the anatomical differences between soft- and hardwoods and their influence on the 

penetration behavior is well known, it is not regarded in the standard measuring method 

for characterizing the bondline morphology. To interpret any observations about the 

penetration behavior of adhesives into a pore space network, like the vessels in beech, 

the respective network has to be analyzed (Paper ll). Only detailed knowledge about the 

available volume for the adhesive to penetrate into and its effective saturation allows for 

comparison between different adhesive systems or other influencing factors, like the 

adhesive viscosity (Paper lll).  

After the adhesive has solidified in the wood structure, the mechanical properties of this 

interphase region differ distinctly from those of the pure parts (wood and adhesive). For 

any prediction it is essential to know the effective mechanical properties of this region, but 

most investigations only provide localized properties from positions representing ideal 

surrounding conditions. The necessary effective properties however are driven by the 

defects and discontinuities in the interphase, which makes investigating the interphase in 

its entirety unavoidable (Paper IV). 
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The life of the adhesive bond ends with its failure. The principle failure mechanisms, which 

potentially occur between wood, adhesive and interphase, were mostly unknown. For any 

prediction purposes however this fundamental information is indispensable and absolutely 

necessary (Paper V).     

In the following, an overview on wood-adhesive bonding in general is given, before 

theories and literature values for the build-up of the bondline, the properties of its 

components and possible interactions between them are summarized. Before the main 

investigations are presented, the state of the art regarding the failure of adhesive bonds is 

given.  
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2. Introduction  

2.1 Bonding of wood  

According to DIN EN 923 (2008), adhesives are characterized as non-metallic 

substances, which are able to connect two parts via adhesion in such a way that the 

connection has sufficient stability (cohesion). For wood several theories exist describing 

the basic principles of how adhesion is created in wood bondings (e.g. in Schultz and 

Nardin (2003); Frihart (2005); Zeppenfeld and Grunewald (2005); Habenicht (2006)): 

- Mechanical interlocking: The porous structure of wood provides pathways for the 

adhesive to penetrate and to interlock in the cavities and pores. In the past, it was 

considered that mechanical interlocking plays a leading role in wood bonding. 

Today, although still acknowledged, its importance has been overshadowed by the 

benefit of physical and chemical interactive forces between the adherends�¶ 

surfaces and the adhesive (specific adhesion).  

- Specific adhesion:  

o Diffusion:  This theory describes an interaction between adhesive and 

wood, which leads to a mutual interpenetration of the molecules of both 

bonding partners across the interface between them. The bond quality 

increases, the more alike the adherend and adhesive are (higher 

compatibility). For wood diffusion seems plausible especially for adhesives 

with solvents that cause a swelling of the wood cell walls, as this facilitates 

a penetration of the cell wall by components of the adhesive.  

o Secondary bonds: These bonds are based on the interactions between 

the molecules of the adherend and the adhesive. Van der Waals bonds 

include dispersive forces, which exist between all molecules once they 

come close to each other, permanent dipole-dipole interactions, caused by 

a charge separation between the atoms, and the dipole-induced dipole 

interactions. The strongest secondary bond is the hydrogen bond 

formation, which is very likely to exist in wood adhesive bonds, as both 

wood and most adhesives are chemically able to form them. Remarkable 

for secondary bonds in particular is their ability to reform after disruption, 
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which is impossible for most other bond types, like for example covalent 

bonds.  

o Donor -acceptor interactions:  The most common appearance of this bond 

type in wood-adhesive bonds are Brønsted acid-base interactions, which 

describe the interplay between cations and anions during adhesion to a 

substrate. Such reciprocations can occur between wood and adhesive due 

to the interaction between carboxylic acids in wood and basic groups in 

certain adhesives, like the amine groups in melamine-formaldehyde, in 

protein, or in amine-cured epoxy adhesives.  

o Covalent bonds:  Chemically, covalent bonds represent the strongest 

connection between two molecules. Therefore, this type of bond between 

wood and adhesive would be the most favorable. Their presence in wood 

bonding has always been  assumed, as the hydroxyl groups in the wood 

are able to react with components - especially with functional groups - of 

the adhesives, such as  isocyanates (resulting in urethane groups, as in 

polymethylendiisocyanate or polyurethane), aldehydes (resulting in acetal 

and hemiacetal groups, as formaldehyde), and epoxy groups (resulting in 

polyethers).  

- �³�:�H�D�N�� �E�R�X�Q�G�D�U�\�� �O�D�\�H�U�´�� ���:�%�/���� The WBL describes a zone between adhesive 

and adherend that shows weaker mechanical stability than the adjacent bulk 

materials. It therefore describes reasons for insufficient adhesion, rather than 

explaining adhesion. Reasons for the development of a WBL could lie in chemical 

or mechanical alterations of the adherends�¶ surface. Chemical alterations could 

appear for example due to the aging of the wood surface after machining and 

before bonding (partly due to migration of extractives to the wood surface). 

Mechanical alterations can result from the machining process itself, as it leaves 

behind loose fibers or contaminations like saw dust. 

In the field of adhesive bonding in general, even more theories exist, such as electrostatic 

attraction for example, but as they are of minor importance for wood bondings, they have 

been disregarded in the summary presented above. Among the listed theories, each has 

its eligibility and in reality probably a combination of them keeps the bond together. To 

what extent an adhesion principle is involved depends on the combination of substrate 

and adhesive (Schultz and Nardin (2003); Zeppenfeld and Grunewald (2005)).   

In wood bonding, many different factors determine the quality or the performance of the 

bond. Marra (1992) �V�X�P�P�D�U�L�]�H�G�� �W�K�H�� �P�R�V�W�� �L�P�S�R�U�W�D�Q�W�� �L�Q�� �K�L�V�� �³�(�T�X�D�W�L�R�Q�� �R�I�� �3�H�U�I�R�U�P�D�Q�F�H�´��

(Figure 1). Note that the starting bond strength given by Marra (1992) is quite high and 
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even it is him stating that such a high value might seem ridiculous, as the strength of the 

wood section involved in gluing itself is much lower (one to two orders in magnitude). The 

value of ca. 480MPa is defined as the possible strength that can be reached if all the 

forces of adhesion, which are theoretically present in the surface region, act 

simultaneously.   

Figure 1:  �0�D�U�U�D�¶�V���H�T�X�D�W�L�R�Q���R�I���S�H�U�I�R�U�P�D�Q�F�H�����P�R�G�L�I�L�H�G���I�U�R�P��Marra (1992)). 

Usually, the choice of adhesive is dependent on the kind of adherend and the later use of 

the composition. As they can differ distinctly in their properties, several classifications are 
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possible, which can help to find the right adhesive for the right purpose. In Figure 2, two of 

these classification possibilities for adhesive systems are presented. 

Figure 2:  Possible adhesive classifications (Habenicht (2006)). 

Wood as an adherend increases the variability and the possible influencing factors on the 

bond performance in their interaction with the adhesive. Depending on wood species, big 

differences in bonding suitability exist. The main factors here are soluble wood 

components like resin or oil, especially in tropical wood species, which interfere with the 

appropriate wetting of the wood surface by the adhesive (Forest Product Society (2011)). 

But even within one wood species, the bonding properties differ as a result of the natural 

variability of the wood properties and its anisotropy. Also the treatment of the adherends 

�S�U�L�R�U���W�R���E�R�Q�G�L�Q�J���D�Q�G���W�K�H���D�G�K�H�U�H�Q�G�V�¶���G�L�P�H�Q�V�L�R�Q�V���F�R�Q�W�U�L�E�X�W�H���W�R���W�K�H���E�R�Q�G�L�Q�J���S�U�R�S�H�U�W�L�H�V�����$�V���D��

result, fibers, wood chips, veneers, or planed clear wood elements each show a different 

bonding behavior. For the investigations presented in this work, this vast field of 

possibilities was reduced to clear wood bondings of spruce (Picea abies Karst.) and 

beech (Fagus sylvatica L.) with one-component polyurethane (PUR), urea-formaldehyde 

(UF) and polyvinyl-acetate (PVAc) adhesives. Spruce was chosen as representative for 

softwoods, because it is the main wood species for constructional use and the main wood 

species in forestry in Switzerland. Beech , as the representative hardwood species, is the 

wood species used primarily for bond tests according to European standards (DIN EN 

302-1 (2004)). It is also the most important hardwood species in Switzerland and it is 
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expected that the increasing production of beech from Swiss and European forests will be 

used for structural use in the future (Frühwald et al. (2003); Brandmair et al. (2010); Frese 

and Riedler (2010; Schmidt et al. (2010; Krackler et al. (2011)). The adhesive systems 

were chosen according to their importance in the wood industry and in order to cover 

different chemical compositions and curing mechanisms: 

- UF is considered as the main adhesive system used in the field of manufactured 

wood products (internal use, no exposure to high moisture). Prior to application, 

the adhesive powder often has to be mixed with water and a hardener (solid 

content approximately 60%) that starts the curing in the form of a 

polycondensation reaction.  

- PVAc comes after UF as the second most important adhesive system in the 

furniture industry (Dunky and Niemz (2002)). The physical hardening process of 

PVAc is initiated by the absorption of the water contained in the adhesive 

dispersion (solid content ca. 40-60%) by the wood substrate. An adhesive film is 

formed under the applied pressure, which also surmounts the repulsive forces 

between single PVAc molecules. The mechanical properties of the thermoplastic 

bondlines strongly depend on the configuration of the adhesive, which can be 

adjusted with various additives. 

- The importance of PUR for constructional timber is steadily increasing since its 

introduction in the wood bonding sector. Differing from most other wood bonding 

agents, PUR is free of formaldehyde and contains no solvents, hence providing a 

solid content of 100%. Basically PUR consists of polyol-isocyanate prepolymers 

with active isocyanate groups. These groups react with the moisture from the 

wood substrate and OH groups on the wood surface, deploying CO2. By adding 

�R�U�J�D�Q�L�F���V�R�O�Y�H�Q�W�V�����G�H�I�R�D�P�H�U�V���R�U���I�L�O�O�H�U�V�����W�K�H���D�G�K�H�V�L�Y�H�V�¶���S�U�R�F�H�V�V�L�Q�J���S�U�R�S�H�U�W�L�H�V���D�V���Z�H�O�O��

as the properties of the cured bondline can be adjusted. 

2.2 Bondline composition 

An investigation of adhesive bonds in wood firstly requires an analysis of the bondline 

composition and the different constituents. To explain and denote the parts or zones of a 

wood-adhesive bondline, different symmetrically buoyed models exist (Figure 3).  
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Figure 3 : Bondline composition: a) PUR-bondline in spruce (scale corresponds to 100µm); b) 
Chain-link model by Marra (1992): link 1: The Adhesive Film, links 2 and 3: Intraadhesive Boundary 
Layer, layers 4 and 5: Adhesive-Adherend Interface, links 6 and 7: Adherend Subsurface, links 8 
and 9: Adherend Proper; c) Simplified Layer Model (e.g. Habenicht (2006)): layer 1: pure adhesive, 
layer 2 and 3: wood-adhesive interphase, layer 4 and 5: clear wood.  

According to Marra (1992), the bond can be considered as a chain of five different links 

(Figure 3b). In the center, the pure adhesive phase is located (link 1), unaffected by the 

surrounding substrate. This phase is adjoined by the adhesive boundary layers (links 2 

and 3), which might have been influenced by the substrate during curing, hence losing 

their homogeneity. The actual adhesion mechanisms are constituted in the interface 

between the adhesive boundary and the wood boundary (links 4 and 5). The wood 

boundaries (links 6 and 7) represent wood cells, which might have suffered under the 

preparation processes of the wood surface prior to bonding. Planing, sanding and other 

manufacturing steps cause local damages of the wood cells on the surfaces, increasing 

the possibility of failure in this region. On the outermost are the unaffected wood 

substrates (links 8 and 9). The quality of the bond is determined by the weakest link in this 

chain, which by traditional regulations should be the wood substrate itself. However, with 

such a detailed differentiation, the exact determination of the single links, as well as the 

localization of the failure is quite difficult, as in most cases, it covers several links. For 

failure prediction and modeling, the properties of every part of the bondline are necessary. 

A simplified approach therefore seems appropriate to start with. The layer model of the 

bondline as presented for example by Habenicht (2006) uses only three different zones to 

describe its build-up (Figure 3c). The middle and the outermost layers are identical to link 

�����D�Q�G���O�L�Q�N�V�������D�Q�G�������R�I���0�D�U�U�D�¶�V���F�Kain-link model. Links 2-7 however are summarized in the 

wood-adhesive interphase. This layer represents a zone where wood and adhesive are 

�P�L�[�H�G���D�Q�G���D�I�I�H�F�W���H�D�F�K���R�W�K�H�U�¶�V���S�U�R�S�H�U�W�L�H�V�� To avoid ambiguities, the difference between the 

two quite similar expressions interface and interphase should be clarified: The interface 

represents the border between two regions, while the interphase is a whole region, where 

the adhesive has penetrated into the wood substrate. Using the models in Figure 3b, the 
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interface is represented by only one chain link per adherend (links 4 and 5), while the 

interphases in both adherend constitute of the links 2-7, inheriting the interface. 

As stated before, each zone has to be characterized to allow for a holistic understanding 

of a wood-adhesive bond and the processes occurring during its life-cycle. Several works 

have been conducted to determine the mechanical properties of the pure zones of the 

bondline composition. An overview on literature values for the base materials used in the 

main investigations is given in Table 1. Theoretically, for wood as an orthotropic material, 

nine engineering constants (three moduli of elasticity (EL, ER, ET), three shear moduli (GLR, 

GLT, GRT���� �D�Q�G�� �W�K�U�H�H�� �L�Q�G�H�S�H�Q�G�H�Q�W�� �3�R�L�V�V�R�Q�� �U�D�W�L�R�V�� ����RL, ��TL, ��RT)) according to the main 

anatomical wood directions (longitudinal (L), tangential (T), and radial (R)) are necessary 

to fully describe the linear elastic behavior of the wood component. To include the 

curvature of the growth rings in the tangential directions, the main axes have to be 

described using a cylindrical coordinate system. The adhesive then again is a rather 

isotropic material with only one modulus of elasticity (MOE), one shear modulus (G) and 

�R�Q�H���3�R�L�V�V�R�Q���U�D�W�L�R�������������7�K�H���V�X�P�P�D�U�\���L�Q���7�D�E�O�H�������L�V���O�L�P�L�W�H�G���W�R���W�K�H���0�2�(�V���R�Q�O�\�����D�V���K�H�U�H���P�R�V�W��

references are available for both wood and adhesive and it is only intended to give an 

overview on the differing properties of the materials (see also Stöckel et al. (2012)).  

All values in Table 1 refer to measurements under climatic conditions close to standard 

climate (20°C / 65% relative humidity (RH)), resulting in a wood moisture content of about 

12%. For both wood species, many references are available for measurements in the 

longitudinal direction using standardized methods like static bending or tension tests or 

dynamic determination methods using for example ultrasound velocity. For the two 

transverse directions however, investigations on spruce are more prevalent than for 

beech. Common practices for the determination of these values are static tension or 

compression tests or again dynamic investigation methods. Aspects that make 

comparisons between literature values difficult are the natural variability of wood, the 

�L�Q�I�O�X�H�Q�F�L�Q�J���I�D�F�W�R�U�V���L�Q���W�K�H���P�D�W�H�U�L�D�O���L�W�V�H�O�I�����G�H�Q�V�L�W�\�����P�R�L�V�W�X�U�H���F�R�Q�W�H�Q�W�«�������D�Q�G���W�K�H���L�Q�Y�H�V�W�L�J�D�W�L�R�Q��

method, as values obtained from dynamic measurements (cf. 2 in Table 1) usually reveal 

higher MOE values than those from static tests. Hering et al. (2011) discussed the arising 

issues while comparing their results for the elastic constants of beech.  

For the determination of the MOE of adhesives, often their analogy to plastics is used. 

Hence most tests are conducted on adhesive films via static tension procedures. However 

compression tests on adhesive volumes, special bending tests, or relatively sophisticated 

investigation methods like nanoindentation (NI) are also possible (Table 1). 
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Table 1: Literature overview for the MOE of spruce, beech, UF, PUR, and PVAc. 

Material  
MOE [MPa] 

Reference  
EL ER ET 

Spruce 

116010 - 16720 690 - 900 390 �± 640 Kollmann and Côté (1968)1 

12000 800 410 Neuhaus (1981)1 

10160 - 12440 700 - 1070 390 �± 710 Bodig and Jayne (1982)1 

10000 800 450 Niemz (1993) 

11700 - 13800 1680 - 1800 618 �± 1170 Keunecke et al. (2006)2 

11300 - 16200 625 - 1110 397 �± 430 Keunecke et al. (2008) 

Beech 

14000 2280 1160 
Niemz (1993); Grimsel 

(1999) 

13700 2240 1140 
Stamer and Sieglerschmidt 

(1933) 

13740 2240 1140 Kollmann and Côté (1968)1 

13900 1900 606 Hering et al. (2011) 

9160 - 9560 1490 - 1850 880 - 1040 Bucur and Archer (1984)2 

Material  MOE [MPa] Method  Reference  

UF 

1070-2590 Compression Clad (1964) 

3050-3740 Tension on adhesive films Bolton and Irle (1987)1 

5000-7200 Bending Stöckel (2007) 

8300-12900 
Nanoindentation (NI) in 

adhesive film 
Stöckel (2007) 

PUR 

360 / 470 Tension on adhesive films Konnerth et al. (2007) 

Approx. 2300 NI in adhesive film Konnerth et al. (2006) 

Approx. 3000 NI in bondline Konnerth et al. (2006) 

Approx. 400 Tension on adhesive films Konnerth et al. (2006) 

330 - 1840 Tension on adhesive films Clauß et al. (2011) 

Approx. 1500 NI in bondline Konnerth and Gindl (2008) 

PVAc 

Approx. 2500 NI in adhesive film Konnerth et al. (2006) 

Approx. 1500 Tension on adhesive films Konnerth et al. (2006) 

Approx. 4100 NI in bondline Konnerth et al. (2006) 

1100 - 1600 Tension on adhesive films Konnerth et al. (2007) 
1 Values in references are given in a different unit of measurement and have been converted into 
MPa and rounded to the second digit. 
2 Values obtained using dynamic measurement techniques. 

As can be seen in Table 1, the values cover wide ranges, even in investigations using the 

same testing method, which is not surprising, as the possibilities in the adhesive 

formulation are enormous. Therefore it is difficult to make any general statements about 
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the MOE of an adhesive just based on the adhesive system, but the specific adhesive has 

to be characterized individually. Figure 4 exemplifies the stress-strain curve for one 

representative per adhesive system used in the main investigations, together with the 

resulting MOE. The tests on PUR and PVAc were conducted on adhesive films, while for 

UF, compression tests on cautiously dried UF cubes were carried out. 

Figure 4:  Stress-strain diagrams and resulting MOE values for one representative per adhesive 
system of adhesives used in main investigations. 

Although the determination of the mechanical properties for the pure adhesive is 

theoretically possible, as described above, it is not assured that these properties totally 

represent the properties of the pure adhesive layer in a bond. As visible in Table 1, NI 

measurements on pure adhesive films returned quite different results than measurements 

in the pure adhesive zone of an adhesive bond. This suggests that the interactions 

between wood and adhesive during bonding not only affect the interphase zone, which will 

be discussed later on, but also influence the hardening behavior of the adhesive. Another 

aspect that is not represented in measurements on pure adhesive films is that the 

samples for the adhesive testing should not inherit any irregularities that exist in a real 

bondline, like cracks or voids (Figure 5). Therefore any tests on pure adhesive samples 

provide rather ideal properties of the adhesive and preferably should be used for 

comparison purposes or, for example, as starting values in numerical iterations. The 

mechanical properties as well as the morphology of the interphase, in contrast to the 

mechanical properties of the pure adhesive bond components, are not readily measurable 

and need more sophisticated analysis. This will be the subject of the following paragraphs. 
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Figure 5 : Bondline imperfections in adhesive layer in adhesive bond with UF (a) and PVAc (b) from 
reconstructed tomography data; scale corresponds to 1mm. 

2.3 Interphase morphology 

2.3.1 Introduction 

The formation of the wood-adhesive interphase is the result of the adhesive penetration 

process into the wood adherends. Kamke and Lee (2007) gave quite a comprehensive 

review of the adhesive penetration processes in wood. They distinguished two general 

types of penetration: gross penetration and cell wall penetration. Gross penetration 

describes the flow (due to hydrodynamic flow and capillary action) along accessible 

pathways into the wood structure, mostly by filling cell lumina. It can be regarded as the 

motion of the adhesive from the wood surface into the wood structure, enclosing fractures 

and pre-damages caused by the preparation processes prior to bonding. Cell wall 

penetration is characterized by the diffusion of the adhesive, or parts of it, into the cell 

walls or the flow into microcracks. The three predominant parameters, which interact 

during the penetration process, are the adhesive properties, the wood properties and the 

processing parameters (Figure 6).  

For the interphase morphology mainly gross penetration is relevant, therefore in this 

paragraph the cell wall penetration is disregarded. This type of penetration seems to be 

crucial for the mechanical properties of the interphase region and will be discussed in the 

respective section subsequent to the interphase morphology. 

The characteristics of the liquid adhesive obviously influence the possibility to penetrate 

into the wood. A higher viscosity, a higher solid content, or the intermixture of certain 

additives can be obstructive for deeper penetration of the adhesive. �*�D�Y�U�L�O�R�Y�L�ü-�*�U�P�X�ã�D���H�W��
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al. (2010) supported this finding for the penetration of UF resins with different degrees of 

condensation in silver fir, resulting in differences in viscosity and molecular weight 

distribution. With a higher viscosity of the adhesive, the penetration depth was reduced. 

