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by 
 

Jerone M. Gagliano 
 

Materials Science Engineering 
 

ABSTRACT 
 
 

This work describes the development of an improved mode I fracture testing procedure 

for adhesively-bonded wood, and demonstrates the sensitivity of this approach.  The two 

significant improvements were: 1) the use of the flat double cantilever beam (DCB) geometry, 

which has been uncommon for wood and 2) the application of an established and powerful data 

analysis using a corrected compliance method from beam theory.  Three studies were conducted 

using various wood adhesives and DCB specimens were fabricated from yellow-poplar 

(Liriodendron tulipifera) sapwood. 

The sensitivity of this methodology showed significant differences in fracture 

performance as the degree of cure increased for a phenol formaldehyde adhesive, and yielded 

maximum strain energy release rate (SERR) values of 370 - 560 J/m2.  A second study showed 

performance differences between two polymeric diphenylmethane diisocyanate (pMDI) 

adhesives and one polyurethane adhesive.  Typical maximum SERR values were 160 and 130 

J/m2 for the pMDI adhesives and 160 J/m2 for the polyurethane adhesive.  A third study 

investigated the effect of loading rates on a cross-linked polyvinyl acetate adhesive and 

maximum SERR values of 370 - 560 J/m2 were achieved. 

Adhesive penetration and cure were determined by image analysis with fluorescence 

microscopy, and by micro-dielectric analysis, respectively.  Since the geometry of the fracture 

procedure dictates the absence of wood failure, the resulting fractured surfaces were readily 

analyzable.  The surface analysis techniques of laser ionization mass analysis, solid-state nuclear 

magnetic resonance and field emission scanning electron microscopy were used to investigate 

the locus of failure for the smooth fractured surfaces. 
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CHAPTER 1 
 

INTRODUCTION 
 

The increasing demand for wood products and the decreasing availability and quality of 

timber have magnified the importance of composite wood products in our society.  This has 

drastically increased the use of adhesives in the forest products industry, and has improved the 

utilization of timber resources (1).  Wood-based composites offer several advantages over solid-

sawn wood, including uniformity, versatility, and superior mechanical properties (2).  They have 

the additional appeal of being more environmentally friendly than other structural materials as 

they originate from a renewable resource and the production process is less harmful on the 

environment. 

When used properly, wood is comparable to other structural materials.  Its specific 

stiffness and strength along the grain are on the same order of magnitude as aluminum, steel and 

glass-fibre composites.  Failure in wood is usually associated with irregularities such as grain 

angle variation, knots and drying related checking and splitting (3).  Although there have been 

great gains in the science of wood adhesion, the intrinsic adhesive behavior is not fully 

understood.  Current wood adhesive tests contribute to this problem.  Many standard tests create 

stress states that promote wood fracture.  This means that adhesion is not adequately measured 

because wood failure dominates.  This coupled with the natural variability of wood leads to 

unpredictable behavior for bonded wood assemblies (4).  A fracture-based test can improve this 

situation. Ironically, wood’s natural tendency to fracture can be manipulated to prevent wood 

failure, promoting interlaminar crack propagation and revealing the state of adhesion.  This can 

be achieved by controlling the grain angle at the bondline.  It has been shown that the principles 

governing the fracture mechanics of metals can also be used successfully for wood (5, 6).  

However, the anatomy and morphology of wood must be understood before fracture mechanics 

is properly applied to this orthotropic material.  Additionally, the understanding of wood 

mechanical properties and their interaction with adhesives are essential to effectively apply 

fracture mechanics to bonded wood. 
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CHAPTER 2 
 

LITERATURE REVIEW 
 

2.1 WOOD  
 
2.1.1 Wood and Wood Anatomy 

There are two botanical classifications of trees, hardwoods and softwoods.  Hardwoods 

are angiosperms; the seeds are enclosed in the ovary of the flower.  Oak, maple and poplar are 

some common hardwoods in North America.  Softwoods are gymnosperms; the seeds lack a 

covering layer.  Some common softwoods are pine, spruce, and cedar.  These classifications do 

not imply strength or hardness.  Balsa wood, usually used in crafts and models, is a good 

example of a “soft” hardwood.  When discussing wood, it is necessary to understand and indicate 

the three principal axes of a sample with respect to the tree stem.  These are: the longitudinal 

direction, which is parallel to the stem of the tree, the radial direction, which is normal to the 

longitudinal axis, and the tangential direction, which is tangent to the circumference of the tree. 

Upon viewing the cross-section of a fallen tree, the two dominant features are the 

heartwood-sapwood distinction, and the growth rings.  The lighter colored outer area of the 

cross-section is the sapwood, which transports water (sap) and stores food.  The center section is 

the heartwood and it is often darker colored than the sapwood.  As the tree grows in diameter, 

new sapwood layers form on the perimeter, while the inner sapwood transforms into heartwood 

which is accompanied by the deposition of organic metabolites.  Trees grown in temperate 

regions have seasonal growth patterns which give rise to growth rings.  Normally a single growth 

ring will have low and high density regions which correspond to fast and slow growth rates 

respectively.  Earlywood is that portion of the growth ring that is lighter in color, has large wood 

cell lumens and thin cell walls (7, 1).  In contrast, latewood grows slower and appears as the 

darker portion of the ring with smaller lumens and thicker cell walls.  In addition to the annual 

growth rates, there are also fluctuations in growth rates over the lifespan of a tree.  These give 

rise to overall variations in wood density. 

Each wood cell has an open cavity called the lumen.  The diameters of wood cell lumens 

vary widely from 4-25 µm for softwoods and from 50-300 µm for hardwoods (4).  This gives 

rise to the wide variations in wood density and porosity, with density variations for dry wood 
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ranging from 0.2 to 1.2 g/cm3.  Another macroscopic feature is that the wood cells are generally 

oriented parallel to the stem of the tree, which gives wood a directional texture called grain. 

The structural elements in both hardwoods and softwoods are similar in that most wood 

cells resemble straws with closed ends, although their anatomies, structure, and dimensions are 

different.  However, for present purposes, this discussion will refer to a generic “wood cell” for 

the following description of wood.  These cells are about 0.75 - 1.5 mm in length for hardwoods 

and 3 - 8 mm in length for softwoods, with diameters of 10 - 30 µm and 25 - 45 µm, respectively 

(1,7).  Aligned parallel to the longitudinal axis of the tree, the wood cells are bonded together by 

a tissue called the middle lamella.  Wood cell walls are comprised of four layers of oriented 

microfibrils, an outer primary wall and three secondary inner walls.  The microfibrils are 

composed of bundles of aligned cellulose chains that are surrounded by hemicellose.  In Figure 

2.1, the microfibril orientations are shown as being: parallel to each other as in the two inner 

layers of the secondary wall (S2, S3), criss-crossed to each other as in the first layer of the 

secondary wall (S1), or random as in the primary wall.  The hemi-cellulose outer coating of the 

microfibrils is thought to be a compatibilizing agent between cellulose and lignin (1).  Lignin 

binds the microfibrils together within the cell walls, provides cell strength, and is the main 

constituent of the middle lamella.  All three of the polymeric constituents of wood, cellulose, 

hemicellulose, and lignin, are hygroscopic.  Cellulose is a linear, semi-crystalline polymer.  

Lignin is a networked, amorphous polymer.  Hemi-cellulose is a branched, amorphous, 

heteropolysaccaride.  The mass percentage of each polymer in dry wood is about 50% cellulose, 

25% lignin, and 25% hemi-cellulose, which can vary widely depending upon the species.  One 

can see that wood is a complex composite material consisting of oriented wood cells, which in 

turn are oriented fiber reinforced materials. 
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Figure 2.1: The structure of the cell wall is that of layers of oriented microfibrils (3). 

 

In addition to the three constituents above, there may be 3% - 30% of non-structural 

organic materials in wood (7).  These materials, called extractives, include a diverse collection of 

compounds such as tannins, terpenoids, waxes, and gum starch.  The extractives are deposited 

within the cell wall during heartwood formation, causing the density of heartwood to be slightly 

higher than sapwood (7).  Extractives can affect the moisture content (MC), the diffusion of 

water through wood, and the surface properties of wood.  There are also inorganic materials such 

as minerals and ash, but these constitute less than 1% of the wood mass (1). 

 

2.1.2 Physical & Mechanical Properties of Wood 

Because wood is polymeric, it is a viscoelastic material.  Therefore, its response to 

stresses will depend upon the rate of application, and the temperature of the environment.  

Additionally, because wood is orthotropic, its physical and mechanical properties also depend on 

its orientation.  A useful analogy for understanding the mechanical response of wood is that of a 

bundle of drinking straws “glued” together in a parallel fashion.  The structure will be able to 
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resist large loads in tension or compression along the longitudinal axis, or in bending.  However, 

the straw bundle is much weaker under shearing forces parallel to the grain or by a tensile load 

perpendicular to the grain. 

Solid wood can fracture in six different orientations with respect to the grain [Figure 2.2].  

The two-letter abbreviation corresponds to the direction normal to the crack plane followed by 

the direction of crack propagation. 

 
Figure 2.2: The six directions of crack propagation of solid wood.  Principal axes abbreviations are: R = 

Radial, L = Longitudinal, T = Tangential. The first letter indicates the direction normal to the 
crack plane, and the second letter indicates the direction of crack propagation (8). 

 

Due to wood’s high affinity for water, the MC of the wood is an important variable that 

significantly affects all of its physical and mechanical properties (9).  Typically, the mechanical 

properties tend to increase as MC decreases (9).  An example of this dependency is shown in 

Figure 2.3a.  Green refers to the MC of the wood freshly cut from the tree, while 12% MC is 

considered “dry”.  It shows that both the bending strength and compression strength parallel to 

grain are lower when the wood is tested at a higher MC.  Wood properties are also a function of 

specific gravity, as shown in Figure 2.3a.  Of particular importance to adhesion tests is how grain 

orientation affects wood properties.  Note the relative weakness of wood in both shear parallel to 

the grain and tension perpendicular to the grain [Figure 2.3b].  Most wood adhesion tests are 

conducted in shear parallel to the grain.  Furthermore, shear mode tests are known to induce 
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some degree of peel stress, which would create a tensile stress perpendicular to the grain.  The 

balance between shear and peel stresses will often depend upon wood variables such as density 

variation, grain variation, and overall grain orientation.  So, shear mode tests will promote or 

prevent wood failure depending upon the prevailing mixture of circumstances.  These points 

emphasize the value of the fracture approach to wood adhesion testing – proper sample 

preparation prevents wood failure so that fracture tests reveal more about adhesion. 

 
Figure 2.3: a) The dependence of strength properties on MC and SG for hardwoods; green ranges from 50% 

- 140% MC   b) The dependence of  strength properties on SG  at 12% MC for hardwoods (1) 

 

2.1.3 Wood Adhesion 

There are five fundamental theories of adhesion (10).  These are the mechanical 

interlocking theory, the diffusion theory, the electrostatic theory, the adsorption/specific 

adhesion theory, and the theory of covalent bonding. 

The mechanical interlocking theory proposes that adhesion results from the physical 

interlocking of solidified adhesive into the irregularities of the adherend surface.  For many years 

it has been known that the best wood adhesion occurs when the adhesive penetrates into the cells 

below the surface.  Because of this, it has been assumed that mechanical interlocking was the 

primary and most important mechanism for wood adhesion. However, an alternative perspective 

is that good bonding is the result of adhesive reinforcement of a weak boundary layer that is 

caused by the machining process.  Adhesive penetration is necessary for optimal wood adhesion, 

whether it is due to mechanical interlocking or a boundary layer effect is not known; it is likely 
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to be both.  Although this theory is not credited as the dominant mechanism for adhesion, good 

wood bonding is impossible without it (10, 11). 

The diffusion theory states that adhesion is due to the mutual diffusion of polymer chains 

across the interface (12).  For this to occur, both materials must be mutually soluble and mobile.  

This is uncommon for two different polymers, and in the case of wood, this is even more 

unlikely because the three wood polymers are chemically dissimilar.  Therefore, interdiffusion is 

not a likely mechanism for wood adhesion. 

The electrostatic theory states that if two materials with dissimilar electronic band 

structures come into contact, a double-layer of electrostatic charges will form at the interface 

providing adhesion (12).  This theory is thought to have little or no contribution to the adhesion 

of wood (10, 11).  

