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Fracture of Adhesive-Bonded Wood Joints

Bryan H. River Forest Products Laboratory, USDA-ForestService,
Madison, Wisconsin

. INTRODUCTION

Adhesives are arguably the most important fastening system used with forest products.
Large volumes of adhesives are used successfully in wood-, particle-, and fiber-based
industries. In fact, large and important industries such as panel products would not exist
without adhesives. However, the sometimes unpredictable and misunderstood behavior of
wood-adhesivejoints, particularly fracture, is a major constraint to improving the perfor-
mance of existing products and the development of new wood-adhesive marriages. In this
chapter I briefly examine current understanding of fracture mechanisms in wood-adhesive
joints. The discussion is limited to joints bonded with those adhesives having sufficient
strength and rigidity to cause fracture in the wood adherends. Primarily, these are the
rigid, thermosetting adhesives such as phenol and urea—formaldehyde,nonrigid epoxy
and thermosetting poly(vinyl acetate) adhesives, and some thermoplastic types such as
poly(vinyl acetate).

The fracture of strong wood—adhesivejoints (e.g., in the catastrophic rupture of a
large laminated beam) may be viewed (and heard) as a macrocracking process. It may also
be viewed microscopically and heard by acoustic emission technology in flakeboard as a
microcracking process resulting from shrinkage. These examples are not meant to imply
that beams do not fail by microprocesses or that particleboard does not fail by macro-
processes. Both of these examples of fracture begin with the microscopic initiation ofa
crack at some flaw in the material or, in this case, the bonded joint.

The initial flaw can be a discontinuity, such as a void, or an abrupt change in material
properties. By nature, wood contains innumerable discontinuities, such as the cell cavity
and transition zones between cell wall layers, An adhesive may contain air bubbles or
fillers with properties different from the resin. A rough wood surface may not be com-
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pletely wetted by the adhesive, leaving voids at the interface. The adhesive and wood also
have different mechanical properties. When a joint or bonded material is subjected to
some force, the resultant stress is heightened or concentrated around the discontinuities far
above the average stress in the joint or material. Fracture results when the stress at a
discontinuity reaches the ultimate stress or strength of either the adhesive, the adherend,
or the interface.

The stress conditions around a cracklike discontinuity can be described by the stress
intensity factor (K'), which is a function of the applied load, the size of the cracklike flaw,
and the material. Fracture occurs when the stress intensity factor reaches a critical level,
called the critical stress intensity factor or fracture toughness (K.). Fracture mechanics
relates the applied stress at which a material fractures to the critical stress intensity factor
and the critical flaw size of the material:

K,
O, = wa
where o, is the applied stress at fracture, K. the critical stress intensity factor, and a the
crack length or flaw size. The stress intensity factor has been found useful for describing
the fracture behavior of many materials. However, the stress intensity surrounding
discontinuities in adhesive joints is extremely difficult to define because of the dissimilar
materials combined in the joint. Therefore, the sensitivity of adhesive joints to stress and
discontinuities is usually measured and described in terms of the energy required to
initiate a crack or the energy released in forming a new crack surface (G.) (Fig. 1). K, the
critical stress intensity factor, and G. are related through the elastic properties of the
material:

2
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where E is the tensile modulus of isotropic adherends and v is Poisson's ratio of
adherends.

The crack initiation energy can readily be determined from a mode I cleavage test
using a double cantilever beam specimen [1,2]. This method has been applied to wood-
adhesive joints by many researchers [3—17]. The test requires the beam compliance (C),
load at crack initiation (P.), crack length at initiation (@), specimen thickness (), and

change in beam compliance (dC/da = change in displacement of load points/change in
crack length) (Fig. 1b):

pe dc

Ce = o &

Anderson and others [18] have reviewed these and other fracture test methods for
evaluating adhesive bonds.

The load or force that causes stress around a discontinuity may be applied externally
to a material or structure. More often, in bonded joints the force arises from differential
shrinkage and swelling of the bonded members or particles. In adhesive joints and most
wood products, forces tending to cleave the joint (mode I loading) are of primary
importance. Sliding shear (mode II) and torsional shearing (mode III) forces are less
important. However, most wood joints experience a combination of mode I with either
mode II or mode IIT shear.
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(a) Energy expended in forming new crack surface (shaded area), determined as the
difference in the area under the load-displacementcurve before crack extension (a,) minus the area
of the load-displacement curve after crack extension (a,); (b) calibration procedure for determining

Whereas the fracture of bonded joints is due to the presence ofa critical discontinuity

in a field of stress, the stress intensity or crack initiation energy of bonded joints and
materials at which fracture occurs is also a function of the properties of the wood and the
adhesive, the environment at a given time, changes in the environment, and external
forces on the joint or bonded material. These relationships are explored in the following

sections.
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. FRACTURE BEHAVIOR
A. Wood

Since wood fracture usually dominates the performance of well-madejoints, it is worth-
while before focusing on the bonded joint and the influence ofthe adhesive to examine
howwooditselffractures. Atthe molecularlevel, Porter[19] foundthatwood fracturesin
the amorphous, water-accessible regions of the cell wall rather than in the crystalline
regions. These regions are also most susceptible to change as a result of varying
temperature, moisturecontent, andchemicals. Atthemicroscopiclevel, woodfracturesin
different locations depending on the type ofcell, direction ofload, temperature, moisture
content, speed of test, grain angle, wood pH, and aging.

Anatomical features such as the S1, S2, and S3 layers of the cell wall (Fig. 2) are
especially important in the fracture of wood and wood—adhesivgoints. There are three
general typesoffractureatthemicroscopic level [20]: transwall, intrawall, and intercellu-
lar (Fig. 3). Transwall cracks may be parallel to the longitudinal cell axis (Fig. 3a) or
transverse (Fig. 3d), but in eithercase the cell lumen is exposed. Transwall fractures are
common in thin-walled cells such as softwood earlywood tracheids, hardwood vessels,
and parenchyma cells. Longitudinal transwall fracture ofthick-walled latewood cells is
unusual. When such fracture occurs, itisextremely fibrous and is called fine-fiber failure
[21]. Transverse transwall fracture (Fig. 3d) is rare in thick-walled cells (such as hard-
wood fibers and softwood latewood tracheids) as a result of their great tensile strength
parallel to the cell axis. Such fracture does occurin compression wood ofsoftwoods and
atthe tips of splinters in tough wood. These thick-wall cells are more likely to produce a
diagonal combined shearand tension transwall fracture following the helical angle ofthe
S2 layermicrofibrils (notpictured). This is the mannerin which a crack grows across the
grain in tough wood. Intrawall fracture (Fig. 3b) is also very common in thick-walled
cells. An intrawall crack travels within the cell wall, leaving the cell lumen intact.