The molecular weight distribution of the adhesive decides whether cell wall penetration is 

generally possible or not. The reaction or hardening velocity (rheology) of an adhesive 

also plays an important role on �L�W�V�� �S�H�Q�H�W�U�D�W�L�R�Q�� �E�H�K�D�Y�L�R�U���� �D�V�� �L�W�� �G�H�W�H�U�P�L�Q�H�V�� �W�K�H�� �D�G�K�H�V�L�Y�H�V�¶��

ability to flow into the wood structure (Mendoza et al. (2012)). Generally, it can be stated 

that a higher reaction velocity will lead to a minor penetration depth. As this parameter 

strongly depends on the adhesive composition, it is desirable to determine the viscosity 

evolution of the respective adhesive. Depending on the hardening reaction, the feasibility 

of such experiments vastly differs, as was observed in the main investigations (cf. 

�S�D�U�D�J�U�D�S�K���³�+�D�U�G�H�Q�L�Q�J�´���L�Q���3�D�S�H�U���O�O�O��.  

Figure 6:  Factors influencing adhesive penetration into wood. 

The permeability and the surface energy of the adherend are the main influencing factors 

on the adherends side, and these parameters strongly differ between species, anatomical 

direction and even in single stems according to the position (earlywood / latewood, 

heartwood / sapwood). The influence of the adherends�¶ dimensions and its preparation 

has been mentioned before.  

Conditions during bonding can alter the penetration process with the applied pressure or 

by influencing the curing reaction of the adhesive (e.g. temperature, moisture content). 

The consolidation pressure contributes to the hydrodynamic flow of the adhesive into the 

wood structure, but it will only increase the penetration up to a certain degree. Too high 

pressures can even have a negative effect, as the bondline can be pre-damaged or the 

adherends can be densified (e.g. Brady and Kamke (1988); Cheng and Sun (2006)). An 

increase of temperature in many cases results in an increased reaction velocity with the 
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above mentioned effects on the penetration behavior. On the other hand, an increased 

temperature can also lead to a reduced viscosity, hence promoting an easier penetration. 

As previously stated, all these parameters interact with each other and the determination 

of single influences is quite difficult, as the change of one parameter in many cases 

involves altering others as well. Additionally the natural variability of wood entails different 

initial conditions for the adhesive penetration.  

Figure 7 : Traditional determination of penetration depth for PUR adhesives into spruce (a-c) and 
beech (d) with possible designation of maximum penetration depth and pure adhesive layer. Scales 
correspond to 100µm. 

The extent of penetration is traditionally determined by measuring the penetration depth in 

cross-sections under a microscope. The penetration depth is defined as the distance of 

adhesive filled cells from the bondline. Several uncertainties ensue from this methodology 

(see Figure 7). First, the sample preparation needs to be considered. Pure wood samples 

traditionally are specially treated prior to cutting cross-sections with a microtome (e.g. 

plastification in hot water, cryo techniques). As such treatments can alter or even destroy 

the adhesives, this is not possible for bonded wood samples and the surfaces have to be 

�³�G�U�\-�F�X�W�´�� �Z�L�W�K�R�X�W��the addition of water or glycerin. This makes the preparation of good 

quality surfaces more difficult.  
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Even with a high surface quality and with high-resolution scanning electron microscope 

(SEM) images, the distinction between the different zones of the bondline as they have 

been described above can be quite difficult ���F�I�����³���������%�R�Q�G�O�L�Q�H���F�R�P�S�R�V�L�W�L�R�Q�´�����)�L�J�X�U�H������. For 

the four images in Figure 7, an exemplarily determination of bondline thickness and 

maximum penetration depth was conducted. However, since this assignation is quite 

subjective, different results are possible and would also have their eligibility. Several 

attempts are known to allow a more objective determination of the penetration depth, for 

example by adding traceable materials to the adhesive or by staining the investigated 

surface to increase the contrast between adhesive and wood, which would allow a 

computerized analysis (overview given in Kamke and Lee (2007)). However such 

attempts often inherit errors of their own: The addition of tracers into the adhesive might 

change its penetration behavior from the beginning if it mixes well with the adhesive and 

�F�K�D�Q�J�H�� �I�R�U�� �H�[�D�P�S�O�H�� �W�K�H�� �D�G�K�H�V�L�Y�H�V�¶�� �Y�L�Vcosity. If it does not connect with the adhesive, 

however, the additive can show a different penetration behavior than the adhesive itself, 

which would result in corrupting the measuring results, as the penetration of the additive 

and not of the adhesive would be measured. A known example for such a case is 

described in Modzel et al. (2011), where rubidium was added to the adhesive to increase 

the attenuation in x-rays, whereat rubidium migrated deeper in the wood substrate than 

the adhesive itself. The supplementary staining of the surface can lead to alterations of 

the original state as well: As most stains are solved in water, their application leads to a 

swelling of the wood parts, which might have the same effects as described previously for 

the surface preparation. Therefore a preparation method with minimal possible 

disturbances or interactions with the bondline is most preferable. But even a better 

distinction between wood and adhesive does not automatically allow for a better 

identification of pure adhesive and interphase region and surely does not solve the other 

uncertainties arising in this examination method.  

One of the main disadvantages of the concept of the maximum penetration depth is that 

possible voids in the bondline are left unconsidered in the measurement (Figure 7b). The 

substrate itself is not considered at all in the determination of this parameter, although 

obvious differences exist in the appearance of the bondline between soft- and hardwoods 

in cross-sections (Figure 7c-d): In spruce, a more or less compact area of adhesive filled 

tracheids is shown, where in beech, the adhesive filled vessels occur in a rather random 

pattern. A look at the anatomical structure helps to interpret these differences (Figure 8). 

Detailed information about the wood anatomy is given for example in Bosshard (1982), 

Wagenführ (1999), and Wagenführ (2007), which also served as source for the basic 

information on the wood structure in the next paragraphs.  
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Figure 8 : Anatomical structure of pine (a) and beech (b) (Bramwell (1976)). 

2.3.2 Spruce (softwood ) 

From an evolutionary point of view, the relatively simple and regular structured softwoods 

are older than hardwoods. They mainly consist of longitudinally orientated tracheids (in 

spruce ca. 95%), which can be considered as the prototype for wood cells in general. 

These slender, dead cell types are, depending on their position in the growth ring, mostly 

Figure 9 : Various pit formations in wood (Wagenführ (1980), modified) (a) and bordered pits in 
spruce in cross-section (b), in tracheid wall (c), and cut through single pit (d); scales correspond to 
10µm. 
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in charge of water transportation (earlywood) and stability (latewood), even if a strict 

assigning of tasks is difficult. The single tracheids reach lengths between 1300 and 

4800µm (mean value ca. 3000µm) and are interconnected via bordered pits. These 

connections act like valves: In the living tree, they are open for transportation processes, 

but during the heart wood formation, during drying, or under depression, they close 

(aspiration) and prevent, or at least prohibit, the transport of fluids or gases. The 

connection between tracheids and ray cells is realized via half bordered pits, between 

single ray cells via simple pits (Figure 9).  

Since a penetrating adhesive will choose the way of least resistance for gross penetration, 

the wide earlywood tracheids will mainly be used, rather than latewood tracheids or wood 

rays. Since the transfer to the next tracheid is impeded by the closed bordered pits, 

theoretically only the tracheids that lay ope�Q�� �R�Q�� �W�K�H�� �D�G�K�H�U�H�Q�G�V�¶�� �V�X�U�I�D�F�H�� �D�U�H�� �D�Y�D�L�O�D�E�O�H�� �I�R�U��

penetration. Hence the mean maximal value measurable for the penetration depth as 

described above can be described by a simple trigonometric equation, depending only on 

the fiber angle and the half of the mean fiber length (Suchsland (1958)): 

��� �V�L�Q �.�
�[ 

����� ���P�H�D�Q���P�D�[�L�P�D�O���S�H�Q�H�W�U�D�W�L�R�Q���G�H�S�W�K 
�.��� ���I�L�E�H�U���D�Q�J�O�H 
x = mean half fiber length 

If the amount of adhesive exceeds the volume provided by the earlywood tracheids, then 

the penetration along latewood tracheids or wood rays increases. Even an evasion 

through the half bordered pits into the wood rays is possible, as these paths are still 

accessible. As the interconnection between ray cells is realized via simple pits, the only 

restrictions for the penetration depth along the rays is given by the amount of adhesive 

�D�Q�G�� �L�W�V�� �F�X�U�L�Q�J�� �U�H�D�F�W�L�R�Q���� �Z�K�L�F�K�� �Z�L�O�O�� �V�W�H�D�G�L�O�\�� �L�Q�F�U�H�D�V�H�� �W�K�H�� �D�G�K�H�V�L�Y�H�V�¶�� �Y�L�V�F�R�V�L�W�\���� �$�F�F�R�U�G�L�Q�J�O�\��

wood rays filled with adhesive can be detected in cross-sections of adhesive bonds in 

spruce (�*�D�Y�U�L�O�R�Y�L�ü-�*�U�P�X�ã�D���H�W���D�O����(2010), Figure 10). 
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Figure 10: Penetration of PUR into wood rays in spruce; the scale corresponds to 100µm. 

2.3.3 Beech (hardwood) 

The evolutionary younger hardwoods are more complicated in structure, as they have 

developed specialized cell elements for different specialized tasks. The two main types 

are the tube-like vessels with large inner diameters (8 - 85µm), which realize the water 

transport, and the slender fibers with much smaller diameters (3.5 �± 11.2µm), which 

provide stability. The vessels in beech build chains that consist of links with a length 

between 350 and 800µm, which are connected via perforated ends. The whole vessel 

chain can reach up to lengths of about 2m. When in contact, the vessels enable 

interconnecting pathways via bordered pits, resulting in a vessel network that covers the 

whole growth ring. Across growth ring borders, transportation processes are carried out by 

the parenchyma cells in the wood rays, which represent the third most common cell type 

in beech. In the case of red heartwood formation, the intervessel pits are closed 

completely with tylosis. Without this closing mechanism, the closure of this connection is 

not as impermeable as in spruce, because the pit membrane lacks the thickened torus 

that exists in the softwood pits. This not only explains the known differences in 

impregnability between spruce and beech (DIN EN 350-2 (1994)), but also supports 

conclusions for the differing adhesive penetration: With their large diameter, the vessels 

provide such an easy pathway for the adhesive to penetrate that fibers or ray cells are 

only used within close vicinity of the bondline. Since, theoretically, the whole growth ring is 

available for the adhesive to penetrate, it is also rather unlikely that it will enter into ray 

cells, once it has started travelling along a vessel, especially with the increasing viscosity 

due to the hardening process. 

Surprisingly, although the differences in the anatomical structure between soft- and 

hardwoods are known and are considered as influencing factors on the penetration 

process, they are disregarded for the bondline characterization using the maximum 
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penetration depth. In order to describe, evaluate, an�G�� �I�L�Q�D�O�O�\�� �S�U�H�G�L�F�W�� �W�K�H�� �D�G�K�H�V�L�Y�H�¶�V��

penetration into beech, the vessel network has to be analyzed. This was one of the aims 

presented in Paper ll of this thesis. This information was then used to characterize the 

penetration behavior of different adhesive systems into the identified network in Paper lll.  

2.4 Mechanical interphase properties 

Since the interphase is composed of wood and adhesive, both materials contribute to its 

mechanical properties. The adhesive filling the cell lumens by gross penetration alone 

leads to a modification of the wood properties as the air in the lumens is replaced by the 

adhesive and adhesion forces take effect between adhesive and cell wall. If an adhesive 

is able to penetrate into the cell wall, then the effects can be even more pronounced, 

depending on the character of the penetration. Besides the reduced swelling ability due to 

the occupation of free volumes in the cell wall that goes along every cell wall penetration, 

Frihart (2005) distinguishes three scenarios that describe the possible interactions 

between the adhesive and the wood cell wall, if a penetration into the cell wall occurs: (i) a 

mechanical interlocking effect due to adhesive fingers that reach from the lumen into the 

cell wall (interdigitation), (ii) the formation of an adlayer resulting from shallow penetration 

and crosslinking of the adhesive in the surface layer of the cell wall, and (iii) the formation 

of an interpenetrating network after even deeper penetration and more crosslinking 

(Figure 11). 

Figure 11: Possible interactions between adhesive and cell wall during penetration (Frihart (2005)). 

The capability of a substance or an adhesive to penetrate into the cell wall mainly 

depends on its molecular weight distribution, as components with a low molecular weight 

should be able to diffuse into the cell wall (Kamke and Lee (2007)). Of the adhesive 

systems investigated in the main investigations, cell wall penetration was only proven for 

UF (Bolton et al. (1988); Stöckel et al. (2010)), while PVAc and PUR seem to be unable to 

enter the cell wall (Gindl et al. (2004b); Gindl et al. (2004c); Konnerth and Gindl (2006); 

Konnerth et al. (2008)). When entering the cell wall, the substance will probably swell and 

plasticize the cell wall before solidification, which has been used purposefully with other 

substances to increase the dimensional stability of wood (e.g. Wallstrom et al. (1995); 

Wallstrom and Lindberg (1999); Jeremic et al. (2007)). Also, the density and the 
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mechanical properties of the cell walls will be altered, if penetrated by an adhesive (Table 

2). 

These modifications consequently also influence the mechanical properties of the whole 

wood structure. Gindl et al. (2004c), found that due to impregnation with melamine 

formaldehyde resin, the transverse compression strength of spruce was significantly 

increased. Further, an embrittlement of the cell walls and a reduction of the anisotropy 

between the properties in radial and tangential direction were observed. For the 

interphase as a whole layer, this implies that it exhibits a higher degree of anisotropy than 

the pure adhesive, but is more isotropic than clear wood.  

Table 2: Mechanical properties of cell walls in the interphase of different adhesive systems and 
reference cell walls measured using NI; MOE here represents the Indentation Modulus.  

Adhesive  MOE [MPa] Reference  

UF Approx. 19000-23000 Stöckel et al. (2010) 

PUR Approx. 17000 Konnerth and Gindl (2006) 

PVAc Approx. 15000 Konnerth and Gindl (2006) 

Spruce 

Approx. 17000 Stöckel et al. (2010) 

Approx. 15000-17000 Gindl et al. (2004a) 

Approx. 18000-20000 Konnerth and Gindl (2006) 

Most of the investigations dealing with the properties of the interphase region and how 

one component modifies the other are conducted using NI. Despite being a powerful tool 

for comparisons between, for example, penetrated and non-penetrated cell walls, it only 

represents the properties at single points. These points are set at positions with relatively 

�L�G�H�D�O���F�R�Q�G�L�W�L�R�Q�V�����H���J���� �Q�R���F�U�D�F�N�V���R�U���Y�R�L�G�V���� �D�Q�G���W�K�H�U�H�I�R�U�H���U�H�S�U�H�V�H�Q�W���W�K�H���P�D�W�H�U�L�D�O�¶�V���R�S�W�L�P�X�P��

properties. Additionally, the mechanical parameter obtained with this technique �± the so 

called Indentation Modulus �± is not comparable with the standard MOE of the material, as 

it represents a mixture of the material properties in all directions, even including the shear 

modulus and can only be used for comparative purposes (cf. Table 2 and also Stöckel et 

al. (2012)). Effective properties of the interphase as a whole region however are 

determined by discontinuities inherited in the layer. Such imperfections can be caused by 

the pure components themselves like drying cracks in the pure adhesive layer (Figure 5), 

in the adhesive parts of gross penetrated lumens (Figure 12) or pre-damages in the wood, 

which occur especially at the surface of the adherends, due to the preparation process 

prior to bonding, like fractured cells or loose fibers, that show significantly decreased 

mechanical properties (Gindl et al. (2004c)).  
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They therefore supported the assumptions that the adhesive should penetrate at least 

deep enough into the wood that this pre-damaged zone is completely covered and the 

adhesive can bond with undamaged wood cells. The extent of this pre-damaged zone in 

the adherend for example depends on the preparation process and the condition of the 

tools used (Singh et al. (2002)). However, both components can also provoke damages in 

the other during the solidification of the adhesive. Smith and Côté (1971), for example, 

found a concentration gradient for a phenol-formaldehyde adhesive that penetrated into 

cell walls of Douglas-fir and  

Figure 12: Drying cracks and voids in a UF bondline in beech. The damages are visible in the pure 
adhesive layer and the adhesive penetrated into the vessel network. The images show different 
positions in one sample, obtained with synchrotron tomography.  The scale corresponds to 1mm. 

Southern yellow pine. They found the maximum concentration of adhesive in the S2 layer 

close to the lumen that was filled with adhesive. The concentration decreased significantly 

towards the middle lamella, where no adhesive was found at all. A similar gradient was 

found for a phenol-resorcinol-formaldehyde adhesive (PRF) penetrating spruce cell walls 

using scanning thermal microscopy (Konnerth et al. (2008)). Water based adhesives swell 

the cell wall during the penetration phase and then shrink in the following solidification 

process. As a consequence of such a concentration gradient across the cell wall, stresses 

can occur in the cell wall itself, which could even lead to delamination in the middle 

lamella. An adhesive that does not penetrate the cell wall can also cause stresses in the 

interphase. A PVAc for example will also cause swelling of the cell wall due to the water 

absorption, while the adhesive itself will shrink during curing. Though such introduced 

stresses will reduce once the wood dries and shrinks back, it is not assured that they will 

completely disappear. For PUR, the opposite situation can be assumed: As the adhesive 

needs water to cure, it will cause some shrinkage in the wood, while the adhesive itself 

tries to expand due to the formation of CO2. The application of additional water on the 

bonding surface, which is common practice for PUR bondings especially under dry 

surrounding conditions, could possibly compensate the arising stresses to some extent. 
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However, any kind of volumetric changes of the wood substrate during the solidification of 

the isotropic adhesive can obviously constitute stresses due to the anisotropic character 

of wood and these stresses can cause damages in the whole layer, changing the effective 

layer properties. In other words, the mechanical interphase properties are dictated by the 

weak positions in the layer, but NI determines the properties mainly in sound locations. 

Therefore a different approach has to be chosen to characterize the effective properties of 

the interphase.  

One possibility to determine these properties would be to prepare test samples of the 

interphase and conduct mechanical tests, like tension or bending tests on them, but as 

already shown, the dimensions of the interphase are quite inordinate, resulting in a 

possible sample thickness in the micro-meter range, not considering the pre-damaged 

zone at the adherends�¶ surface. With such thin samples, characteristic sizes of the wood 

structure, like the cell diameters, would be on the same scale as the sample dimensions, 

which would cause finite size effects and hence question the validity of such 

investigations. Another imaginable approach could be the determination of mechanical 

properties in bonded samples with increasing influence of the bondline / interphase. This 

could be organized as follows: By not exceeding the elastic deformation range, the elastic 

mechanical properties of two pieces of wood are determined. Then they are bonded 

together and the mechanical properties are determined again. Now the thickness of the 

sample is reduced equally from both sides before a further determination of the 

mechanical properties. This sequence could be repeated multiple times while, with every 

reduction of the thickness, the influence of the adhesive / interphase region increases 

until, in a final stage, most of the sample thickness is composed of the interphase and the 

pure adhesive in the middle of the bondline and a more or less accurate estimation of the 

adhesive / interphase region could be made. The difficulties for this approach would lie in 

the sample preparation, as it would be quite challenging to ensure an equidistant removal 

of wood from both sides, while keeping the rest of the sample completely unaffected. 

Additionally, only the properties of both interphases together with the pure adhesive layer 

would be available and the above mentioned size effect will increase in each sequence, 

hence interfering with the determination of the interphase properties. A third way to obtain 

the effective characteristics of the interphase, which was chosen in the main 

investigations and presented here, is based on an inverse approach via modal analysis 

(Paper lV).  

Modal analysis is a technique that can be used to describe the dynamic properties of a 

material. Modes are mechanical properties of a material or structure depending on its 

material properties (like mass, stiffness, and damping) and the boundary conditions. Each 
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mode is defined by modal-parameters, including the eigenfrequency of the respective 

mode. By identifying certain modes with their respective eigenfrequency, the mechanical 

material properties can be determined, if enough information about the boundary 

conditions and the structure of the material is provided (e.g. dimensions, density). The 

principles of oscillating structures are well described for example in Timoshenko (1937). 

For modal analysis, a structure is systematically excited to oscillate and its reaction is 

recorded at certain positions. By analyzing the answer of the structure at these positions, 

concerning the amplitude of deformation, the eigenmodes can be found and identified.  

Figure 13: First 12 eigenmodes described by Larsson (1997); the numbers for each mode refers to 
the number of nodal points parallel to the longitudinal and transversal direction. 

For wood, as an anisotropic material, eigenfrequency measurements were initially only 

used to determine the MOE in the longitudinal direction in beamlike structures, because 
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that way the anisotropy can be neglected (e.g. Kollmann and Krech (1960); Görlacher 

(1984); Yoshihara (2011)). It was even possible to detect local defects in such beams 

(Yang et al. (2002); Yang et al. (2003)), or to evaluate fungal decay (Krause et al. (2010)). 

With further progress in science and the aid of FEM, calculation techniques were 

developed that also allowed determination of elastic constants in orthotropic plates (e.g. 

Deobald and Gibson (1988); Pedersen and Frederiksen (1992); Frederiksen (1997)). 