The adsorption theory, also referred to as specific adhesion, states that intermolecular 

forces exist between two surfaces when they come into angstrom level contact, sometimes 

referred to as intimate contact (1, 11).  Adhesion results from the intermolecular interactions 

know as Van der Waal’s forces (dipole-dipole interaction, London dispersion forces and 

hydrogen bonding).  These attractions form during both the adhesive wetting process and the 

solidification process, and yield very strong bonds.  Specific adhesion is accepted as the 

dominant mechanism for wood adhesion and most other materials for that matter (1, 10, 13). 

The theory of covalent bonding states that adhesion is the result of covalent bonding 

between wood and the adhesive.  It is believed that if covalent bonds are formed, very strong and 

durable joints will result.  Because the wood surface has many functional groups, covalent 

bonding is more likely for wood than for other materials (10).  The strongest case for covalent 

bonding in wood is the reaction between the isocyanate containing adhesives and the hydroxyl 

groups in lignin (10).  While it is possible to form covalent bonds between wood and adhesives, 

it has not been proven if such bonds can form during industrial manufacturing conditions (10, 

14).  In summary, it is generally accepted that the mechanisms of adsorption and mechanical 

interlock are most important for the adhesive bonding of wood.  However, covalent bonding may 

be important for certain systems. 

Because surface attachment is necessary for adhesion, the physical and chemical 

conditions of the wood surface are extremely important for satisfactory joint performance (1).  

Two concepts that define an adhesive bond are: 1) the intrinsic adhesion, and 2) the ability of the 
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bond to resist/dissipate bond stresses.  Because real surfaces are not clean or atomically smooth, 

the adhesive has to conform to both substrates and provide a mechanical continuum from one 

surface to the other (12).  Further, Schonhorn (12) states that the criteria for a strong adhesive 

joint are: 1) the absence of weak boundary layers, 2) the ability of the adhesive to wet the 

surface, and 3) the solidification of the adhesive.  Weak boundary layers can result from the 

physical and chemical conditions of the surface.  For example, poor machining can produce 

irregularities and loose fibers on the surface, introducing stress concentrations upon curing (1).  

When the wood surface has sufficient surface energy, the adhesive will spread and make intimate 

contact.  Overdrying and overheating can force extractives to diffuse to the surface, which can 

physically block adhesive contact, repel water-borne adhesives, and alter the cure kinetics of 

certain adhesives (1).  Oxidation and UV degradation are other examples of chemical 

deactivation of the wood surface.  Once the adhesive wets the surface, solidifies and is able to 

resist stresses, the surfaces are considered bonded. 

 

2.1.4 Common Adhesion Test Methods  

In order to design adhesively-bonded structures that are safe and efficient, the mechanical 

performance of the adhesive must be known.  While typical material tests give information about 

the bulk properties of an adhesive (yield strength, modulus of elasticity, etc.), they do not 

provide information about adhesive joint performance.  Therefore, numerous tests have been 

developed for adhesively-bonded joints.  The common tests used for wood adhesion are: 

compression shear block (ASTM D 905), tensile shear for laminates (ASTM D 906), cross-lap 

tension (ASTM D 1344), internal bond test for flake/fiber composites (ASTM D 1037), and lap-

shear.  While many of these tests have been used for decades to evaluate wood-adhesive 

performance, the results are often misleading as well as inconsistent.  All of these methods apply 

shear loads parallel to the grain, or tensile loads perpendicular to the grain, wood’s two weakest 

orientations.  Since the adhesive is tougher than the wood in these orientations, most of the 

bondline failure is that of the bulk wood.  A qualitative assessment of the percentage of wood 

failure is part of the procedure for these tests.  The presence of wood failure coupled with typical 

wood variables (i.e. minor grain deviations or growth related density variation) creates 
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significant scatter in the test results, making the test more dependent on the wood than the 

adhesive. 

Complex stress states are present in many common adhesion tests.  As mentioned, shear 

tests induce some degree of peel stress, meaning that wood is loaded in its two weakest modes.  

Additionally, all of these strength-based tests load the specimens to catastrophic failure, which 

only provides an average stress for the bonded area.  No information is extracted about the 

critical (minimum) amount of stress necessary to initiate failure (15).  This is crucial, as it has 

been reported that the most common mode of failure for laminated composites is by the 

propagation of an interlaminar crack (16). 

 
2.2 FRACTURE MECHANICS 
 
 
2.2.1 Fracture Theory 

The aforementioned arguments justify the use of fracture mechanics to answer the 

question, "What does it take for this bonded joint to fall apart?"  This is not a simple question.  

To answer this, a failure criterion must be established for any material.  In the early 20th century 

it was discovered that metal structures were failing at loads that were lower than their yield 

strengths (17).  The reason was that structures were designed based on the material strength 

without consideration for pre-existing flaws.  These imperfections in the materials would grow 

over time as the material is cycled through stresses.  Eventually, the flaws grow to a critical size 

in which the design stresses are sufficient to cause catastrophic failure.  An alternative is to 

assess the minimum energy necessary for crack propagation and fracture failure.  This fracture 

approach was developed by Griffith in 1920 (18).  He established two principles under this 

theory.  The first states that all materials have natural flaws which become stress concentrations 

upon loading.  The second states that as a crack extends due to an applied stress, there exists a 

balance between the resulting elastic strain energy (Ue) and the surface energy (γ) of the newly 

formed surfaces.  The Griffith criterion declares that failure occurs when the rate of release of Ue 

exceeds the rate of increase of γ over a given area. 

Unfortunately, Griffith’s work cannot be extended to all materials since it was developed 

for brittle materials.  Later in 1948, Orowan and Irwin expanded this theory to make it applicable 
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to ductile materials by including the plastic work of fracture in the energy balance (5, 19).  By 

assuming that the stressed system will attempt to achieve a state of minimum free energy, a 

generalized criterion for determining crack growth in a material is as follows (5): 

A
W

AA
U e

∆
∆

+
∆
∆

≥
∆

∆ γ
            (1) 

where ∆Ue is the elastic strain energy released, ∆γ is the increase in surface energy, ∆A is the 

change in area, and ∆W is the plastic work contribution.  This plastic work is a measure of the 

energy that is absorbed irreversibly in the material.  Changing Eqn. 1 to the derivative forms, the 

component dUe/dA is defined as the strain energy release rate (SERR) and denoted by G.  

Furthermore, the critical level of energy required to create two new surfaces through fracture is 

denoted Gc, and is considered to be a material property of the system (20). 

There are four phases of crack growth: nucleation, initiation, propagation, and 

catastrophic failure (rapid growth) or arrest (stopping of crack extension) (9).  Crack nucleation 

takes place on the molecular level as wood polymer segments deform, translate or even rupture 

from the applied stress.  At the lower stress levels, small cracks form but they are in a state of 

“reversible equilibrium” (9).  Most materials, and especially bonded joints, have inherent flaws 

and discontinuities that become stress concentrations upon loading (4).  Once the stress level 

increases sufficiently for cracks to achieve “critical length”, the process becomes irreversible (G 

= Gc), and crack initiation occurs.  New surfaces are formed during this “slow” crack growth 

while the material concentrates internal forces around the crack tip to resist propagation.  The 

amount of crack propagation depends on the material characteristic known as the fracture 

toughness, or resistance to fracture (9).  This property determines if the material will behave in a 

brittle fashion in which the crack propagation becomes unstable and leads to catastrophic failure, 

or if the material will “blunt” the crack tip to a state of arrest.  It should be noted that the arrest 

phase is not a simple region to detect.  The crack may appear to have stopped on a macroscopic 

level, but it may actually continue to extend and blunt as the remaining stresses in the 

surrounding material are dissipated until equilibrium is achieved (21).  

Determining when a crack will propagate depends on how the external stresses are 

applied to the material.  There are three fracture modes of a material as well as combinations of 

these modes.  The fracture energies are defined as cleavage/opening mode (GI), forward shear 

mode (GII), and transverse shear mode (GIII), as shown in Figure 2.4. Typically, GIc < GIic < GIIIc 
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(17).  Fracture by modes I and II are the most common for solid wood (8, 9).  For wood 

composites, the combination of modes I and II is common although mode I is considered to be of 

primary importance (4, 8). 

 

Figure 2.4: The three modes of fracture for any material are that of: I) cleavge/opening mode, II) forward 
shear, and III) transverse shear (6). 

 

An alternative way to analyze the fracture of a material is by the critical stress intensity 

factor, Kc.  This measures the level of stress decay in the material surrounding the crack tip for a 

given stress (8), and it has been found useful for describing the fracture behavior of many 

materials (4).  A crack will initiate when the stress intensity factor (K) meets the fracture 

criterion, that is, when K equals Kc.  If not, the stresses near the crack tip redistribute and the 

crack arrests. K and G are related through the elastic properties of the material, and for the mode 

I plane strain case this is (4, 20, 22, 23) : 

( )2
2

1 ν−=
E
K

G             (2) 

where ν is Poisson’s ratio, and E is Young’s modulus.  

Although both K and G are measures of fracture toughness, each has their advantage and 

disadvantage.  SERR values are relatively easy to compute directly from load-displacement data.  

However, if the system is loaded in a mixed mode fashion, the energy contributions from each 

mode cannot be separated by this method.  The mode mix can be determined by computing the 

stress intensity factors.  Although, this computation is laborious for orthotropic materials as K 

has to be determined by finite element analysis.  It is even more difficult when computing Kc 
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around a discontinuity in an adhesive joint because of the dissimilar materials (4).  The 

continuation of this review will be of the SERR approach applied to cleavage mode testing of 

adhesively-bonded wood. 

 
2.2.2 Fracture of Adhesives 

In addition to solid materials, there has been a great amount of research for the 

application of fracture mechanics to adhesively-bonded laminates.  While there are a number of 

adhesively-bonded systems that have been analyzed (20), this review will focus on the double 

cantilever beam (DCB).  Furthermore, the analysis will focus only on linear elastic fracture 

mechanics (LEFM).  This assumes that the total energy of the system does not change.  

Continuing from the contributions of Griffith, Orowan and Irwin in Eqn. 1, the condition 

for instability is: 

dA
dW

dA
d

dA
dU e +≥

γ
            (3) 

where dUe is the elastic strain energy released, dγ is the increase of surface energy, dW is the 

plastic work contribution, and dUe/dA is defined as G.  Eqn. 3 is a failure criterion within the 

cracking system being stressed.  When designing an adhesive joint, it is simpler to use a global 

energy balance between the energy in and the energy out (17): 

GdAdUPdy +=             (4) 

where Pdy is the change of input work (load * change in displacement), dU is the change in 

stored strain energy, and GdA is the change in the work to create new surfaces.  Rearranging 

Eqn. 4 yields the following: 
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and making the substitutions of C (the compliance) for y/P, and  U = Py/2 = P2C/2 (from the 

linear elastic assumption) yields: 
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and taking the partial derivatives gives: 
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then rearranging the terms and making the substitution of B*a for A gives the “compliance 

method” form of the SERR equation (17, 22, 24, 25):  

a
C

B
P

G
∂
∂

=
2

2

            (8) 

where P is the load, and ∂C/∂a is the partial derivative of the compliance with respect to crack 

length, and B is the specimen width.  For further manipulations of Eqn. 4 into methods for 

calculating G refer to references 20, 24, 26, 27. 

G describes the SERR of the material at any point in time, whereas Gc is the material 

property of the adhesive-adherend system.  Therefore, the “Griffith failure criteria” (17) or the 

point at which a crack initiates is when G = Gc.  This is a useful design tool to predict the 

minimum stress capable of extending a pre-existing flaw (air bubble, stress cracks from curing, 

etc.).  Numerous citations exist for metal-adhesive and glass-fiber composite-adhesive systems 

that have utilized the LEFM assumption. 

 

2.2.3 Fracture of Wood Adhesive Bonds 

The toughness of solid wood depends upon the direction of crack propagation.  This 

dependence also affects bonded wood joints, making it necessary to control the grain angle of the 

adherends.  Most fracture tests for solid wood are applied in two ways, across the grain and 

parallel to the grain.  In Figure 2.5, both the “RL” and “TL” directions are examples of fracture 

along the grain, and “LT” is an example of fracture across the grain. 

 
Figure 2.5: An example of the fracture directionality that can occur within the tree (3) 
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It was found that wood fractured along the grain yields toughness values that are two orders of 

magnitude less than wood fractured across the grain, 0.1 KJ/m2 vs. 10 KJ/m2 (3, 19).  To explain 

this difference it should be recognized which wood components are fracturing.  There are three 

types of microscopic wood fracture (4): transwall, intrawall, and intercellular.  Transwall fracture 

refers to failure that exposes the lumen.  It can occur parallel to the longitudinal axis [Figure 

2.6a] or in the transverse direction [Figure 2.6b].  Intrawall fracture occurs between the layers of 

the secondary wall [Figure 2.6c].  Intercellular fracture is crack propagation between wood cells 

in the middle lamella [Figure 2.6d].  Intercellular is by far the weakest mode of fracture, and it 

often occurs in the common wood adhesive tests mentioned previously. 