Intrawall fracture initiates at the discontinuities between the layers ofthe secondary
wail (Fig. 2). The cell wall consistsofmicrofibrils ofcellulose helically woundaroundthe

middle Middle lamelia
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Figure 2 Transverse cross section of four wood cells showing the compound middle lamella
joining them, the three layers (S1, S2, and S3) of the secondary wall, and the cell lumen.
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Figure 3 Schematic diagrams of fracture modes in wood. (a) longitudinal transwall; (b) intrawall;
(c) intercellular; (d) transverse transwall.

longitudinal cell axis. The cell wall layers are differentiated by the angles of the
microfibrils in each layer. The microfibrils in the outermost (S1) and innermost (S3)
layers are wound at a large angle around the longitudinal axis of the cell. The microfibrils
in the S2 layer sandwiched between the SI and S3 layers are wound at a small angle
around the longitudinal cell axis. The transition between these layers is often gradual, yet
it still presents a material discontinuity. Mark [22,23] clearly pinpointed the S1-S2 inter-
phase as the site of crack initiation in the fracture of solid wood. Intercellular cracks (Fig.
3c) travel in the compound middle lamella (CML), leaving the secondary wall and cell
lumen intact.

Investigators have shown the preferential fracture of wood at various cell wall
.interfaces, depending on the temperature at fracture. Woodward [24] found fracture
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predominately in the S1 layer in the range from 20 to 77°C. At the lower end of the scale,
the crack path jumped back and forth across the middle lamella from the S1 layer of one
cell to the S1 layer of a contiguous cell. At the higher temperature, the crack tended to
stay within the S1 ofa given cell from one end to the other. Furthermore, fractures of the
lignin-rich CML are rare at normal temperatures, but they are likely to occur under hot,
wet conditions [20].

On a larger scale, the type of fracture varies with the density of the tissue through
which a crack is growing. Fracture in the longitudinal—tangential(LT) plane is dominated
by longitudinal transwall fracture of the first-formed earlywood cells. A mixture of
transwall and intrawall fracture is common in the longitudinal-radial(LR) and planes
intermediate to the LR and LT planes as a result of alternating high- and low-density
bands ofthe earlywood and latewood cells. Fracture patterns similar to those described for
wood have been observed in solid woodjoints and in wood particles bonded with droplets
of adhesive [25,26].

B. Adhesive

The fracture toughness of wood in terms of crack initiation energy ranges from 50 to 1000
J/m?, whereas the crack initiation energies for typical thermosetting polymers are in the
range 100 to 300 J/m? [27]. It seems interesting that wood joints bonded with convention-
al thermosetting adhesive also have fracture toughness values of about 100 to 300 J/m?
(Table 1). Much higher values are possible ifthe adhesive is toughened by the addition of
fillers or plasticizers.

Plasticizers used to reduce the modulus of thermosetting adhesives to match more
closely the wood moduli perpendicular to the grain have a marked effect on the fracture

Table 1 Fracture Toughness for Wood-Adhesive Joints

Fracture toughness
K Gy
Mode Adherend Adhesive? (kPam'?) J/m?) Ref.
Cleavage Beech PVA 1206 11
PV A/phenol 390
PF — 170
RF/filler — 390
EP/P 200
Ep/60P® — 1180
EP 200-340 13
EP/20P — 280-460
EP/40P — 460-790
EP/60PP — 450-1070
Douglas-fir UF/Ailler — 250 6
EPI — 900
ISO 300
PRF 800
PF — 200
PF/PVA — 700

Aspen PRF 255 — 28
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Table 1 (Continued)
Fracture toughness
K G
Mode Adherend Adhesive (kPa m'?) (J/m?) Ref.
Unknown UF/filler - 530 29
UF/PVA — 640
PF/PVA — 640
UF/MF/filler — 700
PRF — 870
Yellow poplar Casein 380 — 30
EP 430 —
PRF 470 —
PVA 680 —
Spruce PVA 310 —
Douglas-fir PVA 550 —
Southern pine PVA 560 —
walnut PVA 600 —
Ash PVA 680 —
Maple PVA 790 —
Western redcedar PRF 280 — 31
Solid wood 180 —
Southern pine PRF 520 —
Solid wood 430 —
Hard maple PRF 690 —
Solid wood 490 —
Douglas-fir Solid wood 410 — 32
Southern pine 33
Earlywood PRF 520 —
Latewood PRF 400 —
Southern pine Solid wood 494 — 34
Douglas-fir FB¢
560 kg/m? PF 88 — 35
800 kg/m? PF 350 —
Douglas-fir LVL® PF 360 —
Douglas-fir PRF 290 — 36
Southern pine PRF 480 —
Sliding Kaba PVA — 1280 37
shear
Southern pine PRF 1670 — 36
Douglas-fir PRF 1830 —
Southern pine Solid wood 1980 — 34
Torsion Radiata pine PRF - 480 38
shear

2Adhesive abbreviations are as follows: EP, amine-cured epoxy; EP/20P, EP/40P, and EP/60P, amine-cured
epoxy with 20, 40, and 60 parts polysulfide flexibilizer; EPI, emulsion-polymer isocyanate; ISO, isocyanate;
MF, melamine—formaldehyde; MUF, melamine/urea-formaldehyde; PF, phenol-formaldehyde; PF/PVA,
phenol—formaldehydeflexibilized with poly(vinyl acetate); PVA, poly(vinyl acetate); PRF, phenol/resorcinol-
formaldehyde; RF, resorcinol-formaldehyde; UF, urea-formaldehyde; UF/filler, UF with wheat flour; UF/MF/

filler, UF/MF copolymer with wheat flour.

"Thick layer.

°FB, flakeboard; LVL, laminated veneer lumber.
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toughness. The addition of 20 parts of poly(vinyl acetate) to phenol—formaldehyde(PF/
PVA) adhesive increased mode I fracture toughness by 340%, from 200 J/m? to almost
700 J/m? (Table 1) [6]. Less rigid thermosetting adhesives, such as emulsion polymer/
isocyanate (EPI), produced joints with toughness as high as 900 to 1000 J/m? (Table 1)
[6]. In this case the toughness varied with the amount of isocycanate cross-linking agent.
Toughness first increased as the amount of isocycanate was increased from 0 to about 6
parts per 100 parts of emulsion polymer, but then decreased with further additions (not
shown in Table 1). When Takatani and Sasaki [13] added polysulfide rubber flexibilizer
(P) to epoxy resin (EP) adhesive, the fracture toughness of bonded joints increased from
about 200 J/m? to 300 J/m? (Table 1). The toughest joints were those made with thick
adhesive layers, in which case the crack initiation energies rose as high as 900 to 1200
J/m? (Table 1). Many other studies showed that flexible or semirigid adhesives produce
joints having higher short-term strength and fracture toughness compared to rigid adhe-
sives [13,31,39,40]. Takatani and others [11] observed that flexible adhesive improves
the fracture toughness ofjoints made with rigid adherends such as spruce, beech, and oak;
however, rigid adhesive improves the toughness of joints made with flexible adherends
such as balsa.