Since manufactured wood products and wooden plates also show a distinct degree of 

orthotropy, it is not surprising that the combination of modal analysis and FEM was used 

to identify the elastic properties of, for example, OSB (Larsson (1997), Figure 13) to 

investigate the influence of knots on the oscillation behavior (Gier and Niemz (2001)) and 

also for the elastic material characterization of clear wood and fiber boards (Berner et al. 

(2007)). 

Gülzow et al. (2007) used the method to determine the elastic properties of solid wood 

�S�D�Q�H�O�V�� �Z�L�W�K�� �G�L�I�I�H�U�H�Q�W�� �F�R�P�S�R�V�L�W�L�R�Q�V�¶�� �F�R�Q�I�L�J�X�U�D�W�L�R�Q�V�� �E�\�� �D�O�W�H�U�L�Q�J�� �W�K�H�� �W�K�L�F�N�Q�H�V�V�� �R�I�� �W�K�H�� �V�L�Q�J�O�H-

layers and by using different adhesive systems. Although they were able to fit their 

simulated panel properties quite well with the properties obtained from static bending 

tests, they disregarded the influence or the properties of the bondline and the interphase. 

These examples illustrate what a powerful tool modal analysis can be and that it should 

be possible to adapt it, in combination with FEM, to apply the change in the oscillation 

behavior of a clear wood plate caused by an adhesive layer and to determine the effective 

mechanical properties of that layer. Therefore, such a method is proposed in the main 

investigations. The results presented in Paper IV show the potential of the method, but 

more work is necessary to verify and consolidate its explanatory power. 

With the characterization of the wood-adhesive interphase, a sufficient description of the 

three different zones of the bondline composition, as they are specified by the Simplified 

Layer Model (Figure 3) is introduced. Their morphology and their mechanical properties 

strongly interrelate and only few factors are known for certain about their optimal 

adjustment. What is confirmed as a necessity for quality bonding is that the adhesive 

should compensate for pre-damages caused during the preparation process in the 

adherends (Gindl et al. (2004c)) and that the transitions between the single zones should 

be as smooth as possible. The latter constitutes a rather challenging task, as the strong 

anisotropy of wood provokes interactions between the single layers that can be 

disadvantageous for the whole bond. In the following, some of these interactions are 

discussed further.  
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2.5 Layer interactions  

As already stated above, starting with the penetration process of an adhesive, humidity 

exchanges between the adherends and the adhesive can cause dimensional alterations in 

the wood structure, causing stresses between the different layers of the bondline 

composition or even provoke pre-damages. Hence, after curing the bond exists in a pre-

stressed state. The stresses will partially decrease with time due to relaxation processes, 

under the condition that no further changes in the boundary conditions occur, which is 

hardly realistic for any structure used.  

Due to the hygroscopic behavior of wood, water causes most of the interactions between 

the single layers of the bondline composition. Changes in the relative humidity of the air 

surrounding the bonded structure will affect the wood and change its dimensions. In 

addition, the adhesives can also be affected by humidity changes. PVAc, for example, 

swells when placed in water and significantly loses its stability (Dunky and Niemz (2002)). 

Investigations on PUR also showed swelling in water and that the hydrogen bonds 

commonly active in PUR suffer under exposure to water (Illers and Jacobs (1960)). 

Although the dimensions of UF are quite stable once cured, moisture initiates a reversible 

reaction between urea and formaldehyde and causes a chemical disintegration of the 

cured adhesive called hydrolysis. However, it is quite unlikely that the adhesive will show 

the same dimensional changes as wood. And even if this would be the case, as an 

isotropic material, the changes would affect all dimensions of the adhesive equally. This 

means that the dimensional changes of the adhesive will fit those of wood in only one 

direction due to the anisotropy of wood. Any discrepancy in the dimensional changes 

between wood and adhesive will cause stresses in the bondline. In the interphase where 

both materials coexist, the penetration behavior of the adhesive will have an influence on 

the distribution of these stresses. If only gross penetration occurred, the wood cells will 

respond to the new situation by swelling or shrinking, somehow restrained by the 

adhesive in the lumen. Although this will reduce the stresses between the interphase and 

the clear wood, it will produce stresses between interphase and pure adhesive. 

Additionally, as the gross-penetrated adhesive restrains this movement, it will result in 

stresses between the adhesive in the cell lumens and the cell walls. If the adhesive has 

also penetrated into the cell wall, then this might prevent the dimensional changes of the 

cell wall, which will reduce the anisotropy of the wood, and thereby minimize stresses in 

the interphase itself. The stresses between interphase and pure adhesive would also be 

reduced by the smaller dimensional changes of the cell walls, but on the clear wood side, 
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the differences will be higher, causing increased stresses (Figure 14, cf. also Frihart 

(2009)).  

Figure 14: Different reactions of bondline components towards moisture changes depending on 
the kind of penetration; higher strain differences can lead to higher stresses between components. 

The diffusion properties of the adhesive will also influence the load distribution caused by 

dimensional changes: If the adhesive is permeable to humidity, then both adherends will 

be affected by the moisture change, hence the swelling / shrinking deformations of the cell 

walls will influence the bondline from both sides. If the adhesive inhibits moisture 

transport, then the humidity change will be constricted to one side only. In this case, the 

moisture distribution across the bondline will appear in a more step-like manner and not 

with a smoother gradient as it would with adhesives open for water vapor diffusion. 

The other environmental parameter that can introduce interactions into the bondline is the 

temperature. In the majority of cases, an alteration of the temperature will influence the 

bondline by changing the moisture content of the composition with the resulting 

consequences described before. Otherwise wood reactions are quite stable within the 

standard temperature range and temperature induced dimensional changes as they 

appear in metals or plastics are not known for wood. However, creep deformation 

becomes more pronounced in wood for temperatures above 50°C (see e.g. Ranz 2007). 

For the wood structure, only high temperatures above ca. 90°C can have an impact, as 

above this point the thermal modification of the wood components begins (see Figure 15).  
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Figure 15: Changes of wood components due to heat treatment (a) Sundquist (2004); b) 
ThermoWood (2003)). 

As the chemical structure of some adhesives is quite similar to those of plastics, they are 

more prone to temperature changes, like PVAc or PUR for example. Depending on the 

�D�G�K�H�V�L�Y�H�V�¶���I�R�U�P�X�O�D�W�L�R�Q�����W�K�H���P�H�F�K�D�Q�L�F�D�O���S�U�R�S�H�U�W�L�H�V���R�I���3�9�$�F���F�D�Q���G�H�F�U�H�D�V�H���V�L�J�Q�L�I�L�F�D�Q�W�O�\���I�U�R�P��

temperatures above 40°C (Dunky and Niemz (2002)) and PUR can show increased creep 

deformation beyond temperatures above 50°C (Richter et al. (2006); Clauß et al. (2011)). 

For UF adhesives, increased temperatures increase the effects of hydrolysis, but the 

temperature dependency of its mechanical properties is not as pronounced as in PVAc or 

PUR (see also Stöckel et al. (2012)). 

�+�R�Z���W�K�H���F�R�P�S�R�Q�H�Q�W�V�¶���U�H�D�F�W�L�R�Q�V���W�R�Z�D�U�G�V���F�K�D�Q�J�H�V���L�Q���W�K�H�L�U���H�Q�Y�L�U�R�Q�P�H�Q�W���Z�L�O�O���H�[�S�U�H�V�V���L�Q���W�K�H��

properties and the behavior of the interphase itself is as yet unknown and more research 

has to be done in that direction. What is assured is that these differences are generally 

disadvantageous for the adhesive bond, because they can promote the formation of 

stresses and weaken parts of the bond, which might lead to failure of the composition. 

However, as stated before, in this thesis the layer interactions introduced into the bondline 

by moisture and temperature changes are neglected and the focus lies on the basic failure 

principles occurring in an undisturbed bondline. 
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2.6 Failure 

2.6.1 Introduction 

The life of the adhesive bond ends with its failure, resulting in the detachment of the 

adherends. This failure can occur in every part of the adhesive bond, in the pure 

adhesive, the solid wood or in the interphase. Therefore, in this section, the failure 

behavior of the adhesive systems is generally classified and a brief introduction into 

fracture mechanical terms and their applications in the field of wood is given. After 

outlining the failure behavior of clear wood in the main anatomical directions, finally the 

state of the art on testing of adhesive bonds is summarized. 

2.6.2 Adhesives 

It is of course difficult to give any general propositions about the failure behavior of 

adhesive systems, as there is an enormous number of possibilities for adhesive 

formulations, which determine to a large extent how a cured adhesive will fail. However a 

rough general classification for the three adhesive systems used in this thesis can be 

made. UF bondlines show duroplastic behavior characteristics and fail quite brittle. 

Thermoplastic PVAc with its usually low MOE exhibits a pronounced ductility at room 

temperature with a high failure strain and a necking formation before failure. PUR can 

cover a large bandwidth of properties, from elastomer to duroplastic, but usually its 

properties lie between UF and PVAc (cf. Figure 4). As usual for plastics, an increased 

loading velocity leads to an embrittlement of the material, causing an abrupt failure with a 

small failure strain. From the used adhesive types, PVAc will be affected most by this 

velocity dependence, as it is the most deformable one. 

2.6.3 Modes of fracture 

In fracture mechanics, generally three modes of fracture are distinguished that describe 

the direction of load application and crack propagation (Figure 16).  

Figure 16: Modes of fracture. 
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Under Mode I (opening cleavage) all loading scenarios that cause an opening of the crack 

flanks are summarized. Usually this is achieved by applying the load perpendicular to the 

crack front, as in tension tests. But also a different load application can result in a Mode l 

situation. For example, the bending of a beam leads in to tension in its lower side. A 

failure in this part will occur under Mode l, although the load has been applied parallel to 

the crack flanks. Mode II (forward shear) describes an opposed displacement of the crack 

flanks in the crack propagation direction, which is usually initiated by a shear load. Load 

scenarios causing a transversal deflection of the crack flanks to the crack propagation 

direction, for example by torsion, are summarized under Mode III (transverse shear). If 

more than one mode occurs at the crack front, then the situation is described as a mixed-

mode loading. This can be introduced in a sample either by multiaxial loading or the 

situation arises under uniaxial loading, if crack front and normal stress are not 

perpendicular to each other. Additionally two types of crack propagation can be 

distinguished. Stable crack propagation is present, if the applied load has to be increased 

for further crack propagation. In contrast, instable crack growth happens rather 

spontaneously without increasing the applied load (e.g. Gross and Seelig (2007)). 

Concerning fracture mechanical investigations in wood, generally six different scenarios 

for crack initiation along the main anatomical direction exist. In the notation, the first letter 

assigns the direction perpendicular to the crack, the second the direction of the crack 

propagation (Figure 17). 

Figure 17: Crack initiation scenarios in wood (Bodig and Jayne (1982)). 
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2.6.4 Clear wood 

In wood science, the failure of a test sample is defined in two ways: In most cases it 

describes the point where the sample has fractured, which is accompanied by a distinct 

drop in the respective stress-strain diagram after reaching the maximum force (e.g. tests 

for tension, bending, shear). As this definition is not valid for all scenarios, excessive 

deformation of a sample can also be used as stop criterion (e.g. 5% deformation in the 

compression test) (see Bodig and Jayne (1982)). Due to its orthotropic behavior, the 

strength of wood differs distinctly between its anatomical directions (Table 3). Additionally, 

the natural variability of wood leads to a huge scattering of values not only between wood 

species and anatomical directions, but also within a single wood species in one direction 

(cf. spruce in longitudinal tension in Table 3). Growth conditions or position in the stem 

(both vertical and horizontal) are just two parameters that can be mentioned as influencing 

factors for this high variability.  

Table 3:  Strength of spruce and beech. 

Material  Loading  Direction  Strength [ MPa] Reference  

Spruce 

Tension 

Longitudinal 

21 �± 245 
Wagenführ 

(2007) 

90 Niemz (1993) 

95 
DIN 68364 

(2003) 

Transversal 
1.5 - 4 

Wagenführ 
(2007) 

2.7 Niemz (1993) 

Compression 
Longitudinal 

43 Niemz (1993) 

45 
DIN 68364 

(2003) 

Transversal 5.8 Niemz (1993) 

Beech 
Tension 

Longitudinal 
57 - 180 

Wagenführ 
(2007) 

120 
DIN 68364 

(2003) 

Transversal 7.0 �± 10.7 
Wagenführ 

(2007) 

Compression Longitudinal 60 
DIN 68364 

(2003) 

In wood, as a hierarchically structured material, different levels exist on which failure can 

occur. Damages start at the low levels and propagate onto the next larger scale. Even 

features on the molecular level have been the subject of investigations concerning their 
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influence on the mechanical properties and on the failure characteristics of wood and 

especially on the components of the cell wall (Salmen and Burgert (2009)). The next 

larger component of the wood structure is the single fiber or the fiber bundle, followed by 

the combination of different tissue types in growth rings, which constitute the structural 

element of all larger wood formations, such as boards or beams. The higher the structural 

level, the more pronounced are the differences between wood species, because the 

properties are more affected by structural characteristics that influence the failure 

�E�H�K�D�Y�L�R�U�� ���H���J���� �N�Q�R�W�V���� �U�D�\�V���� �I�L�E�H�U�� �U�D�W�L�R�«������ �'�X�H�� �W�R�� �Lts anisotropy, wood exhibits distinct 

differences in its material behavior between the longitudinal and transversal directions: In 

the longitudinal direction it behaves similar to a fibrous material, whereas in the 

transversal direction it shows reactions comparable to a porous structure. Therefore it 

seems appropriate to distinguish between these two directions, even though it is clear that 

in the transverse direction another differentiation has to be made between the tangential 

and radial directions. In the following sections, the failure behavior of clear wood in the 

longitudinal and transversal directions is described for tension and compression loading 

scenarios. The failure during bending is not considered, since in these cases tension and 

compression usually coexist across the loaded cross-section.  

2.6.4.1 Longitudinal direction  

Several failure patterns are known for wood loaded in the longitudinal direction under 

tension (Figure 18a-c). As already stated, damage is initiated on a lower level and the final 

failure pattern is the result of the summarized failure processes in the smaller structural 

elements, influenced by anatomical features, disturbances, or defects in the respective 

sample. In a defect-free sample with tension loading in the longitudinal direction, failure 

will be initiated by the fracture of the fibers. Investigations on single fibers and fiber 

bundles originated as a result of their importance in fiber based products like paper or 

fiberboards. Therefore the preparation of the samples happened in a similar way, 

predominantly by chemical disintegration (e.g. Bardage et al. (2002)). This procedure 

removes the lignin that connects the single cells from the wood compound, which reduces 

the significance of the results for the application in solid wood, where the fibers are still 

surrounded by the lignin layer. By isolating the single fibers without any delignification, the 

natural state of the fiber is preserved (Burgert et al. (2002)). Investigations on the failure 

behavior of single fibers from different positions across the growth ring revealed distinct 

differences. Thin-walled earlywood fibers failed under tension buckling, which reduced 

their tensile strength compared to thick-walled latewood fibers that did not show any fiber 

folding and mainly failed via transverse crack propagation (Eder et al. (2008), Figure 18c 

iii-iv). The authors also mentioned that the behavior of a single fiber could differ from that 
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of wood tissue fibers, as neighboring wood cells might interact with each other, resulting in 

different failure characteristics. This is also the case for investigations of the failure 

behavior during compression loading in the longitudinal direction (Figure 18d-f). Here the 

weak points on the microscopic level, where failure is likely to start, are for example the 

bordered pits (Figure 18f i), the rays (Figure 18f ii), or buckling of the fibers (Figure 18f iii). 

Figure 18: Wood failure under loading in longitudinal direction: left: Tension: a) Failure modes for 
clear wood under longitudinal tension: (i) splintering tension, (ii) combined tension and shear, (iii) 
shear, (iv) brittle tension (Bodig and Jayne (1982)); b) failure patterns in wood samples: (i) 
splintered failure and (ii) brittle failure (Kollmann (1951)), (iii) �± (v) transverse crack propagation 
and longitudinal shear of different length (Frühmann et al. (2003)); c) tensile failure patterns at the 
microscopic scale: (i) thick-walled latewood and (ii) thin-walled earlywood (Bodig and Jayne 
(1982)), (iii) �± (v) crack propagation through single spruce earlywood fiber, scale corresponds to 
50µm (Eder et al. (2008)); right: Compression: d) Failure types for clear wood under longitudinal 
compression: (i) crushing, (ii) wedge splitting, (iii) shearing, (iv) splitting, (v) crushing and splitting, 
(vi) brooming or end rolling (Bodig and Jayne (1982)); e) failure patterns in clear wood samples 
under longitudinal compression: (i) spruce, (ii) beech, and (iii) ash (Kollmann (1951)), (iv) crushing 
failure of Norway spruce in LR-plane, magnification 100× (Bodig and Jayne (1982)); f) failure 
pattern in spruce at the microscopic scale: (i) LR-plane, (ii) LT-plane, (iii) buckling of cell walls, (iv) 
buckling in single fiber (Kollmann (1951)). 

2.6.4.2 Transverse direction 

In the transverse direction, the growth ring formation represents the decisive structural 

element that mainly affects the failure pattern. In Figure 19a typical failure modes for wood 

species with a distinct density profile across the growth ring (like softwoods, ring porous 

and semi-ring porous hardwoods) are presented. 

Diffuse porous hardwoods like beech, that show a large ray volume, will exhibit different 

patterns due to the lower property gradient at the growth ring border and reinforcement in 
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radial direction by the rays. Although the main function of rays lies in the provision of 

radial supply channels for water and nutrition in the living tree, they were found to also 

significantly contribute to the radial stiffness of beech wood (Burgert (2000); Burgert et al.  

Figure 19: Wood failure under loading in transversal direction: left: Tension: a) Failure 
characteristics for clear wood under transversal tension: (i) tension failure of earlywood, (ii) 
shearing along growth ring, (iii) tension failure of wood rays (Bodig and Jayne (1982)); b) crack 
propagation under RT configuration through (i) �± (iv) birch, the scale corresponds to 200µm 
(Tukiainen and Hughes (2009)) and spruce (v) (Bodig and Jayne (1982)) and (vi) �± (viii) Tukiainen 
and Hughes (2009), the scale corresponds to 200µm; c) crack propagation through spruce, with 
45° tilted RT configuration, the scale corresponds to 100µm (Dill-Langer et al. (2002)); d) crack 
propagation under TR configuration through (i) �± (iii) beech, the scale corresponds to 200µm 
(Frühmann et al. (2003)) and spruce (iv) (Bodig and Jayne (1982)) and (v) �± (vi), scale corresponds 
to 200µm (Frühmann et al. (2003)); right: Compression: e) Failure characteristics for clear wood 
under transversal compression: (i) crushing of an earlywood zone, (ii) shearing along growth ring, 
(iii) buckling of the growth rings (Bodig and Jayne (1982)); f) reactions of wood under radial 
compression: (i) Douglas-fir, the scale corresponds to 500µm (Bodig and Jayne (1982)) and (ii) �± 
(iv) different stages in the densification of spruce (Rautkari (2011)); g) reactions of wood under 
tangential compression: (i) �± (iv) failure progression of Douglas-fir (Bodig and Jayne (1982)) and (v) 
�± (vi) Yellow-Poplar before and after compression, the scale corresponds to 100µm (Rautkari
(2011)). 
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(2001); Burgert and Eckstein (2001); Reiterer et al. (2002); Burgert (2003)). 

Several studies have been conducted to characterize failure mechanisms in wood in the 

transverse direction under mode I (e.g. Dill-Langer et al. (2002); Frühmann et al. (2003); 

Keunecke et al. (2007); Tukiainen and Hughes (2009)). Basically two different types of 

failure were found to be present: The fracture of the cell wall (intracellular fracture) and the 

delamination in the middle lamella between adjacent cells (intercellular fracture). The 

former predominates in thin-walled earlywood cells of spruce, while the latter mainly 

occurs in the thicker latewood cells as well as in beech. During TR configuration (Figure 

17), the interfaces between rays and cells provide planes of weakness that cracks tend to 

use for propagation. In spruce, the latewood bands perpendicular to the crack propagation 

direction act as crack arrestors, resulting in a typical stick-slip mechanism for the instable 

crack growth. Secondary cracks (pre-cracks) are created tangentially shifted from the 

primary crack ahead of the crack tip. In beech, a similar behavior can be observed for 

cracks propagating from bark to pith. When the crack propagates from pith to bark, even 

stable crack growth is possible, probably because of the smooth density increase in this 

direction. In the RT crack propagation direction, spruce also shows stable crack growth. 

This is not surprising, as cracks preferably travel in earlywood, close to the growth ring 

border, where no latewood bands impede the crack propagation. In beech, where no 

studies have been conducted yet in that direction, the large wood rays might facilitate 

crack propagation, but in spruce, with mostly single-rowed rays, they are not able to 

create obstacles as potent as the latewood zones.  

Under compression load, the differences between radial and tangential loading are visible 

in Figure 19e-g: When loaded radially, failure in spruce will start with compression of the 

earlywood zones, while tangential loading will result in failure of the stiffer latewood 

bands. In diffuse porous hardwoods like beech, no such dependence from the transversal 

loading direction is known, as they are compressible without visible cracks. Most 

investigations done in this field deal with the densification of wood, which is done under 

increased moisture and temperature conditions, which makes it difficult to directly 

compare against compression test results in normal climate, because due to this 

plastification of the wood substance, cell fractures are avoided. Additionally in the 

densification process, the focus lies on the effects of the mechanical and durability 

properties of the wood.  