  

Figure 2.6: The four mechanisms by which cellular fracture can occur (4) 

 

Since the adhesive is often tougher than wood fractured intercellularly, it is necessary to 

control the grain angle.  Previous researchers have found that a grain orientation similar to that 

shown in Figure 2.7 is effective for preventing bulk wood failure (15, 28, 29, 30).  Notice that 

the grain converges on the bondline in the direction of crack propagation from the load end to the 

right.  Of course, the added benefit is that this controlled fracture enables one to learn about the 

properties of the adhesive layer and interphase material. 
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Figure 2.7: Grain angle control of a DCB specimen 

 

The application of fracture mechanics to the evaluation of wood adhesion is by no means 

novel.  In fact, Ebewele, Koutsky, River and colleagues are credited for an impressive collection 

of works that demonstrate the great utility of mode I fracture testing for bonded wood.  They 

applied the recognized contoured DCB (CDCB) test method (ASTM D 3433) for evaluating the 

mode I fracture toughness of adhesively-bonded metal joints (23).  For example, the solid wood 

CDCB [Figure 2.8] was used from 1979 through 1986 by Ebewele, River, Koutsky, and Mijovic 

to evaluate several effects in wood bonding such as: wood grain angle (29, 30), resin cure time 

(30), wood surface roughness, surface aging (31), resin constitution (32, 33), and wood 

processing (34).  These works confirm that fracture testing is sensitive to intrinsic adhesive and 

adhesive bondline properties.  Additionally, careful specimen preparation prevents wood failure.  

Therefore, only the bondline and associated interphase is being assessed, meaning that the bulk 

wood properties and variability are factored out of the analysis.  However, these early methods 

suffered from labor-intensive sample preparation. Solid wood contoured beams require special 

efforts for machining and bondline consolidation.   

 
Figure 2.8: Solid wood CDCB (29) 
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This difficulty was alleviated with the development of composite specimens made from 

contoured aluminum beams and a flat adhesively-laminated wood DCB in 1989 by River et al. 

(35) and in 1992 by Scott et al. (36).  The flat wood DCB is consolidated in a standard press and 

later bonded to the contoured aluminum beams for analysis, but there were still several 

drawbacks.  The aluminum had to be chemically etched before bonding and the removal of 

fractured wood from the beams was time consuming.  Further improvements resulted in 1993 

when River and Okkonen replaced the aluminum with a constant tapered beam made from 

oriented strandboard, OSB (15) [Figure 2.9]. 

 
Figure 2.9: Composite CDCB (15) 

 
Davalos et al. subsequently validated the constant taper in 1997 which is conveniently used for 

the composite CDCB; instead of OSB, laminated strand lumber was used (37). Use of the 

composite CDCB is still laborious and demanding with respect to calibration, wood selection and 

sample preparation. For example, each reusable set of contoured beams may have a unique 

dC/da that must be determined through calibration of a composite specimen. Subsequent tests 

require careful density screening of wood adherends to maintain the validity of the original 

calibration. As mentioned, this method is quite powerful. Nevertheless, it is probable that the 

associated rigors have prevented the widespread adoption of fracture testing for bonded wood.  

Few researchers have employed the flat DCB geometry in the fracture testing of wood adhesives 

(28, 38). 

The following studies in this thesis will be of the application of fracture mechanics to 

wood adhesion.  The first study establishes the test procedure and compares different methods of 

linear elastic analyses by using the flat-DCB geometry.  The next study employs the procedure to 

compare three thermosetting adhesives used in industry.  The third study explores the effect of 

loading rate on fracture energies of a cross-linking latex adhesive.  The final study demonstrates 

the great utility of smooth failure surfaces that allow for post-failure analysis. 
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CHAPTER 3 
 

THE SIMPLIFICATION OF MODE I FRACTURE MECHANICS 
TESTING PROCEDURE FOR WOOD 

 
 
3.1 INTRODUCTION 
 

The history of fracture tests for bonded wood was outlined in the previous chapter.  These 

methods were very effective, however they were never widely adopted in wood adhesion 

research.  This is probably the result of the time-consuming specimen preparation.  This research 

reintroduces the fracture approach as a useful alternative to wood adhesive testing, but with some 

desirable changes.  

A tremendous simplification is realized if the cleavage test is conducted on the simple flat 

DCB geometry [Figure 3.1] instead of the CDCB.  Realize however that dC/da is not linear for 

the flat DCB.  Consequently, crack length measurements are required during testing. This has 

often been perceived as a disadvantage for the flat specimen. The crack length measurements are 

unnecessary for CDCB specimens, which have a linear dC/da (this has to be determined with 

prior calibration).  However, the turning point in favor of the flat DCB test has been realized 

with the development of computer automation and related digital hardware.  This work 

demonstrates the benefits of the flat DCB geometry along with an established method of data 

analysis based upon beam theory.  

 
Figure 3.1: Geometry and dimensions (in mm) of the flat DCB specimen used in this study 
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3.2 SAMPLE PREPARATION 
 
3.2.1 Materials 

The lumber used was 51 mm thick flat sawn, knot free, yellow-poplar (Liriodendron 

tulipifera) sapwood.  The adhesive was a phenol-formaldehyde (PF) impregnated paper film 

from Dyno Overlays, Inc., with a 0.1 mm thickness. 

 

3.2.2 Wood Machining

Lumber was initially rough-cut to rectangular shapes having a width (tangential face) of 

200 - 250 mm and a length (longitudinal axis) of 240 - 250 mm.  The 51 mm wide radial faces 

were edged on a jointer to reveal the radial grain pattern.  A three-degree grain angle was desired 

between the radial grain pattern and the longitudinal axis of the lumber.  Lengthwise parallel 

lines were marked on the radial face to assist with bandsaw slicing [Figure 3.2].  These lines 

were adjusted to compensate for any pre-existing slope of grain.  The lumber was sliced on a 

band saw through the radial face into 15 - 17 mm thick laminae.  A large powerful bandsaw with 

a 25 mm blade was required to maintain a straight slice. The laminae were then planed to a 

thickness of 11 mm, and placed into an environmental chamber.  The samples in this study were 

conditioned at 20°C (± 1°C) and 65 % (± 1 %) relative humidity until they attained a 10% 

equilibrium moisture content (EMC), requiring approximately two weeks. 

 

Figure 3.2: Schematic of slicing the wood lamina 
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3.2.3 Laminate Preparation 

Immediately prior to adhesive application, bonding surfaces were planed to provide a 

final 10 mm thickness.  Two laminae were paired so that the radial grain converged to a "V" 

shape at the bondline.  The laminate assemblies, adhesive film sandwiched between two laminae, 

were placed between steel caul plates and hot-pressed.  With the press temperature set to 175°C 

(±5°C) and pressure fixed at 965 kPa, five laminate assemblies were pressed at times of 8, 12, 

16, 20 or 24 minutes.  A Micromet IDEX sensor and type K thermocouple were placed side-by-

side in the bondline of each assembly to enable microdielectric analysis of cure.  A Micromet 

Eumetrics III dielectric analyzer, controlled by MMSoft software, was used to perform the 

measurements at the frequencies: 1, 10, 100, 1k, 100K Hz.  After pressing and cooling, 10 mm 

wide strips were removed from the laminate edges and discarded; specimens were ripped to final 

dimensions, Figure 3.1.  Each bonded laminate produced 3 - 4 fracture specimens.  All 

specimens were then re-equilibrated in the environmental chamber, as above, to constant mass 

(±0.1g).  A precrack of 30 - 40 mm was initiated in the "open V" end of the specimens with a 

small bandsaw equipped with a fine blade.  Holes (4.4 mm dia.) were drilled into specimens for 

attachment to the test grips. 

 

3.2.4 Analysis of Adhesive Penetration  

After the final machining of the fracture specimens, the remaining end-section of the 

bonded laminate, typically 30 - 40 mm in width and 200 mm in length, was stored in the 

environmental chamber for each laminate.  Two cubes of approximate dimensions 20 mm x 20 

mm x 10 mm were cut from each end-section.  These cubes were then labeled and soaked in de-

ionized water under a vacuum to completely saturate all wood cells.  Using a Microtome, two 60 

µm thick sections were cut across the transverse face for each cube.  Next, each section was 

submerged for 45 sec in a 0.5% toluene blue solution and then rinsed with de-ionized water.  In 

order to get the free water and stain out of the cell lumens, each section was soaked in 70% 

ethanol for 2 minutes, and then in 100% ethanol for 2 minutes.  Finally, the sections were 

mounted on glass slides using glycerin.  Therefore, two sets of two replicate slides were made for 

each laminate.  This procedure follows that from Johnson and Kamke, 1992 (39). 
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A Zeiss Axioskop microscope was used with a fluorescence light source projected 

through the objective lens.  A black and white CCD camera gave real time imaging through the 

objective lens onto the monitor.  This enabled the user to capture multiple images along the 

bondline in an efficient manner.  The image analysis software used was Image Pro PlusTM. 

The method for analyzing the adhesive penetration in this study was by maximum depth 

of penetration into the adherend.  For each slide, three to four images were taken for the entire 

width of the slide.  Five measurements, in µm, were drawn perpendicular to the bondline to the 

point of maximum penetration for each image [Figure 3.3].  Three images from each slide 

yielded 30 depth measurements per laminate that were used in for the analysis of variation 

(ANOVA) calculations.  Additionally, 10 thickness measurements for each laminate were taken 

of the bondline. 

 
Figure 3.3: This bondline image demonstrates maximum depth of penetration measurements.  Note: this 

image is of a liqid pMDI adhesive, not of the PF film adhesive. 

 
 
3.3 TESTING PROCEDURE 

The procedure was adapted from the fracture testing standard for bonded metal joints, 

ASTM D3433-93 (23).  Mode I cleavage testing was performed on a screw-driven MTS 

Systems, Syntech 10/GL in displacement control mode.  Data acquisition and system control 

were performed with TestWorksTM software.  Crack lengths were monitored during testing using 

a CCD camera with 10x magnification; a connected video monitor provided real time crack 

measurements.  The camera was mounted on a movable track, which allowed one to center the 
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moving crack tip in the field of view.  White typographic correction fluid was painted onto the 

bondline providing a brittle high contrast coating which simplified crack visualization.  A paper 

ruler with millimeter divisions was attached below the bond-line and crack measurements were 

referenced from the point of loading.  Prior to loading, the free end of the fracture specimen was 

supported to maintain horizontal placement.  Prior to data acquisition, a 5-10 Newton load was 

applied to the sample and the crosshead position was zeroed.  Loading was initiated at 1 mm/min 

displacement.  When the computer detected a 3% drop in the load, the crosshead was 

automatically held fixed for 45 seconds. This allowed the crack to extend and for the load to 

become quasi-stable, where the change in load was less than 1 Newton. After the 45 second hold 

time, the crosshead was returned to zero displacement. This process was cycled until the sample 

failed catastrophically. The ASTM standard requires incremental increases in the displacement 

rate for each subsequent loading cycle so that fracture initiates on the order of one minute from 

the beginning of each loading cycle.  This ensures that the crack tip strain rate remains constant 

as the DCB lever arms extend with crack growth.  The discrete displacement rates used for each 

subsequent cycle were calculated by dividing the opening displacement (in mm), from the arrest 

portion of the previous cycle, by one minute.  The data acquisition system recorded the 

maximum load, which typically occurred at crack initiation or briefly after initiation, and the 

load at crack arrest (the so called quasi-stable load mentioned above).  The opening displacement 

was measured using the MTS optical encoder that is mounted directly to the crosshead ballscrew.  

The operator manually recorded the crack lengths at the points of crack initiation and arrest 

within the range from 50 mm to 150 mm.  The reason for this crack length selection is because 

the stress state is not purely mode I outside of this range.  At very short distances, relative to the 

specimen thickness, shear forces are present.  At the end of the specimen, past 150 mm, the 

assumption of beam on an elastic foundation breaks down. 