Very high fracture toughness values for wood—adhesiveoints can be attributed to a
combination of adhesive plastic deformation and reduction of microcracking of the wood
around the crack tip. A flexible adhesive layer, especially a thick layer, distributes the
concentrated stress over a larger area (volume) and lowers the level ofthe peak stress (Fig.
4). This apparently inhibits microcracking in the adjacent wood. Reduction of micro-
cracking is indicated by the lower percentages of wood failure and lower counts of
acoustic emission [41] per unit of new fracture surface in joints made with nonrigid
adhesives compared to rigid thermosetting adhesives.

The fracture surface of a conventional urea—formaldehydeadhesive (Fig. 5) shows
distinctive smooth brittle fracture surfaces formed when the adhesive layers cracked as a
result of shrinkage stress that developed during cure [42]. A moderately toughened urea—
formaldehyde bonded joint (Fig. 6) shows three distinct types of fracture surfaces arising
under differing conditions: (A) cure shrinkage, (B) vacuum-pressure soak-dry (VPSD)
treatment, and external loading to fracture (C). The rough surfaces are contrasted to the
smooth cure-shrinkage crack surfaces. The crack caused by cyclic VPSD treatment (B)
shows signs of plastic deformation. However, the plastic deformation does not have any
directional properties. It appears to have occurred when the adhesive was in a weakened
state, such as might occur from the absorption of water. Crack surface (C) occurred during
testing when the material was dry and strong. Initially, it propagated at a high rate from
the adhesive’s interface with the lower adherend toward the upper interface. As the crack
slowed, the adhesive deformed plastically, leaving striations in the upper comer. The
fracture surface (C) suggests strength and toughness. In contrast, a phenol—formaldehyde
adhesive layer (Fig. 7) shows extreme plastic deformation and directionality. Both these
traits suggest a tough, strong adhesive layer. In contrast to the blocky fracture surface that
resulted from an adhesive layer that was precracked by cure shrinkage (Fig. 8), the
phenol—formaldehydadhesive remained uncracked until externally loaded to failure (Fig.
9). In addition to the plastic deformation seen at high magnification (Fig. 7). there are no
preexisting cracks in the adhesive layer. During testing to failure, when the primary crack

jumps across the adhesive layer from one interphase to the opposite, the cracked adhesive
surface is most often sloped (arrow).
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Figure 4 (a) Fracture process zone (area of stress concentration) surrounding the area or volume
of'the bondline immediately ahead of the crack tip when the joint is subjected to cleavage, shear, or
shrinkage forces; (b) small process zone and high stress concentration with rigid adherend and
adhesive; (c) large process zone and low stress concentration with flexible adhesive and adherend.

A rigid brittle thennosetting adhesive such as the unmodified urea—formaldehyde
shown in Figs. 5 and 8 does not have the ability to arrest a growing crack, as evidenced by
extensive brittle fracturing even before testing. A modified, toughened thennosetting
adhesive does have this ability. Figure 10 shows an arrested crack in a fillet of amine-
modified urea—formaldehydeadhesive in southern pine particleboard subjected to 10
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Figure5 Smooth (glassy) fracture surface ofa brittle urea—formaldehydeadhesive layer fractured

by stress developed in the adhesive layer as it cured. Note the tensile rupture of the cells at the wood
surface (arrow) caused by the cure-shrinkage crack in the adhesive.

Figure 6 Fracture surfaces of an amine-modified urea—formaldehydeadhesive showing three
distinct types of fracture surface: (A) cure-shrinkage crack surface: (B) vacuum-pressure soak-dry
crack surface; (C) crack surface created during loading to failure.



Figure 7 Fracture surface ofa phenol—formaldehydeadhesive showing striations (arrow) indica-
tive of plastic deformation. yielding, and toughness.

Figure 8 Fracture surface pattern produced by cleavage of a bondline weakened by precracking
(arrow) of the adhesive layer as it shrinks during cure (unmodified UF adhesive).
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Figure 9 Overview of fracture surface of phenol-formaldehydebonded joint showing exposed
adhesive layer (A) without preexisting cure-shrinkage cracks and surface of lower adherend (B).
The sloped test fracture surfaces (arrow) characteristic of phenol-formaldehydeand toughened
urea-formaldehyde adhesive layers show where the crack jumped from one interphase to the
opposite as the crack traveled in the fiber direction.

VPSD cycles. The rounded crack tip shows plastic deformation and blunting. A new sharp
notch can be seen forming at the root of the blunt crack tip. The ability to blunt cracks in
the adhesive layer or in the fillet of adhesive between particles or flakes tends to force
fracture in the wood, as illustrated in Fig. 11 and discussed by River and others [42].

C. Joints

1. Crack Initiation

Fracture of wood and bonded joints and materials begins at a geometric or material
discontinuity where displacement of the adherends (due to external or internal stress)
creates the greatest stress concentration and where either the adherend or the adhesive is
the weakest. Examples of geometric discontinuities in adhesive-bonded wood joints are
the square-cut ends of overlapped adherends, voids at the tips of fingers in fingerjoints,
voids in reconstituted boards, voids in the adhesive layer, and even the square-cut ends of
individual fibers. Examples of material discontinuities are the juncture of adherends of
different density. the interface between adhesive and adherends of differing moduli,
earlywood and latewood bands of widely different density. and the transition zone
between the low fibril angle S1 and high fibril angle S2 layers of the cell wall. When
adhesive bonds near this zone are sheared, the microfibrils in the S1 layer appear to
undergo a rolling-shear Failure [43]. Adhesive penetration of the cell wall was shown to



Fracture of Adhesive-Bonded Wood Joints 163

Figure 10 Fillet of adhesive (A) of amine-toughened urea—formaldehydeadhesive in Southern
pine flakeboard showing an arrested crack (B) after 10 vacuum-pressure soak-dry cycles. Note the
plastic deformation and blunting at the rounded crack tip and the beginning of new crack growth in
the sharp notch at the end of the blunt crack tip (arrow).

affect fracture positively in the vicinity ofthe S2-S3 interphase [44]. Anepoxy adhesive
applied soon after mixing was of sufficiently low molecular weight to penetrate: the cell
wall from the lumen. Subsequently, when the adhesive layer was stripped from the wood
surface, fracture occurred in the S2 layer. The same adhesive applied some hours after
mixing was higher in viscosity (and thus molecular weight) and did not penetrate the cell
wall as deeply. In this case, fracture occurred in the S3 layer and S2-S3 interphase.