2.6.5 Adhesive bond 

�$�G�K�H�V�L�Y�H�V�¶���V�X�L�W�D�E�L�O�L�W�\���L�Q���Z�R�R�G���E�R�Q�G�L�Q�J�V���I�R�U���F�R�Q�V�W�U�X�F�W�L�R�Q�D�O���S�X�U�S�R�V�H�V���L�Q���(�X�U�R�S�H���L�V���H�[�D�P�L�Q�H�G��

in standardized tests by determining the shear strength of the assembly and the failure 



2.6 Failure 

45 

location by visually determining the wood failure percentage (DIN EN 302-1 (2004)). In the 

traditional understanding, failure in the wood component indicates that the bondline 

outperforms the strength of the clear wood.  However, identification of the wood fracture 

percentage results in a loss of objectiveness in the measurement, as even a rough 

estimation can be quite difficult, especially if a colorless adhesive is used (Figure 20b-g). 

Figure 20: Geometry of standardized lap-shear test samples (a); the hatched area represents the 
fracture surface, which is inspected to determine the wood fracture percentage. Examples of 
different wood fracture percentages are shown in b) �± g), in 20% increments from 0% (b) to 100% 
(g). The scale corresponds to 5mm.  

To increase the reliability of this parameter, Kunniger (2008) developed a semi-automatic 

measuring procedure. By staining the investigated fracture surface with chemicals 

reacting with the cured adhesive, the adhesives�¶�� �U�H�V�L�G�X�H�V�� �R�Q�� �W�K�H�� �V�X�U�I�D�F�H�� �D�U�H�� �H�Q�K�D�Q�F�H�G����

An image of the fracture surface is collected via scanner and the ratio between wood and 

adhesive on the surface is determined using an image analyzing software. 

Additionally, the wood fracture percentage is highly dependent on the adhesive system 

used. For example, PUR generally shows lower values than aminoplastic adhesives like 

PRF or MUF, while the strength values for all adhesives are comparable (Clauß et al. 

(2010)). Therefore, it was almost impossible for PUR adhesives to receive approval for 

use in constructional timber applications in countries were a certain amount of wood 

failure is required by the legal standards (e.g. ASTM D2559 (2010)).  
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Another uncertainty inherent to the procedure results from the limitation of the wood 

species. Beech is quite a homogenous wood species with high strength and low 

extractives content, which implies several advantages for the testing purpose. Due to the 

high strength, failure in the bondline becomes more probable than in weaker wood 

species. This could allow for a better comparison between different adhesives. But a 

comparison between adhesives showing a high wood fracture percentage is not possible, 

because if the composition fails in the wood components, then the failure follows the same 

mechanisms as previously described. In Paper l of the main investigations presented in 

this thesis, this coherence was detected, as bonds of beech wood with various adhesives 

showed the same dependency on the transversal direction as clear wood, when 

displaying a high wood fracture percentage. The low extractives content of beech will 

reduce the probability of unwanted interactions between components in the adherend and 

the adhesive. However, it is these interactions that can lead to the failure of a structure if 

they have not been identified in advance. Together with the previously mentioned 

differences in the penetration behavior, it is rather disputable that good performance of an 

adhesive with a single wood species is able to describe its behavior with any other 

species.  

Besides questions concerning the test method for adhesive bonds, up to now it is not 

known what failure mechanisms occur in the interphase region. Reactions towards loading 

and crack propagation for clear wood and pure adhesive have been investigated in 

numerous works. However, how a crack travels through the different layers of an adhesive 

bondline and how it is affected by the interphases of different adhesive systems is 

unknown. Therefore in Paper V of the main investigations, the crack propagation through 

bondlines of UF, PUR, and PVAc in spruce is qualitatively examined in-situ for the first 

time and basic failure mechanisms have been identified. 
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Paper I 

Wood Material Science and Engineering (2009) 3-4: 140-146 

Influence of growth ring angle, adhesive system and 

viscosity on the shear strength of adhesive bonds 

Philipp Hass1, Christian Müller2, Sebastian Clauß1 and Peter Niemz1 

1Institute for Building Materials, ETH Zurich, Zurich, Switzerland, and 

2Faculty of Wood Science and Technology, University of Applied Sciences Eberswalde, Germany 

Abstract 

To investigate the influence of growth ring angle, adhesive system and viscosity on the 

bonding properties of adhesive bonds, shear tension tests according to DIN EN 302-1 

(2004) were conducted using one-component moisture-curing polyurethane, polyvinyl 

acetate and urea-formaldehyde. Significant differences between the systems could be 

detected, which were reflected in the predominant failure behavior for each system. 

Specimens showing wood failure were influenced mainly by the wood factors, whereas 

samples which had failed in the adhesive part of the bond differed only in the adhesive 

properties. The growth ring angle showed the same tendencies as it does in plain wood. 

Therefore, to gain more information on the adhesive performance in the bond, a loading 

along the LT plane seems more appropriate for beech wood used in DIN EN 302-1 

(2004). 

Keywords:  Adhesive viscosity, glued joint, growth ring angle, shear tension strength. 
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Introduction 

Several techniques are known to verify the suitability of adhesives for load-bearing timber 

structures. One of the main testing procedures is the determination of the bond strength in 

longitudinal tensile shear tests according to DIN EN 302-1 (2004). In conformity with this 

standard, the tensile strength has to be determined on rectangular lap joint specimens 

from beech wood (Fagus sylvatica L.). To fulfill the standard, the wood needs to meet 

certain requirements: Only straight cut wood (parallel with the fiber orientation) within a 

density range from 750±50kg/m3 can be used at a moisture content of 12±1%. The growth 

ring angle (GRA) of the adherents must be between 30° and 90° (Figure 1a).  

Figure 1: a) Growth ring angle �.�����U�D�G�L�D�O���R�U�L�H�Q�W�D�W�L�R�Q�����*�5�$� �����ƒ; tangential orientation: GRA=0°); b) 
stress orientations in wood; c) test specimen according to DIN EN 302-1 (2004). 

These requirements should maximize the strength in the wooden part of the adhesive 

bond to minimize wood failure. As a consequence, more information about the strength of 

the adhesive bond should be available, where wood failure primarily provides information 

about the wood strength. By limiting the GRA span to 30-90°, any shear load in the LT 

plane (�ì�Ë�Å in Figure 1b) should be avoided. Investigations on wood species used for 
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structural purposes showed that the shear strength in the LT plane is lower than in the LR 

plane (�ì�Í�Å�� in Figure 1b) (Bröker et al. (1987)).  

These wood species are mainly softwoods showing large density differences between 

earlywood and latewood zones. Under shear load, these zones tend to slide, which results 

in a lower shear strength. In contrast, investigations on beech wood revealed higher shear 

strength in the LT than the LR plane (Horvath et al. (2007)). This results from the structure 

of beech wood. Owing to its diffuse-porous vessel distribution, the density differences 

between the annual rings are relatively low. In addition, the pronounced wood rays 

reinforce the wood during loading along the LT plane (Burgert et al. (2001); Burgert and 

Eckstein (2001)). The object of this study was to investigate the influence of the GRA, 

adhesive system and viscosity on the longitudinal tensile shear strength of adhesive 

bonds according to DIN EN 302-1 (2004). Therefore, three widely used adhesive systems: 

one-component moisture-curing polyurethane (1C PUR), polyvinyl acetate (PVAc) and 

urea formaldehyde (UF), with different viscosities, were analyzed.  

Materials and methods  

Table 1 shows the tested adhesives and their properties. In the case of the 1C PUR 

adhesives, prepolymers were used. Prepolymers are precursor 1C PUR adhesives 

consisting only of the basic components for 1C PUR adhesives as polyols and 

isocyanates. As they do not contain any additives such as fillers, activators, defoamers or 

stabilizers, the differences between the used prepolymers were reduced to the viscosity. 

The two PVAc adhesives (PVAc-1 and PVAc-2) are identical in their chemical 

composition. They only differ in their solids content (PVAc-1: 45-47%; PVAc-2: 50-52%), 

which leads to different viscosities. For the UF adhesive bonds, the same UF adhesive 

was used. To produce the two different viscosities, the mixing ratios of adhesive powder 

and water were altered (powder (g) / water (ml) for UF-1: 100/72; for UF-2: 100/60).  

Table 1:  Adhesive properties and application conditions. 

System  Adhesive  
Applied 

quantity [g/m 2] 
Application 

type  
Press 

time [h]  
Viscosity 
[mPas]  

1C PUR 
Prepolymer 1 200 Single-sided 15 1310 
Prepolymer 2 200 Single-sided 15 5460 
Prepolymer 3 200 Single-sided 15 8920 

PVAc 
PVAc-1 220 Double-sided 0.5 2380 
PVAc-2 200 Double-sided 0.5 6900 

UF 
UF-1 215 Double-sided 6 1860 
UF-2 200 Double-sided 6 4220 

Note: 1C PUR=one-component moisture-curing polyurethane; PVAc=polyvinyl acetate; UF=urea 
formaldehyde.  
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The different amount of adhesive applied in the PVAc- and the UF-adhesive bonds should 

provide a constant solid content in the glue line for each of these systems. For example, 

owing to the lower solids content of PVAc-1 compared with PVAc-2, the amount of applied 

PVAc-1 was increased, to provide the same solids content in the glue line for PVAc-1 and 

PVAc-2 (Table 1). The adhesives listed in Table 1 were used to produce and test lap 

shear specimens according to DIN EN 302-1 (2004) (Figure 1c).  

A bonding pressure of 0.7 MPa was chosen for all adhesive bonds to minimize any 

influence of the application factors. This pressure corresponds to the application 

instructions of the adhesive manufacturers. The specimens were tested with a Zwick Z100 

universal testing machine, using a 100kN load cell. The test speed for the displacement 

controlled tests differed between 1.5 and 2mm/min and was adjusted to meet the 

requirements of DIN EN 302-1 (2004) so that the failure of the specimens occurred after 

30-90s. In total 800 specimens were tested, but only 605 were taken into account for the 

analysis because of rejections. Those rejected were specimens that did not fulfill the 

standard requirements by showing defects in the glue line, density deviations or grain 

abnormalities. Requirements of the standard regarding pretreatment (e.g. acclimatizing 

and planing) and the testing procedure were fulfilled. In addition to the samples required 

by DIN EN 302-1 (2004), specimens with annual ring angles from 0° (loading along the LT 

plane) to 90° (loading along the LR plane) were produced. The GRA was gauged after the 

test with an accuracy of 0.5°. Specimens showing a discrepancy in the GRA between the 

two adherents of more than 10° were not included in the analysis. The proportion of wood 

failure was assessed visually according to DIN EN 302-1 (2004) with an accuracy of 10%. 

In wood-adhesive bonds different failure types can occur. Cohesive failure in the wood or 

in the adhesive and interfacial failure in the wood-adhesive interphase may overlap. The 

amount of wood failure describes the fraction of the failure surface that shows cohesion 

failure in the wooden part. In the following, a cohesion failure in the adhesive layer will be 

referred to as adhesive failure. 

Results and discussion 

For analysis, the specimens were separated into six GRA levels in steps of 15°. The 

results are listed in Table 2. The last two columns show the values for specimens tested 

according to DIN EN 302-1 �������������� ���*�5�$�•�����ƒ) and those where the GRA was smaller 

���*�5�$�”�����ƒ). 
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Table 2: Shear strength of lap shear specimens with altering growth ring angles bonded with 
different adhesives. 

Note: Data is shown as mean (SD). 
1C PUR=one-component moisture-curing polyurethane; PVAc=polyvinyl acetate; UF=urea 
formaldehyde. 

To determine the impact of each of the tested parameters on the shear strength of the 

specimens, an analysis of variance (ANOVA) with a level of significance of 5% (p�”������������

was carried out. The shear strength was selected as the dependent variable, while the 

adhesive system, GRA, viscosity and wood density were the influencing parameters. The 

wood density was taken into account as a random factor with four factor levels (four 

density levels of 25kg/m3 steps in the density interval that is required in DIN EN 302-1 

(2004)).  

Table 3 shows the ANOVA table for the influencing factors. A significant influence of all 

the parameters could be assumed by the low p values. As there is significant interaction 

between adhesive system and angle class (Table 3), this assumption becomes less clear 

and thus the significance of the single influence factors should be considered carefully. No 

interaction could be detected between viscosity and angle class. 

The interaction between adhesive system and angle class shows that the GRA has a 

different influence in the three adhesive systems. Therefore, the results have been divided 

by adhesive system. Differences were clearly distinguishable between the adhesive 

systems, (Figure 2a).  
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Table 3:  ANOVA table for shear strength of lap shear specimen as a function of adhesive system, 
adhesive viscosity, growth ring angle and raw density. 

Influence factor  df  SS MS F p 
Adhesive system 2 0.593 0.296 286.33 <2 × 10-16 *** 

Viscosity 4 0.090 0.023 21.79 <2 × 10-16 *** 
Angle class 5 0.021 0.004 4.15 0.0010** 

Density 3 0.015 0.005 4.98 0.0020** 
Interaction 

Adhesive system: angle class 10 0.030 0.003 2.86 0.0017** 
Viscosity: angle class 20 0.026 0.001 1.27 0.1938 

Note: df=degrees of freedom; SS=sum of least squares; MS=mean of least squares. Significance 
codes: ***p<0.001, **p<0.01, *p<0.05. 

The UF and PVAc adhesive bonds clearly showed higher shear strength than the 1C PUR 

prepolymer adhesive bonds. The failure behavior showed distinct differences between the 

systems. The UF and PVAc specimens collapsed mainly in the wood. All of the UF 

specimens and 98% of the PVAc specimen showed wood failure with a mean wood failure 

percentage of 97% and 73%, respectively. The 1C PUR prepolymers mainly failed in the 

adhesive layer as only 8% of the 1C PUR prepolymer specimens showed wood failure. 

Here, the shear strength for the 1C PUR prepolymer specimens that showed wood failure 

(�ì=10.66±1.25MPa) was significantly (p=7.1 × 10-5) higher than in the case of adhesive 

failure (�ì=9.33±1.44MPa). The two other systems did not provide enough results (UF: 0; 

PVAc: 3) for a statistical investigation regarding the influence of the wood failure.  

Figure 2:  a) Shear strength by adhesive system; b) illustration for box plot. 

In the latter analysis, only the results for the shear strength per adhesive system with their 

predominant failure behavior - meaning any fraction of wood failure for UF and PVAc and 

adhesive failure for the 1C PUR prepolymers - were investigated. As shown in Figure 3a-
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c, there are differences between the adhesive systems concerning the influence of the 

GRA on the shear strength. This was confirmed by the ANOVA (Table 4). 

Figure 3:  Shear strength per growth ring angle (GRA) and wood density for 1C PUR prepolymers 
(a, d), PVAc (b, e), and UF (c, f). 

There was no relationship between the single wood factors density (Figure 3d) and GRA 

and the shear strength of the adhesive bonds with 1C PUR prepolymers. Only the 

viscosity showed a significant influence on shear strength (Tables 2 and 4). Higher 

viscosity or cross-linking density led to higher shear strength. The interaction between the 

viscosity and the GRA reduces the degree of the significance of the single factors and 

indicates that the GRA has a different influence for various viscosities. A possible 
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explanation for this behavior can be found in the penetration behavior of the adhesives, 

where the viscosity and the anatomical direction are recognized as major influencing 

parameters on the penetration depth (Sernek et al. (1999) Kamke and Lee (2007)).  

Table 4:  ANOVA table for shear strength of lap shear specimen as a function of adhesive viscosity, 
growth ring angle and raw density for each adhesive system. 

Adhesive 
system  

Influence factor  df  SS MS F p 

1C PUR 
prepoly-

mer 

Angle class 5 12 2 1.45 0.206 
Viscosity 2 94 47 28.62 8.6 × 10-12*** 
Density 3 2 1 0.37 0.774 

Interaction 
Viscosity: angle 

class 
10 33 3 2.01 0.034* 

PVAc 

Angle class 5 2.54 × 107 5.09 × 106 3.44 0.0057** 
Viscosity 1 2.86 × 107 2.86 × 107 19.37 2.1 × 10-5*** 
Density 3 1.40 × 107 4.68 × 106 3.17 0.263* 

Interaction 
Viscosity: angle 

class 
5 3.18 × 106 6.36 × 105 0.43 0.8265 

UF 

Angle class 5 10.82 0.216 15.41 2.2 × 10-12*** 
Viscosity 1 0.005 0.005 0.37 0.545 
Density 3 0.113 0.038 2.68 0.048* 

Interaction 
Viscosity: angle 

class 
5 0.134 0.027 1.91 0.095 

Note: 1C PUR=one-component moisture-curing polyurethane; PVAc=polyvinyl acetate; UF=urea 
formaldehyde; df=degrees of freedom; SS=sum of least squares; MS=mean of least squares. 
Significance codes: ***p<0.001, **p<0.01, *p<0.05. 

For the PVAc and UF adhesive bonds, a significant influence of the GRA (Figure 3b, c) 

and the density (Figure 3e, f) on the shear strength was detected (Table 4), without any 

interactions. This showed the same tendencies as those known for plain beech wood, 

namely that the shear strength is higher in the LT than in the LR plane. It has been 

demonstrated in several experiments (Burgert et al. (2001); Burgert and Eckstein (2001)) 

that the wood rays have an influence on the mechanical behavior of wood. Hence, an 

enforcement of the beech wood in the LT plane can be assumed. The UF bonds in 

particular showed a clear distinction between GRA above and below 45° (Figure 3c). A 

similar observation was made by Mihulja et al. (2008), who found less wood failure in 

pressure shear specimens showing a GRA below 50° than such with a GRA above 50°. 

This can also attributed to the mechanical influence of the wood rays. Mihulja et al. (2008) 

found significant differences between samples with loading mainly along the LT plane 

compared with those with loading mainly along the LR plane.  
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These results support Konnerth et al. (2006): the standard lap joint testing method has a 

greater reflection on the wood characteristics than the bond characteristics owing to its 

high proportion of wood failure. Conclusions concerning the adhesive system or adhesive 

performance in the bond could only be drawn when adhesive failure occurred. A 

comparison between specimens showing different failure behavior is, however, not 

reasonable. In the case of the 1C PUR prepolymers, owing to the predominant adhesive 

failure, the influence of the adhesive parameter (viscosity) was significant, showing higher 

shear strengths with a higher cross-linking density. Here, an effect of the wood 

parameters could not be detected. With PVAc, the viscosity also had a significant 

influence on the results (Tables 2 and 4), but the effect of the GRA and density on the 

shear strength cannot be dismissed.  

A comparison between the shear strength values of the specimen that met the 

requirements of DIN EN 302-1 (2004) regarding the GRA (GRA�•�����ƒ) and those that did 

not (GRA�”�����ƒ) showed significantly higher values for lower GRA (p values obtained in 

ANOVA: PVAc: 0.022; UF: 8.5 × 10-12) for UF and PVAc adhesive bonds. If it is the aim of 

DIN EN 302-1 (2004) to provide the maximum possible wood strength, to increase the 

probability of adhesive failure, then the requirements for beech wood, regarding the GRA, 

should specify values lower than 30-45°. Hence the wood strength would be increased, 

owing to the mechanical reinforcement of the wood rays in the LT plane. If the aim is only 

to reach a certain wood stiffness, as is the case in DIN EN 301 (2006) for example (at 

least 10MPa), no requirements concerning the GRA have to be considered at all.  

Despite the influence of the wood factors, the PVAc adhesive bonds were also 

significantly influenced by the adhesive viscosity. The adhesive bonds with the lower 

viscosity showed higher shear strength. According to Kamke and Lee (2007), the 

adhesive penetration into wood plays a vital role in the bond performance. Presuming this, 

the question arises as to why was there no difference in shear strength between the two 

UF variations, which also differed only in their viscosities. The reason for the low shear 

strength of the 1C PUR prepolymers might result from the penetration behavior. A 

previous investigation showed reasonably high values for 1C PUR adhesives (Clauß et al. 

(2010)). Owing to the lack of additives (such as fillers, stabilizers or activators) and the 

relatively long hardening time, the prepolymers might have penetrated too deeply into the 

wood, leaving a starved glue line, which resulted in the low shear strength. The fact that a 

higher cross-linking density leads to higher strength could confirm this assumption, but to 

verify it, detailed analyses concerning the penetration behavior of these adhesives have to 

be carried out.  



3. Main investigations

58 

In conclusion, shear tension tests according to DIN EN 302-1 (2004) were conducted to 

investigate the influence of GRA and adhesive viscosity of different adhesive systems. 

Significant differences between the systems were observed, which were reflected in the 

predominant failure behavior of the samples bonded with the corresponding adhesive 

system. It was shown that a comparison between specimens with a different failure 

behavior is not reasonable. Wood failure specimen show similar characteristics towards 

the influence of density and GRA to plain beech wood, whereby adhesive failure 

specimens are only influenced by the adhesive properties.  

In the cases of wood failure, beech wood showed higher shear strengths with a GRA 

below 30° than with a GRA above 30°. To increase the fraction of adhesive failure, and 

thereby gain more information on the adhesive part in the adhesive bond, a loading along 

the LT plane seems more appropriate for beech, owing to the mechanical reinforcement 

by the wood rays in that direction.  

More research is needed to investigate the penetration behavior of the adhesives, since a 

difference in adhesive viscosity led to different effects in two adhesive systems.  
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Abstract 

Water transport in wood is vital for the survival of trees. With synchrotron radiation X-ray 

tomographic microscopy (SRXTM), it has become possible to characterize and quantify 

the three-dimensional (3D) network formed by vessels that are responsible for longitudinal 

transport. In the present study, the spatial size dependence of vessels and the 

organization inside single growth rings in terms of vessel-induced porosity was studied by 

SRXTM. Network characteristics, such as connectivity, were deduced by digital image 

analysis from the processed tomographic data and related to known complex network 

topologies.  