 

3.4 DATA ANALYSIS 
 

Data analysis was conducted by two methods that are based on linear elastic fracture 

mechanics: 1) the direct compliance method, and 2) the corrected compliance method (24).  
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3.4.1 Direct Compliance Method 

For each fracture specimen, the compliance was plotted against the corresponding crack 

length.  Compliance is the reciprocal slope of each loading curve.  A curve was fitted to the 

compliance versus crack length plot, Figure 3.4.  The equation of the best-fit curve was then 

differentiated with respect to a, dC/da.  Recall that GI is simply calculated by: 
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         (3.1) 

for each initiation and arrest load with the corresponding dC/da. GI refers to G in mode I loading.  

The curve fit was based upon the cubic relationship between compliance and crack length, as 

derived from beam theory (24): 
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where δ is the displacement resulting from load P, E is the flexural modulus of the DCB arms, I 

is the second moment of area of one arm, and k is a fitted constant.  In this analysis, the final 

form of the equation, C = ka3, was used.  As a comparison to the cubic relationship, a simple 

best-fit power law was also applied. 

 

Figure 3.4: A typical compliance versus crack length plot which is used for the direct compliance method of 
fracture energy calculation. Two fitted curves are shown, one for the cubic relationship and one 
for a simple power law as indicated. 
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3.4.2 Corrected Compliance Method 

Hashemi et al. (16) have developed a modification of Equation 2.8 that corrects for the 

crack length offset for fiber reinforced polymeric composites that have a low shear modulus, as 

follows from Blackman et al. (24): 
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where (EI)eff is the effective flexural rigidity of the DCB specimen, and x is the correction factor, 

or the crack length offset.  These two parameters are determined from the experimental data by 

the following relationships: 
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where m and b are the slope and the y-intercept, respectively, from the linear trendline of the plot 

of the cube root of compliance versus crack length [Figure 3.5].  An example of this method of 

data analysis for epoxy/steel bonded systems can be found in the literature, Rakestraw et al. (21). 

 
Figure 3.5: A typical plot of the cube root of compliance versus crack length, using the same data as in Figure 

3.4. 
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3.5 RESULTS AND DISCUSSION 
 

A typical load/displacement plot is shown in Figure 3.6.  Minor hysteresis is evident in 

the noncoincidence of the loading and unloading curves.  Furthermore, a slight displacement 

offset occurs on each loading cycle, totaling to about 0.5 mm of permanent set.  The nature of 

this set was not noticeable to the eye; shapes of the fractured specimens were unchanged, and 

there was no apparent compression in the pinholes where loading occurred.  These deviations 

from perfect elasticity appeared to be minor.  An inelastic analysis could be applied (26, 39), but 

the improved accuracy may not outweigh the simplicity and convenience of the linear elastic 

treatment. 

 
Figure 3.6: A typical load-displacement curve obtained from a yellow-poplar DCB bonded with phenol-

formaldehyde film adhesive  

 

3.4.1 Determination of Optimal Data Analysis Method

Two methods of data analysis were investigated, a direct compliance method and a 

corrected compliance method, as described above.  A typical compliance versus crack length plot 

with fitted curves is shown in Figure 3.4.  It is apparent that the fit of the simple power law 

equation is superior to that for the cubic relationship.  The cubic relationship (C = ka3) comes 

from beam theory, while the power law relationship was used simply for its improved fit.  

Fracture energies resulting from the compliance curves are shown in Figure 3.7 (for clarity’s 
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sake, only initiation/maximum energies are shown).  Results from the power law fit were roughly 

independent of crack length, while results from the cubic relationship were not.  One would 

expect GI versus a to be flat (linear with slope = 0).  In other words, GI should be a material 

property of the system, allowing of course for wood surface variations along the bondline.  

 

Figure 3.7: A typical fracture energy versus crack length plot for a single fracture specimen. Results were 
calculated with the data of Figure 3.4 using the direct compliance method based upon the cubic 
and simple power law curve fits as indicated. 

 

The corrected compliance method computes a crack length offset, which is obtained from 

the plot of the cube root of compliance versus crack length, as shown in Figure 3.5.  The 

excellent linearity shown in Figure 3.5 is typical.  The resulting fracture energies are in good 

agreement with those from the direct compliance method using the power law curve fit, Figure 

3.8. 

The correction factor accounts for several problems that tend to shorten the crack length.  

Upon loading the DCB, the applied moment about the crack tip has two effects: 1) some energy 

is dissipated through the shearing of the bondline for adherends of low shear modulus, in this 

case wood, and 2) crack tip rotation.  This correction factor also has the advantage of 

compensating for crack length measurements.  The true crack front may extend farther than one 

can measure, but as long as the operator is consistent, the data analysis will produce the same 

SERR values [Equation 3.4b]. 
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Figure 3.8: Comparison of fracture energies calculated with the corrected compliance method and with the 
direct compliance method (using the simple power law fit) as indicated 

 

The preceding data analyses were conducted with a single data set from one 

representative fracture specimen.  A better comparison is found by evaluating the variability of 

the GI versus crack length relationship within laminates (within cure time groupings). A single 

fracture specimen will produce about 10 GI measurements, which means that a coefficient of 

variation, COV, of GI could be calculated for each fracture specimen.  The COV is defined as 

standard deviation divided by the mean.  Since 3 - 4 specimens were derived from one laminate, 

the average COV could be calculated for each laminate.  Figure 3.9 shows the average COV (%) 

for two separate laminates.  Each demonstrates that the variation in GI is lowest when using the 

corrected compliance method.  Again, a lower COV is expected because GI should be 

independent of crack length.  Therefore, Figure 3.9 indicates that the corrected compliance 

method provides the most reliable calculation of fracture energy. This method was used to 

investigate the effects of cure time of yellow-poplar bonded with a phenol-formaldehyde film 

adhesive. 
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Figure 3.9: Comparison of the average coefficient of variation in fracture energy as calculated with three 
different data analysis methods, for laminates cured for 12 and 16 minutes. The average COV’s 
are derived from 4 fracture specimens for each cure time. Error bars indicate, plus or minus, one 
standard deviation. 

 

3.4.2  The Effect of Cure Time on Fracture Performance 

To prove that this fracture energy method was sensitive to different degrees of adhesive 

cure, micro dielectric analysis was used to monitor the cure of the yellow-poplar laminates.  A 

typical conductivity plot is shown in Figure 3.10.  The onset of adhesive flow occurred at about 2 

minutes as seen by the increase in conductivity; rapid crosslinking began at about 7 minutes and 

full cure appears to have occurred at 16 - 18 minutes. However, fracture tests indicate that 

significant changes in cure state occurred between 16 and 24 minutes, as shown in Figure 3.11.  

The resistance to fracture is highest around 20 minutes, and it declines afterwards because of 

embrittlement from excessive crosslinking.  
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Figure 3.10: Typical conductivity and bondline temperature data obtained from the micro dielectric analysis 
of phenol-formaldehyde film adhesive curing in a yellow-poplar laminate. 

 
Figure 3.11: Initiation/maximum and arrest fracture energies measured as a function of hotpress time as 

indicated. These are simple averages calculated from 33 - 41 data points collected from 3 - 4 
fracture specimens for each cure time. Letters indicate groupings of statistical significance. 
Error bars indicate, plus or minus, one standard deviation. 
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The calculation of the laminate means for GI was taken as the average of all data points 

from the specimens within a hot-press time grouping.  The standard deviations used in Figure 

3.11 were calculated by pooling the estimate of the variance: 
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where S2 is the variance, n is the number of data points in specimen k.  This was necessary as not 

all specimens yielded the same number of data points. 

Figure 3.11 demonstrates that fracture testing was sensitive to intrinsic adhesive 

parameters.  As mentioned, careful grain angle control prevented wood failure in any of the 

specimens.  Consequently, post-fracture analysis is simplified because of the resulting smooth 

failure surfaces.  Furthermore, this method provides a desirable level of statistical power. For 

example, a single laminate supplies 3 - 4 fracture specimens, and each specimen produces 8 - 12 

fracture energy measurements.  This totals 24 - 48 data points which sample roughly 6000 - 8000 

mm2 of bondline, a relatively small area which provides an impressive amount of data.   

Interestingly, wood properties may vary considerably over this area, which is 

conveniently monitored from the raw data.  Recall that the flexural modulus can be obtained 

from the slope of the C1/3 versus crack length plot by using Equation 3.4a.  Figure 3.12 shows the 

moduli obtained for the specimens tested here.  The average modulus was 12.11 Gpa, which is in 

reasonable agreement with published values for yellow-poplar (1).  The COV (%) of moduli 

within bonded laminates ranges from 4.5% (hotpress time = 16 min) to 13.8% (hotpress time = 

20 min).  The modulus variation shown here is equal to or significantly greater than the 

corresponding variation in fracture energies.  This is a very attractive and expected benefit of the 

data analysis method.  The energy balance performed for each fracture specimen is based upon 

the unique material properties of individual specimens; recall that the term (EI)eff came from the 

plot of C1/3vs a.  Consequently, the variation in wood mechanical properties was factored out of 

this analysis.  The resulting fracture energies arose from intrinsic adhesive and wood surface 

properties, where the latter exhibits the normal variability of course.  An additional source of 

data variability may arise from the fact that individual fracture specimens cannot be perfectly 

symmetric about the adhesive layer.  This asymmetry must produce some mixture of mode I and 
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mode II effects.  Numerical analysis is required to determine the degree of mode mixture, but 

again, the improved accuracy may not outweigh the simplicity of a purely mode I treatment. 

 

Figure 3.12: Flexural modulus of all fracture specimens as obtained from the raw data via the corrected 
compliance method.  The dashed line represents the average over all specimens. 

 
This work affirms the great utility of fracture testing for adhesively-bonded wood, but 

this is nothing new. The value of fracture testing for bonded wood was clearly demonstrated over 

20 years ago.  However, the method has not been widely adopted because of the laborious 

sample preparation associated with the CDCB.  The flat DCB eliminates much of this labor. 

Granted, machining for grain angle control is a relative complication.  However, proficiency and 

productivity follow quickly after the technique is established (unfortunately, the grain angle 

requirements create a significant wood waste).  Likewise, a dedicated video system, and 

computer automation simplifies crack length measurements and renders the flat DCB as an easier 

and more accessible method.  Compliance methods, with and without the correction factor, are 

powerful because of their ability to eliminate errors created by modulus variation.  As 

mentioned, such modulus variation greatly confounds traditional shear mode tests. 

Finally, it should be recognized that the assumption of linear elasticity should be applied 

cautiously.  Plastic losses observed in this work were deemed minor.  However, this assumption 

must be evaluated for each system.  For example, inelastic behavior may be significant for 
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thinner DCB specimens, for woods of very low specific gravity, or for adhesives with 

exceptional toughness.  In such cases, an inelastic analysis may be warranted. 

 

3.5.3 Adhesive Penetration Study 

Figure 3.13 shows a typical bondline for the film adhesive used in this study.  There is 

little penetration, but the bondline is relatively thick because of the paper carrier.  Notice that 

within this cross-sectional view, the growth rings and a ray element are shown.  These should not 

be confused with the 3° grain angle on the radial face. 

 

 
Figure 3.13: Adhesive penetration shown in the end section of a fracture specimen for PF film adhesive.  

Refer to Appendix A for additional bondline images. 

 

The penetration and bondline thickness means are shown in Table 3.1 along with the significant 

difference indicators.  The penetration means do not show a trend of increasing penetration for 

increasing pressing time.  The conductivity curve [Figure 3.10] shows that crosslinking began at 

about 8 minutes and the onset of vitrification occurred at about 13 minutes.  Consequently, 

adhesive flow would be expected to stop once vitrification begins.  Therefore, it is not a great 

surprise that the time intervals chosen did not show an increasing amount of penetration after 12 

minutes.  The penetration measurement for the 12-minute press time appears to be an outlier 

while the others are more typical of this system.  As expected, the bondline thickness 

measurements seem to plateau at longer presstimes.  In comparing the trends of these data to that 

Ray 
Element 

Growth 
Ring 
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of the SERR values in Figure 3.11, no correlation is present.  Therefore, it was concluded that 

adhesive penetration was sufficient for all press times.  The variation in the penetration and 

bondline thickness means could be due to the variation in the wood surface.  It should be 

understood that depth of penetration depends on the grain angle; a steeper grain angle results in 

deeper penetration.  While a 3° grain angle is the goal during the fracture specimen machining 

process, this may vary.  What is more, there is natural variation of the grain along the length of 

the specimens. 

 

Pressing 
Time 
(min) 

Maximum 
Penetration  

(µm) 
(Std. Dev.) 