The idea of an intrinsic or inherent flaw size in wood was explored by Schniewind
and Lyon [32] who found the intrinsic flaw to be 3 mm. The same idea was applied to
wood-based panels by llcewicz and Wilson [46] and to solid-woodjoints by Kyokong and
others [28]. Ilcewicz and Wilson used a modified fracture model based on Eringen’s
nonlocal theory [46] to determine the fracture toughness of flakeboard in tension perpen-
dicular to the panel. According to their model, the critical-stress intensity factor of the
flakeboard is a function of the intrinsic flaw size (which they determined to be 8.6 mm).
the intrinsic strength of the board (determined to be 4.5 MPa), and the “characteristic
dimension.” The characteristic dimension in the original model for the fracture behavior
ofmetal is the atomic distance of the metal. Ilcewicz and Wilson [45] substituted the flake
thickness for the atomic distance in their modified model for flakeboard. They found the
critical stress intensity factor (XK,) of the flakeboard was indeed a function of the
characteristic dimension is well as the resin content of the board. Furthermore, the effect
of flake thickness decreased as the resin content in the board increased from 5% to 11%.
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Figure 11  Fracture surface of Southern pine flakeboard showing unfractured fillet of phenol-
formaldehyde adhesive: (A) original surface of wood flake; (B) adhesive fillet; (C) fragment of Sl
layer of secondary wall from second wood flake.

Based on this relationship, the authors predicted that K, would become independent of
resin content at about 17% and at this point the dependency of K,. would shift from the
flake thickness to some anatomical substructure, independent of resin content, such as the
average lumen diameter of the cells in the flakes. Similar relationships of fracture
toughness to board density, resin content, and particle size were reported by Niemz and
Schadlich [47]. It seems clear that the geometric discontinuities in reconstituted materials
can be minimized by using lower-modulus, more conformable woods such as aspen rather
than oak, thinner flakes or strands, higher compaction ratios, and higher resin content.

Research by Kyokong and others [28] lent credibility to Ilcewicz and Wilson’s
hypothesis. They applied Eringen’s nonlocal theory to solid poplar (Populus tremuloides)
joints bonded with resorcinol adhesive, substituting the average vessel lumen diameter of
aspen (100 um) as the characteristic dimension. They were able to show that the nonlocal
theory using this dimension correlated very closely with the fracture toughness of the
joints as determined by classic (local) theory.

In solid wood members, considerable effort is devoted to minimizing geometric
discontinuities through the use of scarf and finger joints instead of butt and lap joints.
Scarfjoints of sufficiently low slope can achieve 85 to 90% of the strength of solid wood
[48]. Scarfjoints effectively minimize material discontinuities between earlywood and
latewood as well as geometric discontinuity. However, uniform-density wood, such as
white pine, is likely to produce more efficient scarfjoints than wood with growth rings of
widely varying density, such as southern pine. However, 100% efficiency is unlikely to
be obtained in any case because of mismatched wood and adhesive properties. Finger
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joints are less efficient because the flat portion of each finger tip represents a small butt
joint and geometric as well as material discontinuity. These can be effectively minimized
by cutting sharp rather than blunt tips [49]. Tool wear presents a practical limitation to tip
sharpness in machined finger joints. especially in higherdensity woods or woods with
high-density latewood bands.

Impression finger joints take tip sharpness to the extreme and would seem to ap-
proach a well-made scarfjoint in freedom from geometric discontinuity. Impressionjoints
are formed by pressing a heated die with knife-edgedserrated surfaces into the end-grain
surfaces to be joined. This process eliminates damage caused by cutting and has the
advantage of producing essentially a side-grain surface for gluing. But because of the
maximum compressibility of the wood at the fingertip by the die, impression joints are
limited to woods with density less than about 0.5 [50]. Even though many structural
woods are lower in density, they possess latewood bands of much higher density.
However, elimination of the geometric discontinuity by the impression process densifies
the fingertips but not the valleys; this results in a material discontinuity and thus stress
concentration. Fracture typically occurs across the mots of the fingers as a result of these
closely spaced stress concentrations.

2. Crack Growth Stability

Once it initiates, a crack may propagate in one of several ways. It may fracture completely
and catastrophically as glass (unstable) (Fig. 12a), it may fracture in several moderate
increments of growth with intermediate arrest points (stable/unstable or stick/slip) (Fig.
12¢). or it may fracture by tearing or continuous small increments (stable) (Fig. 12b and
d). The preferred joint is that which requires a high crack initiation energy and produces

stable crack growth (Fig. 12b). Such a joint requires a great amount of energy for
complete failure to occur.

(b)

(a) (c)

LOAD

()

LOAD DISPLACEMENT

Figure 12 Characteristic crack growth behavior and fracture toughness of wood adhesive joints:
(a) strong/unstable; (b) strong/stable; (c) strong/moderately unstable; (d) weak/stable.
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Polymers, including adhesives, exhibit these behaviors. As such, an adhesive influ-
ences the fracture behavior of the joint in several ways. If the adhesive is formulated,
applied, or cured improperly, its cohesive strength and toughness may be lower than that
of the wood,; if the adhesive does not properly wet or penetrate the wood, the adhesion
strength may be lower than the cohesive strength of the wood. Under these circumstances,
the crack will travel preferentially in the weaker adhesive layer or joint interface. The
crack initiation energy will be low, and crack growth will be stable with little difference
between the crack initiation and arrest energies. Such behavior would be expected from a
starved or filtered joint or one between inactivated wood surfaces. Similar behavior would
be expected from a joint made with adherends whose surfaces have been damaged by
crushing during machining or by chemical degradation. In this case the crack travels in the
wood or wood interphase but does not deviate far from the plane ofthe wood surface. The
fracture surface produced by this type of crack growth behavior is often termed shallow
wood failure. Poor adhesion also produces this type of crack growth behavior and shallow
wood failure.