Keywords:  Beech wood; image analysis; synchrotron radiation X-ray tomographic 

microscopy (SRXTM); vessel network.  
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Introduction 

Knowledge of the anatomical structure of wood is crucial towards understanding various 

biological processes in trees and physical properties of wood. To describe transport 

processes, e.g. a characterization of the three-dimensional (3D) wood structure is needed. 

It is still not fully understood how a tree is able to transport water from the roots to the 

crown at a height of more than 100 m (Koch et al. (2004); Koch and Sillett (2009); Netting 

(2009)). It has also since been realized that the cohesion tension theory, proposed in the 

late 19th century, does not sufficiently explain water transport via the capillary network in 

the xylem (Becker et al. (2000); Meinzer et al. (2001); Hölttä (2005)). The structure of 

wood also has a strong impact on its technological applications, such as bonding with 

adhesives, impregnation with preservatives, or coating (Kamke and Lee (2007)).  

With the advent of microscopy in the 17th century began the description of basic 

components of wood such as fibers, vessels, wood rays, and pits between the cells 

(Bosshard and Kucera (1973); Wagenführ (1999)). In the 19th century, bordered pits and 

cell wall layers became visible (Preston (1965); Côté (1967); Carlquist (1988)). In the 20th 

century, X-ray diffraction or electron microscopy led to a profound knowledge of the 

cellular ultrastructure. For example, the crystalline structure of the cellulose, the fine pits in 

the cell walls, and the cell wall structure could be studied with high resolution (Harada 

(1962); Preston (1965); Côté (1967); Carlquist (1988); Wagenführ (1999)). Chaffey (2002) 

gives an overview on this topic.  

Pits are interconnections between tracheids and vessels and permit fluid transportation 

between water conducting structure elements. The spatial organization of this 3D network 

determines the functionality and robustness of water transport. The analytical power of 

two-dimensional (2D) observations in this field is limited. The 3D vessel structure became 

accessible via the �³optical shuttle method�  ́ of Zimmermann and Tomlinson (1965); 

Zimmermann and Tomlinson (1966). Bosshard and Kucera (1973) went on to investigate 

the 3D spatial distribution of the vessel network in beech (Fagus sylvatica L.). They found 

that vessels are deflected mainly in the tangential direction from their longitudinal 

orientation and that they build a fully connected network with a mean contact length of 

1.75 mm. With a similar method, Fujita and Saiki (1996) analyzed the vessels in Japanese 

horse chestnut (Aesculus turbinata). Butterfield (1993) found that recordings of individual 

cross-sections proved to be the best means of observing the vessel pathway. Modern 

computer technology and digital image analysis permits the conversion of 2D images to 

3D models (e.g. Bardage and Daniel (2004)). Today, spatial investigations of wood are 

even easier by means of modern micro-computed tomography (µ-CT). For example, 
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Steppe et al. (2004) analyzed vessel characteristics of two wood species by desktop X-ray 

µ-CT. These authors demonstrated the high potential of a computer-assisted evaluation 

based on image analysis. Mannes et al. (2010) showed that spatial investigation of 

anatomical features is possible with synchrotron radiation with a resolution of a few 

micrometers. Bucur (2003) also gave an overview on such non-destructive methods.  

To quantify the pore space of wood with high resolution, modern µ-CT is the method of 

choice. In combination with image processing and image analysis it is possible to 

determine complete network characteristics beyond single vessel properties. The present 

work aims at the collection of high resolution SRXTM data from beech wood and their 

evaluation as 3D images.  

Materials and methods  

Clear beech wood samples, without any red heartwood, were investigated using SRXTM 

methodology at the TOMCAT beamline (Stampanoni et al. (2006)) at the Swiss Light 

Source (PSI Villigen, Switzerland), following the experimental setup by Mannes et al. 

(2010). A cylindrical specimen was chosen to reduce the risk of artifacts during 

reconstruction. Samples were turned with a lathe chisel until reaching a diameter of 3mm 

along the longitudinal axis, and were kept at ambient room climate (approx. 20°C and 40�=

50% RH) to minimize dimensional changes. Before turning, the specimens were 

assembled by bonding two pieces of wood, because the same set of samples will be used 

for an investigation of the penetration behavior of adhesives into beech wood. Thus, the 

investigated growth ring sections do not range over the whole sample diameter and the 

samples contain a bond line in the middle of the specimen. For each sample, a data set of 

1501 projections over 180° was acquired at a photon energy of 10keV. The X-rays were 

converted to visible light by a 25-µm-thick Eu-doped LAG scintillator, magnified (4×) by an 

optical microscope and detected by a 14-bit CCD camera (2048×2048 chip). Two-fold on-

chip binning was used, giving a nominal pixel size of 3.7µm.  

The tomographic data set was reconstructed based on a Filtered Back Projection 

algorithm. Finally, the tomographic data were converted to a stack of axial slices (i.e. 

cross-section images), representing layers with a thickness equal to a voxel size of 3.7µm 

(Figure 1).  

A series of image enhancement and processing operations were performed: first, the gray 

scale values were adjusted to increase the contrast in all individual cross-sections. For 

data reduction, single growth ring sections were isolated. The selected regions were 

rotated to align all samples parallel to the three major wood directions (x=tangential; 
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y=radial; z=longitudinal). To increase the precision of the image segmentation, the 

resolution of the images was doubled, before a two-step image segmentation was applied. 

Figure 1:  Schematic work flow. 

The first step was based on local gray value thresholds of certain regions. This step 

already delivers reasonable results because the gray values of the wood substance and 

the air in the pores differ distinctly. However, some regions are incorrectly segmented, 

because the cells in the wood rays are also identified along with the vessels. Because 

these regions are significantly smaller than the vessels and because they do not extend 

over multiple layers, they can be eliminated easily by morphological image processing 

steps of the binarized data. In this case, a morphological opening with a circular 

structuring element was used. At the end of the process, the pores of the selected growth 

ring were obtained (Figure 2).  

Figure 2:  Transformation of the selected growth ring in the original cross-section to a binary image; 
the subset demonstrates the quality of the segmentation method. 

To analyze the vessel network, a so-called layer-wise blob analysis was performed. A 

blob analysis is an image analysis technique that is used to identify connected regions in 

a binarized image. First, all white areas in the cross-sections were labeled and their areas, 
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equivalent diameters, and positions were stored. By normalizing the radial position of the 

vessels by the growth ring width, all values were expressed in relative coordinates for 

comparison. To measure the relative porosity, the selected area was binned (Figure 3).  

Figure 3:  Binning of a growth ring for porosity measurements. 

The porosity of each bin equals the ratio of white pixels to black ones. In a second step, 

those planes had to be identified, where the vessels merge or branch. Note that merging 

of vessels does not necessarily mean that two vessels become a single one. In many 

cases, merging means that vessels only touch each other. Pits are visible in cross-

sections as channels that connect two vessels. In reality, pits have a diameter of 4�=11µm 

(e.g. Harada (1962); Wagenführ (1999)). Note that the resolution of our measurement is 

not high enough to resolve pits accurately. The gray value of a voxel represents the 

average value of the attenuation coefficient in a 3.7×3.7×3.7µm3 volume. Therefore, 

regions containing pits are closer to the gray value distribution of the pore space and are 

also segmented. The process is further demonstrated in Figure 4.  

Figure 4: Principle of connectivity analysis. 

The labeled, adjacent layers were projected onto each other and the related pores are 

identified. For example, the pore 2.1 in layer 2 is projected onto layer 1. Because this pore 

is directly linked to pores 1.1 and 1.2, those pores must have merged in layer 2. The 
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projection of layer 3 onto layer 2 only matches one pore (3.1 matches 2.1), because the 

vessel continues. An example for branching occurs when layer 4 is projected onto layer 3, 

because pores 4.1 and 4.2 match the single pore 3.1 in layer 3. Pores without 

counterparts on neighboring layers mark either starting or ending vessels. The number of 

layers in between determines the segment length. For example in Figure 4, the segment 

length would be 2, as it reaches across two layers. The pores, from which a segment 

emerges, are called parents, whereas the branching ones are named children. With such 

a family tree structure, the connectivity of the whole network can be identified.  

Results and discussion 

Pore size and porosity 

The porosity arising from vessels and their characteristic size was analyzed in individual 

segmented cross-sections with a longitudinal distance of 300µm. Owing to the finite length 

of the samples (3mm), the results can be considered as being invariant in the longitudinal 

direction. To compare the data from the 16 evaluated growth rings with different widths 

(between 728µm and 2022µm), the growth ring width (GRW) was normalized. Thereby, 

the GRW can be described using dimensionless coordinates ranging from zero for 

earlywood to one for latewood. In Figure 5, the average values for each sample in the 

respective region of the growth ring are shown (dots in Figure 5).  

Figure 5:  Pore sizes (a) and porosities (b) as a function of a dimensionless relative position in the 
growth ring (in which: 0.0 represents earlywood and 1.0 represents latewood). The polynomial 
equations describe the correlation curves presented. 

The average vessel diameter of beech should be less than 50µm (Wagenführ (1999)). 

However, the vessel diameters of all investigated growth rings gave a mean value of 

55.3± 11.7µm. Certainly, pore sizes greatly vary, depending on their radial position. The 

high variance in vessel size and the differences in GRW are partly owing to environmental 
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factors (Sass and Eckstein (1995); Pumijumnong et al. (2000)). The samples in the 

present work were selected randomly, thus the pore size variation reflects the natural 

scattering of this anatomical feature. Essentially, the results of the present study are in 

agreement with those of Sass and Eckstein (1995), who investigated the vessel size 

distribution of one growth ring of beech wood from the ecophysiological approach.  

In addition, values for pore size and porosity depending on growth ring position are fitted 

using a cubic polynomial function. As expected for a diffuse-porous wood such as beech, 

no abrupt change within one growth ring from earlywood to latewood can be observed. 

The functional form of those fits is similar for all specimens; they differ mainly in their 

individual axis intercepts. By averaging all fits, it is possible to describe the relation 

between relative position inside the growth ring and pore size or porosity with one final 

expression (solid line in Figure 5). In the end, it illustrates that, rather than the GRW, it is 

the relative position inside the growth ring that determines the mean pore size and the 

porosity. Hence the construction plan of a beech tree seems to follow the principle of 

keeping relative pore sizes and porosities more or less constant, which makes sense in 

terms of keeping the water transport distribution constant. Only the GRW is adapted as a 

reaction to the yearly changing growth conditions (Sass and Eckstein (1995); 

Pumijumnong et al. (2000)). 

Connectivity and network topology  

Water transport to the crown is mainly influenced by pore sizes and capillary forces, as 

well as porosity influence on the flow rates. In addition, the way the vessels are 

interconnected is also crucial. The reconstructed vessel network shows several important 

characteristics, such as missing vessel contacts across growth ring borders (Figure 6a) or 

the weaving around of wood rays (Figure 6b).  

As a consequence of the deflection around rays, vessels contact each other more 

frequently in the tangential, rather than in the radial direction. At contact zones, transport 

between vessels takes place through pits, leading to a homogeneous distribution of water 

throughout the entire growth ring. This tangential orientation of the vessels is common in 

all tree species and allows the tangential spreading of the water throughout the whole 

growth ring during the transport in the axial direction. In addition, the vessels develop 

helically around the stem (Zimmermann (1983)).  

To characterize the vessel network, connectivity analysis was performed as described in 

the Materials and methods (Figure 4). Each segment is labeled, thus the first and final 

layer is obtained, as well as the labels of parent and children segments, if present. 



3. Main investigations

68 

Knowing the connectivity, a cluster analysis is performed to identify interconnected vessel 

segments (cluster). Note that the cluster number depends on the size of the sample.  

Figure 6:  Vessel network of beech wood looking along T-direction (a) and R-direction (b). Sample 
height is 3 mm. Note that the displayed vessel discontinuities are mainly a result of vessels moving 
in and out of the extracted volume. 

Unlike softwoods and some ring porous hardwoods, beech builds up a vessel network in 

each growth ring without any vessel contacts across growth ring borders (Bosshard 

(1976)). The transport in the radial direction over growth ring boundaries is managed by 

wood rays (Kucera (1975)). Therefore, the analysis of a complete growth ring would have 

resulted in one single cluster, presuming the system has not been damaged. Because the 

samples used in the present study depict only a small section of the growth ring, 

numerous clusters with differing sizes can be identified. However, the orientation of 

clusters is evidently in the tangential direction as a consequence of the waviness of the 

vessels (Figure 7). By setting boundary vessels, it is also possible to calculate the 

invasion paths from the outside into the network. These paths describe how a fluid would 
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penetrate the vessel network and where the fluid would be after a given time. This will be 

very useful for the investigation of the penetration behavior of adhesives that will be 

conducted on the same set of samples in a later study.  

Figure 7: Projection of the eight largest clusters in one exemplary cross-section. Cluster numbers 
are printed for clarity. 

Transporting water inside a network can ensure transport even in the case of partial 

damage to the network. Dujesiefken et al. (1989) and Schmitt and Liese (1995) 

investigated the wound reactions of beech wood following an injury and showed how the 

tree encapsulates the affected area to protect itself from the inflow of air and possible 

attack by fungi. Zimmermann (1983) reports that trees are even able to maintain water 

transport when a large part of the network is destroyed, as has been demonstrated in the 

�³double saw-cut experiment� ,́ where the stem of a tree was cut halfway across the trunk 

from opposite sides at different heights. However, robustness depends on the topology, 

extent, and type of damage. The allocation of segment lengths allows for characterization 

of the network topology. After the connectivity analysis described in the Materials and 

methods, the number of layers for each segment, and therefore its segment length, is 

known. Figure 8 shows the segment length distribution of the identified segments in all 

samples in double logarithmic scale. It is astonishing that no evidence for a characteristic 

length of segment can be found; rather two distinct regimes are observed that can be 

described by power laws with two different exponents. The authors suppose that the 

exponent for small segment lengths arises from the pit distances inside vessel contact 
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zones with distances up to approximately 120µm and the second exponent describes the 

inter-contact zones that spans over more than one order of magnitude (Figure 8).  

Figure 8:  Log-log plot of the normalized distribution of segment length probability. 

The decline on the right hand side results from the finite size of the sample and is not 

considered a regime in itself (size effects). Accordingly, characteristics of a scale-free 

network are observed. Those networks are known to be robust against random attacks 

(Albert et al. (2000)). Because it is vital for trees to maintain water supply even when 

damage is done to the transport system, a scale-free network seems to be the best 

solution: this combines transport in the radial direction via rays and longitudinally through 

the vessel network. Owing to a high connectivity of vessels in the tangential direction, the 

entire growth ring is involved in the transport from the root to the crown (Bosshard (1984)). 

By building a network with scale-free characteristics, trees have found a way to protect the 

transport of water against random attacks. 

Conclusions 

The 3D pore space in wood can be quantified in a straightforward way by means of 

SRXTM data combined with advanced image analysis. Owing to the automatized routine 

evaluation, an investigation on large data sets is possible, which strengthen the 

information value. Important findings are: 

- Pore size as well as porosity are similar as a function of the relative position inside 

one growth ring in the radial direction and can be fitted by a cubic polynomial 

function. 

- The well-known tangential vessel orientation was confirmed and is enforced by 

wood rays, which induce the vessels to deviate from the strong axial direction and 
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weave around the rays. Hence the vessel network shows a greater connectivity in 

the tangential rather than the radial direction. 

- In the segment length distribution, no characteristic length was recognized. 

Furthermore, two distinct regions can be observed that can be expressed via 

power laws with two different exponents. By building such a network, which 

presents the characteristics of a scale-free network, beech trees protect their 

transportation system in a very robust way against random attacks. 

Further studies could be dedicated to the question whether scale-free networks are a 

common strategy in woody plants, particularly in species with vessel systems that are not 

isolated in growth rings. The technical application of the findings on the vessel network 

topology, e.g. on the penetration of fluids into wood, is a subject of further studies in our 

laboratory. 
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Adhesive penetration in beech wood: experiments 

Philipp Hass, Falk K. Wittel, Miller Mendoza, Hans J. Herrmann and Peter Niemz

Institute for Building Materials, ETH Zurich, Zurich, Switzerland 

Abstract 

A study with synchrotron radiation X-ray tomographic microscopy (SRXTM) of PUR, 

PVAc, and UF adhesive bondlines in beech wood, bonded under various growth ring 

angles, is presented. The bondline morphologies and the adhesive penetration into the 

wood structure were evaluated after determining the hardening characteristics of the 

adhesives. Distinct bondline imperfections were found for the different adhesive systems. 

To describe the adhesive distribution inside the bondline, the saturation of the pore space 

instead of the commonly used maximum penetration depth seems to be adequate.
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Introduction 

Modern timber engineering greatly relies on wood adhesive bonding. The majority of 

highly engineered wood-based products have been developed on the principle of cutting 

wood into smaller pieces and joining them again by adhesive bonding. In this way, the 

natural anisotropy of wood can be reduced, and larger dimensions of structural elements 

with improved characteristics become possible. Even though bonding of wood elements is 

a rather simple processing step, the details of the penetration of the hardening adhesives 

into the porous wood skeleton on the several hierarchical levels (from microscopic to 

macroscopic) are rather complicated. It is strongly influenced by: (i) wood factors such as 

wood species, anatomical orientation, or surface roughness, (ii) adhesive factors such as 

type of adhesive or viscosity, and (iii) process factors such as applied pressure or 

temperature, which have a significant influence on the bonding performance (Kamke and 

Lee (2007)).  

Former studies on adhesive penetration were mainly performed using microscopy of 

cross-sections and micro-slides (Suchsland (1958); Sernek et al. (1999); Kamke and Lee 

(2007)). More integral studies were performed using porosimetry (Wang and Yan (2005)) 

or neutron radiography (Niemz et al. (2004)). To measure adhesive penetration of cell 

walls, scanning thermal microscopy (SThM) was used (Konnerth et al. (2008)). In most 

cases, the penetration behavior of an adhesive is described using the maximum 

penetration depth, without differentiating between wood species. The differences of the 

penetration behavior between different wood species are demonstrated in Figure 1, where 

bondlines of a PUR prepolymer are shown for softwood (Figure 1a) and hardwood (Figure 

1b), both recorded in a scanning electron microscope (SEM) 

In softwood, tracheids filled with adhesive are visible as a more or less interconnected 

zone. Hence, for softwood it seems probable to express the penetration behavior by the 

maximum penetration depth via a simple trigonometric relation describing the filling of uni-

directional tracheids that are cut at the bondline (Suchsland (1958)). For hardwood, the 

picture is far more complicated, as many vessels filled with adhesive appear to be isolated 

from the bondline. The maximum penetration depth seems to be an arbitrary measure and 

not suitable to describe the penetration behavior. Hence, a different approach for better 

characterization of the adhesive penetration has to be found, considering the anatomical 

structure of the specimen. 
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Figure 1:  SEM images of PUR prepolymer bondlines in spruce (a) and beech wood (b). The scale 
corresponds to 200µm. 

In this work, a systematic study of adhesive penetration into beech (Fagus sylvatica L.) 

samples is described. Specimens are bonded with parallel longitudinal axes under varying 

growth ring angles using three different adhesive systems with different initial viscosities. 

In order to measure the internal distribution of the adhesives in the interphase formed by 

the penetration of the adhesive, tomographic imaging via synchrotron radiation is used. 

Due to the high resolution, 3D data qualitative investigations of the bondline are feasible, 

which allow, for example, the detection of flaws resulting from the curing process. 

Performing image processing (image transformation, spatial convolution on 3D data, 

segmentation, and morphologic operations) leads to the segmentation of the adhesive 

and the pore space. Thereby, it is possible to characterize the adhesive penetration as the 

saturation of the accessible pore space. 

Materials and methods 

In order to provide a sound basis for an adhesive penetration model, it is necessary to 

characterize the given wood anatomy including (i) the pore space (see Hass et al. (2010)) 

and the ray distribution, (ii) the viscosity evolution of the adhesive, and (iii) the bondline 

morphology. The following definitions for the regions inside the adhesive bond area were 

used: 

- The bondline is the whole region, where adhesive is present. This includes the 

pure adhesive between the two adherents as well as the area, where the adhesive 

has penetrated into the wood structure. 

- The adherents are the wood elements, which have been connected by the 

adhesive. 
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- In the case of polyurethane adhesives, only prepolymers were used in this study. 

Therefore, here the abbreviation PUR corresponds to polyurethane prepolymers. 

Adhesive systems 

To gain a general idea about the penetration process of adhesives into wood and the 

differences between various adhesives, three major adhesive types were investigated. An 

overview of the adhesive characteristics and their chemical composition is given for 

example in Dunky and Niemz (2002) or Habenicht (2006). 

- Urea formaldehyde (UF) is considered to be the most important amino resin 

bonding agent in the area of manufactured wood products for internal use without 

high moisture exposure. Hardening of UF is due to a hardener activated reaction, 

where UF resins continue to react by polycondensation to the hardened state and 

are accompanied by a partially loss of water. The hardened adhesive builds 

insolvable and infusible spatial networks, leading to brittle, duroplastic behavior of 

the bondline. 

- Polyvinyl acetate (PVAc) is the second most important adhesive group for the 

furniture industry. Solidification of PVAc is characterized by a physical process, 

initiated by the loss of the water contained in the adhesive dispersion. Under the 

consolidation pressure applied on the adherents, an adhesive film is formed and 

repulsive forces between the single PVAc molecules are resolved and the 

adhesive layer becomes solid. 