Significant 
Differences 

in 
Penetration 

Bondline 
Thickness 

(µm) 
(Std. Dev.) 

Significant 
Differences 

in 
Thickness 

8 81.6 (28.3) AB 153 (26.7) A 
12 129 (29.5) A 162 (18.8) A 
16 75.7 (17.1) B 89.1 (16.9) B 
20 72.3 (21.5) B 70.6 (7.76) B 
24 56.0 (17.4) B 91.2 (15.7) B 

Table 3.1: Penetration study for PF impregnated film adhesive.  Means with the same letter are not 
significantly different, at the 95% confidence level.  AB designates that it is not distinguishable. 

 
3.5 CONCLUSIONS 
 

Previous researchers have proven the outstanding value of the fracture approach for 

testing wood adhesion.  These works employed the CDCB, a geometry that demands rigorous 

sample preparation, calibration and wood selection. A tremendous simplification is realized with 

the flat double cantilever beam geometry.  The flat geometry requires real time crack length 

measurements, but current digital hardware reduces this to a routine task.  An established data 

analysis method not previously applied to bonded wood proves to be simple, effective and 

powerful.  The improvements outlined above should enable more R&D personnel to adopt 

fracture methods for wood adhesive evaluation. This fracture method is still more demanding 

than traditional shear mode tests. Nevertheless, the simplifications shown here may provide 

sufficient incentive for others to benefit from the superior sensitivity of the fracture approach. 

Using the methodology illustrated above, significant differences in SERR values were 

found between different hot-pressing times of a PF film adhesive.  The trend for the SERR 

values was verified by monitoring the conductivity of the bondline during pressing.  Therefore, 



 33 
 

fracture energy was shown to be sensitive to the degree of adhesive cure.  A study of bondline 

thickness and adhesive penetration did not show a direct correlation to the fracture energy 

values, and it was concluded that there was sufficient penetration for all pressing times. 
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CHAPTER 4 
 

COMPARISON OF THREE INDUSTRIAL ADHESIVES 
 
4.1 INTRODUCTION  
 

To further demonstrate the utility of applying fracture mechanics to wood adhesives, 

three industrial adhesives were evaluated using mode I fracture mechanics.   

 

4.2 SAMPLE PREPARATION 
 
4.2.1 Materials 

In this study three thermosetting adhesives from Huntsman Polyurethanes® were 

investigated:  polymeric diphenylmethane diisocyanate (pMDI) #1, pMDI #2, and Polyurethane 

Adhesive #1.  The viscosity for each of the three resins is 194, 714, 4352 cps, respectively.  The 

NCO content in each resin was 31.5, 30.5, 19 %, respectively.  Upon receipt, each adhesive was 

poured into 250 mL sample bottles and dated.  Once a bottle was opened and used, it was dated 

and discarded.  The Polyurethane Adhesive #1 bottles were stored under N2; the pMDI adhesives 

were not.  51mm flat sawn yellow-poplar (Liriodendron tulipifera) was used in this study.   

 

4.2.2 Wood Machining 

See Section 3.2.2 

 

4.2.3 Laminate Preparation 

Polymeric MDI #1 & #2 

Immediately prior to adhesive application, bonding surfaces were planed to provide a 

final 10 mm thickness. Two laminae were paired so that the radial grain converged to a "V" 

shape at the bondline. To produce a natural pre-crack, an area extending 40 mm in length, 

measured from the open side of the “V”, was covered with Crayon® paraffin wax.  An excess 

amount of adhesive was poured just in front of the pre-crack debond area on one lamina face.  

The resin was pulled down the length of the lamina with a wire-wound metering bar.  Sometimes 

the laminae were cupped which required several “swipes” with the bar in various directions to 
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achieve a uniform coverage.  The resin coverages are reported in Table 1 of the Results and 

Discussion section.  The two laminae were coated sequentially.  A Micromet IDEX sensor and a 

type K thermocouple were inserted into the bondline along one side of the laminate 3 cm from 

the edge; the whole assembly was then consolidated and wrapped in one layer of aluminum foil.  

The assembly was then placed between steel caul plates and hot-pressed for 20 minutes at 175°C 

(± 5°C) and 965 kPa.  During pressing, micro-dielectric data was recorded every 5 seconds over 

the course of the 20 minute pressing time using a Micromet Eumetrics III dielectric analyzer at 

frequencies:  1, 10, 100, 1k, 100k Hz.  At the same time intervals, temperature readings were 

taken.  After pressing and cooling, 10 mm wide strips were removed from all laminates, making 

the precrack length 30 mm; specimens were ripped to final dimensions, Figure 3.1.  Holes (4.4 

mm dia.) were drilled into specimens for attachment to the test grips.  Five laminates were made 

with pMDI #1and six for pMDI #2.  Each bonded laminate produced 4-5 fracture specimens.  All 

specimens were then re-equilibrated in the environmental chamber to a 10% MC prior to testing. 

 

Polyurethane Adhesive #1 

The polyurethane #1 specimens were prepared in the same fashion as described above 

with the following differences.  An exact weight of adhesive was poured onto one lamina face 

and a 4-inch wide hard rubber SpeedRoller® was used to evenly distribute the resin and achieve a 

coverage of 96.9 g/m2.  The roller was cleaned before making the next laminate.  The other 

lamina face was sprayed with a 24.2 g/m2 coverage of de-ionized water.  The assembly was 

immediately consolidated and pressed for 24 hours at room temperature and 550 kPa.  Four 

laminates were bonded, cut into specimens and re-equilibrated to a 10% MC prior to testing. 

 

4.3 TESTING PROCEDURE 
 
4.3.1 Fracture 

Refer to Section 3.3 

 
4.3.2 Adhesive Penetration 

Adhesive penetration sections were prepared and images were acquired following the 

procedure of Section 3.2.4.  In addition to the method of maximum depth of penetration, another 
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method was used which determined the percentage of adhesive area.  For each image, the 

analysis software detected the illuminated adhesive area based upon a threshold set by the user.  

One extreme would select the entire area of the image; the other extreme would select none of 

the area.  The threshold was set for each individual image as the value that would illuminate the 

majority of the adhesive without illuminating much of the wood background.  The software then 

calculated a percentage of the highlighted areas (µm2) to the total area (2 mm2) of the image.  

The statistical analysis for this method was based on 6 area measurements (3 from each section). 

 
4.4 RESULTS AND DISCUSSION 
 
4.4.1 Fracture 

Polymeric MDI #1 & #2 

A representative load versus displacement plot for both adhesives is shown in Figures 

4.1a & 4.1b.  Both curves are characteristic of those for the PF film adhesive.  However, notice 

the slight discontinuity in the beginning of each loading cycle.  This is probably due to 

misalignment of the grips. 

 
Figure 4.1 A typical load-displacement curve obtained from a yellow-poplar DCB bonded with a) pMDI #1 

adhesive and b) pMDI #2 adhesive  
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Using the procedure outlined in Section 3.4.2, plots of the cube root of compliance versus 

crack length were produced.  Figure 4.2 shows a typical plot; a high linear correlation, R2 ≥ 

0.995, for both resins was typical. 

 
Figure 4.2: Typical cube root of compliance versus crack length plot for all three adhesives tested 

 
The maximum and arrest GI values from one representative specimen for each adhesive 

are shown in Figures 4.3a & b.  GI should be independent of crack length, as shown for both 

resins.  Additionally, the resulting GI values should be independent of the bulk wood modulus, as 

this information comes directly from the cube root of the compliance data (refer to Equation 

3.4a).  The spread in the moduli for each laminate is shown in Figures 4.4a & b.  Comparing 

each of these two figures to those in Figure 4.5, it is evident that the variation in SERR values 

does not correspond to the variation in the moduli.  Again, as shown in Chapter 3, this verifies 

the power of this method to factor out the bulk wood properties.  Therefore, the only parameters 

affecting the GI values are the adhesive application and wood surface properties. 
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Figure 4.3: Maximum (diamonds) and arrest (squares) SERR values for one representative specimen of a) 

pMDI #1 and b) pMDI #2. 

 

 

Figure 4.4: Flexural modulus of all specimens grouped by laminate for a) pMDI #1 and b) pMDI #2.  The 
COV’s in the moduli for each laminate is indicated at the top.  The dashed line indicates the wood 
modulus average.  
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Figure 4.5: Maximum SERR values for each laminate.  The arrest values showed the same trend.  Error bars 

indicate, plus or minus, one standard deviation.  The number of data points indicated is the total 
from all specimens within a laminate. 

 
Each GI max value in Figure 4.5 represents the mean across all data points within each 

laminate.  The reported standard deviations came from the pooled estimate of the variance as 

described in Equation 3.3 of Section 3.4.2.  A one-way ANOVA was performed using SAS® at 

the 95% confidence level on all GI max and GI arrest values from both adhesives in Figure 4.5.  

There was a significant difference between pMDI #1 and pMDI #2 (P-valueGmax < 0.001, P-

valueGarrest < 0.001).  Figure 4.6 shows the grand GI max and GI arrest averages of the laminate 

averages for both adhesives.  Each standard deviation in this figure was calculated from the four 

laminate means for each adhesive.  To further emphasize the sensitivity of this fracture approach, 

it should be noted that the manufacturer of pMDI #1 and pMDI #2 was not able to find a 

significant difference in performance between the two adhesives using three common industrial 

tests. 



 40 
 

 
Figure 4.6: Overall maximum and arrest SERR values.  The error bars indicate, plus or minus, one standard 

deviation.  The means were calculated as the average of laminate averages. 

 
 
Polyurethane Adhesive #1 

A representative load versus displacement plot is shown in Figure 4.7.  Again, slight 

discontinuity is present in the beginning of each cycle.  The polyurethane samples produced 

fewer crack extensions than was typical from the pMDI samples. The crack extensions were 

generally longer, especially near or past 110; compare Figure 4.8 to Figures 4.3a and 4.3b.  As 

with the pMDI, the cube root of compliance versus crack length plots for the polyurethane 

system exhibited a high linear correlation, R2 ≥ 0.995. 
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Figure 4.7: Typical load-displacement curve obtained from one Polyurethane specimen. 

 
Figure 4.8: Maximum (diamonds) and arrest (squares) SERR values for one representative Polyurethane #1 

specimen.  

 
The variation in sample modulus is shown in Figure 4.9.  As with pMDI #1 and #2, the 

SERR values from Polyurethane #1 did not show a dependence on modulus.  Figure 4.6 shows 

the grand GI max and GI arrest averages.  Using a one-way ANOVA in SAS® at the 95% confidence 

level, no significant difference was found between the GI values of Polyurethane #1 and pMDI 

#1  (P-valueGmax = 0.5040, P-valueGarrest = 0.2452).  However, there was a significant difference 
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between the GI values of Polyurethane #1 and pMDI #2 (P-valueGmax = 0.0007, P-valueGarrest = 

0.0011). 

 
Figure 4.9: Flexural modulus of all Polyurethane #1 specimens grouped by laminate.  The COV in the moduli 

for each laminate is indicated at the top.  Dashed line indicates the adhesive modulus average. 

 
4.4.2 Micro-Dielectric Analysis 

Conductivity was plotted against pressing time for all laminates [Figures 4.10a & b].  

Conductivity was chosen from the other dielectric properties because it is a direct measure of the 

degree of adhesive cure.  It was expected that there would be a difference in the characteristic 

conductivity curves between the two adhesives, as there was a significant difference in fracture 

performance. The shape of the curves for pMDI #1 are symmetric about the peak, while those for 

pMDI #2 are slightly skewed to the left.  It appears that pMDI #1 cures slightly faster than pMDI 

#2.  From this study, it is difficult to draw any conclusions about differences in the curing 

process for the two adhesives.  It is only clear that full cure of the adhesives was achieved for all 

laminates. 
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Figure 4.10:Conductivity (100 Hz sampling) and bondline temperature obtained from the micro-dielectric 

analysis of a)pMDI #1 and b)pMDI #2 curing in yellow-poplar laminates.  Five laminates are 
shown here 

 

4.4.3 Adhesive Penetration 

Many factors affect the fracture performance of a wood-adhesive joint.  Two of these are 

the bondline thickness and the degree to which the adhesive penetrates into the wood.  Some of 

the specimen parameters that affect the penetration, thereby affecting the bondline thickness, are:  

wood porosity, the pressure and temperature of pressing, the surface energy of the adhesive and 

wood, the viscosity of the adhesive, and the rate of adhesive cure. 

 

Polymeric MDI #1 & #2 

Figures 4.11a & b show a representative image of the bondline for pMDI #1 and #2, 

respectively.  These adhesives are composed of MDI monomers and polyisocyanate oligomers.  