Stable/unstable or stick/slip crack growth occurs when the adhesive is properly
formulated, applied, and cured and the grain direction is purposely directed toward the
bondline. The adhesive is stronger than the wood and tough to moderately tough. The
weak planes in the wood force the crack toward the bondline. Under these conditions, the
crack will travel in the wood near the interphase, or in the interphase, and occasionally
cross the adhesive layer [42]. The crack initiation energy will be moderately high to high,
depending on the plasticity and strength of the adhesive and the species of wood. As the
joint is loaded, some energy will be stored in elastic deformation of the adhesive and the
adherends, and some will be consumed in plastic deformation and microcracking in the
wood surrounding the crack tip. Once crack growth begins, the crack tip will advance and
consume the stored energy at a high rate. The crack will arrest when the stored energy
level drops below a certain level. Arrest will likely not occur in the adhesive or the
interphase but in a region oflower wood density where a large amount ofenergy is rapidly
consumed. The crack tip may remain fixed in this region or grow slowly by microcracking
ahead of the primary crack tip, as additional energy is stored in the adhesive and the
adherends. The later scenario seems more probable in wood joints, considering the weak
interphase between the Si and S2 layers. Rapid propagation occurs when the stored
energy again reaches the critical level. This type ofjoint is created specifically for testing
the fracture toughness of bonded wood joints. It also occurs at random in real joints as a
result of the natural grain variation and variation in the plane of cut. The fracture surface
resulting from this type of joint and crack growth behavior is typically interphaseal or
shallow-wood, although somewhat deeper wood failure may occur in low-density regions.
It is also typified by occasional to frequent crossings of the adhesive layer from one
interphase to the other. These crossings are due to variations of the strength and modulus
of the adherends on either side of the adhesive layer. Crossings are facilitated by a
precracked (cure-shrinkage cracked) adhesive layer (Fig. 8) or hindered by a continuous
tough adhesive layer (Fig. 9).

Stable crack growth also occurs when the adhesive is strong and tough and has
established good adhesion, the wood surface is sound, and the grain angle is parallel or
away from the bondline. Under these conditions, the crack deviates into the wood
according to the mechanisms described by Wang and others [51] and Knauss [52] and
remains there. The fracture toughness of the joint is essentially determined by the
toughness of the wood. The fracture surface does not necessarily follow the plane of the
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bondline. It is more likely to follow the grain angle, producing what is often termed deep
wood failure. In this type of fracture. the crack advances by continuous transwall cracking
of the thin-walled cells and intrawall or diagonal transwall cracking of the thick-walled
cells. Stable crack growth will also occur when the adhesive establishes good adhesion but
is weaker than the wood, as for example with elastomeric and some thermoplastic
adhesives (100% adhesive failure). These adhesives are too weak to store sufficient
energy in the adhesive or the adherends to support rapid crack propagation. Instead, the
adhesive tears slowly when it reaches its ultimate tensile stress. In testing, this rate is
controlled by the rate of crosshead movement. There is essentially no difference between
the crack initiation and crack arrest energies.

The brittleness index [53] is a normalization of the energy released during a period of
rapid crack growth with respect to the energy stored in the joint just at the onset of crack
growth. It provides a quantitative measure of the behavior described here.

Gc - Ga
G.

where / is the brittleness index, G. the energy required to initiate crack growth, and G, the
energy remaining at crack arrest. According to this measurement, an ideally brittle (Fig.

12a) (unstable) material that fails suddenly and completely will have an index (/) value of
1 and an ideally plastic (stable) material that fails by continuous tearing (no difference

between initiation and arrest energies) will have an I value of 0. Practically, most wood—
adhesive joints fail by a combination of unstable and stable crack growth and have / values

between 1 and 0. Joints tending toward stable crack growth (Fig. 12b and d) will have /
values in the range 0.8 to 0.95. Joints tending toward more unstable behavior (Fig. 12c)

will have I values in the range 0.4 to 0.8.

The stability of crack growth behavior was also quantified by acoustic emissions per
unit of new surface area formed by crack propagation [41]. Large bursts of acoustic
emissions (AEs) occurred during unstable crack growth. Fewer but continuous AEs
occurred during stable crack growth. A joint producing 100% bursts of AE during fracture
would correspond to a brittleness index of I and be perfectly brittle. A joint producing
100% continuous AE would correspond to a brittleness index of 0 and be perfectly plastic.
The ratio of burst to continuous AE provides a measure of the stability or instability of the
crack growth. The burst to continuous AE ratio of bonded wood joints fell in the range of
0.5 (quite stable) to about 5 (quite brittle). The maximum crack initiation energy tended to
be associated with a ratio of about 1.3 times as many burst AEs as continuous AEs.

In the Suzuki and Schniewind study, the fracture toughness of joints made with a
variety of conventional, modified conventional, and nonconventional wood adhesives was
linearly associated with the AEs per unit area of new crack surface formed during testing.
The maximum fracture energy and AEs as a function of various modifications such as
filler content, fortifier, and adhesive layer thickness were clearly evident from the
relationship. Two different relationships between fracture toughness and AEs were also
evident. Nonrigid adhesives, including epoxy, poly(vinyl acetate) (PVA), emulsion
polymer isocyanate (EPI), and PVA-modified phenol-formaldehyde (PF), were approx-
imately 2.8 times tougher at a given AE count per unit of area as were conventional rigid
thermosetting adhesives, including urea—formaldehyde (UF), PF, phenol-resorcinol for-
maldehyde (PRF), and isocyanate. The less rigid adhesives absorb or dissipate more
energy before cracking than do the rigid adhesives. Viewed another way, for a given level
of energy expended to create a new fracture surface, a joint bonded with a rigid adhesive

I =
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produced approximately 20 times as many acoustic events (microcrack formations) as did
ajoint bonded with a nonrigid adhesive. Obviously, some ofthese additional events are in
the adhesive, but most are in the wood, given a high percentage of wood failure. In a
sense, the less rigid adhesive protects the weak S1-S2 interface by reducing the stress
concentration at the crack tip.

3. Crack Deflection

A natural crack initiated in the center of the adhesive layer in a symmetric joint between
symmetric isotropic (metal) adherends will tend to propagate through the center of the
adhesive layer. However, in wood joints, there is a strong tendency for the crack to travel
in the wood near the joint. This condition should be expected in joints made with the
lowerdensity species or in species with the low-density earlywood such as the Southern
pines (Pinus spp.). However, wood failure is not uncommon in joints made with high-
density species even when there is a starter crack in the adhesive layer before testing.
There seem to be some rational explanations for this behavior.