- One-component polyurethane has gained in importance for load-bearing timber 

structures and solid wood constructions. One of the main differences between 

polyurethane adhesives and traditional bonding agents lies in the solid content. 

While the solid contents of PVAc and UF adhesives are only 50�±70%, 

polyurethanes contain no solvents and therefore exhibit a solid content of 100%. 

They consist basically of polyol-isocyanate prepolymers with active isocyanate 

groups, which react with the moisture of the wood creating CO2 and also partly with 

the OH groups of the adherent surfaces. Adhesive viscosity can be adjusted by the 

addition of organic solvents and the proper molar mass of the prepolymer. 

However, polyurethane prepolymers as used in this study contain no additives 

such as fillers or defoamers that are added in ready-for-sale adhesives. 
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Hardening 

In a further step, the hardening behavior of the pure adhesives was investigated. UF 

mixtures of 100g UF adhesive powder plus 80, 70, 60, and 50ml of water were prepared. 

The UF powder, already containing the hardener, is suitable as a cold-hardening system. 

Evolution of viscosity and temperature of the different mixtures were tracked using a 

rotational viscosimeter (Haake Viscotester VT5R) and a thermometer (Figure 2). 

Figure 2:  a) Evolution of the dynamic viscosity of hardening UF adhesives with different solvent 
content and b) initial viscosity. 

The measured temperature changes during hardening stayed below 1°C and are 

negligible. For PUR and PVAc, such measurements are not possible; PUR becomes 

foamy during hardening, while PVAc builds a skin on the surface of the sample that 

prevents further loss of water from the mixture to the atmosphere. Hence, the viscosity of 

the adhesive under the skin stays almost constant. However, the measurements for PVAc 

can be performed inversely. Since the solidification of PVAc depends on the loss of the 

water, the change in solid content and thereby in viscosity can be used to describe the 

solidification process, but only if the parameters for the water uptake by the wood are 

known as well. In order to monitor this dependence of the viscosity on the solid content, 

Figure 3:  Evolution of the dynamic viscosity of PVAC with differing water: solid ratio. 
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water was added stepwise to the PVAc type with the higher initial viscosity (due to its 

higher solid content), until the solid content of the second mixture was reached (Figure 3). 

Bondline morphology 

For the investigation of the volumetric distribution of the adhesives inside the wood after 

hardening, l-tomography was conducted on bonded beech samples using synchrotron 

radiation X-ray tomographic microscopy (SRXTM). The influence of the anatomical 

direction on the adhesive penetration was determined by using various growth ring angles 

(GRA) from radial to tangential orientation in 15° steps during bonding (Figure 4), while 

keeping the longitudinal axes parallel.  

Figure 4:  Definition of growth ring orientations and positions in local coordinates of a cylindrical 
specimen. Signs and symbols: R/T/L radial/tangential/longitudinal direction, �� growth ring angle, dL 
growth ring width, �� position in bondline, subscriptions: L left side, R right side. 

To allow a later comparison to the failure behavior and the strength of the bonds, the 

samples for the tomographic measurements were chosen from lap-shear specimens used 

in Hass et al. (2009). From the three PUR variations used in that paper, only specimens 

bonded with PUR-1 and PUR-2 were used. In both types of PUR, the isocyanate content 

(NCO) and the amount of urethane groups (U) were the same (NCO: 16%; U: 

0.58mol/kg). They differed in their initial viscosity (PUR-1: 1310mPas; PUR-2: 

5460mPas), their reactivity (film formation time: PUR-1: 300min; PUR-2: 420min), and 

their cross-linking density after hardening (PUR-1: 0.22mol/kg; PUR-2: 1.25mol/kg). For 

PVAc and UF, both adhesive variants per system used in Hass et al. (2009) were 

investigated. These variants differed only in their solid content and therefore in their initial 

viscosity (PVAc 1: 2380mPas; PVAc 2: 6900mPAs; UF-1: 1860mPas; UF-2: 4220mPas). 

To ensure the same amount of adhesive in the cured bondline, the amount of applied 
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adhesive was adjusted. A detailed description of the procedure can be found in Hass et al. 

(2009). This gave a total number of 42 specimens, which were surveyed using 

synchrotron radiation X-ray tomographic microscopy (SRXTM). The details of the 

investigation method are described in Hass et al. (2010), which is based on the same set 

of samples as used for this study. Today, SRXTM is still a relatively novel technology that 

does not yet allow huge sample size studies. Facilities to perform such measurements are 

scarce, and an enormous amount of data has to be processed for measurement, 

reconstruction, and evaluation. By choosing only one sample per adhesive and GRA step, 

a well-founded statistical investigation on the influence of the GRA unfortunately is not 

possible; since the aim of this survey was the investigation of the major principles of the 

penetration behavior, an increased number of influencing factors were preferred rather 

than a higher number of repetitions. 

The µ-CT data consist of a stack of images of cross-sections in the RT plane averaging a 

volume of 3.7µm3
 by one scalar gray value. Several image processing steps were applied 

to analyze the image stacks, which are explained in the following and that were all 

conducted using the image processing tools from the software package MatLab. First, all 

images are rotated in the uniform coordinate system (Figure 4) using a bicubic 

interpolation method. Since rotating the image does not allow a direct assignment of gray 

scale values for each rotated pixel, this procedure uses a weighted average of pixels in 

the nearest neighborhood to determine the gray scale value of the rotated pixel (MatLab 

Documentation (2009); Gonzales et al. (2009)). Then, the same technique is used to 

double the resolution of the image. In a next step, the values of the gray scale image are 

remapped, by using the value boundaries and linearly redistributing the existing values. 

With this adjustment, the full intensity range is used and the contrast is enhanced. Due to 

contrast shifts along the longitudinal axis, the gray value distribution is shifted. At periodic 

height levels (every 100th slice) gray values of pure adhesive zones are selected to obtain 

a sub-blockwise gray value distribution of the adhesive. These slices are used for the 

investigation of the adhesive penetration, by analyzing the maximum penetration depth 

and the adhesive saturation of the available pore space. While the pore distribution is 

clearly sectioned (see Hass et al. (2010)), the ones for adhesives and wood strongly 

overlap, complicating the segmentation. The addition of a contrast enhancing substance 

to the adhesive, however, was dismissed due to the inherent uncertainties of this 

procedure. For example, Modzel et al. (2011) added rubidium to increase the X-ray 

attenuation of the adhesive. Unfortunately, the rubidium penetrated deeper into the wood 

than the adhesive, hence questioning the suitability of this method. Apart from the 
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possible effects for the identification of the adhesive, changes to the adhesive properties 

might occur. 

Figure 5:  a) µ-CT cross-section, b) segmented adhesive and c) pore space without segmented 
Adhesive. 

To segment the adhesive in the data of this study, a two-step procedure was applied: first 

an intensity-based segmentation using a fitted normal distribution for local thresholding is 

performed. Here, every 50th slice of the image stack was used to determine the gray value 

distribution for the adhesive by manually selecting several points (at least 30), where 

adhesive was clearly present. Since adhesive regions are rather compact, morphologic 

image processing on binarized images was applied to filter small segmented zones away 

from the bondline inside the sub-block. Contour smoothing could be obtained by 

morphologic opening of connected regions (blobs), and finally small holes inside the blobs 

can then be filled if desired. Additionally, small blobs without depth can be deleted by a 

blob analysis on the segmented tomographic data (see Figure 5). 

Figure 6:  Extracted bondlines for (a) PUR-2 (0°), (b) UF-1 (75°), and (c) PVAC-2 (90°). 
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By interpolating the picked gray scale values over the whole volume, the bondlines from 

the samples could be extracted. Finally, iso-surfaces of the identified adhesive were 

created for visualization purposes (Figure 6). 

Wood ray distribution 

As proposed in Hass et al. (2010), the tangential deflection of the vessels by the wood 

rays is typical for beech wood. To complete the characterization of anatomical features 

that have an influence on the development of the bondline, the tomographic data were 

used to evaluate the proportion of wood rays on the total wood material. Therefore, the 

data sets were aligned in the LT plane, and the wood rays were identified by digital image 

analysis (Fig. 7).  

Figure 7:  Identified wood rays in beech wood in the LT plane located in early wood. a) layer in the 
RT plane; b) the 20 largest segmented rays; c) smaller rays. The portion of rays is 24% (compare 
21% in Wagenführ (2007)), and the identified grain angle was 4.3°. 

The used procedure was similar to the one used for identifying the pore space (see Hass 

et al. (2010)) and the adhesive. However, for identification of the rays, a different feature 

was used. The rays appear as a checkerboard pattern, which changes from one layer to 

the next, and appear as small blobs without depth. The ratio of these areas is determined 

and proved to agree very well with values given in literature (Wagenführ (2007)).  

Results 

Adhesives penetration follows the path of lowest resistance into the porous structure, 

either by gross penetration or by cell wall penetration (Kamke and Lee (2007)). Filling of 

accessible, cut cell lumen and mainly of the interconnected network of vessels was easily 

observed, as well as the open space between the two contacting rough surfaces. Cell wall 
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penetration as well as penetration through pits and small cell lumen was beyond the scale 

of observation. The flow is initiated by capillary suction and applied pressure. However, 

the local magnitude of the pressure in the volume of the sample remained unknown in 

these experiments due to surface roughness and the strong heterogeneity and meso 

structure of the wood itself. The gross penetration into beech is dominated by vessel 

network characteristics such as vessel diameter, density, connectivity, and alignment as 

well as by the temporal and spatial evolution of the viscosity of the adhesives. 

When comparing the adhesive systems, even though the initial viscosity of PUR is 

comparable to PVAc and UF, its penetration is much deeper (Figure 8). This is mainly due 

to the fact that a pure prepolymer without fillers and additives was used. The viscosity 

change is only due to a polyaddition reaction and takes place long after the penetration. 

The fact that the penetration is rather fast can be seen when comparing the surface where 

the application was performed with the surface of the second adherent where no adhesive 

was applied. As a result, bondlines starve, which in fact is quite typical for PUR. PVAc 

exhibits a similar penetration behavior as UF showing a distinct bondline and only minor 

penetration into the pore structure, mainly filling all directly accessible volumes including 

cut open vessels. 

Figure 8:  Cross-sections of selected samples. The scale corresponds to 1 mm. Note that gray 
values of the adhesives differ, depending on their density and composition. Abbreviations: SoNA 
side of non-application, SoA side of application. 
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The influence of the GRA on the penetration pattern is best explained at the extremes 0° 

and 90° (see Figure 8). For all adhesives, it seems that the penetration is deeper at 90° 

than 0°, confirming observations by Sernek et al. (1999). Basically, adhesives mainly 

penetrate the longitudinally aligned vessels. However, as shown by Bosshard and Kucera 

(1973) and Hass et al. (2010), vessels in beech have a strong waviness in the tangential 

direction since they have to weave around the radially directed wood rays. Therefore, 

when regarding cross-sections, it is obvious that the impression of a deeper penetration in 

the tangential direction is created. Another reason for this impression is the anatomical 

characteristics of beech to build a growth ring limited vessel network (Bosshard and 

Kucera (1973); Hass et al. (2010)), which causes the growth ring border to act as a barrier 

for the penetration. Therefore, no vessels outside the cut growth ring are filled (Figure 8). 

At a GRA of 90°, all growth ring borders are oriented perpendicular to the bondline, while 

at a GRA of 0° they are adjusted parallel to it, blocking further advancement of the 

adhesive from the bondline.  

Figure 9: Saturation and maximum penetration depth in two cross-sections of a specimen 
containing a bondline of an UF adhesive. The distance in longitudinal direction between the cross-
sections is 100 slices or 370µm. 

The established way to characterize the penetration behavior of an adhesive is the 

determination of the maximum penetration depth in single cross-sections. As this might be 

a feasible method for the penetration in softwoods, it seems inappropriate for hardwoods 

such as beech wood, where strongly different bondline morphologies can be observed 

(see comparison Figure 1). Therefore, the saturation of the available pore space by the 

adhesive is proposed for characterization, which represents the ratio between the amount 

of adhesive and the porosity of the sample without the adhesive. The saturation can be 
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considered to be physically more meaningful for the description of the adhesive 

penetration, as it takes into account the wood structure and additionally reflects the 

adhesive distribution between the two adherents. In Figure 9, the two ways of determining 

the adhesive penetration are demonstrated on a UF bondline. 

Several questionable issues about the usual investigation methods can be recognized. 

Firstly, the maximum penetration depth lacks important information about the bondline 

morphology, in regard to the penetration itself, as well as to the pure bondline between the 

two adherents. Hence, imperfections in the bondline, which will have a huge impact on the 

bond strength, are not taken into account; rather isolated pores filled with adhesive, 

whose contribution to the bond strength are questionable, define its value. Those bondline 

imperfections are characteristics of the adhesives: (i) for PUR, bondline starvation is 

typical due to the high mobility of the adhesive; (ii) for PVAc, which behaves rather ductile, 

formation of pores could be observed inside the bulk adhesive due to excessive 

shrinkage; (iii) for UF typical crack patterns due to restrained shrinkage of the brittle 

adhesive appear. Typical examples are shown in Figure 10. 

Figure 10:  Bondline imperfections: Starved PUR (a), cracked UF (b), and PVAC with multiple voids 
(c). The scales correspond to 1mm.  

The example shown in Figure 9 demonstrates how the results of the measurement 

depend on the investigated cross-section and how the bondline morphology changes 

along the longitudinal axis. Although the two cross-sections are only 370µm apart, the 

maximum penetration depth on the left hand side is about 15% less and contains two 

large pores in the adhesive layer, resulting from the excessive shrinkage of the adhesive 

during hardening. Therefore, information given by single cross-sections is rather limited, 

while several investigations on the same bondline give a more detailed description of the 

bondline characteristics. 

Only averages over all samples of a given adhesive can suitably demonstrate the 

differences between them. As the application of PUR was carried out single-sided, a 



Paper III 

87 

differentiation between the side of application (SoA) and the side of non-application 

(SoNA) (see Figure 8) had to be made; so all samples were arranged with the SoA on the 

right side. For UF and PVAc, a simplification could be made as the adhesive application 

was performed on both adherents, so each side of a sample could be regarded as a 

single measurement. This means, for the right adherent, the saturation distribution was 

evaluated from the right end to the middle of the pure adhesive zone; for the left adherent, 

the saturation was identified from the left side. Since averaging these distributions only 

illustrates half of the bondline, the distribution was mirrored. In Figure 11, the mean values 

for the saturation and the maximum penetration depth show no distinct difference between 

UF and PVAc. 

Figure 11: Mean values for saturation and maximum penetration depth (inset). Abbreviations for 
adhesives in inset: a PVAC-1, b PVAC-2, c UF-1, d UF-2, e PUR-1 side of application (SoA), f 
PUR-1 side of nonapplication (SoNA), g PUR-2 SoA, h PUR-2 SoNA. 

The saturation, however, indicates that the UF adhesives develop a bondline where the 

adhesive layer shows less voids, while the PVAc bondline inherits more areas with no 

adhesive at all, such as holes and pores. Between the two PVAc adhesives, the saturation 

shows differences as well. Comparing the saturation per adhesive with the results of the 

lap-shear tests in Hass et al. (2009), the same trend for the shear strength as for the 

saturation can be discovered. For the UF adhesives, no difference between the two 
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viscosity steps could be detected, while for the PVAc adhesives, a significant influence of 

the adhesive viscosity could be found. Surprisingly, although in the PVAc-1 bondlines 

more voids could be detected, higher shear strength was reached with these specimens 

compared to those bonded with PVAc-2. It is possible that pores lead to crack arrest due 

to crack tip blunting, but more research on the micro-mechanical failure behavior of wood 

bonds is necessary to clarify these questions. The saturation explains the low wood 

fracture percentage of the PUR bondings in Hass et al. (2009): as the low saturation 

between the two adherents with these adhesives reveals that the penetration is so 

excessive, that the bondline partially starves, providing a weak area of preferred failure.  

In a next step, the overall volume of segmented adhesive was evaluated. For UF and 

PVAc, the volumes are within the same range. This shows that the adjustment of the 

amount of applied adhesive in order to compensate for the solid content changes 

achieved the desired result, as the volume of the hardened adhesive in the bondline was 

kept nearly constant. For PUR, although the applied quantity of adhesive was equal, a 

difference in the volume of hardened adhesive in the bondline was observed, as more of 

PUR-2 was detected. As this behavior can be caused by several factors, explanations can 

only be speculative and more investigation is necessary to clarify the actual reason. 

Possible factors could for example lie in the different reaction kinetics of the two PUR or 

differences in the molecular chain length distribution causing the different viscosities. The 

different reactivities could result in differences in the structure of the cured adhesive, as 

the developing CO2 is expelled at different rates. This could lead to a more foamed 

structure of the more reactive PUR-1, leading to a lower density. Since the viscosity is an 

indicator for the molecular chain length distribution, a higher fraction of shorter chains in 

the less viscous PUR-1 allows a penetration into smaller voids or eventually even the cell 

wall. 

Note that the segmentation close to the contact zones of the adherents is rather difficult, 

since in this region cell walls typically collapse and are hard to distinguish from adhesive 

as their gray values are quite similar and the lumen sizes available for adhesive 

penetration are rather small. The resulting errors could be minimized by increasing the 

contrast between adhesive and wood material by, for example, using a suitable additive. 

But, as noted before, it is rather complicated to find such a substance without significant 

side effects (Modzel et al. (2010)). 

The dependence on the GRA can be identified by confronting the various saturation 

profiles. As noted before, the sample size does not allow for a profound statistical 

evaluation. However, the trend was observed that PVAc and UF exhibit an increasingly 
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wider profile for larger growth ring angles. For PUR, however, the widest saturation 

profiles can be found at growth ring angles between 45° and 60° (see Figure 12). 

Figure 12:  Saturation profiles for three adhesive systems and different growth ring angles. Note 
that each curve is an average over 9 different regions inside one sample. PUR curves are rotated 
in a way that the application side is always on the right. 

Conclusions 

The characterization of adhesive bondlines in wood by the analysis of single cross-

sections in the RT plane and the determination of the maximum penetration depth lacks 

important information about the bondline morphology. For bondlines in softwood, this 

method might be sufficient, since the bondline develops a more or less interconnected 

and evenly distributed penetration area. In hardwoods, however, because penetration 

occurs mostly in the vessel network, the bondline strongly depends on the anatomical 

characteristics of the wood species. Therefore, the saturation of the available pore space 

is proposed as a parameter, which is physically more meaningful. With this method, 

imperfections of the bondline are considered and the filling of single, isolated vessels is 

neglected, because they have only minor influence on the bonding strength. It was shown 

that the saturation is a suitable measure; results (bond shear strength) reported from a 

previous investigation (Hass et al. (2009)) could be positively correlated with saturation, 

whereas the maximum penetration depth had no correlation with the mechanical 

performance. 

The usage of three-dimensional data enabled the investigation of the bondline 

morphology at different heights of the same sample. Thereby, it became evident that 

bondline characteristics strongly depend on the measuring point. Therefore, the 

investigation of only one cross-section per sample gives limited and insufficient 

information about the bondline. The volumetric data also provided a look into the cured 
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bondline presenting several imperfections that are characteristic of the different adhesive 

types. 
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Abstract 

A new approach for determining effective mechanical bondline properties using a 

combined experimental-numerical modal analysis technique is proposed. After 

characterizing clear spruce wood boards, an adhesive layer is applied to �W�K�H�� �E�R�D�U�G�V�¶��

surfaces. The shift of the eigenfrequencies resulting from the adhesive layer together with 

information on the bondline geometry can then be used to inversely determine the 

mechanical properties of the adhesive layer using finite element models. The calculated 

values for clear wood as well as for the adhesive layer lie within reasonable ranges, thus 

�G�H�P�R�Q�V�W�U�D�W�L�Q�J���W�K�H���P�H�W�K�R�G�¶�V���S�R�W�H�Q�W�L�D�O�� 
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Introduction 

Bonding of wood elements is of paramount importance for the production of modern 

timber constructions. During the bonding process, adhesive penetrates into the porous 

wood structure along all accessible pathways and, depending on the adhesive properties, 

even into the micropores of the wood cell walls (Suchsland (1958); Kamke and Lee 

(2007); Konnerth et al. (2008); Hass et al. (2011)). Simplified, a wood-adhesive bond can 

be split into five stacked layers consisting of pure adhesive in the center, an interphase of 

wood and cured adhesive as well as two wood parts on the outermost (Habenicht (2006)). 

For clear wood, a vast amount of data is available (e.g. Kollmann and Côté (1968); 

Neuhaus (1981); Niemz (1993)). Determination of the pure adhesive properties has been 

subject to several investigations too (Clad (1964); Konnerth et al. (2006); Clauß et al. 

(2011)). In contrast, the interphase properties are almost unknown. It can consist of 

entirely or partially adhesive filled tracheids, modified cell walls and a composite with 

adhesive, and cell wall fragments from the production process. Nanoindentation was used 

to estimate the mechanical properties of penetrated cell walls and adhesive filled lumen 

(Konnerth and Gindl (2006)). Unfortunately nanoindentation only measures very local 

material properties. For numerical models, however, it is necessary to have effective 

properties that consider the influence of the hardened adhesive on the wood properties, 

local defects due to curing stress such as cracks or voids (Hass et al. (2011)), and 

geometric variations in a smeared way. 