They are low molecular weight, low viscosity adhesives [Table 4.1].   For both pMDI adhesives, 

the bondline thickness was approximately 1 µm.  There was a tremendous amount of penetration 

into the wood adherends.  The penetration for both adhesives was asymmetric for all laminates.  

This may be due to the sequential adhesive applications causing the adhesive to penetrate deeper 

into the adherend that was coated first.  Table 1 shows the penetration results by both methods, 
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as well as the adhesive coverage of each laminate.  The variation in the adhesive coverages may 

be due to multiple swipes of the metering bar arising from wood cupping, variable resin 

absorption, and/or human error.  Even though the penetrations of some laminates from pMDI #1 

were significantly different according to the area method, they were not according to the 

maximum depth method.  pMDI #2 also showed significant penetration differences among some 

of the laminates by the area method and among all laminates by the maximum depth method.  No 

direct correlation exists between penetration, adhesive coverage and fracture energies [Figure 

4.5] for either adhesive.  Lastly, both methods determined that there was no significant 

penetration difference between pMDI #1 and pMDI #2.  Since SERR values for these two 

adhesives were different and the penetrations were not, it is surmised that both adhesives had 

adequate penetration for good adhesion.  The differences in SERR values are then due to other 

bondline properties, and are not a function of penetration. 

      
Figure 4.11:Adhesive penetration shown in the end section of a fracture specimen for pMDI #1 (left) and  

pMDI #2 (right)  See Appendix A for additional bondline images.  
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Adhesive / 
Viscosity (cps) Laminate # 

Adhesive 
Coverage 

(g/m2) 

Penetration 
Depth (µm) 
(Std. Dev.) 

 Penetration 
Area (%) 

(Std. Dev.) 

 

PMDI #1 1 171.8 168 (37.4) A 27 (4.1) A 
194 2 158.4 146 (94.8) A 16 (2.1) B 

 3 128.8 155 (203) A 24 (5.7) AB 
 5 130.6 ***  ***  

PMDI #2 1 139.6 216 (144) A 22 (3.8) A 
714 3 155.7 798 (115) B 12 (2.1) B 

 4 126.2 170 (204) C 25 (7.5) A 
 6 130.6 124 (243) D 21 (3.0) A 

Polyurethane #1 1 129.2 396 (18.2) A 7.0 (0.50) A 
4352 2 129.2 465 (57.8) A 10 (1.7) B 

 3 129.2 441 (61.4) A 5.8 (1.2) A 
 4 129.2 ***  ***  

Table 4.1:  The results of adhesive penetration for all laminates within an adhesives grouping we re calculated 
by two different methods.  Laminates with the same letter (indicated to the right of the mean) are 
not significant different.  AB designates that it is not distinguishable.  *** Two laminates were not 
included in this study. 

 
Polyurethane Adhesive #1 

In contrast to the low viscosity pMDI adhesives, Polyurethane #1 had a much higher 

viscosity but only produced a marginally thicker bondline between 4 - 6 µm [Figure 4.12].  

Polyurethane #1 is MDI polymerized with a short chain diol to make it a longer chain than the 

pMDI #1 and #2 adhesives.  The adhesive coverages shown in Table 1 do not vary, as the pMDI 

adhesives do, but there is variation in the adhesive layer over the laminate face.  There was 

variability in achieving a consistent coverage using the hand roller, as well as variability in 

spraying the water on a lamina face.  At the 95% confidence level, it was determined that there 

was a significant difference in penetration, as measured by both methods, between Polyurethane 

#1 and the two pMDI adhesives.  No correlation can be established between penetration, 

adhesive coverage and SERR values [Figure 4.5] among the Polyurethane laminates.  

Interestingly, recall that adhesive was spread on one lamina and water was sprayed on the other, 

which contributes to the asymmetry, and yet there is reasonable penetration on both sides. 
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Figure 4.12: Adhesive penetration shown in the end section of a fracture specimen for Polyurethane #1.   

Refer to Appendix A for additional bondline images.  

 

4.5 CONCLUSIONS 
 

This project demonstrated that the mode I fracture energy method could be used to 

evaluate the performance differences between similar wood adhesives.  Significant performance 

differences measured by GI were found between pMDI #1and pMDI #2, between Polyurethane 

#1 and pMDI #2, but not between Polyurethane #1 and pMDI #1.  The analysis of cure by 

conductivity measurements showed that all laminates for both pMDI resins achieved full cure.  

There was no correlation between the adhesive penetration and fracture energies for all three 

adhesives.  However, it was concluded that there was sufficient penetration for good adhesion for 

the two pMDI adhesives.  The significance of this study is that fracture energies with low COV 

were attained for several industrial adhesives without the uniformity of a paper carrier as in the 

PF study in Chapter 3.  This further demonstrates that this fracture method is applicable to many 

industrial adhesives. 
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CHAPTER 5 
 

EFFECT OF LOADING RATE ON FRACTURE ENERGY 
 
5.1 INTRODUCTION 
 

Both wood and adhesives are viscoelastic materials.  Therefore, their mechanical 

response will be dependent upon the loading rate, and the temperature.  A study was conducted 

to demonstrate the viscoelastic effect that rate of applied load has on SERR values. 

 

5.2 SAMPLE PREPARATION 
 

The procedure follows that of Sections 3.2.2 and 4.2.3 with the following exceptions.  

The adhesive used was Titebond II®, crosslinking polyvinyl acetate (PVAc) latex, from Franklin 

Int.  Five grams of adhesive were poured onto one lamina face and then spread with a wire-

wound metering bar.  The second lamina was coated immediately after the first.  The two 

laminae were then consolidated and kept under a constant pressure of 690 kPa at room 

temperature for 24 hours.  Six laminates were pressed and each produced five fracture 

specimens.  All specimens were equilibrated in the environmental chamber to 10% EMC. 

 

5.3 TESTING PROCEDURE 
 

The testing procedure followed that of Section 3.3 with the exception of the displacement 

rate.  Three crosshead rates used in this study were: 1, 10, 100 mm/min.  Instead of incrementing 

the displacement rate, as required by ASTM D3433-93, it remained constant throughout the 

duration of each specimen test.  The specimens were labeled with both a laminate number (1 - 6) 

and a specimen number (1 - 5).  The 30 specimens were randomly assigned one of the three 

loading rates so that there were three groups of 10 specimens.  The fracture testing was done 

systematically over the course of 3 days.  Specimen #1 was tested from each of the six laminates, 

before #2 and so on, regardless of the specimen displacement rate. 

 

5.4 RESULTS AND DISCUSSION 
 

This rate effect study was two-fold.  Since the effective length of the DCB arms increases 

as the crack extends, the specimen becomes more compliant.  Therefore, the loading rate at the 
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crack tip depends on the length of the DCB arms and the crosshead displacement.  For this study, 

“global” loading rate will refer to the displacement rate of the cross-head, and “local” loading 

rate will refer to the effective rate at the crack tip. 

Figures 5.1a & b show two representative loading curves for PVAc specimens tested at 

the 1 mm/min displacement rate.  The inconsistencies seen in Figure 5.1b were typical for some 

of the other specimens in this grouping.  Notice the large amount of hysteresis between the last 

few cycles in Figure 5.1a & b as well as the displacement offset of approximately 1.5 mm.  This 

large offset is attributed to permanent set in the adherends and the difference between the 

diameters of pinholes in the grips and of the pins.  The slight permanent set observed in the wood 

adherends of most specimens is attributed to the long loading times of the last few cycles. 

 
Figure 5.1: Typical load-displacement data obtained from a yellow-poplar DCB bonded with PVAc adhesive 

and tested at 1 mm/min.  

 
Figures 5.2a & b show representative loading curves for specimens tested at the 10 mm/min 

displacement rate.  Again, large displacement offsets of 1.5 mm are present, but the hysteresis 

appears to be slight and comparable to that found for the PF and pMDI adhesives.  Only a few 

specimens exhibited a slight permanent set of the wood adherends.  Qualitatively, the amount of 

adherend deformation was less than that found in the specimens loaded at the 1 mm/min rate.  

While some specimens did have erratic loading curves like that in Figure 5.2b, more specimens 

tended to have the smoother pattern shown in Figure 5.2a. 
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Figure 5.2: Typical load-displacement data obtained from a yellow-poplar DCB bonded with PVAc adhesive 

and tested at 10 mm/min.  

 

Figures 5.3a & b show representative loading curves for specimens tested at the 100 mm/min 

displacement rate.  The amount of displacement offset was about 1 mm and the hysteresis 

appears to be typical, as mentioned for Figures 5.2a & b.  The large displacement of the final 

loading cycle in Figure 5.3a is not expected for this loading rate.  The loading pattern shown in 

Figure 5.3b was observed for some specimens at all three displacement rates. 
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Figure 5.3: Typical load-displacement data obtained from a yellow-poplar DCB bonded with PVAc adhesive 

and tested at 100 mm/min. 

 
 
5.4.1 Local Loading Rate 

It was expected within each specimen that the decreasing local loading rate would cause 

an increase in the fracture energy values.  While this could be seen to some degree in many of 

the specimens, there were too many deviations from the ideal viscoelastic response to make this 

claim for any of the three global loading rates.  The following series of SERR plots demonstrates 

the great variability observed in this testing. 

Figures 5.4a & b demonstrate the wide range of SERR values and the varying 

dependencies on crack length for the 1 mm/min global rate.  Figure 5.4a shows an unexpected 

trend in the first three crack lengths, followed by an upturn in GI. 
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Figure 5.4: Maximum (diamonds) and arrest (squares) SERR values for the 1 mm/min loading rate. 

 

Figures 5.5a & b are examples of the SERR values observed at the 10 mm/min global rate. 

 

Figure 5.5: Maximum (diamonds) and arrest (squares) SERR values for the 10 mm/min loading rate. 

 
 
Figures 5.6a & b show the varying dependencies of SERR on crack length for the 100 mm/min 

global rate.  The values are much higher than expected when compared to the lower global 

testing rates.  There were also specimens that had much lower SERR values and exhibited little 
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dependence on crack length.  The discontinuity shown in Figure 5.6a was a typical occurrence 

for three loading rates. 

 

Figure 5.6: Maximum (diamonds) and arrest (squares) SERR values for the 100 mm/min loading rate. 

 

5.4.2 Global Loading Rate 

It was anticipated that this study would show three distinct ranges of SERR values of 

increasing magnitude for the three global loading rates.  Some overlap of the regions would be 

expected due to the local loading rate effect within each specimen.  Unfortunately, there was far 

too much variation in the data to make this distinction in a plot of all SERR values.  

Additionally, it was expected that the arrest values would not be as dependent on loading rate as 

the initiation values.  This difference in rate dependency between the initiation and arrest values 

can be seen in Figures 5.4b, 5.5b, and 5.6b, as well as in the global means that are shown in 

Table 5.1.  Means were calculated from all SERR values within a global rate group and an 

ANOVA was used to determine significant differences among the means.  The results show that 

not all rate treatments produced SERR values that were significantly different.  Additionally, the 

fracture energy means do not decrease with increasing loading rate.  One reason for this may be 

that the tests were not conducted at the necessary temperature to show the viscoelastic effect.  

The Tg of this PVAc is about 34°C, as measured by dynamic mechanical thermal analysis, which 
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is about 14°C above the room temperature of testing.  The Tg is likely to be even higher than 

34°C for a thin film bonded to wood. 

Global  
Rate (mm/min) 

GI max 
(J/m2) 

COV 
(%) 

 GI arrest 
(J/m2) 

COV 
(%) 

 

1 400 34 A 240 26 A 
10 328 24 B 221 24 B 
100 382 32 A 225 33 AB 

Table 5.1:  Comparison of the SERR means by global rates.  Means with the same letter are not significantly 
different at the 95% confidence level.  AB designates that it is not distinguishable.  Means were 
calculated from all SERR data points within each rate treatment. 

 

The global rate effect was better demonstrated by observing the time to failure, tf.  The tf 

was determined for each crack length as the time from crosshead displacement initiation to crack 

extension.  Figure 5.7 shows that tf is a function of crosshead displacement rate and crack length.  

The three regions of times are separated by one order of magnitude, as expected since the global 

rates were one order of magnitude apart.  The 10 mm/min global rate had the least variation, 

shown by the higher R2 value.  This is consistent with the observations from the SERR versus 

crack length plots and the lower COV shown in Table 1. 