First, a crack will deviate toward one or the other adherend if it is softer (lower in
modulus) than the adhesive [51]. This is a common condition in wood joints bonded with
rigid thermosetting adhesives. The tension modulus ofthe wood perpendicular to the grain
is typically in the range 400 to 1200 MPa [54], while the tensile modulus of adhesives
used with wood will be in the range 1200 to 4700 MPa at the same moisture level [S5-57].

Second, shear forces that develop in the vicinity of the crack tip direct it toward one
or the other adherend [52]. Shear forces arise in a cleavage specimen from unequal moduli
of the two adherends and the adhesive. Unequal moduli of two wood adherends is
virtually certain as a result of the variable morphology and density of any two pieces of
wood. When load is applied to the cracked joint, this inequality induces shear stress
around the crack tip and thereby directs it toward one adherend or the other.

Once the crack enters the wood as a result of these mechanisms, it will travel
preferentially along the weak radial—longitudinal(RL) and tangential—longitudinal(TL)
planes. Unless these planes again intersect the bondline, the adhesive will not be likely to
fracture beyond that point. Ifthe fiber direction in both adherends is oriented toward the
bondline (this is done purposely in some fracture toughness test methods), the crack will
be forced to remain close to the adhesive layer. In this case the local density and modulus
ofthe two adherends seems to determine on which side of the adhesive layer the fracture
occurs. Since these properties vary continually, it is not unusual for the crack tip to jump
repeatedly from one adherend, across the adhesive layer, to the opposite adherend
according to the mechanism of Wang and others [51] and Knauss [52]. Given a locale
with earlywood on one side ofthe adhesive layer and latewood on the other side, the crack
may not travel preferentially on the earlywood side. Pervasive adhesive penetration of the
earlywood may raise the density and modulus to the extent that latewood on the opposite
adherend is more amenable to crack growth.

4. Adhesive Layer Thickness

Shear strength studies of joints bonded with rigid thermosetting adhesives over many
years has resulted in the prescription that the bestjoints are those with an adhesive layer in
the thickness range 0.05 to 0.15 mm. Ebewele and others [3], for example, found an
optimal thickness between 0.07 and 0.08 mm (Fig. 13). Other research based on fracture
mechanics [13,28,30] has helped to define this relationship, although not its cause.
Apparently, below some minimum thickness, a joint is adhesive starved and the inter-
phase is rife with voids. Above the optimum thickness, stress concentrations are height-
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Figure13 Effect of bondline thickness on the cleavage crack initiation energy (G,.) and cleavage

crack arrest energy (G,) of hard maple specimens bonded with rigid thermosetting PRF adhesive.
(From Ref. 3.)

ened by cure-shrinkage stresses in the adhesive layer. The narrow optimal thickness range
disappears ifthe adhesive modulus is greatly reduced. In the study by Takatani and Sasaki
[13], an epoxy adhesive was flexibilized by the addition of 20, 40, and 60 parts of
polysulfide. These additions decreased the adhesive modulus from 2200 MPa to 1600,
670, and 160 MPa, respectively. The last two moduli are in the range of the tensile
modulus of wood perpendicular to the grain used to test fracture toughness (beech, MOE
= 590 MPa). Joints of the nonflexibilized adhesive had a slight optimum at 0.3 mm
thickness; however, there was actually little difference in toughness (G. = 220 J/m?)
over the entire range of adhesive layer thickness from 0.1 to 1.5 mm. The addition of 20
parts of polysulfide removed the optimum at 0.3 mm thickness and increased toughness to
330 J/m?. The big change came with the addition of 40 to 60 parts of polysulfide.
Although these additions failed to increase toughness of joints with the thin adhesive
layer, toughness increased dramatically with each increment of adhesive thickness. In
these joints the crack initiation energy increased from about 330 J/m? to 1100 J/m? in
specimens with adhesive layers 1.5 mm thick.

It is probable that very high fracture toughness values in wood joints bonded with
thicker, lower-modulus adhesive layers may be due to the enhancement of an existing
energy-dissipating mechanism such as microcracking ofthe wood as well as the adhesive.

5. GrainAngle

Structural joints are purposely not designed with the fibers intersecting the plane of the
bondline as a result of the weakness of this design. However, this relationship can be of
great importance in the delamination of structural joints, where there are unavoidable
local grain deviations, such as around knots. Furniture and picture frames often contain
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mitered joints in which the fibers intersect. However, the joints are often pinned or
doweled for added strength.

Generally, fracture toughness increases with increasing grain angle, although there is
usually a minimum toughness between about 10 and 30° (Fig. 14) [3, 16, 30]. The shape of
the relationship varies from almost flat to very steep as a function of species and the type
of adhesive. There is usually a minimum in the range 15 to 30° above the bondline and a
maximum at 90°. Both the stress intensity factor (K,) and the strain-energy release rate
(G.) follow the same trend [30]. The basis for the shape of this relationship is unclear.
Ruedy and Johnson speculate that it is due to variation of adhesive penetration and stored
energy at the crack tip with grain angle, while Ebewele and others [3] think the
relationship is caused by variation of the Cook-Gordon “weak-interface” crack-stopping
mechanism with grain angle [58]. White [33] attributed the increased toughness at large
grain angle to increased penetration and reinforcement of the interphase. The depth of
penetration of loblolly pine (Pinus taeda) by a resorcinol adhesive increased nine times
and the fracture toughness doubled as the grain angle was increased from 0 to 45°.

A grain angle effect has also been reported in the shear strength of bonded joints.
When the grain direction runs with the applied force (Fig. 15a), the principal stress across
the grain direction is in compression (closing mode). When the grain direction runs
against the applied force (Fig. 15b), the principal stress across the grain is in tension
(opening mode). The shear strength of the joint is highest when the grain direction runs
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Figure 14 Effect of adherend grain angle to the bondline on the fracture toughness of bonded
wood joints in cleavage. (From Ref. 3.)
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Figure 15 Schematic ofjoints with nonplanar grain orientations: (a) both adherends in compres-
sion (closing) mode perpendicular to the grain; (b) both adherends in tension (opening) mode

perpendicular to the grain; (c) one adherend in each mode. Grain direction indicated by tine lines.
Adhesive penetration indicated by heavy lines.
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with the applied force. This effect is due to the disparity between the tensile and com-
pression strengths of the wood and to adhesive penetration. When the grain direction is
not parallel to the surface, the adhesive is very likely to penetrate the wood deeply. When
such ajoint is loaded in the opening mode, the strength of the cell wall, particularly the S1
layer and the S1-S2 interphase, is still the limiting factor. Adhesive penetration adds little
to the tensile strength of wood perpendicular to the grain. However, in the closing mode,
plugs of adhesive in the cell lumens increase the compression strength across the grain.
They also distribute the shear force away from the plane of the joint. This was evident in
the results of Furuno and others [43], who used tensile single lap joints for their
experiments. Joints loaded in the closing mode were 25% stronger than parallel-grain
joints and 45% stronger than joints loaded in the opening mode. Fracture of a joint with
one adherend in the opening mode and one in the closing mode (Fig. 15c) occurred at low
strength as a result of the opening mode. Swietliczny [59] conducted a similar experiment
using compression block shear specimens and found the opposite results. The difference
can be attributed to the method ofloading, particularly the support of the specimen during
loading, which inhibited opening or tensile fracture.