To identify the effective properties of the adhesive layer in the most mechanically 

meaningful way, a non-destructive approach seems appropriate. Eigenfrequency 

measurements have been used in the past to determine the properties of wood boards 

and to identify changes in their mechanical properties (Berner et al. (2007)). In this work 

the authors want to further exploit the potential of using changes in the frequencies of 

certain eigenmodes to inversely identify the effective properties of the adhesive layer 

using finite element simulations. Eigenmode shifts can be expected from the mass and 

effective properties of the adhesive layer as well as modifications of wood properties in 

the interphase zone. As a minimal model, the adhesive bond is simplified even further as 

a composition of only two layers with distinct differences in their material behavior: Solid 

wood with its strong orthotropic relationship between the three major directions, and a 

more or less isotropic layer consisting of adhesive and wood adhesive interface. 
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Material and methods 

To determine the mechanical properties of the wood-adhesive interphase, an inverse 

approach was chosen where experimental and numerical methods were combined. In a 

first step, the mechanical properties of clear wood were inversely determined. The 

procedure is repeated after an adhesive layer was applied to both sides of the board. This 

way the effect of the adhesive on the bending behavior and consequently also on the 

eigenfrequencies should be maximized. Warping of the samples, as it could be expected 

by a single sided adhesive application, should be avoided by application of the adhesive 

on both sides and the consequently symmetrical property profile across the board 

thickness. In Figure 1a, the combined experimental and numeric procedure is 

schematized.  

Figure 1:  a) Information flow between experiment and model. b) Example for the determination of 
the UF-bondline geometry in spruce. c) Experimental setup variants and mesh used in the 
simulations for the spruce wood samples with brick elements. 

The spruce samples (Picea abies (L.) Karst.) had the dimensions 320×125×5mm3 

(orientation: longitudinal × radial × tangential).With this orientation, commonly referred to 
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as standing growth rings, any effects of the growth ring curvature could be neglected, as 

the growth rings are aligned with the normal direction for bending. Additionally, this 

orientation is expected to give the highest frequency shifts during bending. Being a 

feasibility study, this investigation is limited to one adhesive system only: Urea-

formaldehyde (UF) was chosen since the typical massively cracked adhesive layer (see 

Figure 1b) should lead to effective properties that differ significantly from those of the pure 

adhesive. Only half of the amount of adhesive, recommended by the producers for one 

bondline (200g/m2; solid content: 60%) was applied to each surface of the boards. To 

ensure even distribution of adhesive on the boards, a uniform film was applied to a plastic 

sheet using an applicator with an adjustable slit (80µm). The sheets were then placed on 

the board to assure instantaneous contact and pressed at the recommended pressure of 

0.7MPa. After curing, the samples were acclimatized at 20°C, 65% relative humidity (RH). 

To visually determine the bondline geometries, small samples were cut from the boards 

and prepared for analysis with an environmental scanning electron microscope (ESEM). 

This standard procedure included the embedding of the samples in epoxy, which allows 

for a better surface preparation (sanding and polishing) for the ESEM analysis. In Figure 

1b a representative image is shown with the highlighted interface between clear wood and 

adhesive layer. 

Literature values for the modulus of elasticity (MOE) of UF cover a wide range (Clad 

(1964): 1070-2590MPa; Bolton and Irle (1987): 3053-3743MPa). Therefore the used 

adhesive was mechanically characterized by compression tests on 5×5×5mm sized cubes 

that were cautiously cured and conditioned to avoid desiccation cracking. A value of 3GPa 

was measured for the UF adhesive used. 

The frequency spectra of the samples were measured using a GRINDOSONIC impulse 

excitation measuring device MK5. For this purpose, the boards were placed on soft 

cellular plastic supports to minimize support-induced vibration of the boards. The impulse 

was given by a small ball-hammer at the points indicated in Figure 1c. Three different 

combinations of support setup and excitation location were chosen to enhance distinct 

vibrational modes of the boards: one bending oscillation each along the two small edges 

of the board and a torsion oscillation (Figure 1c). The spectra are transformed using a 

fast-Fourier-transformation (FFT) to extract the eigenfrequencies. After transformation, the 

signals of each measurement are normalized to the maximum peak in order to allow 

identification of the relevant modes. 

The inverse determination of material properties consists of two parts: (i) The extraction of 

eigenvalues of the finite element system Abaqus and (ii) an optimization strategy to 
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minimize the discrepancy between measured and extracted eigenfrequencies. From the 

linearized equation of motion of a discrete system with displacement vector u, namely  

�� �—�7
E���—
L�’ 

for free vibration (p=0) and the harmonic ansatz for the displacements u=ue�&�W leads to the 

eigenvalue problem  

�:�æ�X�t��
E���; �—
L�r 

with the global stiffness and mass matrix K and M, the eigenvector u and the angular 

frequency of the undamped oscillation �&. The non-trivial solution can be found through  

�†�‡�–�+�X�t��
E�� �+
L�r 

However, direct determination of eigenvalues and respective eigenvectors of the K, M 

matrix pair is not possible. A number of iterative methods like the Lanczos eigensolver can 

extract eigenvalues from sparse symmetric systems (Argyris and Mlejnek (1991); 

Zienkievicz et al. (2005)). After extracting the eigenfrequencies fn that correspond to the n 

first bending and torsional modes, they are then compared to the experimental values fn
exp 

via an error function of the form 

�� � �̂:�¨ �;
L�s�r�r��
©
Í �™�• �F
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 with wn as the weighting coefficient that is taken according to the accuracy of the 

experimental measurement for the respective frequency. This way it was assured that low 

frequencies that can be measured with high precision, are weighted higher (wn=0.2) than 

higher eigenmodes (wn=0.1), where the mapping of frequency to the respective mode is 

more difficult.  

The underlying model has identical dimensions to the experiments and is discretized by 

volume elements with quadratic order (20 node brick element, C3D20R) but with reduced 

integration (Figure 1c) (Dassault Systems (2011)). The plain wood is represented by an 

orthotropic material model, therefore by nine engineering constants ER, ET, EL, ��RT, ��RL, 

��TL, GRT, GRL, GTL, and the density, all greater than 0. For each sample, the distance of the 

board center to the original tree center was determined, which then was introduced as the 

center of the cylindrical coordinate system of each model. As a first step the sensitivity of 

all material parameters on the first eigenfrequencies is studied.  
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Starting values for MOE and shear modulus (G) were chosen to cover the entire range 

given in literature (Table 1). For the density, the measured values were taken as starting 

values (Table 1).  

Table 1: Summary of values for clear spruce wood, bulk UF adhesive and UF adhesive layer from 
literature, own measurements and calculations. 

Literature values  
Clear Wood  Bulk 

adhesive  
Ref 

Densitya 
[kg/m3] 

MOE [MPa] G [MPa] MOE [MPa]  
L R T LR LT RT   

399 11700 �± 
13800 

1680 �± 
1800 

618 �± 
1170 

617 �± 
642 

587 �± 
615 

51 �± 
53 

1 

470 10000 800 450 600 650 40 2 

 10163 �± 
12438 

700 �± 
1069 

386 �± 
710 

610 �± 
856 

590 �± 
787 

51 �± 
97 

3 

 11605 �± 
16716 

687 �± 
903 

392 �± 
638 

618 �± 
746 

500 �± 
853 

29 �± 
39 

4 

417 11933 803 412 733 612 41 5 

       1070 �± 
2590 

6 

       3053 �± 
3743 

7 

Measured values  
Clear  wood  Bulk adhesive  Adhesive layer c 
Densitya [kg/m3] Densitya [kg/m3] MOE [MPa] Thickness (st. dev) [µm]  
461 1100 3000 48 (22) 
442 57 (15) 

Value-range for first calculation step  
Clear  wood  Adhesive layer c 
Densitya,b 
[kg/m3] 

MOE [MPa] Densitya 
[kg/m3] 

MOE 
[MPa] 

Thickness 
[µm]  L R T 

x*0.8 �± 
x*1.2 

7000 �± 30000 300 �± 2000 200 �± 1500 500 �± 
3000 

500 �± 
7000 

10 �±150 
G [MPa] 
LR LT RT 
360 �± 1080 300 �± 900 21 �± 61 

Calculated  Values (FEM)  
Clear  wood  Adhesive layer c 
Densitya 
[kg/m3] 

MOE [MPa] G [MPa] Densitya 
[kg/m3] 

MOE 
[MPa] 

Thickness 
[µm]  L R LR RT 

478 13720 1164 911 45 1016 2567 71.5 
440 14000 1326 601 41 792 2567 53.0 
a Acclimatized at 20°C and 65% RH; 
bx stands for measured values of the respective sample; 
cAdhesive layer consist of pure adhesive and wood-adhesive interphase; 
1Keunecke et al. (2007); 2Niemz (1993); 3Bodig and Jayne (1982); 4Kollmann and Côté (1968); 
5Neuhaus (1981); 6Clad (1964); 7Bolton and Irle (1987). 
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Since the Poisson ratio variations merely change eigenfrequencies, they are fixed to 

values of ��RT = 0.59, ��RL = 0.028, and ��TL = 0.02 (values taken from Kollmann and Côté 

(1968); Neuhaus (1981)), reducing the parameter space to seven dimensions. The 

authors made a variation of one property at a time in between reasonable boundaries 

given in Table 1 with equidistant increments in between. 

The sensitivity study revealed that basically for variations of the MOE (ER, ET, EL), a 

change of the bending frequency modes can be observed, while the torsion ones remain 

constant. The opposite is found for G (GRL, GRT, GTL). Note that the important conditions 

for orthotropic materials, namely 
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�s�æ� �̃��� � �̃��� �æ� �̃��� � �̃��� �æ� �̃��� � �̃��� �æ�t� �̃��� � �̃��� � �̃��� 
P�r 

are always fulfilled. For each variant, the eigenfrequencies are calculated and the value of 

the error function is calculated using the experimentally determined frequencies. The 

value that produces the lowest error is chosen, and taken as the input value for the 

calculation of the next engineering constant. Thus, the values for the seven mechanical 

properties change in every completed cycle and, at the end of the ten cycles, the set of 

variables that optimize the error function is obtained. These values are introduced as 

initial parameters to the refinement stage. The refinement works in the same way, but 

instead of using upper and lower bounds with 10 steps in between, all the values are 

allowed to vary ±10% in 20 steps. 

To calculate the eigenfrequencies of the adhesive covered boards, the model is extended 

by two layers with C3D20 elements of a uniform thickness �/. Their material is considered 

to be isotropic with fixed Poisson ratio (0.3) but variable MOE, density, and �/�� The ranges 

for those variables were obtained from literature or measurements (for ranges see Table 

1). �7�K�H���W�K�L�F�N�Q�H�V�V���/ of the adhesive layer corresponds to the combination of pure adhesive 

and the wood-adhesive interphase. This layer was added to the pure wood samples 

without considering a reduced thickness of the wood samples by the interphase. Optimal 

values for the MOE, density, and thickness are found using the identical procedure as 

described above. 

Results and d iscussion  

From the huge number of eigenmodes, only six, namely the first two uniaxial bending and 

pure torsion modes, were selected (see Figure 2a), since those could be identified 

reliably, due to the experimental equipment used. The second bending mode along the 
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radial direction (Bendrad 2) however, proved to be difficult to detect with the applied set-up. 

However when higher modes could occasionally be clearly identified, they were used for 

the optimization as well. The relative difference between the respective experimental and 

numerical eigenmodes is less than 2.25%.  

Figure 2:  a) Denotation of eigenmodes, which were used for comparison between clear wood 
samples and samples covered with adhesive layer. b) Relative frequency shift in the single modes 
caused by the adhesive application. c): Example of eigenmode-identification in clear spruce wood 
boards before and after application of UF adhesive layers. Shown are representative frequency 
bands, measured using different measurement setups, enhancing torsion and bending modes (see 
Figure 1c).  

In Table 1 the resulting material parameters for the clear wood boards are summarized. 

Note that they are in between known bounds from literat�X�U�H�����$�V���W�K�H���E�R�D�U�G�V�¶���G�L�P�H�Q�V�L�R�Q���L�Q��

the tangential direction was much smaller than in the radial one, values for tangential 

direction cannot be found via inverse parameter identification, but are also insignificant for 

this work. 
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In Figure 2b, the shift of the respective modes due to the adhesive is shown. It is striking 

that the bending mode in the radial direction changes most significantly. As the MOE of 

the boards in this direction is much smaller than in the longitudinal one, the adhesive layer 

has a higher influence on the MOE and therefore on the radial bending modes. An 

example of the frequency spectra with and without adhesive layer is given in Figure 2c.  

The resulting, inversely identified effective parameters of the adhesive layers are given in 

Table 1. It is interesting to find the effective MOE that lies in between the values of pure 

wood in the radial direction and the pure adhesive. 

Conclusions 

With the proposed method it was possible to detect the eigenfrequency shifts caused by 

the application of an adhesive layer on clear spruce wood boards. Via inverse parameter 

identification, an estimate for the effective bond line properties can be made, that are 

needed for simulation purposes. All values are within reasonable ranges known from 

literature, showing the potential of the proposed approach. However several 

improvements could be made for future studies: 

- With a more sophisticated setup, based for example on laser vibrometry, the 

eigenmode detection would be more accurate. 

- With a quadratic board surface shape, overlapping modes should be avoided. 

- To reduce the parameter space, mechanical tests would be helpful. This would be 

feasible by simple tension tests on strips produced from the boards. Bending tests 

would only be possible in the longitudinal wood direction since, as in the radial 

direction, the early wood section would falsify the results. 
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Abstract 

The failure of adhesive bondlines has been studied at the microscopic level via tensile 

tests. Stable crack propagation could be generated by means of samples with improved 

geometry, which made in-situ observations possible. The interaction of cracks with 

adhesive bondlines under various angles to the crack propagation was the focus of this 

study, as well as the respective loading situations for the adhesives urea formaldehyde 

(UF), polyurethane (PUR), and polyvinyl acetate (PVAc), which have distinctly different 

mechanical behaviors. It has been shown how adhesive properties influence the 

occurrence of certain failure mechanisms and determine their appearance and order of 

magnitude. With the observed failure mechanisms, it becomes possible to predict the 

propagation path of a crack through the specimen. 

Keywords: Adhesive, bondline, failure mechanism, spruce wood 
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Introduction 

Cellular failure mechanisms in bulk wood have been the subject of many investigations in 

the past for various wood species, as well as failure in all anatomical directions, for single 

as well as mixed-mode loading (Borgin (1971); Bodner et al. (1997a,b); Thuvander and 

Berglund (2000); Tschegg et al. (2001); Dill-Langer et al. (2002); Reiterer and Sinn 

(2002); Conrad et al. (2003); Koponen and Tukiainen (2006); Keunecke et al. (2007); 

Vasic and Stanzl-Tschegg (2007); Oliveira et al. (2009); Stanzl-Tschegg and Navi (2009)). 

While studies on solid wood (SW) have been carried out on all scales of length, down to 

tests on single fibers (Eder et al. (2008)), knowledge on failure mechanisms of adhesive 

bonds is based mainly on large samples such as the double cantilever beam (Dourado et 

al. (2010); Singh et al. (2010); Nicoli et al. (2012)). Estimates on microscopic failure 

mechanisms have resulted mainly from indirect observations like fracture surface 

investigations (River et al. (1994); Simon and Valentin (2000, 2003)), video image 

correlation of the sample surface (Niemz et al. (2007)), or acoustic emissions during 

failure (Suzuki and Schniewind (1987)).  

These surveys focused primarily on fracture mechanical properties, ignoring the 

underlying generic failure mechanism of adhesive bonds. However, it is known that failure 

is initiated on a small scale by micro defects that interact and join to form cracks that grow 

and become relevant on a larger scale. Depending on the adhesive type, moisture 

induced stresses resulting from hindered swelling and shrinkage, as well as cracks that 

develop during the curing of an adhesive, induce defects into the bonding (River (2003); 

Frihart (2009)). However, failure mechanisms and crack evolution in adhesive bonds have 

not yet been studied for a constant climate. Investigations at the microscopic or 

mesoscopic scale are therefore essential to develop an understanding of the behavior and 

failure of wood adhesive connections that are of fundamental importance for modern 

wood constructions under various loading situations, made with different adhesive 

systems.  

In the present study, microscopic failure mechanisms in adhesive bonds, made of 

systems with differing elasticity and curing reactions, were studied. To this aim, the crack 

propagation (CP) and crack-bondline interaction were observed in-situ under mode l 

loading. In addition to the effect of adhesive properties, the influence of the bondline (BL) 

orientation on the crack initiation direction was observed. 
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Material and methods 

Sample material and preparation 

For the current investigation, a necked sample shape, as used by Dill-Langer et al. (2002), 

was preferred over other microtest setups known for SW under mode l (Frühmann et al. 

(2003); Keunecke et al. (2007)). To increase crack growth stability, the oak wood supports 

proposed by Dill-Langer et al. (2002) for load transfer into the test section were replaced 

by aluminum supports bonded by a polyurethane (PUR) adhesive (Figure 1c). The 

specific characteristics as well as the recommended processing conditions of the 

adhesive system investigated on spruce (Picea abies (L.) Karst) are summarized in Table 

1.  

Table 1: Adhesive systems, properties, and processing conditions. 

Adhe -
sive  

Description 
and application

Amount 
[g/m 2]b 

Open 
time 

[min] a 

Press 
time 

[min] a 

Pressure 
[MPa]

Solid 
content 

[%] a 

MOE 
[MPa]

PUR 
1K-PUR for 

structural wood 
products 

200 40 100 0.7 100 1190 

PVAc 

Adhesive 
dispersion for 

universal 
application in 

timber industry 
(D3) 

200 8 10 Minimum 
0.25 50-52 530 

UF 

Cold-setting 
adhesive 

powder (EN 
12765 C3) 
containing 
hardener 

200 20 480 Minimum 
0.25 60 3000 

a Manuf�D�F�W�X�U�H�U�V�¶���G�H�F�O�D�U�D�W�L�R�Q�V���I�R�U�������ƒC.  
b Within range of man�X�I�D�F�W�X�U�H�U�V���¶���U�H�F�R�P�P�H�Q�G�D�W�L�R�Q�V���� 
c Obtained from own compression tests on adhesive cubes for UF and tensile tests on adhesive 
films for PUR and PVAc, respectively. 

Wood beams with a length of 500mm were bonded by applying the three adhesives, each 

along a third of the total length along the longitudinal beam direction (Figure 1a). The 

variation of the wood properties in this direction is low and the two wooden pieces could 

be bonded simultaneously, which ensured constant press parameters for all samples. The 

applied pressure and the press time were determined for the respective adhesive with the 

highest requirements (bold print in Table 1). Each pair of adherends was derived from one 
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beam, which had been divided in half, before both parts were bonded again. After curing 

and acclimatization at 20°C and 65% relative humidity (RH), the bonded beams were 

planed to cross-section dimensions of 10×20mm2 (Figure 1b). CP through wood is most 

unstable under  

Figure 1: Sample preparation procedure: a) bonding of beams with three different adhesives; b) 
planing and aligning the BL; c) joining of wood and aluminum supports; d) finished specimen with 
dimensions [mm]. A�U�U�R�Z�V�� �L�Q�G�L�F�D�W�H�� �W�K�H�� �O�R�D�G�� �G�L�U�H�F�W�L�R�Q���� �D�Q�G�� �.�� �L�Q�G�L�F�D�W�H�V�� �W�K�H�� �D�Q�J�O�H�� �E�H�W�Z�H�H�Q�� �O�R�D�G��
direction and the BL, here 45°; darker surfaces represent different preparation techniques: A: belt 
grinder, B: microtome. 

a TR configuration (i.e. load in tangential (T) and crack growth in radial (R) direction; 

Bodig and Jayne (1982); Gross and Seelig (2007)). Therefore, this worst case situation 

was chosen for this investigation to determine the influence of the BL. The angle between 

the load and BL was varied (0°, 45°, 60°, 75°, and 90°). From each beam, five sections of 

7mm length were taken from each adhesive region. The overlapping cross-sections of the 

samples were removed by a sledge microtome GSL 1 (WSL, Birmensdorf, Switzerland) to 

allow for microscopic in-situ observation (Figure 1d). In total, 225 samples with adhesive 

BLs were tested (3 adhesives × 3 beams × 5 angles × 5 repetitions). A radial crack 

initiation notch was introduced on one sample side either from pith to bark (in-radial, IR) or 

in the opposite direction (contra-radial, CR). As reference, 15 unbonded specimens from 

three different beams were tested. The samples were loaded in a Deben Microtest 

microstage via alignment pins, which only allowed for rotation around their axis as the 

crack propagated. This way, the maximum load was always at the crack tip and 

momentum influences were minimized. In-situ observations were made with a stereo-

microscope at a frequency of 5Hz at a loading rate of 0.1mm/min. Note that imaging was 

triggered at a load of 10N and that measured force-displacement curves were used for 

synchronization with the images. 
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Analysis 

The acquired images were evaluated first qualitatively, focusing on the different 

adhesives. For each beam, a direct comparison between adhesives could be achieved for 

IR and CR crack growth, as well as between the adhesives themselves. This information 

was then used to find differences between the BL-load angles. As such samples are too 

small to reliably measure fracture mechanical properties, the load-displacement data were 

considered only as an indicator. 

Results and discussion 

Solid wood 

In Figure 2, the typical failure mechanisms for mode I loading in the T-direction are given 

along with the respective load-displacement curve (Figure 2b).  

Figure 2:  CP through spruce wood. The plots show the load-displacement diagrams. SW with IR 
CP. Maximum loading (a) and postpeak behavior (c). All scales correspond to 1mm. 