 

Figure 5.7: A plot of the time to failure for the three global displacement rates 
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5.5 CONCLUSIONS 
 

This study was conducted to evaluate the effect of loading rate on SERR values.  There 

was evidence of a local viscoelastic effect within each specimen, but there were too many 

inconsistencies between specimens to substantiate the expected effect.  An ANOVA between 

global loading rates failed to show increasing fracture energy values for decreasing crosshead 

displacement rate.  The most probable cause for this was that the Tg for PVAc was at least 14°C 

above room temperature.  Nevertheless, the time to failure plot exhibited a rate effect, whereas 

the SERR values did not. 
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CHAPTER 6 
 

POST-FAILURE ANALYSIS  
 
6.1 INTRODUCTION 
 

Taking advantage of the smooth fractured surfaces, analysis techniques can be employed 

to draw out more information from the specimens.  Specifically, studies were conducted to 

demonstrate the possible post-failure surface analysis techniques that may be employed on wood 

fracture specimens.  It is crucial to know the locus of failure of the bondline for fracture energy 

measurements.  The adhesive bondline can fail cohesively or adhesively.  Cohesive failure is the 

result of crack propagation in the bulk adhesive.  Adhesive failure results from crack propagation 

between the adhesive and adherend interface.  This determination is greatly confounded for 

wood adhesion.  The bondline thickness for some industrial wood adhesives is extremely thin, on 

the order of a few microns.  Additionally, the wood adherend interface is usually deformed from 

the high pressures used for bonding.  Both of these make the interphase of wood and resin quite 

variable.  It is typically desired to have cohesive failure for bonded joints.  The significance of 

this is that the adhesion to the adherend is good enough to transfer the stresses to the bulk 

adhesive.  Failure in the interface limits the strength of the joint, as the bulk properties of the 

adhesive are not utilized to the full capacity. 

Three studies were conducted on the fracture surfaces of wood DCB specimens.  The first 

study was conducted to determine if solid state nuclear magnetic resonance (NMR) could detect 

differences in the isotopically labeled phenol-formaldehyde (PF) resin with and without 

weathering the fracture specimen.  The second study employed laser ionization mass analysis 

(LIMA) on the surfaces of a failed DCB specimen bonded with Polyurethane adhesive #1 [refer 

to Chapter 4].  The third study demonstrated the use of FE-SEM. The purpose of these last two 

studies was to explore the locus of failure for several adhesives. 

 

6.2 13C LABELED PF RESIN 
 
6.2.1 Introduction 

In this study, mode I fracture analysis was conducted on DCB specimen bonded with 13C 

labeled PF resin.  One half of the samples were weathered and the others were not.  The purposes 
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of this study were to: 1) demonstrate if the fracture energies were sensitive to weathering effects 

2) demonstrate the use of solid state nuclear magnetic resonance (NMR) on failed wood-

adhesive surfaces and if the effects of weathering were detectible in the NMR spectra. 

 

6.2.2 Experimental 

Fracture 

The procedure follows that of Sections 3.2.2 and 4.2.3 with the following exceptions.     

A common carbon-13 labeled PF resin was prepared in a typical fashion using 10% 13C labeled 

formaldehyde.  The resin solids content was 50%.  Five grams of adhesive were poured onto one 

lamina face and then spread with a hand roller to achieve an even coverage.  The two laminae 

were coated sequentially before being consolidated and pressed at 175°C and 965 kPa for 20 

minutes.  It should be noted that the resin was stored in a freezer until it was used for making the 

laminates.  Two laminates were prepared and after cure, five specimens were cut from each 

laminate.  The specimens from the first laminate were weathered in the following fashion.  The 

five specimens were submerged in boiling distilled water for two hours.  Afterwards, they were 

placed in an oven (104°C) for approximately 24 hours, achieving oven-dry conditions.  This 

process was repeated for a total of two cycles. The non-weathered and weathered specimens 

were placed in the environmental chamber until they achieved 10% EMC. 

 
NMR 

Failed fracture specimens were secured in a vise, and a 1 mm thick shaving was cut from 

the failure surface with a hand plane.  Shavings were cut from both treatment groups.  Care was 

taken not to touch the adhesive surface.  Samples for the solid state NMR analysis were cut out 

from the shavings with a paper hole puncher.  NMR measurements were performed on a Bruker 

MSL-300 MHz spectrometer using a 7 mm Probenkopf MAS.07.D8 probe.  The spectrometer 

operated at a frequency of 75.47 MHz for 13C nuclei.  Proton relaxation times (HT1ρ) and cross-

polarization times (TCH) were obtained using a variable contact time pulse.  
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6.2.3 Results and Discussion 

Fracture 

During the testing of the specimens it was noticed that crack propagations were audible.  

Not including those before 50 mm, 2 - 4 cracks per specimen were typical for the weathered 

specimens, and 2 - 6 for the un-weathered.  Table 6.2.1 shows the fracture results.  At the 95% 

confidence level, there was no significant difference in GI values between the weathered and un-

weathered specimens as determined by a one-sided student t-test (p-valueGmax = 0.0798, p-

valueGarrest = 0.0968). 

 
GI max  
(J/m2) 

Std Dev 
(J/m2) 

COV  
(%) 

GIarrest  
(J/m2)  

Std Dev 
(J/m2) 

COV 
(%) 

Weathered 211 39.1 19 109 33.0 30 
       

Non 235 39.5 17 133 35.5 27 
Weathered       

Table 6.2.1: SERR values for the weathered and non-weathered specimens.  Specimen averages are indicated 
as well as averages for the two treatments. 

 
NMR 

Figure 6.2.1 shows solid-state NMR spectra obtained from the non-weathered specimens.  

The lower spectrum is that of the yellow-poplar surface without any adhesive.  The upper 

spectrum shows the PF resin with wood.  The two peaks of interest for the cured PF are: 66 ppm 

(unreacted hydroxymethyl carbons) and 33 ppm (methylene bridges).  At 33 ppm on the PF 

peak, HT1ρ = 1.49 ms and TCH = 0.04 ms.  At 66 ppm on the PF peak, HT1ρ = 4.36 ms and TCH = 

0.01 ms.  The difference in HT1ρ means that the two structures have different mobility in the kHz 

range of motions.  When an NMR spectrum was run for the weathered specimens, the resin was 

not detected.  Consequently, a second NMR analysis was run for the weathered specimens, again 

the resin was not detected.  However, the fracture results indicated no significant effect of 

weathering.  One explanation is that the two peaks indicated in Figure 6.2.1 are actually of the 

resin soluble fraction.  During the boiling procedure, the soluble fraction may be extracted out of 

the bondline, leaving the network to provide mechanical integrity. 

 



 58 
 

 

Figure 6.2.1: 13C CP/MAS spectra of PF yellow-poplar samples. Arrows indicate the 13C label of the PF resin. 

 
 
6.3 LIMA 
 
6.3.1 Introduction 

In cooperation with Huntsman Polyurethanes®, the post-failure surfaces of a 

Polyurethane #1 specimen were analyzed by laser ionization mass analysis, LIMA (40).  This 

technique can detect all elements and isotopes with detection limits on the order of 10 - 100 ppm.  

Both elemental and molecular species can be detected, providing information about the 

chemistry of the specimen.  Molecular fragments can be readily detected up to 1000 a.m.u. and 

beyond, aiding organic structure determination (40). 

 

6.3.2 Experimental 

LIMA experiments were conducted at The Institute of Surface Science and Technology, 

Department of Physics, University of Loughborough, Leicestershire, UK.  The instrument used 
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was a LIMA 2A manufactured by Cambridge Mass Spectrometry Ltd.  Disc samples were cut 

from the failed DCB surfaces and analyzed with no further sample preparation. 

A high power pulsed UV laser (266 nm, 5 ns pulse) was used to remove material from the 

surface [Figure 6.3.1].  The area analyzed was typically 1 - 2 µm in diameter and 0.25 µm deep.  

A fraction of the removed material was ionized in the process and the ions were extracted into a 

time-of-flight mass spectrometer to determine their masses.  Instrument settings such as laser 

power and electron multiplier gain were varied to maximize the amount of structural information 

obtained.  Positive and negative ion spectra were collected from five different points on each disc 

sample.  Samples were cut from both fractured surfaces at selected distances along the length of 

the adherends.  

 
Figure 6.3.1:  Schematic of the charged fragments ablated by LIMA (40) 

 
6.3.3 Results and Discussion 

Typical spectra at discrete distances along the adherend length are shown in Appendix B.  

The spectra from each location, which are representative and reproducible, show the presence of 

wood and resin.  The ratio of wood to resin fragments varied randomly along the length of the 

specimen.  The characteristic mass fragments of wood and resin in the positive and negative ion 

LIMA spectra are shown in Table 6.3.1. 

Spectrum Quality Characteristic mass 
Fragments found in wood 

Characteristic mass 
Fragments found in resin 

Positive ion spectrum 57 106, 197 
Negative ion spectrum 45, 71 50, 90 

Table 6.3.1: Characteristic mass fragments of wood and resin in the positive and negative ion LIMA spectra 
(40) 
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The spectra indicate that both wood and adhesive are being fragmented for every 

recording.  Two possibilities are proposed to explain this occurrence.  The first is that resin 

islands are left along the fracture surface [Figure 6.3.2].  While it is possible, the locus of failure 

shown here is unlikely.  In order for this to occur the resin islands would have to occur with the 1 

µm2 analyzing area, and the laser would have to strike the edges of the islands so that both wood 

and resin are detected.  The second hypothesis is that the resin on the surface is thin enough that 

the underlying wood is within fragmentation depth (0.25 µm).  The variable ratio of resin to 

wood in the spectra could then be explained as variation in the thickness of this thin resin layer 

due to the variation in the wood surface properties.  This analysis suggests that the fracture 

specimens failed cohesively.  The problem with this hypothesis is that the Polyurethane bondline 

thickness is about 4 – 6 µm.  Therefore, the probing depth is much less than half of the bondline 

thickness, which does not support the second hypothesis proposed in the report.  More light is 

shed on this quandary in the following FE-SEM study.  

 

Figure 6.3.2: Schematic of proposed interfacial failure (40) 

 
 
6.4 FE-SEM 
 
6.4.1 Introduction 

The last technique explored for analyzing the surface was field emission scanning 

electron microscopy (FE-SEM). 

 
6.4.2 Experimental 

SEM samples were prepared from failed DCB specimens for the following adhesives: PF 

impregnated film, pMDI #1, pMDI #2, and Polyurethane #1.  A 5 mm thick section of the 

adherend surface was cut on a bandsaw parallel to the tangential face.  These sections were then 

machined into the final dimensions of 10 mm x 10 mm x 5mm.  The samples were then put into 

an oven (40°C) for 24 hours the day before they would be gold coated.  Samples were mounted 
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and the edges were painted with silver.  The samples were coated with gold for 30 seconds in a 

Bal-Tec SCD-005 sputter coater.  A LEO FE-SEM was used to collect the images with two 

detectors, SE2 and InLens, at various accelerating voltages. 

 

6.4.3 Results and Discussion 

The following SEM images demonstrate that the adhesive can be detected on the wood 

adherend surface from failed DCB specimens.  Certain distinguished features will be highlighted 

for some of the images.  The scale, accelerating voltage and the detector used are indicated on 

the images.  First, it is imperative to observe the well-machined yellow-poplar surface as the 

control image [Figure 6.4.1]. 

      
Figure 6.4.1:  Two FE-SEM images of pMDI #1 adhesive on yellow-poplar.  The arrow indicates the adhesive. 

 
The PF impregnated paper carrier can be seen in Figure 6.4.2 as the contrast between it and the 

long microfibrils of the wood.  It is more difficult to discern where the pMDI #1 adhesive 

[Figure 6.4.3] is, but it is present as indicated by the arrows.  PMDI #2 is clearly present in 

Figure 6.4.4.  The image at 5,000 magnification shows just how thin the adhesive layer is and 

indicates a local area of interfacial failure.  Lastly, Figure 6.4.5 shows the smooth surface of the 

Polyurethane #1 adhesive, however the right-hand image was distorted during the acquisition. 
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Figure 6.4.2:  FE-SEM image of PF film adhesive on yellow-poplar.  The arrow indicates the adhesive. 

 
 
 
 
 
 
 
 

       

Figure 6.4.3:  Two FE-SEM images of pMDI #1 adhesive on yellow-poplar.  The arrows indicate the adhesive. 
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Figure 6.4.4:  Two FE-SEM images of pMDI #2 adhesive on yellow-poplar.  The arrows indicate the adhesive. 