6. Moisture

The moisture content of both the wood and the adhesive affect the fracture behavior of
adhesive bonded joints. Wood joints are especially sensitive to moisture effects as a result
ofthe porosity and permeability of wood. which allows ready access by water to both the
interior of the wood member and the adhesive layer. Irle and Bolton [57] showed that the
superior durability of wood-based panels bonded with an alkaline PF adhesive compared
to panels bonded with a UF adhesive was due to the ability of the phenolic adhesive to
absorb and be plasticized by water. In the plasticized state, the phenolic adhesive is able to
reduce stress concentrations that otherwise fracture the wood or the adhesive in urea-
bonded panels.

Another important effect of moisture is due to a change in the moisture level, or
content, of the wood member in a dynamic service environment. In thick members,
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changes in moisture content and the moisture-dependent dimension in the center fall
behind changes that occur at the surface of the member. The difference in dimension
creates stress in the member and bonded joints in the member. Adhesive bonds also
restrain the swelling and shrinking ofbonded members with different swell/shrink coeffi-
cients resulting from grain direction, growth-ring angle, or species. Moisture gradients
and differential swelling or shrinking of the adherends are common cause of fracture of
joints or materials. In this regard the size of the bonded members and the mechanical
properties of the adhesive and the adherends have' important roles in determining the
magnitude of the stresses (and stress concentrations) that arise from moisture changes.
The most severe stresses arise as both the adhesive and the wood dry because of the
attendant differential increases in the adherend and adhesive moduli.

Simply changing the growth-ring orientation in adjoining laminate can alter the
possibility of fracture in the vicinity ofthe joint caused by a change in moisture content of
the laminated member. Laufenberg [60] studied the effects of growth-ring orientation in
parallel Douglas-fir laminates. By finite element analysis, he showed that maximum
stresses occurred at the edge of the laminate when one lamina had flat grain and the other
vertical grain. He also found that a difference of growth-ring angles of only 15° was likely
to produce splits or delamination as a result of moisture content cycling.

Nestic and Milner [61] also examined the effects of growth-ring orientation and found
vast differences, particularly in the peak tensile stresses perpendicular to the grain, that
depended on the difference between growth-ring orientation of adjoining laminae. The
authors also found that the closer the pith was to a bondline, the greater the stress in the
bondline induced by a moisture content change in the wood.

When the laminae are cross-laminated, the stresses are even more severe. Adherends
thicker than roughly 5 mm will create sufficient stress to fracture the wood when bonded
in a cross-laminated configuration. The most severe stresses arise as both the wood and
the adhesive dry out, with an accompanying increase in strength and modulus. However,
the stresses imposed by differential swelling of wood members are also severe in the case
of an adhesive that is overly plasticized and weakened at high moisture contents. The
effects of wood and adhesive properties and the environment on fracture behavior are
complex. The effects of internal stress generated by wood on adhesives with varying
sensitivity to moisture have been described [62]. Gillespie [62] compared the effects of
medium-density, high-swelling maple (Acer saccharum) to low-density, low-swelling
pine (Pinusstrobus) using the same adhesives. Thejoints of maple bonded with moisture-
sensitive adhesives (PVA, catalyzed PVA, and casein) were destroyed or suffered severe
and irrecoverable loss of strength from soaking. Similar joints of pine recovered all or
most of their original strength upon redrying.

Internal stress may detract significantly from the apparent strength ofajoint even ifit
is insufficient to fracture the joint. For example, ifthe internal tensile stress in ajoint is
equal to one-half the ultimate stress or strength of the weakest material, the available
tensile strength of the joint is lowered by 50%.

7. Geometry

External loads are imposed on a bonded joint or structure by the dead weight of the
structure and its contents, accumulated snow, wind, and people. The average stresses in a
joint created by these loads can be calculated from structural analysis, but the maximum
stress at joint edges is more difficult to determine. These stresses have been examined in
some detail. Discussions by Walsh and others [63] and Glos and Horstmann [40] of the
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effects of external forces on the stresses in bonded wood lap joints are notable. Walsh and
others applied plastic failure and fracture mechanics criteria to study the effects of the
ratio of lap length (L) to primary member thickness (7') on the average failure stress of
double-lap joints. The authors conclude that the plastic failure criterion (uniform stress)
governs failure of the joint only at a very low L/T ratio (<1). The fracture mechanics
criterion governs to an L/T of 8. The authors developed the following conservative
empirical design formula:

-l (4)

for L/T = 2 to 8 and #/T = 0.5 to 2, where G, iS the allowable axial stress in the
adherends, t, the design shear stress in the joint, and ¢ the lap adherend thickness.

Glos and Horstmann [40] systematically studied the effects of various joint design
factors on the fracture of double-lapjoints. These factors included (1) grain angle between
two side-grain to side-grain members, (2) length of overlap, (3) shape ofbonded area, (4)
wood density, (5) type of adhesive, and (6) end distance. (End distance is defined as the
distance to which the unloaded portion of the bonded members extends beyond the joint.)
The authors found that all factors had a strong effect on joint fracture except the shape of
the bonded area. Most interesting was the finding that creating a finite end distance
increased the strength ofjoints with lap length/member thickness (L/T') ratios of 3 or less,
but decreased the strength for L/T ratios above 3. The explanation given is that in short
joints (those governed by the plastic failure criteria), the critical stresses perpendicular to
the grain at the end of the overlap are spread over a larger area than in joints in which the
adherend ends abruptly at the end of the joint. In long joints (those governed by fracture
mechanics criteria), creating a finite end distance increases the sharpness of the notch
from 90° compared to 0°. The increase in notch sharpness increases the stress concentra-
tion at a given load and thus reduces the average stress in the joint at which fracture
occurs.