At the beginning of all load-displacement curves, adjustment processes of the microstage 

dominate. Note that all images of different failure situations are aligned in the same way 

concerning the load direction. The cracks advanced rather straight through the samples. 

As visible in the load-displacement curve (Figure 2b), samples failed relatively abruptly, 

with a distinct precracking (Figure 2c) in the latewood (LW) zone, often with a parallel 

offset to the main crack. Intercellular fracture could be observed in the LW, while 

intracellular fracture dominated in earlywood (EW). This supports the known failure 

mechanisms for solid spruce wood under the load situation applied in this article 

(Thuvander and Berglund (2000); Dill-Langer et al. (2002); Conrad et al. (2003)). Because 

no influence of the crack initiation direction was observed for any of the bonded samples, 

this factor was disregarded in further discussion. 
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Bonded samples  

Three distinct orientations were found to capture typical failure situations: BL parallel (0°) 

and perpendicular (90°) to the loading direction as well as angles in between (45° �± 75°). 

In the following, samples from identical beams are juxtaposed for each of these cases to 

highlight the differences between the adhesive systems. Existing BLs in the images are 

highlighted by brackets. Because PUR and polyvinyl acetate (PVAc) showed quite similar 

behaviors regarding the CP, often, only one representative sample is presented. 

Additionally, the influence of predamages at BLs and the observations of adhesive layer 

delamination are discussed before the quantitative subsumption of the results. 

Load direction and BL at 0 °: The BL has different properties than the adjacent wood and 

hence can be compared with an additional growth ring border. Because this layer was 

orientated in the T-direction, the final failure pattern showed features similar to those of 

SW: the crack could cross the BL in a more or less straight line (Figure 3) or it could be 

deflected at the BL, leading to roll-shear failure along the BL or along a growth ring 

border, if it is adjacent to the BL (Figure 4). This roll-shear failure is also typical for SW, if 

shifted precracks form ahead of the main crack, leading to failure in the EW zone along 

growth ring borders. For the three adhesives, CP and crack-BL interactions differed, as 

described in the following.  

 
Figure 3:  BL at 0° with CR CP through UF (a-c) and PUR (d-f) without deflection at the BL; the box 
in panel e) shows stress whitening in adhesive layer. All scales correspond to 1mm. 

In urea formaldehyde (UF)-bonded samples, the brittle BL actually acted as an additional 

LW zone, where precracks originated, leading to preferred paths for the main crack 
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(Figure 3a-c). Former studies (Hass et al. (2011)) revealed a distinct crack pattern in the 

adhesive layer due to the restrained shrinkage in UF BLs during hardening. It can 

therefore be assumed that the relevant precrack in the BL emanated from the curing of 

the adhesive.  

Figure 4:  BL at 0° with CR CP through UF (a-d) and IR CP through PUR (e-g) with deflection at the 
BL; boxes highlight stress whitening and adhesive fingers. All scales correspond to 1mm. 

In PUR or PVAc BLs, precracks were not detectable because these systems are softer 

(see Table 1). In most cases, the crack stopped at the BL before penetrating it (Figure 3d-

f). In many cases, the BLs even stayed intact while the crack continued below it, either 

directly or via a precrack, which appeared in an LW zone across the BL, grew upwards 

into the BL and downwards through the sample (Figure 4d-f). Further in the failure 

progress, the adhesive layer dissipated energy, which became visible via stress 

whitening, a common change in translucency of polymeric materials (Figures 3e and 4d-

e).  

If a precrack tangentially shifted with respect to the main crack at the BL, the coalescing of 

the cracks resulted in a roll-shear failure pattern. Here, again, the adhesives showed 

different reactions. In UF, the same behavior as for SW was observed: the EW next to the 

growth ring border or in the BL was sheared off with some fiber bridging (Figure 4a-c). In 

PUR, the failure path followed the BL, while distinct adhesive fingers formed (Figure 4d-f). 

However, the quantitative differences are small (Figure 4g). 

Load direction and BL at 45 ° �± 75 °: The influence of the BL grew with increasing angle 

between BL and load direction or decreasing angle between crack growth direction and 
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BL. Consequently, the probability of crack deflection at the BL increased for higher angles. 

Distinct differences between the adhesives could be observed here, as a critical angle 

seemed to exist at which a crack deflection at the BL became more probable or, in other 

terms, energetically more favorable than BL penetration. For PUR, most cracks had 

already deflected at the BL for load-BL angles of 45°, while for PVAc, the number of 

deflections increased for angles above 60 ° and only at 75 ° did at least half of the 

samples show a deflection for UF (Table 2). 

Table 2: Number of samples showing crack deflection at the BL as a function of adhesive system 
and angle between load direction and the BL (45°-75°). 

Adhesive  
Number of samples showing crack deflection at the bondline  

45° 60° 75° 
PUR 11/15 11/15 10/15 
PVAc 0/15 9/15 12/15 

UF 3/15 3/15 8/15 
 

As already observed for the 0° samples, UF BLs acted as crack starters, where precracks 

originated, enhancing the CP through the sample. In cases where no precracks could be 

observed, CP across the BL was so fast that the actual intersection of the BL and the 

crack could not be imaged. Only at angles larger than 75 ° were precracks also detectable 

in other regions of the BL other than the pure adhesive layer. If the crack was deflected at 

the BL, then the crack propagated parallel to the BL until it reached the next growth ring 

border or a crack in the BL (Figure 5a-c), where the crack could cross into the other 

adherend and further propagate radially through it. Of all the studied adhesive systems, 

UF had the highest modulus of elasticity (MOE) contrast compared with spruce, 

perpendicular to the grain. As a result, shear failure of tracheids was quite common, 

leading to crack deflection along the BL. To summarize, failure within UF-bonded samples 

was brittle, without a decelerating influence of the BL on the CP. Even though the crack 

deviated along the BL, it behaved similar to a crack deflected along a growth ring border, 

exhibiting basically identical microscopic failure mechanisms.  

In PUR and PVAc BLs, the crack growth could be slowed down or even stopped by the 

BL, comparable with the situation at 0°. When deflected, the crack propagated parallel to 

the BL at least until the next growth ring border or until a defect in the BL was reached 

(Figure 5d-f). In PUR, such defects appeared as stretched pores, and their extensions 

determined whether the crack crossed the BL into the other adherend. Even a 

continuation of the deflection parallel to the BL �± in the unnotched adherend or a 

recrossing of the crack into the notched adherend �± could be observed. The crossing of 

the crack into the unnotched adherend was accompanied by the formation of precracks in 
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both adherends around the BL, stress whitening in the BL, and the formation of an 

adhesive bridge. A more precise description of this behavior will be given later.  

Figure 5: BL at 75° with IR CP through UF (a-c) and PUR (d-g); panels a) and f) show final stages 
of failure. Boxes highlight the deflected crack path until the crack crosses the BL at the growth ring 
border. All scales correspond to 1mm. 

The growth ring borders were preferred zones for crack crossings from one adherend into 

the other for several reasons. First, differences in mechanical properties lead to stress 

concentrations. In addition, residual stresses resulted from differential swelling of EW and 

LW during the absorption or desorption of water from the adhesive. The different reactions 

of different BLs towards moisture were recently discussed by Frihart (2009), who showed 

the ability of adhesives to distribute residual stresses arising from the different swelling 

behaviors between wood and adhesives. Although the focus was on cured BLs, it seems 

reasonable to assume that these reactions already occurred during the bond formation, as 

the swollen wood was hindered from shrinking back to its original dimensions after the 

adhesive had solidified. The amount of water introduced depended on the solid content 

and the curing chemism (see Table 1 or, e.g., Dunky and Niemz (2002)). The UF resin 

and PVAc introduced water into the system, while PUR withdrew some water from the 
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wood for curing. It can be assumed that this led to low residual stresses for PUR and 

PVAc due to the small dimensional changes for PUR and the low MOE and yield stress of 

PVAc when compared with UF, which has a high MOE and additionally causes high 

moisture-induced dimensional changes of the wood substrate.  

Rate effects could be observed for PVAc, where cracks propagating at high speeds in the 

regime above the critical length for stable growth interacted with the BL. In this case, 

viscoelastic PVAc failed instantaneously. Slow, stable cracks, however, impeded and 

even stopped at the BL, as there was enough time for plastic stress release and crack tip 

blunting. The high deformability of the PVAc became visible in an observable relative 

movement of the two adherends, once the crack entered the BL. Although the final failure 

pattern suggests that cracks deviated only at angles of 60° or more, the in situ 

observations revealed that for 45°, cracks started to grow along the BL in combination 

with the development of stress whitening and elongation of the adhesive layer. However, 

with increasing load, the adhesive layer failed and the crack crossed straight into the other 

adherend without visible deviation in the final failure pattern. 

Load direction and BL at 90°:  At an angle of 90°, a deflection of the crack along the BL 

proved most probable. However, it was also observed that cracks stayed within the wood 

for various reasons. One constellation was found when the R-direction of the adherends 

was not aligned completely perpendicular to the load direction. Here, the crack could 

leave its path along the BL and propagate through the wood in the R-direction (Figure 6d). 

Another scenario was the crack deviation through an adherend adjacent to the BL. In 

these cases, the typical failure behavior for SW with unstable CP and precracks in the LW 

zones could not be observed. Apparently, the adhesive still had an effect at some 

distance from the actual BL. This zone of influence adds another region to the known BL 

composition and its extent; furthermore, its dependence on the BL properties should be 

addressed in future investigations.  

As cracks take the path of least resistance, they changed from one adherend to the other 

following the energetically favorable way. Due to differing adhesive properties, the overall 

crack path along the adhesive interphase was different for the various adhesives.  

The behavior of UF-bonded samples was similar to that of SW, as precracks mostly 

appeared in the BL next to LW zones ahead of the main crack (Figure 6a-b). Due to its 

high stiffness, the UF BL transferred stress directly between both adherends. This means 

that weak points at some distance from the BL could also form precracks, leading to a 

failure evolution through SW.  
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Figure 6: BL at 90°. a-b) IR CP through UF (box: precrack in the BL causing the crack to cross); d) 
CR propagating crack leaving PUR BL along the R-direction (box: start of deviation); e-f) IR CP 
through PVAc (box: adhesive bridging). All scales correspond to 1 mm. 

The more flexible PUR and PVAc BLs were also able to deform and dissipate energy. 

Therefore, precracks were rarely observed distant from the BL. Cracks in wood could be 

stabilized when they stayed close to the BL, resulting in stable CP even without crossing 

the BL, as was mentioned before. However, once a crack entered the zone between the 

wood-adhesive interphase and adhesive layer, the majority of cracks followed this 

interface. It was possible to allocate this failure position due to the formation of adhesive 

bridges, which seemed to consist mainly of the entire adhesive layer. For further CP, the 

growth ring borders and their alignment played an important role: (1) When they were 

alternating (LW zone of one adherend opposite an EW zone of the other), precracks 

appeared in the BL next to the EW zone because the low tensile strength of EW led to 

failure. The crack continued along the BL until it reached the next LW zone, where the 

precracking and side shifting were repeated (Figure 6e-f). (2) When the growth ring 

borders of both adherends faced each other, the adhesive was strained, as evidenced by 

stress whitening next to the LW zones. In the absence of relevant BL defects, the samples 

failed as in SW. 

Additional observations:  There are several sources for predamaging in the BL region. 

First, the BLs themselves are damaged as a result of their restrained curing (Hass et al. 

(2011)), as described for UF above. Predamage may also originate from the bonding 
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process, when rigid LW zones are pressed into soft EW zones (Figure 7a); EW 

deformations and even fractures can be observed (Figure 7c-d). It is possible that uneven 

sample surfaces prior to bonding (planing) led to pressure peaks, which forced the LW 

into the EW.  

Figure 7:  Different formations of predamage: a) Elastic deformations without visible precracks in 
adherends and no influence on CP. b-c) Predamage at LW-EW contact zones acting as precracks 
for the CP along the BL. d-f) Predamage at LW-EW contact zones leading the crack away from the 
BL. Boxes highlight corresponding fracture zones. All scales correspond to 1 mm. 

Small deformations (Figure 7a) did not change the crack path. High deformations or even 

fractures, however, functioned as precracks, which enhanced the CP (Figure 7b-c). They 

even could direct the crack deeper into the wood, causing the crack to leave the influence 

zone of the BL and cause instable crack growth through the wood of the adherend (Figure 

7d-f).  

Deformations like elastic compression could even be desirable in case of increased failure 

strain because the compression had to be reversed before the tensile stresses arose. For 

PUR and PVAc, the adhesive layer even remained straight after failure, showing the high 

amount of plastic deformation of the adhesive layer (Figure 8d-f). UF BLs, however, 

�³�I�U�R�]�H�´�� �W�K�H�� �Z�R�R�G�� �F�H�O�O�V�� �L�Q�� �W�K�H�L�U�� �F�R�P�S�U�H�V�V�H�G�� �V�W�D�W�H�� The stress was transferred directly 

across the BL and the cells were hindered from relieving the compression. The BL only 

slightly aligned perpendicular to the load direction during stress and fell back to its 

compressed position after the crack passed (Figure 8a-c).  
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Figure 8:  BL deformations in UF (a-c) and PVAc (d-f) at different loading stages. Boxes highlight 
corresponding positions. All scales correspond to 1 mm. 

As mentioned previously, the rather flexible PUR and PVAc could also peel off, forming 

adhesive bridges and fingers. With their high failure strain, they were able to stabilize and 

slow down the CP (Figure 9). These bridges consisted mainly of the adhesive layer, with 

additional thin adhesive fingers (for PUR, see Figure 9a-d; for PVAc, see Figure 9e-h), 

which connected the two adherends. For UF, the opposite was the case, as wood 

delaminated from the BL. The only possibility for the formation of stabilizing bridges was 

given by the wood itself via fiber bridging. 

Figure 9:  Development of adhesive bridges and fingers in PUR (a-f) and PVAc (g-k). All scales 
correspond to 1 mm. 
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Quantitative estimates 

For technical reasons, tensile strength and failure displacement were chosen for 

comparison. Additionally, displacement until the applied load dropped below 8N was taken 

as a criterion for complete failure. The tensile strength and failure strain depended 

primarily on the wood itself, mainly because they were reached before the crack 

interacted with the BL. Accordingly, values for the different adhesives and load angles 

were within the range of SW (Figure 10a). The displacement until complete failure 

confirmed earlier observations; namely, the higher the angle is between BL and load 

direction, the higher the influence of the adhesive (Figure 10b). For angles <60°, the 

differences between the three adhesives were not significant, but a trend was visible, with 

PVAc having the highest failure displacement, followed by PUR and UF. At angles >75°, 

the high flexibility of PVAc became more evident and the displacement order was the 

same as that for angles <60°. Although the expected order in flexibility was kept �± PVAc, 

PUR, UF, and SW �± the high differences �L�Q�� �W�K�H�� �D�G�K�H�V�L�Y�H�V�¶�� �0�2�(�� ���7�D�E�O�H�� ������ �V�X�J�J�H�V�W�H�G�� �D��

more pronounced differentiation. 

Figure 10: Failure displacement (a) and displacement until complete failure (b) for bonded spruce 
wood and SW under mode I (TR configuration) as a function of adhesive systems and angle 
between the BL and load direction, compared with SW. 
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Conclusions  

Depending on adhesive properties and BL orientation, CP through a bonded sample can 

differ considerably from that of SW. Brittle UF BLs provide new crack starters beginning 

with a curing damage. The CP can be accelerated and shows the same unstable behavior 

as through SW. BLs of PUR and PVAc can slow down and stabilize the CP compared with 

SW by forming adhesive bridges between two adherends. They can moderate property 

differences between tissue types. The adhesive layer itself is able to deform plastically, 

leading to blunting of the crack tip. Growth ring borders are always preferred positions for 

a crack to cross between adherends. With suitable adhesives, the failure path and also 

the duration of bonding until final failure can be increased by stable deflection of the crack 

along the interphase. CP is hindered most effectively when the crack is kept inside the 

zone of influence of the BL as long as possible. This is in contrast to the traditional belief 

that the failure of a bonding should occur in the wood part, away from the BL (wood 

failure). Although this type of failure ensures the integrity of the BL, the positive effects of 

stable CP along highly dissipative adhesive layers are disregarded, as brittle wood failure 

is promoted. The observations in this article are a good basis for future failure predictions. 

In future studies, the effects of precompactions on the failure process, as well as the 

extent of the zone of influence of the BL for different adhesives, should be addressed. 

Additionally, the failure mechanisms of different wood species, including hardwoods, are 

still waiting for in-depth evaluation. 
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4. Synthesis  

4.1 Main findings  

The main findings resulting from the presented investigations can be summarized as 

follows: 

�x The informative value of the European standard test method for wood-adhesive 

bonds (DIN EN 302-1 (2004)) regarding the strength of an adhesive for load 

bearing purposes in timber constructions is insufficient. A comparison between 

different adhesives is only possible for samples where the failure had occurred in 

the adhesive layer. But as the failure in the adherend part of the bonding is 

preferred, such a differentiation seems only possible for adhesives that do not 

pass the requirements of the standard anyway. A test method, which would focus 

on the strength of the connection with the respective wood species, would be more 

meaningful for the real application (Paper l).  

�x The developed method for the characterization of the vessel network in beech 

provides information both for interpreting any penetration or transportation process 

in this network and for modeling the network to simulate these processes (Paper 

II).  

�x The determination of the bondline morphology in tomographic analyses in 

combination with the introduced saturation parameter provides sufficient 

information with physical significance even about the adhesive penetration into the 

complex vessel network of beech (Paper III). 

�x The proposed method for the determination of the effective mechanical properties 

of the interphase constitutes a promising possibility for the extraction of necessary 

material parameters ���0�2�(�����*�������� (Paper IV). 

�x For the first time, the failure mechanisms in adhesive bonds have been 

characterized in-situ and allow for a better interpretation of the failure behavior in 
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other tests. The mechanism can be transferred into any modeling approaches and 

complete the already known failure mechanisms in clear wood (Paper V). 

 

4.2 Potential for future research  

The presented results constitute the first step in a more comprehensive understanding of 

the adhesive bond. Single influencing factors on the performance of adhesive bonds have 

long been identified, but mostly have been solitarily investigated. Since the factors interact 

�Z�L�W�K�� �H�D�F�K�� �R�W�K�H�U���� �L�W�� �L�V�� �U�H�O�D�W�L�Y�H�O�\�� �G�L�I�I�L�F�X�O�W���W�R�� �L�G�H�Q�W�L�I�\�� �W�K�H�L�U�� �L�Q�G�L�Y�L�G�X�D�O�� �U�H�O�H�Y�D�Q�F�H�� �I�R�U�� �W�K�H�� �E�R�Q�G�V�¶��

performance, without considering the parameters that are also affected by it. For example, 

wood anatomy has a major effect on the penetration behavior of adhesives, but it also 

affects the mechanical characteristics and the failure behavior of the wood itself. Similar 

bondline morphologies therefore can lead to different behavior of adhesive bonds under 

load. Consequently, the failure of a bond starts with the adhesive application and is 

influenced by the properties of all participating components. These properties have to be 

acknowledged until both adherends detach during failure. For prediction purposes, this 

means that a huge amount of data is necessary to include the arising combination 

possibilities and analyze their contribution to the bond strength. 

In future works therefore, the available pore space in other wood species may be 

characterized in a similar way as presented in this thesis. Especially for softwoods, a 

revision of the existing presumptions concerning the connectivity of the tracheids and the 

resulting bondline morphology has to be conducted, to allow for a better interpretation of 

results from other investigations. By doing so, it would also be possible to analyze the 

significance of single cross-section investigations representing the bondline 

characteristics. Also investigations on ring-porous hardwood species are necessary for 

any research about bonding processes using these species (i.e. oak or ash).   

As most interactions between the single bondline components arise from moisture 

changes, investigations in this field are necessary to identify their significance in bond 

performance. This already starts with the penetration and hardening process of the 

adhesive due to the developing hardening stresses in the bondline. The determination of 

these stresses and possible pre-damages in the single bondline zones is therefore 

essential for interpreting the results of all following investigations concerning the loading 

and failure behavior of the bond. This certainly is also true for every change in moisture 

content appearing after bonding and how they affect the bondline layers concerning 

moisture induced dimensional changes and the resulting stresses, and also the 
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dependence of mechanical properties to the moisture content (e.g. clear wood, PVAc, 

hydrolysis of UF). 

The proposed investigation method for determining the effective mechanical properties of 

the bondline needs to be verified and to be extended to other wood-adhesive 

combinations. Additionally other techniques have to be investigated concerning their 

eligibility to identify the desired parameters. A possibility for example could lie in special 

tension tests. The elastic mechanical properties of the two wood adherends could be 

determined by loading the samples in tension without any plastic deformations. After 

bonding the two parts together, the test is repeated, delivering the MOE of the 

composition. Then the thickness of the sample is reduced equally from both sides, which 

increases the effect of the bondline on the mechanical properties of the composition. By 

repeating the test several times with decreasing thickness, the effective mechanical 

properties of the bondline were obtained. Uncertainties included in this method would lie 

in the different mechanical behavior of the bondline from the clear wood, which could 

result in unwanted plastic deformations or even damages in the adhesive part, while the 

clear wood is kept in the elastic range. Additional possibilities for damages or falsifications 

are inherited in the sample preparation, the precision of the thickness reduction from both 

sides and possible size effects that become more pronounced with the decreasing 

thickness of the sample. 

Finally the information obtained has to be transferred in the modeling of the wood-

adhesive bond and result in the development of a prediction possibility for the failure of 

such bonds. 
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