 
 
 
 
 
 
 

      
Figure 6.4.5: Two FE-SEM images of Polyurethane #1 adhesive on yellow-poplar.  The arrows indicate the 

adhesive. 
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6.5 CONCLUSIONS  
 

This series of studies demonstrates the possible post failure analysis for wood adhesive 

joints.  The results from the 13C labeled PF study showed that solid state NMR was able to detect 

characteristic peaks of the resin in the presence of wood.  Interestingly, the spectra did not show 

the resin peaks for the fracture specimens that had been weathered.  The hypothesis is that the 

boiling procedure removes the soluble fraction of the resin and leaves the polymer network that 

provides the mechanical integrity.  The LIMA analysis was an effective tool for readily 

determining the constituents on the fractured surface.  The analysis sampled many discrete points 

along the length of the specimen and showed that both wood and adhesive were always present.  

This would suggest a cohesive type of failure throughout the bondline.  Lastly, FE-SEM proved 

to be a simple and effective tool for obtaining images of the adhesive on the wood surface.  The 

images showed distinct interfacial failure as both wood and adhesive regions were present.  The 

proposed loci of failure from the last two studies seem to be in contradiction in regards to the 

Polyurethane #1 adhesive.  From the LIMA results, it is very probable that only the surfaces 

without the resin pockets [Figure 6.4.5] were being probed because the pulse samples a 3.5 µm2 

area.  Therefore, the detection of both resin and wood at every sampling point was the result of 

the pulse fragmenting the resin-penetrated wood interphase, which appears as just the wood 

surface in the FE-SEM images. Hence, the locus of failure for Polyurethane #1 was interfacial. 
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CHAPTER 7 
 

SUMMARY & FUTURE WORK 
 

A tremendous simplification was developed for the fracture testing of adhesively-bonded 

wood by employing the flat DCB geometry.  An established data analysis method not previously 

applied to bonded wood proves to be simple, effective and powerful.  LEFM and beam theory 

were assumed to apply to bonded wood, although both materials are viscoelastic.  The power of 

the analysis was that it factored out bulk wood properties, while the crack length correction 

factor accounts for the deviations in the measured crack length.  This fracture method yielded 

reproducible and consistent results.  Although this method is still more demanding than 

traditional shear mode tests, the simplifications shown here may provide sufficient incentive for 

others to benefit from the superior sensitivity of the fracture approach. 

The use of the improved method showed significant differences in SERR values between 

different hot-pressing times of a PF film adhesive.  The trend for the SERR values was verified 

by monitoring the conductivity of the bondline during pressing.  A study of bondline thickness 

and adhesive penetration did not show a direct correlation to the fracture energy values. 

The use of this fracture method demonstrated that performance differences could be 

achieved between similar wood adhesives.  Significant differences were found between two 

similar industrial pMDI adhesives.  An analysis of cure using micro-dielectrics showed that both 

resins achieved full cure.  There was no correlation between the adhesive penetration and 

fracture energies for all three adhesives.  However, it was concluded that there was sufficient 

penetration for good adhesion for the two pMDI adhesives. 

The fracture methodology was also used to demonstrate the utility of detecting 

viscoelastic effects.  Both global and local loading rates were investigated for a PVAc latex 

adhesive.  There was evidence of this viscoelastic effect within specimens induced by the local 

loading rate, but there were too many inconsistencies within each global loading rate grouping to 

demonstrate the expected viscoelastic effect.  The analysis failed to show an increasing or 

decreasing trend in fracture energy values for the three global loading rates.  The most probable 

cause for this was that the Tg for PVAc was at least 14°C above room temperature.  This fracture 

study was able to demonstrate that the time to crack to extension depended on crosshead 

displacement rate and crack length. 
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Post-failure analyses demonstrated the utility of smooth fracture surfaces.  This enabled 

the assessment of the locus of failure, a difficult task for the wood-adhesive interphase.  The 

results from the 13C labeled PF study showed that solid state NMR was able to detect 

characteristic peaks of the resin in the presence of wood.  Interestingly, the spectra did not show 

the peaks for the fracture specimens that had been weathered.  LIMA was able to determine 

which chemical constituents were present on the fractured surface.  The analysis showed that 

both wood and adhesive were always present.  Lastly, FE-SEM proved to be a simple and 

effective tool for determining the locus of failure on the wood surface.  It was concluded that the 

locus of failure for the Polyurethane #1 adhesive was interfacial. 

This research shows that the application of mode I fracture mechanics to adhesively-

bonded wood is an effective technique for measuring wood adhesion.  While this project 

demonstrated the use of this method and its utility, more investigation is needed to develop an 

envelope of the capabilities and limitations.  Some areas of interest would be to determine 

several species of wood that are best suited in terms of machinability and grain variation in order 

to standardize this procedure.  It would also be very useful to determine when the linear elastic 

assumption is no longer valid.  Factors that contribute to this would be very low modulus woods, 

very thick bondlines, and very slow loading rates.  More research is required to establish the 

locus of failure for industrial wood adhesives that typically have thin bondlines.  Lastly, a 

methodology needs to be established and used to determine the durability of wood adhesive 

bonds.  Since there is not an established methodology for bonded wood, various procedures that 

simulate accelerated weathering of the bondline should be compared through SERR values from 

fracture specimens.  Some components of these procedures may include: UV degradation, high 

moisture and temperature environments, and the direction of the moisture gradient.  

Additionally, the method must also investigate the effects of cycling a simulated environment on 

fracture performance, and if there is a correlation between the number of cycles or duration of 

weathering and the fracture performance. 
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APPENDIX A 
 

Additional Bondline Images 
 
 

   
 
 
 

 
 

Three additional bondline images for PF film adhesive 
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Four additional bondline images for pMDI adhesive #1 
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Two additional bondline images for Polyurethane adhesive #1 
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APPENDIX B 
 

Huntsman Polyurethanes® Report--LIMA 
 
 

Visit Report 
 

Meeting with Dr. Alison Chew of LSA Ltd, on Surface Analysis of Failed Virginia tech. Samples to Detect the 
Locus of Failure. 

 
Location: Loughborough, UK 
 
Attendees: Dr. Alison Chew, LSA 
  Dr. Chris Phanopoulos, Huntsman 
 
Date:  13th December 2000 
 

Summary 
 
The fractured surfaces of fracture study test pieces from Virginia Tech, VA, USA have been analysed using LIMA.  
Opposite surfaces of a single fractured test piece were analysed along the length of the fracture.  LIMA results show 
characteristic isocyanate (MIRA-LOK) mass fragments from both surfaces along the total length of the fractured test 
piece.  Characteristic wood fragments are also often seen along with the isocyanate origin fragments.  Whilst a few 
possible interpretations can be given to this finding, the most likely is that failure is occurring within the resin layer, 
but that this layer is thin enough and so underlying wood fragments are observed. 
 

Details 
 
Two fracture test pieces (figure 1) were supplied by Prof. C. Frazier, who is developing a fracture test for glued 
wooden assemblies.  One of the test pieces had been pulled apart and the crack propagation along the side of the test 
piece as well as the load required to effect that crack growth monitored.  The other test piece was fully constructed 
but had not been tested to failure.  The object of the fracture test is  to define the adhesion energy of various resins.  
It is also the objective that the test gives a low noise level. 
 

Pull Direction 

Pull Direction 

Crack Direction Wood Member 

Wood Member 
Glueline Wax layer 

 
Figure 1.  Glued assembly for adhesion performance measurements as made at Virginia Tech. 

 
In order to determine the adhesion force however from such tests, it is imperative to know the locus of failure, 
whether within the glue layer, within the wood, at the interface or changing from one region to another.  For this 
reason, it was agreed that failed surfaces would be analysed by surface analysis to determine the locus of failure. 
 
Laser ionisation mass analysis (LIMA) was selected as the preferred analysis method (see appendix 1 for schematic 
explanation of the technique). 
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Due to cost constraints only one of the two test pieces could be analysed.  The failed test piece was 
selected.  LIMA spectra were recorded along the length (at defined distances) of both surfaces of the wood 
members.  At each location, several spectra (more than 10) were recorded within 0.5 cm of the selected distance. 

 
Both positive and negative ion spectra were recorded and typical spectra from each region are shown in 

appendix 2.  Characteristic positive and negative mass fragments of the wood and resin (see typical spectra in 
appendix 2) are listed in table 1. 

 
Table 1.  Characteristic mass fragments of wood and resin in the positive and negative ion LIMA spectra 

 

Spectrum Quality Characteristic mass 
Fragments found in wood 

Characteristic mass 
Fragments found in resin 

Positive ion spectrum 57 106, 197 
Negative ion spectrum 45, 71 50, 90 

 

As can be seen in the series of spectra, for all locations, on both wood surfaces, there are mass fragments 
consistent with both wood and resin (other than the very first location, which shows only resin on both faces).  
These spectra  are typical of that location, and are consistently reproducible. 

 
The ratio of wood to resin seen along the length of the test piece varies but the ratio does not show any 

trend as a function of distance, the ratio being seemingly totally random.  Also, there is no apparent relationship 
between the wood to resin ratio on the one surface compared to that on the counter surface. 

 
The results indicate therefore, that both wood and resin is fragmenting.  For this to occur, several 

possibilities of surface quality exist.  Firstly, resin islands across the surface are being left after fracture (figure 2).  
Secondly, there is a very thin (but varying thickness) layer of resin over the surface of the wood, but which is thin 
enough that the underlying wood is within the fragmentation depth of the technique (figure 3).  Thirdly, the resin 
and wood are mixed as a mechanical interlock or diffusion interphase (figure 4). 
 

 
 

 
Figure 2.  Interfacial failure of the glueline, in which the locus is switches from one surface to the other 

 

Fragmentation Depth: both resin and wood fragments 

 
 

Figure 3.  Cohesive glueline failure, in which the glueline is thin enough for wood fragmentation to occur also. 
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Figure 4.  Interphasial bondline.  Wood substrate and glue are intimately mixed and fracture together. 

 

The possible locus of failure as illustrated in figure 2 is considered unlikely.  The reason for this is that 
several (10+) spectra were recorded from around the area at each distance and all spectra were equivalent.  This 
implies that the laser would have to always be striking the regions at the edges of the resin islands in order to ‘see’ 
both resin and wood.  For this to be possible the resin ‘islands’ would need to be small and close together since the 
analysis area of the laser beam is only 1µm2.  Otherwise, only wood or only resin would at least occasionally be 
seen. 

Whilst the locus of failure illustrated in figure 4 is considered more probable, it is still unlikely.  The 
reasons for this are that the initial penetration study work of this resin into wood is relatively shallow.  There is 
some, but only a very small extent of resin penetration is seen.  Thus, if this were the case, although both materials 
would fragment, the abundance of wood would be consistently high compared to that of the resin.  This is not the 
case as can be seen from the series of typical spectra in the appendix 2. 

 
Hence, the failure mode as illustrated in figure 3 is the most likely locus of failure.  That the relative 

abundance of resin to wood seems variable in the spectra can be explained by the fact that the wood surface is very 
uneven and since two wood pieces are pushed together in the assembly, a variable but thin glueline thickness will be 
generated. 

Hence, according to this analysis, the assembly seems to be failing due to a cohesive failure in the glueline.  
This obviously impacts on the results and interpretation of the fracture tests being conducted. 

 
It should be noted that the full report from LSA is pending (issue expected early January 2000) and by this 

time further analysis (of other mass fragments) of the results is expected to have been completed. 
 

 

 
Appendix 1.  Schematic of charged mass fragments by LIMA 
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Appendix 2.  Typical LIMA mass spectra of failure fracture test assembly. 
 
Note 1: Series contains both positive and negative ion spectra 
Note 2: First spectra are those of neat wood and neat resin individually 
Note 3: Spectra code identification is as follows: 
i. Sample identification is in bottom left hand corner and +ve or –ve ion is indicated. 
ii. Subsequent samples are denoted by two numbers and surface identification.   The initial 

2 number denotes the distance from the start point of failure in centimetres.  Hence 11-12 
for example indicates that spectra were obtained at a distance of 11.5 + 0.5 cm from the 
start of crack position. 

iii. m/z is the mass to charge ratio 
iv.  File name is given in the bottom right corner, c44 indicates the job number and the 

second number indicates the actual spectrum number. 
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11-12 SIDE 1 +VE IONS   NOT INCLUDED IN LIMA REPORT 
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17-18 SIDE 1 +VE IONS   NOT INCLUDED IN LIMA REPORT 
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