Ill. FRACTURE-BASED DESIGN
A. Structural Joints

There are no standard design methods for adhesive-bonded wood joints, let alone design
methods based on fracture mechanics. This is obviously due in part to the complexity of
the fracture behavior of wood joints and materials. The lack of adequate design methods
has obviously been a hindrance in furthering the use of adhesives in structural assembly
joints for wood structures. However, studies have demonstrated the power of fracture
mechanics for developing generalized methods for predicting the behavior of adhesively
bondedjoints and materials. Conventional strength tests have not been able to predict such
behavior.

Komatsu and others [64] found that the strength of double-lapjoints was proportional
to the bond area for relatively short overlaps. However, for long overlaps, stress concen-
trations and fracture mechanics controlled the strength ofthe joint. The authors developed
the following fracture-based design equation:
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where .. is the shear strength of the joint, G. the critical strain energy release rate, E,
the elastic tensile modulus of wood adherends along the grain, and S the geometrical joint
parameter.

Wernersson and Gustafsson [65] developed a nonlinear fracture mechanics relation-
ship based on pure shear for predicting the performance of lap joints of varying geometry
and adherend properties based on the adhesive brittleness ratio:

A
Gy

wheret, is the ultimate shear stress of the bondline obtained from uniform stress test
method, and G;is the total fracture energy of the bondline. Wernersson [66] used this
brittleness ratio to show how the failure of different types ofjoints is controlled by various
criteria. Joints with a low brittleness ratio exhibit ductile behavior with uniform plastic
deformation along the bondline. The joint strength is proportional to the local bond
strength. Joints with a high brittleness ratio exhibit brittle behavior, with strength indepen-
dent of the local bond strength. Joint strength is governed by fracture energy. The strength
ofjoints with an intermediate brittleness ratio is affected by the local strength but also by
the fracture energy and the shape of the stress—straincurve of the materials.

Based on his analysis, Wernersson proposed that the optimal adhesive properties, in
terms of producing the strongest joint, are not necessarily those that produce the highest
wood failure. However, Wernersson also acknowledges that this conclusion does not take
into account the effects of time, temperature, or moisture. When long-term effects are
considered, it is still too early to reject the long-standing requirements for high wood
failure and maximum allowable cyclic delamination as indicators of the probable perma-
nence of structural joints.

Komatsu [38] also applied fracture mechanics to the design of bonded cross-lapped
knee joints that experience a torsion shear loading. Specimens were tested with the angle
ofthe knee at 90°. 120°, and 150°. The crack initiation energies for the three angles were,
respectively, 480, 600, and 1100 J/m2. Failures at 90° and 120° were largely brittle
(tension perpendicular to the grain) and had a greater correspondence to the lower
torsional shear fracture toughness values than failure at 150°. The 150° joints showed a
fairly uniform distribution of five different types of fracture. Some of the difference in
toughness and type of fracture is no doubt due to the greater proportion of sliding shear
forces in the 150°joint. Overall, Komatsu concluded that the fracture mechanics analysis
gave a better prediction of strength than a method based on elastic torsional theory.

B. Wood-Based Panels

Lei and Wilson [35,67] developed a model for the fracture toughness (K. ) of flakeboards
bonded with phenol—formaldehyderesin adhesive. The model is based on the initial crack
length (a) in the specimen, the average size of the inherent flaw (Q2) in the solid wood, the
expected increase in crack length resulting from nonbonded interflake cracks and voids
(Aa), and the K. value of the wood used to make the flakes.

a?Y(a'w)
(a + 8a)>%Y{(a + Aa)W]

- (Q~tp)
Ki. = K¢ *

Other factors are the compliance (1) forthe specimen geometry. the board width (/#), and
the average length ofthe cracks or voids in the flakeboard (1/p). The experiment revealed
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that the K. value of the flakeboard was the same as the K. value of solid wood when the
average crack length was equal to 2.5 mm, the same value as determined by Schniewind
and Lyons [32] for solid Douglas-fir. Another study [35] showed that the solid wood
density and the compaction ratio of the flakeboard also affect the average crack length and
thus the fracture toughness of the flakeboard. The lengths of nonbonded voids and
interflake crack decreased as the compaction ratio increased up to a board density of 780
kg/m?. Mechanical damage to the flakes at a higher compaction ratio lowered fracture
toughness.

IV. SUMMARY AND CONCLUSIONS

Understanding the causes and mechanisms of fracture in adhesive-bonded joints and
materials is important to improving their performance, developing products based on new
combinations of materials and adhesives, predicting the performance of new materials,
and developing design methods for structural joints. In this chapter I have briefly dis-
cussed some aspects of wood and adhesive fracture, the influence of wood and adhesive
properties upon joint fracture, the effects of environment and joint geometry on fracture,
and the attempts to develop design methods for bonded joints and materials based on
Fracturemechanics.

Microstructure, in particular the discontinuities in the walls of thick-walled cells, is a
controlling factor in the fracture of well-made joints bonded with rigid, thermosetting
adhesives. The properties of the adhesive, however, play a major role in ameliorating the
weaknesses of thin-walled cells and the discontinuities in thick-walled cells. Good wetting
and chemical adhesion are important to bond performance, but they are not in themselves
sufficient for maximum fracture toughness of bonded wood joints and materials. Hard,
brittle adhesives, especially those that do not effectively penetrate the wood cell cavities
and the cell wall, promote transwall cracking of thin-walled cells and microcracking and
intrawall fracture ofthick-walled cells. Less rigid adhesives that penetrate the cell lumens
and cell wall distribute stress and inhibit microcracking in the wood.

The best adhesive for improved fracture toughness (1) does not develop shrinkage
stresses during cure, (2) has a modulus close to that of wood perpendicular to the grain,
(3) has a modulus that changes in parallel with the wood modulus as moisture content
changes, (4) penetrates small-lumen, thick-walled cells but does not overpenetrate large-
lumen thin-walled cells, and (5) can infiltrate the cell wall to reinforce the weak interphase
between cell-wall layers.

The behavior of bonded joints and materials can be predicted successfully on the
basis of material properties through applying the principles of fracture mechanics. How-
ever, much research is still required to achieve a method that is generally applicable to all
adhesives, species, and joint geometries or material constructions. One field of particular
importance and complexity revolves around the important effects of time, moisture, and
temperature, and their interactions. At present, without extensive and long-term testing,
there is no way to predict or evaluate the trade-offs between high short-term fracture
toughness in joints or materials bonded with semirigid adhesives and reduced stress-
rupture resistance of these adhesives under conditions of elevated moisture, temperature,
or prolonged loading. An understanding of these relationships and the development of a
model to predict the effects of trade-offs could lead to a new generation of wood-based
materials and efficient adhesive-bonded wood structures.
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